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ABSTRACT  

The wider application of electrocoagulation  (EC) as a water and industrial wastewater 

treatment technology has been hindered due to knowledge gaps in the design and 

operational optimization  process. The conventional EC reactor design follows a black-

box design approach, while white -box modelling is widely applied i n other water 

treatment systems. This is due to the complex nature of the electrochemical effect on 

the pollutant abatement process. Hence, this study aimed to address this knowledge 

gap by developing a novel numeric computing platform mode l for defluoridation  

established on pollutant abatement mechanisms to address the design and modelling 

issues such as scale-up and process optimisation of EC reactors. Dissolved fluoride 

was selected as the pollutant, considering the vast body of knowledge available on 

defluoridation using electrocoagulation. A critical evaluation of  the scientific and 

mechanistic approaches developed over the years for EC was carried out to develop a 

process-based conceptual model (PBCM) for batch and continuous EC reactors for 

defluoridation.  Here, the EC process was conceptualized as a conventional water 

treatment process.  This engineering approach of identification of  the pollutant 

abatement and floc aggregation mechanisms resulted in the discretisation of the 

defluori dation process in EC reactors. Next, the model equations were numerically 

transformed into a scheme of integrated continuous-time models by applying  the 

principle of conserv ation of mass to the system.   Finally, t he PBCM was implemented 

in two computer pl atforms namely, Microsoft® Excel® ver. 2016 and MATLAB® ver. 

R2021a which were then validated using primary and secondary data. Ten physical 

and chemical calibration parameters were identified from the process -based models 

from which the integrated effects  were evaluated at the model calibration stage.  

Primary data for the model calibration and validation were collected through  

experiments that were conducted at the laboratory level for both batch and continuous 

reactors at two geometric scales. The extrapolation of the  PBCM for batch and 

continuous EC for varied operating conditions, pollutant types and scales were 
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evaluated. Also, the optimization  of retention time and the relationship  of 

hydrodynamic parameters  (pressure, flow velocity) and reactor geometry were 

analysed using the novel model. Evaluation of model prediction accuracy was 

conducted using Mean Squared Error (MSE), Root Mean Square Error (RMSE). 

It could be noted that  there is a good agreement between the experimental fluoride 

concentrations and model simulations of fluoride concentrations where R 2 is 0.994, 

thus proving the higher precision of the model predictions. The optimization process 

consisted of a local sensitivity test which was  carried out in MATLAB® ver. R2021a 

using a programme written to analyse each calibration parameter range within the 

selected domain. The dj; colloid size which participates in the adsorption and 

flocculation process was found to be the most sensitive parameter for the PBCM. The 

extended use of the model could be well evaluated using both calibration and 

experimental parameters in terms of application to scale-up/down, longer operation 

time, different pollutants, etc. A novel numeric computing platform model  for EC to 

simultaneously address the prediction of pollution removal, settling/flotation, scale -

up and techno-economic optimiza tion was established from this study, thus aiding 

wider  applicability of EC reactors.
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Chapter 1. Introduction  

1.1. The global perspective of water 

Water is a scarce resource that is considered crucial for the socio-economic 

development of society as a whole. Along with an increasing global population, the 

need for efficient water and wastewater trea tment is also on the rise. 2.3 billion people 

live in water -stressed countries and 721 million people live in high and critically 

water-stressed countries (UN -Water 2021). The global figures of safe access to water 

exposed significant inequalities between and within regions, countries, communities, 

and even neighbourhoods. To address this, the United Nations has set the sixth 

sÜÚÛÈÐÕÈÉÓÌɯ ËÌÝÌÓÖ×ÔÌÕÛɯ ÎÖÈÓɯ ȹ2#&Ⱥɯ ÛÖɯ ɁÌÕÚÜÙÌɯ ÈÝÈÐÓÈÉÐÓÐÛàɯ ÈÕËɯ ÚÜÚÛÈÐÕÈÉÓÌɯ

ÔÈÕÈÎÌÔÌÕÛɯÖÍɯÞÈÛÌÙɯÈÕËɯÚÈÕÐÛÈÛÐÖÕɯÍÖÙɯÈÓÓɂ(UnitedNations 2019). Access to safe 

drinking water and sanitation are human rights. Access to these services, is 

fundamental to human health and well -being, thus making SDG 6 a crucial element 

in achieving sustainable development. As illustrated in Figure 1.1, billions of people 

worldwide still live without safely managed drinking water. As per the latest report 

by UN -Water (2021), the world is not on track to achieve the SDG 6 targets by 2030.  

 

Figure 1-1: Proportion of population using safely managed to drink  water services in 

2020 (%) (UN -Water 2021) 
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To reach the global targets of SDG 6 by 2030, it is estimated that current rates of 

progress need to be quadrupled. Achieving these targets is essential to help protect 

society from many threats which  could be expected in the years to come. Hence, the 

immediate mission consists of establishing safe water systems, investing in water use 

efficiency, wastewater treatment and reuse, and financing the protection of water -

related ecosystems.  

Worldwide, ther e are different water and wastewater treatment systems currently in 

use. The treatment methods are often chemically, operationally, and economically 

intensive hence, the applicability of these in developing nations is limited (Mauter, 

Zucker et al. 2018). Considerable infusion of capital, engineering expertise and 

infrast ructure precludes their use in most parts of the world.  Sustainable, affordable, 

safe, and robust methods to increase supplies and purify water should be developed 

and implemented to serve people throughout the world. Amongst the numerous 

technologies in use at present, electrocoagulation (EC) in water and wastewater 

treatment has emerged as being popular during the last two decades (Zhu, Zhao et al. 

2007, Hakizimana, Gourich et al. 2017). Efficient pollutant removal, low energy 

consumption, and the possibility of automation are among the prominent reasons that 

an increase in EC related research has emerged during recent times. EC is also popular 

for its ability to remove a variety of pollutants from  wastewater.  

1.2. Electrocoagulation overview  

The use of electricity in water and wastewater treatment was initially tested in the U K, 

more specifically in 1889 (Strokach 1975). Although  EC with aluminium  and iron 

electrodes was patented in the US in 1909, the EC of potable water was only first 

applied on a large scale in the US in 1946 (Bonilla 1947). This is due to the relatively 

large capital investment and the high cost of electricity supply at the time. Owing to 

new energy generation technologies, and new construction and transportation 

methods introduced during the twentieth  century energy prices have substantially 

declined (Figure 1.2). With the reduction in costs of electricity generation during the 



Chapter 1 - Introduction  

3 

 

past few decades, electrochemical technologies have regained their importance 

worldwide.  

 

Figure 1-2: Electricity conversion efficiency and retail price in the USA 1900-1998 

(Ayres 2003) 

Howev er, the rising concern for climate change makes sustainability in energy use 

vital in reactor operations (Duan and Shi 2014). In addition, due to competitiveness in 

business, the reduction of operating costs is also essential while achieving maximum 

efficiency in the process. A proper balance between the resources, methods and 

operating conditions would be required to achieve the  above-mentioned requirements 

associated with energy, operating cost, and efficiency (Figure 1.3).  
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Figure 1-3: Essential criteria for reactor operation optimisation  

A significant improvement in EC applica tions could be noted during the past three 

decades. EC is being tested and applied for metal recovery, treating groundwater, 

treating potable water or process water, treating various wastewaters resulting from 

the tannery, oil, oil -in-water emulsion, electroplating, da iry, textile processing, etc. 

(Hashim, Shaw et al. 2017). In some incidents, EC is an essential step in treating 

wastewaters containing refractory contaminants (Chen 2004). Figures 1.4 and 1.5 

illustrate two electrocoagulation plants operating in the United States of America and 

South Africa respectively. However, contrary to the worldwide use of EC for water 

and wastewater treatment, the evolution  of reactor design and process optimisation 

has been insignificant (Thakur and Mondal 2016).  This is mainly due to the 

complexity  of the EC treatment process. 
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Figure 1-4: Industrial wastewater treatment unit in the United States of America  

(Composition: 8.74 ÍÇ Ì of Ni, 28.8 ÍÇ Ì of Zn, 657 ÍÇ Ì of Total suspended solids, 

27 ÍÇ Ì of Oil and Grease, 159 ÍÇ Ì of P) (Powell -water 2016) 

 

Figure 1-5: Arsenic contaminated groundwater trea tment unit in South Africa  (Proxa-

water 2021) 
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The conventional  EC reactor design is based on laboratory level reactor optimisation 

and scale-up. For EC reactors, the optimisation of process parameters is paramount in 

achieving the desired balance between efficiency, energy use, and operating cost (An, 

Huang et al. 2017). The conventional optimi sation method involves running many 

experiments by varying a single factor while keeping the rest of the parameters fixed. 

This process neglects the interrelations between the parameters. Experimental design 

tools are used to minimize this issue, allowing the recognition of the interdependency 

between the variables to a certain extent (Güçlü 2015). The design of experiments 

(DOE) and response surface methodology (RSM) are the most widely used design 

tools in EC reactor optimization  (Chavalpari t and Ongwandee 2009, Zhao, Huang et 

al. 2014, Rodrigo 2016). The details of some of the studies that used RSM as the 

optimi sation method are listed in Table (1.1) and the response surface plots resulted 

from such studies are illustrated in figures 1. 6 and 1.7. These studies are based on 

mathematical and statistical methods and are used to determine the significance of 

individual factors and their interactive influences with a reduced number of runs 

(Makwana and Ahammed 2016).  

 

Figure 1-6: Effect of current density and EC time on turbidity removal (%)  (Tir and 

Moulai -Mostefa 2008) 



Chapter 1 - Introduction  

7 

 

Table 1-1: Past studies that used Response Surface Methodology (RSM) as the 

optimization method  (COD: Chemical oxygen demand, RSM: Response surface methodology, EC: 

Electrocoagulation, RO: Reverse Osmosis, Id: Current density, Qin: Inflow, T: Time, C: Concentration 

of the removal pollutan t, O&G: Oil and Grease SS: Suspended Solids) 

Title  Citation  Details of the testing  Variables 

Studied  

Hardness, COD and turbidity 

removals from produced water 

by 

electrocoagulation 

pretreatment prior to Reverse 

Osmosis membranes 

(Zhao, Huang et 

al. 2014) 

Experimental  

Pilot Scale 

Iron anode and Carbon 

cathode 

Six monopolar electrodes 

Continuous EC-RO system 

pH (X1), Id 

(X2), EC time 

(X3) 

COD (Y1), 

turbidity (Y2), 

hardness (Y3)  

Optimizing electrocoagulation 

process for the treatment of 

biodiesel 

wastewater using response 

surface methodology 

(Chavalparit and 

Ongwandee 2009) 

Experimental  

Lab-scale 

Aluminium anode and a 

graphite cathode 

Monopolar  

Batch Reactor. 

pH (X1), V (X2), 

EC time (X3) 

COD (Y1), 

O&G (Y2), SS 

(Y3) 

 

Optimization of C.I. Acid Red 

14 azo dye removal by 

electrocoagulation 

batch process with response 

surface methodology 

(Aleboyeh, 

Daneshvar et al. 

2008) 

Experimental  

Lab-scale 

Iron (ST 37-2) anode and 

steel (grade 304) cathode, 

Monopolar  

batch reactor 

pH (X1), Id 

(X2), EC time 

(X3) 

  

Arsenic Removal from Natural 

Groundwater by  

Electrocoagulation Using 

Response Surface 

Methodology  

(Garcia-Lara, 

Montero -Ocampo 

et al. 2014) 

Experimental  

Lab-scale 

Iron electrodes 

 

Id (X1), Qin 

(X2) 

 

 

Optimization of oil removal 

from oily wastewater by 

electrocoagulation using 

response surface method 

(Tir and Moulai -

Mostefa 2008) 

Experimental  

Lab-scale 

Aluminium anode, stainless 

steel cathode 

Monopolar Batch Reactor 

Turbidity 

removal (Y1) 

and COD 

removal (Y2) 

Optimization of a combined  

Electrocoagulation electro-

flotation reactor  

(Rodrigo 2016) Experimental  

Lab-scale plants  

Batch mode 

Continuous mode  

Aluminium  anode and 

stainless steel cathode 

Id (X1), T (X2) 

and C (X3) 
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Figure 1-7: Response surface for the Total floated solids (TFS) / Total Suspended Solids 

(TSS) relationship for three different values of initial kaolin concentration:  a [kaolin] 

500 mg/ L, b [kaolin] 1000 ÍÇ Ì and c [kaolin] 1500 ÍÇ Ì (Rodrigo 2016) 

 

 

Figure 1-8: Parameters involved in EC reactor optimization  
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The EC reactor optimization involves many parameters related to operating 

conditions, water/wastewater conditions, and the geometry of the reactor as shown in 

Figure (1.8). During the last two decades, numerous studies in EC reactor optimi sation 

can be found in the literature (Aleboyeh, Daneshvar et al. 2008, Tir and Moulai-

Mostefa 2008, Chavalparit and Ongwandee 2009, Garcia-Lara, Montero-Ocampo et al. 

2014, Zhao, Huang et al. 2014, Rodrigo 2016).  

A noteworthy similarity in most of these studies is that the optimi sation work has 

been achieved by laboratory-scale experimental investigations and statistical 

optimi sation of operating parameters. The literature demonstrated a scarcity of 

systematic design and modelling approaches. The optimi sation processes developed 

through statistical analysis for EC operations could be regarded as black-box models. 

Though these are produced from data sourced experimentally, the understanding 

gained regarding the fundamentals behind the interactions of operating parameters is 

poor (Akinmolayan 2017). Hence, understanding the underlying operating principles 

and their interactions in the EC process would help predict robust and accurate results 

under a wide range of operating conditions. Electrochemistry that governs the 

operation of EC is a complex science accompanied by charge transport, 

electrochemical kinetics, knowledge of electrode interfaces, and thermodynamics. In 

addition, there are mechanical parameters or engineering aspects that affect the 

operational effectiveness of EC reactors. The interaction between the mechanical 

parameters and the main scientific mechanisms underlying the EC process has not 

been fully discovered. Hence most industrial EC treatment systems are designed and 

scaled up using statistical approaches. 

1.3. Modelling of electrocoagulation  

Modelling work used in the water industry frequently tends to be empirical rather 

than mechanistic. Empirical modelling is limited to only specific applications and 

conditions ; consequently, the adaptability of such models for varying scenarios  is low 
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(Akinmolayan  2017). Hence, it is important to synthesize a conceptual understanding 

of the EC treatment process based on pollutant removal mechanisms in the reactor.  

Four key processes inside the EC reactor are coagulant generation, weakening of the 

pollutants, accumulation of floc and removal of floc. The inte rference of 

electrochemistry in each of these processes is what makes EC difficult to model (Holt, 

Barton et al. 2005). Hence, a significant gap in the detailed technical literature on 

electrocoagulation modelling is evident (Hakizimana, Gourich et al. 2017). The 

general segregated processes of a conventional water treatment system (coagulation, 

flocculation, settling, or flotation) are integrated into a single cell in EC operation . The 

coagulant is generated in-situ by anode oxidation and the hydrogen gas bubbles are 

generated due to cathode reduction. The electric field is in effect throughout the 

treatment process with numerous interactions between the coagulant and its 

hydrolysis products, the pollutant, the other ionic species, and the electrolytic gas 

bubbles. The electric current governs the bubble density, and so the system 

hydrodynamics are affected by the bubble density that sequentially affects the mass 

transfer between pollutants, coagulant, and gas micro-bubbles (Hakizimana, Gourich 

et al. 2017). The bubbles aid the particle collision frequency, which is vital for the 

efficiency of floc formation. The qualitative and quantitative interactions between 

these mechanisms are vital for the optimized design of an EC reactor. 

The pollutant removal pathway c onsists of four stages, namely, coagulant generation, 

weakening of the pollutants, accumulation of floc, and finally, the removal of floc  

(Figure 1.9)ȭɯɯ3ÏÌɯ×ÖÓÓÜÛÈÕÛɀÚɯÐÕÛÌÙÈÊÛÐÖÕÚɯÞÐÛÏÐÕɯÛÏÌɯÚàÚÛÌÔɯÈÕËɯÌÝÌÕÛÜÈÓɯÙÌÔÖÝÈÓɯ

paths are determined by the physicochemical properties of the pollutant. The 

modelling of EC is governed by the second process, which is the weakening of the 

pollutants that could occur  in numerous ways as listed below ȹ'ÖÓÛɯƖƔƔƗȮɯ*ÈÉËÈıÓċȮɯ

Arslan -Alaton et al. 2012). 

i. Adsorption on precipitates  
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ii.  Precipitation  

iii.  Co-precipitation  

iv.  Adsorption on electrodes   

v. Electro-oxidation or electro reduction  

vi.  Physical enmeshment  

vii.  Bulk chemical reaction 

 

Figure 1-9: Interactions occurring within an EC reactor  

Any modelling attempt that avoids quantification of the interrelationship of the four 

key processes in EC would be ineffective (Holt, Barton et al. 2005). The vast body of 

knowledge  that has been developed over the years is mostly established on EC reactor 

modelling attempts that excluded the quantification of the aforementioned four key 

processes, thus encompassing a significant knowledge gap. Hence, this study aimed 

to develop a conceptual understanding of the EC water treatment process utilizing 

first principle modelling techniques. The new process -based conceptual model 

(PBCM) is expected to increase the controllability of the system variables and enable 

efficient scale-up of EC reactors. 
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1.4. Aim/objectives  

This study aimed to develop a novel process-based conceptual model (PBCM) 

consisting of theoretical and empirical approaches to address the design and 

modelling issues such as scale-up, the effect of physical, chemical, and hydrodynamic 

parameters on the efficiency of electrocoagulation reactors in water and industrial 

wastewater treatment. 

The objectives are listed below. 

Objective 1:  Critically evaluate  the internal processes, industrial applications 

and existing knowledge on numerical and conceptual -based models to address 

design and performance optimization issues of EC units.  

Objective 2:  Design and validat e an integrated PBCM for EC reactors using the 

process-based kinetics associated with EC operation. 

Objective 3:  Assess experimentally, the PBCM to address the existing design 

and modelling issues of EC reactors for varied operating conditions  such as 

diff erent inlet pollutant concentrations, varied sludge removal conditions, 

supply current variations and different inter -electrode distances. 

Objective 4:  Assess the PBCM at pilot scale to derive a systematic approach of 

EC reactors design and scale-up. 

Objective 5: Establish a methodology/model which can simultaneously 

address the prediction of pollution removal, settling/flotation, scale -up and 

techno-economic optimi sation.  

1.5. Thesis structure 

Objective one was planned to be achieved through critical evaluation of the literature 

by understanding the scientific and mechanistic approaches developed over the years 

for electrocoagulation modelling. Designing a process-based conceptual model 

(PBCM) for both batch and continuous electrocoagulation reactors for defluoridation  
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was then planned to achieve the second objective. The batch and continuous flow -

based conceptual models were then implemented to achieve the next objectives, using 

two computer platforms namely, Microsoft® Excel® ver . 2016 and MATLAB® ver. 

R2021a. These were then validated using the data collected from the batch and 

continuous flow laboratory level EC experimental set -ups. Hence, this thesis has been 

presented focusing on these two themes, namely, batch and continuous flow EC. The 

thesis is structured into nine chapters, where the chapters 1, 2, 3, 8, and 9 detail the 

overall focus of the study. Chapters 4 and 5 detail the batch EC PBCM design and 

validation  while chapters 6 and 7 detail the continuous EC PBCM design and 

validation process. The thesis structure with chapter details  is illustrated in Figure 

1.10.  
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Figure 1-10: Thesis structure with chapter details  

 



Chapter 2 - Theoretical Background of EC 

 

15 | P a g e 

 

Chapter 2. Theoretical background of EC reactor design  

2.1. Chapter overview  

This chapter comprises the theoretical background of EC reactor design and scale-up 

theories that are necessary to develop a PBCM for defluoridation using EC technology. 

Initially, the pollutant abatement mechanism of the defluoridation pr ocess using EC 

technology with aluminium electrodes was studied. Additionally,  the cell potential 

and energy calculation theories for EC reactors were researched and summari sed, 

followed by the details of the operating parameters considered important for the 

determination of EC reactor efficiency.  This led to the study on reactor types 

identification which is necessary for the mass balance application in EC reactors.  

Finally, the scale-up theories used for EC reactors were explored. These theories and 

equations studied under this chapter have been used in designing the PBCM for batch 

and continuous reactors that are detailed in chapters 4 and 6 respectively.  

2.2. Pollutant abatement mechanism  

In electrocoagulation water treatments, metal electrodes are charged with a voltage 

differential to generate the ions that are required to initiate the coagulation process. 

Coagulation is the process of destabilization of suspended, emulsified, or dissolved 

contaminants, allowing the formation of an a gglomeration  which is termed 

flocculation . Here, the metal cations are hydrolyzed forming the in -situ coagulants, 

hence no external chemicals addition is necessary. The process effectively removes 

suspended solids and colloids, breaking emulsions, such as oil and grease or latex, 

and oxidizes heavy metals from an aqueous medium without the use of filters or the 

addition of separation chemicals.  

Different electrodes have been tested and used, such as carbon, mild steel, iron, 

graphite titanium, and aluminiu m. Aluminium is considered the most effective and 

successful in removal of most pollutant s at favourable operating conditions (Ghosh, 

Medhi et al. 2008, Graça, Ribeiro et al. 2019). Electrocoagulation has been tested for 
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defluoridation in sev eral countries during the last three decades (Mameri, Yeddou et 

al. 1998, Bennajah, Gourich et al. 2009). Both iron and aluminium electrodes have been 

tested for defluoridation and the removal efficiency is found to be higher in the latter 

(Tezcan Un, Koparal et al. 2013). Consequently, there is substantial knowledge on 

defluoridation using aluminium electrodes in EC reactors. Therefore, the model 

discussed in this research has been developed for defluoridation using a batch EC 

reactor with aluminium electrodes.  The chemical reactions explained in this section 

are widely accepted. 

The oxidizing and reduction reactions occurring  at the anode and cathode respectively 

result in  the formation of aluminium  ions at the anode, hydrogen gas bubbles at the 

cathode as explained in reactions (1), (2) & (3). 

Anod ic reactions:      !Ìᴼ !Ì   σὩ      (1)  

                                    ςὌὕ ᴼ/  τ(   τὩ         (2) 

Cathodic reactions:   ςὌὕ  ςὩ ᴼ(  ς/(      (3) 

Depending on the pH, the electro generated Al 3+ is converted into aluminium 

hydroxide (Reactions (4) & (5)), as the coagulant used in EC: 

!Ì   σ/( ᴾ !Ì/(          (4) 

!Ì   σὌὕ ᴾ !Ì/( σ(             (5)          

The combination of reactions (1), (2) & (3), leads to the overall electrochemical 

reactions (6) and (7). 

ς!Ì  φὌὕ ᴾ σ(  ς!Ì/( σ(     (6)                        

Î!Ì/( ᴼ !Ì/(     (7) 

The large specific surface area of the formed !Ì/(  ɁÚÞÌÌ×ɯÍÓÖÊɂɯÐÚɯÉÌÕÌÍÐÊÐÈÓɯÍÖÙɯ

the rapid adsorption of soluble organic compounds and trapping of colloidal particles. 
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The floc polymerizes and the complexes formed are easily removed from water by 

sedimentation and/or flotation by hydrogen gas .  

Adsorption (8) and co -precipitation (9) result in:  

 !Ì/( άὊ ᴼ!ÌὊ /( άὕὌ                     (8) 

Î!Ì   σÎ Í/( άὊ ᴼ !ÌὊ /(                (9) 

Aluminum  hydroxide solubility is  pH -dependent as illustrated in Figure 2.1. 

According to Emamjomeh, Sivakumar and Varyani (2011), at pH  5-6, 

fluoroaluminium complexes are predominant ( !Ì&ȟ!Ì&ȟ!Ì&ȟ!Ì&), at pH 6-8, 

aluminiumhydroxofluoride formation is maximum ( !ÌὊ /( ) and at pH 

values over 8, the defluoridation efficiency decreases.  

 

Figure 2-1: Solubility diagram of aluminum hydroxide  (!Ì/(  considering only  

mononuclear aluminum  species (Holt, Barton et al. 2005) 
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2.3. EC cell potential  

A potential difference is required for the current to flow from one electrode to the 

other and complete the electrical circuit. The potential difference in a n electrochemical 

cell could be calculated using the Nernst equation (Eq. 10) applied to half -cell reactions 

occurring at each electrode (Eqs. 1 & 3). 

Ὁ
ЎЈ

 ὰὲὗ  (10) 

Where, 

E is equilibrium potential (V)  

ЎὋЈ is a standard Gibbs free energy change in a chemical process (J) 

F is Faraday number (# ÍÏÌ) 

n is the number of electrons consumed in the electrode reaction 

T is the temperature (K)  

R is gas constant (8.314 *ÍÏÌ+ ) 

ὗ  is reaction quotient of the cell reaction 

The coagulant generation is fundamental to begin the electrocoagulation process. 

Hence, supplying the minimum cell potential is necessary for the half -cell reactions to 

occur. The overall potential equation for a reactor could be expressed from equation 

(11). 

Ὁ Ὁ Ὁ Ὁ Ὁ   (11) 

Where, 

Ὁ  is the overall potential of the reactor (V) 

Ὁ  is cathodic potential (V)  

Ὁ  is anodic potential (V)  
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Ὁ  is solution potential (V)  

Ὁ  is loss potential (V) 

Here, the loss potential represents the energy required to surpass the passivating 

layer. Hence the energy requirement increases with longer operation time and poor 

maintenance of electrodes. However, the development of the passivation layer could 

be reduced by applying the current reversal method. The solution potential could be 

calculated using equation (12) (Goodridge 1985). Here, the energy requirement could 

be reduced by decreasing the distance between the electrodes, increasing the 

conductivity of the solution, and also increasing the electrode surface area. These 

parameters shall be further elaborated under sections 2.4 and 7.8. 

Ὁ   (12) 

Where, 

Ὁ  is solution potential (V)  

d is distance between electrodes (m) 

i is current density (! Í ) 

Ὁ is electrical conductivity (3 Í ) 

Usually , EC is carried out by controlling the supply current  which is named 

galvanostatic mode. Electric energy calculation of the EC process could be processed 

using equations (13) and (14) for batch and continuous reactors respectively. 

Ὁ   Ë7È Í   (13) 

Ὁ   Ë7È Í  (14) 

Where, 

U is cell potential (V)  

I is supply current (A)  
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V is the volume of the batch reactor (m3) 

t is time (s) 

q is the flow rate of the continuous flow  reactor (Í Ó ) 

2.4. EC operating parameters 

EC reactor design is of great importance since it influences the operating parameters 

to flow regime and mixing, floc formation, bubble path, removal yield, and 

flotation/settling characteristics (Hansen, Nuñez et al. 2007, Hakizimana, Gourich et 

al. 2017). The reactors can be distinguished using three factors: a) the feed mode (batch 

or continuous), b) the separation method of aggregated pollutants, and c) the design 

of the geometry of the electrodes (Holt, Barton et al. 2005).  The reactor working 

volume is ruled by the EC reactor geometry and the key to defining electrode 

area/volume ratio (A/V), which is the only key scale-up parameter in plant design 

(Aleboyeh, Daneshvar et al. 2008).  

Electrode arrangement and the inter-electrode distance largely affect the EC process.  

The electrode arrangement can be classified as monopolar and bipolar in se ries and 

parallel connections (Figure 2.2). When the cost-effectiveness is considered, 

monopolar parallel electrodes arrangement is considered most advantageous, since 

this arrangement offers a high pollutant removal with low energy consumption 

(Hakizimana, Gourich et al. 2017). The operating conditions that affect the EC 

performance are considered as current or voltage and operation time, to 

water/wastewater features such as pH, alkalinity, and conductivity as well as the 

geometry of the EC reactor and the EC electrodes (electrode surface and electrode 

spacing) (Essadki, Gourich et al. 2010, Guzmán, Nava et al. 2016).  

Although EC has been in use for many decades, there are numerous challenges to 

accepting EC as a successful technology, due to the inadequacy of the design process 

and its complexity. The body of kn owledge gathered by past researchers for 
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electrocoagulation requires further reinforcement in areas such as process-based 

modelling and scale-up, to establish EC as a completely engineered process. 

 

 

Figure 2-2: Electrodes arrangement classification in electrocoagulation reactors: (a) 

monopolar electrodes in parallel connection, (b) monopolar electrodes in serial 

connection and (c) bipolar electrodes in serial connection. 

2.5. Mathematical and statistical modelling of EC 

The use of the design of experimental methods along with the response surface 

methodology is quite  common in EC modelling studies (Güçlü 2015; Song, Yang et al. 

2016; Yoosefian, Ahmadzadeh et al. 2017; Genawi, Ibrahim et al. 2020). The collective 

use of mathematical and statistical methods was helpful to identify the significance of 

individual factors and their interactive influences  as illustrated in Figure 2.3. One 

major limitation of using statistical modelling is the inadequacy of knowledge on 

internal  process behaviour. The parameter evolution relating to space is another 

limitation, which requires a good knowledge of the mechanisms responsible for 

pollution abatement  (physical and chemical), as well as the influence of 

hydrodynamics, both on the pollution abatement proces s and electrochemical 

phenomena. As a result of this, statistical modelling acts as a black-box modelling 
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technique thus failing  to help in articulating methods for process control (Hakizimana, 

Gourich et al. 2017). 

              

Figure 2-3: Response surface plot (a) and contour plot (b) of predicted dye removal 

factor as a function of the operating temperatu re and initial pH at C = 1.15 

Ç Ì .(Khayet, Zahrim et al. 2011) 

2.6. EC reactor types 

In EC reactors, effective pollutant abatement  is achieved by optimizing the  contact 

pattern, particle tran sport and reaction kinetics. The contact pattern aids the contact 

between the pollutant and coagulant. The particle transport which is governed by the 

flow regime aids the collision between pollutants with coagulant and bubbles. The 

reaction time and reaction dynamics which are governed by the reaction kinetics aid 

generation of coagulants and bubbles. Generally, EC reactors are divided into two  

categories based on contact pattern, batch and continuous reactors (Figure 2.4).  

 

Figure 2-4: Most widely used EC reactors types (a) batch, (b) plug-flow, (c) continuous 

reactors 
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Figures 2.5 to 2.7 illustrate some of the most recent uses of different EC reactor types 

in water and wastewater treatment modelling studi es. According to past studies 

comparisons between plug-flow and continuous flow reactors in electrocoagulation 

are limited. However, it has been highlighted that the anodic metal and energy 

consumption  are lower in the continuous flow  reactors than in batch systems 

(Ntambwe Kambuyi, Bejjany et al. 2021).  

 

Figure 2-5: Schematic diagram of a Plug-flow Reactor. 1) 3D perforated 

cylindrical  impeller  (anode). 2) Rod (cathode). 3) Conical Hopper Bottom for Sludge 

collection. 4) Mechanical stirrer. 5) DC Power Supply Unit 6) Inlet for wastewat er. 7) 

Outlet for treated water (Choudhary and Mathur 2017)  

 

Figure 2-6: Schematic diagram of a continuous EC reactor (Ntambwe Kambuyi, 

Bejjany et al. 2021) 

https://www.sciencedirect.com/topics/earth-and-planetary-sciences/impeller
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Figure 2-7: Schematic diagram of a batch EC reactor set-up (1) multiple -input DC 

power supply (2) single -input DC power supply (3) cathode plate (4) anode plat e (5) 

EC cell (Muhammad Niza, Abdul Razak et al. 2021) 

It is important to note that the mixing  pattern strongly affects the performance and 

effectiveness of EC reactors. Fluid flow and agitation govern the mixing in a batch 

reactor, while residence time and flow path govern the mixing in a continuous reactor. 

Continuous reactors can be further categorised based on the mixing regime. 

Continuous stirred tank reactors (CSTR), plug flow reactors (PFR), and differential 

side-stream reactors (DSR) are a few of these classifications.  

2.7. Mass balance analysis in EC reactors 

The application of mass balance is of great importance in determining the economic 

potential of electrochemical reactors. Consideration of a complete-mix reactor, with a 

control volume boundary that helps to identify all the mass flows into and out of the 

system, is the first step to perform a mass balance analysis (Figure 2.8). In addition, 

there are a few assumptions made before the calculation process. 

1. The volumetric flow  rate of the reactor is constant. 

2. The solution in the reactor does not evaporate. 

3. The solution in the reactor is mixed completely.  
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Based on the above assumptions, the mass balance equation (Eq. 15) could be written 

as follows. 

Accumulation = Inflow ɬOutflow + Generation ɬ Dissipation  (15) 

 

Figure 2-8: Continuous, steady-flow complete -mix reactor considered for mass 

balance analysis (Notations used in the figure are explained alongside Eq.16) 

Symbolic representation of Eq. (15), applied to Figure 2.8 is given below.  

ὠ ὅὗ ὅ ὗ ὶὠ ὶὠ  (16) 

Where, 

C is the concentration of the reactant in the reactor (ÍÇ Ì ) 

Cin is the concentration of reactant entering the reactor (ÍÇ Ì ) 

Cout is the concentration of reactant leaving the reactor (ÍÇ Ì ) 

V is the volume of the reactors (l) 

t is time (s) 

Q is the flow  rate of the reactor (Ì Ó ) 

rg  is the reaction rate of generation of reactant (ÍÇ Ì ) 

rd  is the reaction rate of dissipation of reactant (ÍÇ Ì ) 
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Under the complete-mix condition, the concentration of the reactant in the reactor 

could be considered equal to the concentration of the reactant leaving the reactor. 

Hence, equation (16) could be further simplified to  the following expression.  

ὠ ὅ ὅὗ ὶ ὶὠ  (17) 

Here, the reaction rates expressed in terms of generation and dissipation rates will 

depend on the nature of the rate expressions. For example, zero, first, or second-order 

rate equations, as explained by equations (18) to (21) where r is considered as the rate 

of reaction and k as the rate constant. 

ὶ Ὧ  (zero-order)  (18) 

ὶ Ὧὅ  (first -order) (19) 

ὶ Ὧὅ  (second-order) (20) 

ὶ   (saturation or mixed -order) (21) 

 

Equations (18) to (21) are considered as the integration form of the reaction rates, and 

the integrated form of the same equations are expressed by equations (22) to (25). 

Here, ὅ and ὅ represent the concentration of the pollutant at time zero and at time t, 

respectively.  

ὅ  ὅ Ὧᴜὸ                 (zero-order)  (22) 

ÌÎ Ὧὸ                      (first -order) (23) 

Ὧὸ                    (second-order) (24) 

ὯὸὑÌÎ ὅ ὅ   (saturation or mixed -order) (25) 
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2.8. EC reactor scale-up  

EC reactor scale-up is a mandatory process once the laboratory level operations are 

optimised satisfactorily. Generally, the feed flow  rate is the main scale-up parameter 

that results in increased reactor size.  It is important to maintain the same functioning 

efficiencies by managing the operational parameters (e.g. flow rate, supply current 

density, etc.) to achieve the reliability of this technology for efficient large -scale 

water/wastewater treatment.  EC scale-up and modelling approaches are limited in the 

literature (Hakizimana et al., 2017). It was noted that simple projection or estimation 

tools are used to scale up the identified optimized parameters at the laboratory/bench 

scale such as the contact time (flow rate/volume), pollutant removal rate (amount of 

pollutant removed/coagulant amount released from the anode) , etc. Although 

dimensional analysis is the most common engineering approach for scale-up 

operations, limited evidence is available in the literature on applications for  EC 

designs (Sulaymon 2012). This could be due to the complexity of the EC process, the 

wide range of reactor types and pollutants.  Dimensional analysis is a basic concept 

underlying the theory of transport processes in w hich various rate constants, transfer 

coefficients, transport properties and reactor dimensions are combined in such a way 

that dimensi onal consistency is maintained. The theory ensures that dynamic, 

geometric and kinetic similarit ies are sustained, to achieve similar flow patterns in a 

reactor (Andreas 2014). It was noted that little consideration has been given to 

dimensional modelling in EC reactor scale-up (Aleboyeh, Daneshvar et al. 2008, 

Garcia-Lara, Montero-Ocampo et al. 2014). Contrarily, it w as noted that several 

studies utilized dimensional analysis theories in designing and scale -up operations of 

electrochemical reactors which are used in several industrial applications (Gupta and 

Oloman, 2006, Szpyrkowicz and Radaelli, 2006).  According to Sulaymon (2012), who 

has performed studies on electrochemical reactors, these concepts can be easily 

merged with the scale-up of EC reactors which gives a systematic approach that 



Chapter 2 - Theoretical Background of EC 

 

28 | P a g e 

 

addresses a broader spectrum of concepts such as geometric, kinematic, thermal and 

current/potential similarity between the reactors.  

The use of dimensional analysis for EC process scale-up parameters of EC is limited 

and quite conflicted, in the literature. Zolotukhin (1989) scaled up an EC -flotation 

system from laboratory to industrial scale by studying five dimensionless scale -up 

parameters given in Table (2.1), to ensure correct sizing and proportioning of the 

reactors (Eq. 26 to 30). 

Table 2-1: Dimensionless scale-up parameters used (Zolotukhin, 1989)  

Dimensionless parameter  Equation  Equation No.  

Reynolds Number  ὙὩ  ”ὠὈȾ‘                                   (26) 

Froude Number  Ὂὶ  ὠȾЍὫὈ (27) 

Weber Number  ὡὩ  ”ὒὠ „ϳ  (28) 

Geometric Similarity  Lp/Lm, Ap/Am (29) 

Gas Saturation Similarity  

 

ὛὋὶ

 πȢπσς ÌÏÇὯ

πȢρςςσȢÌÏÇὯ πȢρτψω  

(Mulyadi, Amin et al. 2001) 

(30) 

Here, 

” is density of liquid  (ËÇ Í ) 

V is velocity (Í Ó ) 

D is hydraulic diameter (m) 

µ is dynamic v iscosity (. Ó Í ) at 20 ̄ C 

L is length (m) 

„ is surface tension (J Í ) at 20 ̄ C 

Ὧ  is water permeability (H Í ) 
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However , Holt et al. (2005) dispute adapting similarity principles , the applicability of 

which may be inherently limited for EC, due to the complexity of the internal 

processes. Also, as per a study by Zlokarnik (2001) on the application of dimensional 

analysis in chemical reactors, it has been concluded that the theory of similarity is of 

limited importance  in chemical processes although it has been of greater use in heat 

transfer reactors. Nevertheless, the correct combination of dimensionless factors could 

help improve  the contact patterns in EC reactors for certain pollutant abatement 

processes. Concerning the general EC scale-up methods, there are very few EC scale-

up parameters found in the literature, as listed below  (Almazán -Ruiz, Caballero et al. 

2012, Hakizimana, Gourich et al. 2017). 

1. Electrode area to reactor volume ratio (A/V): This measured potential for 

generating enough coagulant and bubbles in the system 

2. Current density (I/A): Current per unit active anode area, a direct measure of 

the potential for coagulant and bubble generation  

It  is surprising to note that there are no scale-up parameters that decide the feed pipe 

size, cross-section area of the reactor, flow direction in the reactor, ideal gap between 

the plates, mixing rate, etc. A scale-up methodology that takes into account these 

aspects would ideally help wider application possibilities and sustainable use of the  

EC technology. 

2.9. Chapter 2 conclusion  

In this chapter, the theoretical background of EC reactor design and scale-up were 

explored under several sub-themes. Initially, the  pollutant abatement mechanism of 

the defluoridation process using EC technology with alumin ium electrodes was 

studied.  Adsorption and colloidal trapping in  !Ì/(   ɁÚÞÌÌ×ɯÍÓÖÊɂɯwas found 

to be the main defluoridation  mechanism in the EC reactor.  Hence, the theoretical 

model which is discussed in chapter 3, will be developed using adsorption as the 

coagulation method.   Next, the cell potential and energy calculation theories for EC 
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reactors were studied and summarised, followed by the details of the operating 

parameters important for the determination of EC reactor efficiency.  This led to the 

study on reactor typesɀ identification which is important for the mass balance 

application in EC reactors.  The equations (15) to (25), explain the application of mass 

balance equations for different reactor types, in diverse reaction types.  Finally, the 

scale-up theories used for EC reactors were explored.  It was noted that the main two 

parameters used for EC reactor scale-up were (A/V) and (I/A), while limited attention 

has been given to the application of dimensional analysis.  

 

 



Chapter 3 - Research Design 

 

31 | P a g e 

 

Chapter 3. Research design & process based conceptual 

Model (PBCM) development for electrocoagulation 

defluoridation  

3.1. Chapter overview  

The chapter layout is illustrated in Figure 3.1. The initial section of this chapter 

presents the overall research design, aimed at achieving the objectives listed in chapter 

1. Section 3.3, details the scheme of the conceptual model that comprises five sub-

models which are discussed with justifications for the selection for this study.  

 

Figure 3-1: The chapter layout of the thesis 
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3.2. Research design 

The understanding of scale-up properties and geometric parameters for 

electrocoagulation reactors is presently limited  due to the complexity of the treatment 

processes involved (Lu, Wang et al. 2017). Application of dimensional analysis theory 

of similarity is of limited importance  in EC process scale-up although it has been of 

greater use in heat transfer reactors (Zlokarnik 2001). The wider application of EC 

technology has been hindered due to this gap in knowledge. Addressing this gap in 

EC technology at this time could be a great resource to achieve the SDG 6 targets by 

2030.  

To address this gap of knowledge, this study aim ed to develop a process-based 

conceptual model (PBCM) for the EC water treatment process utilizing first principle 

modelling techniques. The PBCM for EC water treatment is a white-box design 

approach that could i ncrease the controllabi lity of the system variables thus  enabling 

efficient scale-up of EC reactors. The PBCM would vary according to the pollutant 

abatement mechanism. The pollutan t considered in this study was fluoride, hence the 

main abatement mechanism is adsorption. Additionally, the model could be applied 

to different pollutants which follow the same pollutant abatement pathway. The study 

was designed as experimental research with  four  key phases that are described in the 

following section.  

Phase 1: During phase 1, achieving objectives 1 and 2 was focused on. Understanding 

the scientific and mechanistic approaches developed over the years for 

electrocoagulation was studied initially. Then the design  of a process-based 

conceptual model (PBCM) for a batch electrocoagulation reactor for defluoridation 

was carried out followed by  parameterization of the pro cess kinetics.  Here, the EC 

process was conceptualized as a conventional water treatment process.  This 

engineering approach helped identify the pollutant abatement and floc aggregation 

mechanisms, which resulted in the discretisation of the defluoridation process in the 

EC reactor. The next step was the numerical transformati on of the model equations 
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into a system of integrated rate equations. These process models were interconnected 

based on the principle of conservation of mass.   The PBCM was then implemented in 

two computer platforms namely, Microsoft® Excel® ver. 2016 and MATLAB® ver. 

R2021a which w ere then validated using literature  data. 

Phase 2: In relation to objective 2, phase 2 was implemented to retrieve primary data 

for the calibration and validation process of the PBCM for batch electrocoagulation 

defluoridation . This stage of the study consisted of the design and implementation of 

experiments using a laboratory-based benchtop scale batch electrocoagulation reactor. 

These experiments were conducted at the National Institute of Fundamental Studies 

(NIFS), Sri Lanka. The retrieved data from these tests were then applied in the 

numer ical PBCM models processed in the aforementioned computer platforms for 

batch electrocoagulation system, to accomplish the calibration and validation  of the 

model. 

Phase 3: At phase 3, to achieve objectives 3 and 4, the design and validation of the 

PBCM for continuous electrocoagulation defluoridation were conducted. Following a 

similar approach to the phase 1 - batch model, the numerical transformation of the 

model equations into a system of integrated rate equation were carried out. Here, the 

continuous electrocoagulation reactor was considered an open system.  Uniformly 

mixed, steady-state flow conditions were assumed for the application of the mass 

balance principle. Next, obtaining pri mary data to calibrate and validate the PBCM 

for continuous electrocoagulation defluoridation was aimed.  A continuous 

electrocoagulation laboratory -scale reactor was designed and built. The experiments 

were conducted at two geometric scales at the Industrial Chemistry Laboratory of 

Liverpool John Moores University, United Kingdom.  The retrieved data from these 

tests were then applied in the numeri cal PBCM models processed in the 

aforementioned computer platforms for the continuous electrocoagulation  system, to 

calibrate and further validate the model a long with the interim parameters.   
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Phase 4: At phase 4, the extrapolation of the  PBCM for batch and continuous 

electrocoagulation for varied operating conditions and scales was evaluated. 

Additionally, the optimization of retention time and the relationship of hydrodynamic 

parameters were analysed using the novel model. As aimed in objective 5, the study 

established a methodology/model which was able to simultaneously address the 

prediction of pollution removal, settling/flotation, scale -up and techno-economic 

optimization.  

The above-listed phases and associated flow of the sub-work packages are illustrated 

in the following flow -chart (Figure 3.2). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Chapter 3 - Research Design 

 

35 | P a g e 

 

 

 

 

Figure 3-2: The step-by-step process of the overall study (Process-based conceptual 

model (PBCM), electrocoagulation (EC)) 
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3.3.  Conceptual model development for defluoridation using 

electrocoagulation  

3.3.1. Conventional theoretical and empirical modelling  

The EC process has been modelled using the classical kinetic law to simulate and 

design the EC system (Eq. 31) in various studies.  The removal of pollutants such as 

fluoride, boron, nitrates, and heavy metals by EC exhibited best fits with the n -order 

kinetic model (Mameri, Yeddou et al. 1998, Isa, Ezechi et al. 2014, Yehya, Chafi et al. 

2014).  

 ὑὅ   (31) 

Where, 

C is concentration of the pollutant  (ÍÇ Ì ) 

K is reaction rate constant (unit depends on the value of n) 

n is the order of reaction  

t is time (s) 

Also, there are some models developed based on the electrode reaction, adsorption 

kinetics, and mass balance. These models are generally synthesized using reaction rate 

equations built on the chemical reactions (Zhang, Yang et al. 2020). 

The model described in eq. 10 helped recognise the capability of the technology to 

remove pollutants for a specific operational condition. In contrast, those models have 

failed to quantify the key underlying pollutant abatement mechanisms in EC. Hence, 

process-based modelling is imperative due to its ability to un derstand and control the 

princip al processes of EC (Holt, Barton et al. 2005). The process-based models are 

generally developed based on electrochemical phenomena, adsorption, flocculation, 

and lastly, flotation and settling processes. The studies carried out by Holt (2003) and 

Emamjomeh and Sivakumar (2009) provide detailed insights into this modelling 

technique. The study by Holt (2003) uses an approach that combines coagulant 

generation, hydrolysis, flocculation, and settling or flotation. The lat ter study had 

explored the process-based modelling technique but concluded with an empirical 
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relationship of the p arameters. Additionally, a recent study by Graça, Ribeiro et al. 

(2019) developed a mathematical model considering the electrochemical dissolution 

of the Al anode, water electrolysis, hydrolysis of dissolved Al , and water dissociation 

reaction involved in the electrocoagulation process. One of the main limitations of all 

these models is the insensitivity for the pH evolution with time or space, which 

governs the efficiency of the hydrolysis process. In addition to that, integrating 

hydrodynamic parameters into the model is yet to be addressed. 

3.3.2. Development of the process -based conceptual model (PBCM)  

The methodology introduced in this paper individuates the processes relevant for 

dissolved fluoride removal , using EC with aluminium electrodes these are 

electrolysis, hydrolysis, coagulation, flocculation, and flotation/settling  (Figure 3.3). 

The interconnection of these key processes that occur serially within the same space 

in the EC batch reactor is derived using the mass balance equations for a continuous 

stirred tank reactor (CSTR) in a series operating at a steady-state.

 

Figure 3-3: The component processes used for the fluoride removal model 
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3.3.3. Sub-model 1: electrolysis model  

When the electrical current is supplied , the anode dissolution and oxygen evolution 

on the anode (Eq. (1) and (2)) and the hydrogen evolution on the cathode (Eq. (3)) are 

initiated. The rate of aluminium dissolution on the anode can be determined based on 

%ÈÙÈËÈàɀÚɯÓÈÞɯȹ$Øȭɯ(32)) (Mbacké, Kane et al. 2016, Hakizimana, Gourich et al. 2017) 

 ɲ                                       (32) 

Where: 

I is electric current (A)  

M is the atomic weight of the electrode material (ÍÇ ÍÏÌ),  

F is Faraday's constant (96487 # ÍÏÌ),  

 ɲis a correction factor, denoted current efficiency or faradic yield,  

mAl  is mass of metal dissolved from electrolysis (mg),  

t is electrolysis time (s),  

Z is number of electrons, transferred (Z=3 for aluminium) ȟ 

 is the rate of aluminium dissolution ( ÍÇ ί ) 

 

3.3.4. Sub-model 2: hydrolysis model  

Different hydrolysis reactions could occur after the dissolution of aluminium from the 

anode producing many aluminium hydroxide monomeric and polymeric species.  

In addition to the reactions (Eqs. (4)-(9)) in chapter 2.1, the monomeric species that are 

formed from the hydrolysis of Al 3+ cations according to pH level are listed below (Eqs. 

(33)-(36)).  
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!Ì (/ᴼὃὰὕὌ (  (33) 

ὃὰὕὌ (/ᴼ!Ì/( (                                   (34) 

!Ì/( (/ᴼ!Ì/( (  (35) 

!Ì/( (/ᴼ!Ì/( (                                     (36) 

According to the Pourbaix diagram for aluminium in an aqueous solution where 

dissolved fluoride is present, at pH 5 -6, fluoroaluminium complexes are predominant 

(!Ì&ȟ!Ì&ȟ!Ì&ȟ!Ì& since soluble Al3+ cations prevail when pH is lower. When 

the pH is larger than 8, the defluoridation efficiency decreases due to the prevalence 

of soluble aluminate anions at higher pH levels. The insoluble !Ì/(  form 

predominates at pH6-8 since aluminiumhydrox ofluoride formation i s maximum 

Al nFm(OH) (3n-m) (Emamjomeh, Sivakumar et al. 2011). Additionally, the polymeric 

species !Ì/( ȟ!Ì/( ȟ!Ì/( ȟ!Ì/ /(  have also been 

reported (Essadki, Gourich et al. 2009). The counterbalancing effect described by 

Lewis acidity of alumi nium leads to a final pH between 7 and 8 as a result of the 

formation of OH ɬ anions at the cathode that induces a buffer effect. Hence, eventually 

the monomeric and polymeric species contribute to the formation of the amorphous 

Al(OH) 3 ɁÚÞÌÌ×ɯÍÓÖÊÚɂɯÞÏÐÊÏɯhave large surface areas (Eq. (7)).  

As stated, the pH condition governs the hydrolysis reaction and the hydroxide 

products (Graça, Ribeiro et al. 2019). Also, it could be identified from the hydrolysis 

equations that the dissolving of Al(III) is the rate -determining step during EC 

defluoridation (Mameri, Yeddou et al. 1998). Adopting this concept, Hu, Lo et al. 

(2007) developed a model where an efficiency factor (ϘAl ) was used to calculate the 

amount converted as hydro-fluoro -aluminium. The Langmuir equation was used to 

describe EC defluoridation reaction. However, for the present model, the requirement 

was to explain the prior step to this, which is the hydrolysis of aluminium cations. 

Therefore, in this model, a new efficiency factor shall be considered to calculate the 

amount converted as aluminium hydroxide species, which are ready to adsorb the 
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dissolved fluoride. This efficiency factor is symbolized as K in equation (37). Hence, 

the hydrolysis model can be introduced as follow:  

ὑȢὑὥ                      (37) 

Where: 

Í  is the mass of Al(OH)3 (s) generation (mg),  

t is hydrolysis time (s),  

K is a percentage denoted hydrolysis efficiency,  

K(a) is the rate of aluminium ( III) di ssolving process (ÍÇ Ó ). 

3.3.5. Sub-model 3: coagulation model  

Typically, the contaminants in water and wastewater remain in colloidal form.  These 

colloids form a suspension, as far as the colloids remain separated, so that gravity 

forces will not cause precipitation of these colloidal particles.  The destabilization of 

such a suspension is called coagulation (Bratby, 2006). Overpowering the aiding 

factors of colloidal stability is the primary function of coagulation. There are different 

methods to destabilize colloids, namely, (a) double layer compression, (b) adsorption 

and charge neutralization, (c) adsorption, and inter -particle bridging, (d) enmeshment 

in a precipitate (sweep floc). When considering the fluoride removal using the 

aluminium anodes in E C, the coagulation occurs via processes (c) and (d) outlined 

above.   

The majority of prior research has applied Langmuir isotherm or Freundlich isotherm 

and also the LangmuirɬFreundlich model that combines both (Essadki et al., 2010; 

Vasudevan and Lakshmi, 2011; Yoosefian et al., 2017). Besides, Hu, Lo and Kuan 

(2007) introduced a variable-order-kinetic model (VOK), which was derived by 

combining adsorption isotherm models and Faraday's law. In his study on fluoride 

removal using aluminium anodes, the use of the Langmuir isotherm had proven 

ÌÍÍÌÊÛÐÝÌȭɯ ÓÚÖȮɯÛÏÌɯ×ÙÌÚÌÕÛɯÔÖËÌÓɯËÌÝÌÓÖ×ÌËɯÐÕɯÛÏÐÚɯÚÛÜËàɯÌÔ×ÓÖàÚɯ%ÈÙÙÈËÈàɀÚɯÔÖËÌÓɯ
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separately. Hence, the use of Langmuir Isotherm (Eq. 38) is considered as the 

coagulation model for the present study.  

ή             (38) 

Where: 

qe is the amount of pollutant adsorbed per unit mass of adsorbent at equilibrium 

(ÍÇ Ç ),  

qm is the maximum adsorption capacity (ÍÇ Ç )  

KL is Langmuir constant (Ì ÍÏÌ) 

Ce is the equilibrium conce ntration of the pollu tant (ÍÏÌ Ì ). 

3.3.6. Sub-model 4: f locculation model  

The process of inducing the destabilized particles to come together, make contact, and 

thereby form larger (settlable) agglomerates is called flocculation (Bratby 2006). The 

flocculation mechanism has two steps, i.e., transport leading to the collision and 

attachment. The first step can occur by (a) Brownian motion of the particles 

(perikinetic flocculation), (b) fluid motion (orthokinetic flocculation), and (c) 

differential settling velocities due to gravity (differential sedimentation) (MWH 

Americas, Crittenden Communications et al. 2012) as illustrated in Figure 3.4.  

 

Figure 3-4: Flocculation mechanisms ɬ the modes of transport of colloids leading to 

the collision  

Flocculation

Perikinetic

Due to Brownian 
motion

AKA: Microflocculation 

Orthokinetic

Due to Imposed velocity 
gradients from mixing

AKA: Macroflocculation 

Differential 
Settlements

Due to differences in 
settlement velocities



Chapter 3 - Research Design 

 

42 | P a g e 

 

The second step of flocculation, attachment, has occurred. The classical analytical 

expression of flocculation , originally published by Smoluchowski in 1917, led to 

several advancements later on through new studies. Smoluchowski had made six 

assumptions (listed below), to develop the model expressed in equation (39).  

1. All particle collisions lead to attachment,  

2. Fluid motion is limited to laminar shear,  

3. Particles are monodispersed, 

4. No breakage of flocs occurs,  

5. All particles are spherical and remain so after collision and  

6. Collisions take place only between two particles.  

In Smoluchowski's original work, the assumption of all collisions lead ing to 

attachment, had ignored the effects of electrostatic repulsion, van der Waals or 

hydrodynamic forces . Modernised theories/models attempted to overcome this 

limitation and proposed three theories in the late 19th century as illustrated in Figure 

3.5 (Thomas, Judd et al. 1999). 

 

                  Figure 3-5: Modernised flocculation models  

However, later on , the particles were considered as fractal rather than solid objects 

(Chellam and Wiesner 1993). As a result, the density of the particles decreases with 

increasing size (Figure 3.6). As per the new assumption, a considerable reduction in 

the hydrodynamic resistance should be expected when a small particle reaches a 

Modernised 
flocculation Models 

Spherical particles in a 
linear flow model

(Rectilinear)

Spherical particles in a 
non linear flow model

(Curvilinear)

Fractal based models
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larger porous aggregate (Veerapaneni and Wiesner 1996). Hence, the accuracy of both 

curvilinear and rectilinear models of flocculation  was reconsidered. As per Thomas, 

Judd et al. (1999), the most suitable model comprises a balance between both of these 

models. 

 

Figure 3-6: Model representation of porous aggregate (Chellam and Wiesner 1993) 

Smoluchowski's flocculation model formed the base for all subsequent flocculation 

modelling studies. The original  equation developed by Smoluchowski is expressed 

below. 

The number of collisions occurring between i and j particles in unit time and unit 

volume, Jij, is given by:  

ὐ  ‌Ὧὲὲ     (39) 

Where, 

‌ is collision efficiency  
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Ὧ is rate order constant for aggregation (ÌÓ ) 

ὲὲ are number of i and j particles per unit volume respectively ( .ÏÓ Ì ) 

Here Ὧ  depends on several factors, such as particle size and transport mechanism. In 

considering the rate of aggregation, it must be recognized that not all collisions may 

be successful in producing aggregates. The fraction of successful collisions is called 

the collision efficiency and is given the symbol ‌. If there is strong repulsion between 

particles, there will not be any collisions that give aggregates and ‌ = 0. When there is 

no significant net repulsion or attraction between particles, then the collision 

efficiency can approach unity (Elimelech et al., 1995). 

 

Based on the transport mechanisms of particles illustrated in Figure (3.4), the rate of 

flocculation could be expressed as follows (Eq. 40). 

ὐ ὐ  ὐ  ὐ   (40) 

Where, 

ὐ = rate of attachment between i and j particles (Ó ) 

ὐ= rate of attachment due to microscale collisions (Ó ) 

ὐ= rate of attachment due to macroscale collisions (Ó ) 

ὐ  = rate of attachment due to differential setting (Ó ) 

The effectiveness in applications of this equation is limited in real systems due to the 

idealized systems based on simplifying assumptions used in this equation 

(Crittenden, Trussell et al. 2012). Nevertheless, this is used in the present research for 

initial testing , utilizing the same assumptions made ÐÕɯËÌÝÌÓÖ×ÐÕÎɯ2ÔÖÓÜÊÏÖÞÚÒÐɀÚɯ

classical flocculation equation.  

Spherical monodispersed particles in a linear flow model were considered for this 

model, hence the differential settlement theory was not applicable.  The Perikinetic 
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and orthokinetic floccula tion based model that was used in this study is explained 

below (Eq. 41 & 42). 

ὑ ὲ                                 (41) 

ὑ  =
 z  

  ὋӶ‌Ὠ*(1/1000)                        (42) 

Where: 

KM+ϟ is rate constant for particle aggregation (Ì Ó ),  

T is absolute temperature (K),  

µ is dynamic viscosity of suspending fluid (. Ó Í ), 

ÒɯÐÚɯ!ÖÓÛáÔÈÕÕɀÚɯÊÖÕÚÛÈÕÛɯȹ) ὑ ),  

d i is particle size (cm),  

n is particle number concentration (Ì ),  

ϔɯÐÚɯÊÖÓÓÐÚÐÖÕɯÌÍÍÐÊÐÌÕÊàɯ(-),  

G is velocity gradient (Ó ). 

3.3.7. Sub-model 5: f lotation/ settling model  

There are diverse physical methods to remove the agglomerated particles generated 

from the flocculation process. In addition to the settling due to gravity, the floc tends 

to float, by means of buoyancy forces resulting from the micro -bubbles in EC reactors. 

This is called electro-flotation, which depends on current density, hydrogen micro -

bubble size (20ɬƙƔɯϟÔȺȮɯÈÕËɯ×ÈÙÛÐÊÓÌɯÊÖÓÓÌÊÛÐÖÕɯÌÍÍÐÊÐÌÕÊàɯÉàɯÛÏÌɯÔÐÊÙÖ-bubbles (Holt 

2003). There is little evidence in the literature to utilize a flotation/settling  model in EC 

reactors. The study by Holt, Bar ton et al. (2005) suggested a first-order model based 

on pollutant removal paths that consider the competitive process between settling and 

flotation in pollutant removal (Eqs. ( 43)-(45)).  

ὖέὰὰόὸὥὲὸ ὅ ᴼὛόὶὪὥὧὩὅ                      (43) 
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ὖέὰὰόὸὥὲὸ ὅ ᴼὄὥίὩὅ                         (44) 

 ὶ Ὧὅ Ὧὅ Ὧ Ὧ ὅ               (45) 

Where: 

#  is pollutant concentration in the bulk so lution (ÍÇ Ì ), 

#  is pollutant concentration at the surface (ÍÇ Ì ), 

#  is pollutant concentration at the base (ÍÇ Ì ), 

Ò  is rate of electro-flotation  and sedimentation (ÍÇ Ìί ), 

Ëis rate constant of the electro-flotation process (ί ), 

Ë is rate constant of the sedimentation process (ί ). 

Concerning the conceptual model developed in this study, dissolved fluoride removal 

using aluminium electrodes is considered. The settling and flotation model proposed 

by Holt (2003) requires alternate experimental arrangements to identify the rate 

constants of the two processes.  As per the literature and initial experimental 

investigations, flotation is the main floc removal mechanism noted during the fluoride 

removal process. Hence, a conceptual model based on the fundamentals of electro-

flotation was considered suitable in this study (Eqs. (46)-(49)). 

The microbubble flotation which affects ÍÓÖÊɯÍÓÖÛÈÛÐÖÕɯÈÕËɯÛÏÌɯÎÈÚɯÔÐÊÙÖÉÜÉÉÓÌɀÚɯÙÐÚÐÕÎɯ

velocity (V b) through the water in laminar operating conditions can be calculated 

ÜÚÐÕÎɯ2ÛÖÒÌɀÚɯÓÈÞɯ(Coker 2007). 

ὠ ” ” Ὠ                             (46) 

Where: 

ʈ is dynamic viscosity  of suspending fluid (N s ά ), 

Ç is gravitational a cceleration (Í ί ), 
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ʍis density of the liquid (kg ά ), 

ʍ is density of the gas (kg ά ), 

Ä is bubble diameter (m). 

The flotation kinetic equation describes the kinetic rate of particle or floc removal by 

collision and attachment to bubbles as expressed by equations (47) & (48) (Haarhoff 

and Edzwald 2004). 

ὔ                         (47) 

ὑὔ                               (48) 

Where: 

.  is floc density (flocs ά ), 

ɻ  is collision coefficient between an air bubble and floc, 

ʂ is collision frequency between the air bubble and floc,  

ʒ  is air dosage (ά  air  ά  water), 

ʉ  is kinematic viscosity of suspending fluid ( ά  ί ), 

Ç is gravitational acceleration (Í ί ), 

Ä is bubble diameter (m), 

6 is rising velocity of bubbles (Í ί ), 

+ is flotation constant (ί ). 

The theoretical amount of hydrogen gas H 2 generated during the EC process can be 

ÊÈÓÊÜÓÈÛÌËɯÜÚÐÕÎɯ%ÈÙÙÈËÈàɀÚɯÓÈÞɯ(Deghles and Kurt 2017). 

ά ȢὌ                             (49) 

Where: 
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Í  is rate of H2 gas generation (ÍÇ Ó ), 

- is atomic weight of H 2 (ÍÇ ÍÏÌ), 

&  is faraday's constant (96487 C moÌ ), 

) is electric current (A), 

( is the number of hydrogen molecules generated per electron involved  in the redox 

reactions (=0.5). 

 

3.4.  Conclusion of chapter 3 

To achieve objective 1, the design of a process-based conceptual model (PBCM) for a 

batch electrocoagulation reactor for defluoridation  was carried out followed by 

parameterization of the process kinetics as explained in section 3.3.  The PBCM for 

electrocoagulation defluoridation  comprised five sub-models namely, electrolysis, 

hydrolysis, coagulation, flocculation, and flotation. Proceeding steps focus on the 

numerical transformation of the model equations into a sys tem of integrated rate 

equations, and implementation in two computer platforms namely ; Microsoft® 

Excel® ver. 2016 and MATLAB® ver. R20 21a. Detail will be  discussed in chapter 4. 
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Chapter 4. Materials and methods ɬ PBCM application to 

batch electrocoagulation reactors  

4.1. Chapter overview  

This chapter comprises the discrete-continuous model conversion  scheme of PBCM 

for batch reactor & experimental design of batch electrocoagulation operation. Figure 

4.1 illustrates the chapter layout of the thesis and the interconnection of this chapter 

to the rest.  

 

Figure 4-1: The chapter layout of the thesis 
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4.2. Discrete-continuous model conversion scheme of the PBCM 

Discretisation refers to the process of transforming given  continuous functions or 

variables into discrete functions or variables, respectively.  In this study, the reverse 

operation of discretisation,  which is the conversion of the discrete models into a 

continuous-time model was a requisite. Hence, the discrete models identified in 

section 3.3, were transformed into a scheme of continuous-time model s by applying 

the theory of conservation of mass (Eq. 50). The structure of work that  is required to 

produce the scheme of continuous -time model s is explained in this section. 

Accumulation = Inflow ɬ Outflow + Generation ɬ Dissipation  

ά ά ά ά ά                         (50) 

The conceptual sub-models identified in section 3.3, are unified concerning time (t)  in 

this section. The configuration of the process-based model into a numeric computing 

platform requires an in -depth under standing of the interconnectivity between the 

sub-models. One of the connecting tools applied to link the sub-models is the mass 

balance equation.   

First, the mass balance equation is used to determine the aluminium cation 

concentration in the reactor. Al uminium cation concentration accumulation for a 

given time interval is considered as Í , where, the inflow and outflow are set to 

zero, considering the closed system.  

Using Equations discussed in sections 3.3.1 and 3.3.2, the generation of aluminium at 

nth time step (tn) in (ÍÇ Ì ) can be computed as (Eq.51):  

ά   ὑ ὸ ὸ                           (51) 

Where K(a) is the rate of aluminium ( III) dissolving process (ÍÇ Ìί ). 

Also, the dissipation at n th time step (tn) in (ÍÇ Ì  as (Eq. 52):  

ά   ὑ ὸ ὸ                           (52) 
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Where K(b) is the rate of hydrolysis process (ÍÇ Ìί ). 

Hence, aluminium accumulation at the n th time step (tn) in (ÍÇ Ì ) (Eq. 53): 

ά   ὑ ὸ ὸ ὑ ὸ ὸ ά          (53) 

And aluminium hydroxide generation from hydrolysis process at n th time step in 

(ÍÇ Ì ) (Eq. 54): 

ά   ά   χψȾςχ                  (54) 

Aluminium hydroxide particle dissipation occurs in two method s; the formation of 

aluminium -hydroxo -fluoride particles as a result of the adsorption process that occurs 

in the system, which is explained by equation (52), and due to the adsorption on the 

electrodes. As per Zhu, Zhao et al. (2007), immediately after the adsorption process, a 

significant proportion of aluminium -hydroxo -fluoride flocs get attached on the 

electrodes due to the effects of the electric field. Hence, to account for this dissipati on 

of aluminium hydroxide and aluminium -hydroxo -fluoride , a correction factor (KE) is 

introduced as outlined  in equation (55).   

ά     ὑ  ά              (55) 

Hence, the aluminium hydroxide accumulation at n th time step in (ÍÇ Ì ) (Eq. 56): 

ά   ά    ά   ά       (56) 

Aluminium hydroxide colloids accumulation at n th time step in (ÍÏÌ Ì ) (Eq. 57): 

ὲ     
  

 
              (57) 

Where, -ÁÓÓ   is the mass of an Al(OH)3 colloid calculated based on the ring 

structure formed by six aluminium hydroxide octahedra (Hem and Roberson 1967) 

and .  ÐÚɯ ÝÖÎÈËÙÖɀÚɯÕÜÔÉÌÙɯȹƚȭƔƖƖƕƘƔƝ$ǶƖƗȺȭ 

Hem and Roberson (1967), noted aluminium ions are usually octahedral with respect 

to water molecules or hydroxide when pH is below 7.5.  
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This behaviour of aluminium ions is dominant up to a lower limit of pH value of 4. A 

stable ring structure is formed composed of six octahedral aluminium ions joined 

together by double OH bridges. The six-member-ring unit is apparently the most 

stable configuration that can be built up from six AlOH octahedra. A schematic 

representation of the ring structure formed by six AlOH octahedral is given in Figure 

4.2. This stable ring structure is what makes hydrolysed aluminium a good adsorbent.  

 

Figure 4-2: (a) Schematic representation of ring structure formed by six aluminium 

hydroxide octahedral, (b) and Electron photomicrograph of microcrystalline gibbsite 

(Hem and Roberson 1967). 

These colloids behave as the adsorbents in the subsequent adsorption process. In 

addition to the accumulated  Al(OH) 3 colloids, the remaining particles in the reactor 

from the previous time step (Ô ), also contribute as adsorbents in this process. Hence, 

the total adsorbent concentration at nth time step Î    in (ÍÏÌ Ì ) shall be 

expressed as (Eq. 58), 

ὲ     ὲ      ὔ Ⱦὔ          (58) 

Where: 

.  is post flotation partic le concentration (.ÏÓ Ì ) (Eq. 64))      

.  ÐÚɯ ÝÖÎÈËÙÖɀÚɯÕÜÔÉÌÙɯȹƚȭƔƖƖƕƘƔƝ$ǶƖƗȺȮɯ 
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Fluoride adsorption is calculated using the Langmuir adsorption as described in 

section 3.3.3.  The adsorption rate must be calculated for each time step due to the 

variability of the pollutant concentration (fluoride) in the reactor  (Eq.59). 

ή                            (59) 

Where: 

Ñ  is the amount of pollutant adsorbed per unit mass of adsorbent at equilibrium 

(ÍÇ Ç ) at the nth time step.   

qm is the maximum adsorption capacity (ÍÇ Ç ) Langmuir constant (ÍÇ Ç ),  

KL is Langmuir constant (Ì ÍÏÌ), 

# is the equilibrium concentration of the pollutant ( ÍÏÌ Ì ) at the nth time step. 

 

The fluoride adsorption at n th time step Í     in (ÍÇ Ì ) is then calculated using 

the total available adsorbents in the reactor as follows (Eq. 60). 

ά    ή  ὲ    ρωπππ             (60) 

Dissolved fluoride  was adsorbed onto the Al(OH) 3 particles whi ch could then be 

considered as the aluminium hydroxide dissipation  as represented in equation  (Eq. 

61). 

ά      ή  ὲ    ὓ Ⱦὔ         (61) 

Where: 

ά     is dissipation of Al(OH) 3 due to formation of aluminium -

hydroxo -fluoride (ÍÇ Ì ), 

.  is number of fluoride ions adsorbed on to one AlOH3 particle (Nos),  

Î     is total adsorbent concentration at nth time step (ÍÏÌ Ì ) 
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-  is molar mass of aluminium -hydroxo -fluoride particle, post adsorption 

process (ÍÇ ÍÏÌ) 

Ñ  is the amount of pollutant adsorbed per unit mass of adsorbent at equilibrium 

(ÍÇ Ç ) at the nth time step.   

 

Hence, the equilibrium fluoride concentration in the reactor at n th time step 

Í   (ÍÇ Ì ) shall be calculated from the following equation  (Eq. 62).  

ά   ά    ά                       (62) 

After the adsorption process, the flocculation process is considered. Post flocculation 

particle concentration Î    (.ÏÓ Ì ) calculation shall then be calculated using the 

equation (63) which is derived from the second -order flocculation rate equation 

detailed in section 3.3.4.  

ὲ    
 

 
                    (63) 

Where: 

+  is rate constant for particle ag gregation (Ì Ó ),  

.  is pre-flocculation particle concentration (.ÏÓ Ì ). 

 

Finally, the flotation process is considered. The floc density (ÍÏÌ Ì ) after the flotation 

process at the nth time step which is given as .  is calculated using equation (64) 

derived based on the principles discussed under section 3.3.5.  

ὔ  ὲ   Ὡ                (64) 

Where,  

Î    is post flotation particle concentration (.ÏÓ Ì ), 
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+ is flotation constant (s-1). 

Figure 4.3 illustrates the step-by-step calculation process followed to execute the 

PBCM using MATLAB® ver. R20 21a which is a programming and numeric 

computing platform  (appendix A) . The PBCM was then calibrated and validated 

using lit erature and laboratory -scale experimental data for fluoride removal using an 

EC batch reactor with aluminium electrodes. The experimental design has been 

detailed in section 4.3. 
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Figure 4-3: Step-by-step calculation process of the model parameters of PBCM 
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4.3. Experimental apparatus  

The benchtop scale EC experiments were conducted at the National Institute of 

Fundamental Studies (NIFS), Sri Lanka. The EC reactor was designed by the author to 

suit the objectives of the study. The details of the built EC  reactor are listed in Table 

4.1. The schematic diagram, the plan view of the electrocoagulation box, and the 

bench-scale EC batch reactor testing set-up are shown in Figure 4.4. Synthetic or 

spiked samples were used to identify the behaviour of fluoride and the implication of 

the co-existing ions was tested at the second stage of the investigation. NaF added to 

distilled water was used and 1 M NaOH and 1:5 hydrochloric acid solu tions were 

added for pH adjustment. Initial pH was maintained at 7 and was monitored and 

recorded for all experiments. NaHCO 3 was only added in synthetic samples to 

maintain alkalinity. NaCl (0.1 M) was added to the aqueous solution to promote the 

conductivity of the required samples. The TISAB buffer was added to the samples to 

prevent interference from Al 3+ ions (Emamjomeh, Sivakumar and Varyani, 2011). The 

experimental method statement is further  explained in the following section 4.4. 

The experiments were conducted for different initial fluoride levels and supply 

current conditions  (Table 4.2). Samples were extracted in ten minute time intervals for 

up to one hour. Before each test, the electrodes were cleaned using acetone, and a 

follow -up HCl solution (10% wt) was used to remove organic impurities on electrode 

surfaces. At the end of the experimental period, the electrodes were immediately 

removed. The solution was flocculated for ten min utes via gentle mixing. The samples 

were extracted using a pipette from the flocculated solution and filtrated by a 0.22µm 

filter for fluoride analysis. The flocculated solution was mixed rapidly until the floc 

was completely dissolved and samples were taken for pH adjustment (pH > 13) with 

1 M NaOH. The samples were then taken for fluoride analysis. Samples were extracted 

at the given time intervals and then immediately filtered through a 0.22µm mixed 

cellulose ester membrane. After each reaction, total aluminium [ Al] T and the dissolved 

aluminium Al(III) concentration ([ Al] d) were measured from a digested and filtrated 
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sample, respectively. Also, temperature, electrical conductivity, and pH were checked 

at regular intervals. Fluoride concentrations were determined using the 

potentiometric method by a bench top pH/ISE meter (Thermo Orion 4-starTM meter, 

USA) using combination  fluoride ion -selective electrode (ISE, 0.01 lg/L and 2ɬ5 %CV) 

(Thermo Orion 9609BNWP, USA). Aluminium was analysed  using Graphite Furnace 

Atomic Absorption  Spectroscopy (GF-AAS), (AAS GBC 933AA;GF GBC GF 3000; auto 

sampler GBC PAL 3300, Australia) . 

  

Figure 4-4: Bench-scale EC batch reactor set-up at NIFS Laboratory, Sri Lanka 
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Table 4-1: Bench-scale EC reactor designed for this study  

Parameter Value 

Electrode surface area to reactor volume (A/V)  9 (Í Í ) 

Reactor material Perspex 

Reactor dimensions 250mm L x 100mm W x 250mm H 

Maximum fluid height 200mm 

Dead volume of the reactor 5 l 

Net volume of the reactor 4.84 l 

Volume of electrodes 0.16 l 

Electrode material Aluminium (95 - 97 % purity) 

No. Of plates 7 

Dimensions of electrodes 125 x 60 x 3mm 

Submerged depth of electrodes 125mm 

Total anode active area 450ὧά 

Maximum current density: max current/ active electrode 

area (I/A)  

33.33! Í (at 1.5A) 

Maximum current concentration: max current/ reactor 

volume (I/V)  

309.92! Í  (at 1.5A) 

Gap between electrodes 5 - 30 mm 

Electrode thickness 3mm 

Electrode configuration Monopolar  
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Table 4-2: The operation variables and the calculated design parameters of batch EC 

reactor experiments 

Ref. 

No. 

Initial 

fluoride 

concentration  

(ÍÇ Ì ) 

Supply 

Current  

(A)  

I/A  

(! Í ) 

A/V  

(Í Í ) 

I/V  

(! Í ) 

E1 1.00 0.1 2.22 9.3 20.66 

E2 1.00 0.3 6.67 9.3 61.98 

E3 1.00 0.5 11.11 9.3 103.31 

E4 2.00 0.1 2.22 9.3 20.66 

E5 2.00 0.3 6.67 9.3 61.98 

E6 2.00 0.5 11.11 9.3 103.31 

E7 3.00 0.1 2.22 9.3 20.66 

E8 3.00 0.3 6.67 9.3 61.98 

E9 3.00 0.5 11.11 9.3 103.31 

E10 3.00 0.5 11.11 9.3 103.31 

E11 3.00 1.0 22.22 9.3 206.62 

E12 3.00 1.5 33.33 9.3 309.92 

 

4.4. Experimental method statement  

1. The inlet tank was filled to 80% with deionized water.  

2. Inlet water was heated to 20 ̄ C if required.  

3. Electrode surfaces were washed with HCl solution (10% wt).  

4. Electrodes were soaked in an alkali solution (0.1 ÍÏÌ Ì  NaOH) for twenty 

seconds. 
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5. Electrodes were washed with deionized water.  

6. Temperature, pH, electrical conductivity of the inlet tank water w as measured. 

7. A sample was taken and immediately filtered through a 0.22 µm mixed 

cellulose ester membrane and TISAB buffer was added to the samples to 

prevent interference from Al 3+ ions. 

8. Dissolved fluoride was measured  using a combination  fluoride ion -selective 

electrode (ISE, 0.01 lg/L and 2ɬ5 %CV) (Thermo Orion 9609BNWP, USA). 

9. The system of electrodes was installed in the reactor (keeping the system 

switched off). The polarity of electrodes w as altered in each experiment. 

10. NaF and NaCl required mass were measured using a scale with a resolution 

0.001 g and mixed in a deionized water 500 ml using a magnetic stirrer. 

11. NaF and NaCl mixed solution was then introduced into the inlet tank and 

stirred for  10 min. 

12. Samples were taken from the inlet tank for fluoride analysis then immediately 

filtered through a 0.2 m mixed cellulose ester membrane and dissolved fluoride 

was measured after adding the TISAB buffer . 

13. The pump was turned on and the system was allowed to run until the preferred 

water level and then switched off . 

14. Power supply was turned on along with the timer, once the required water 

level was achieved in the EC reactor. 

15. Current and voltage between electrodes were taken along with the power 

supply r eadings. 

16. The measurements were taken in five minutes intervals, for temperature, pH, 

and electrical conductivity.  

17. One filtered sample (20 ml) and two non -filtered samples (20 ml) were 

extracted from the port installed at the outlet in 5 min intervals.  

18. The power supply was switched off after 60 min.  

19. The electrodes were taken out immediately, and the solution was flocculated 

for 10 min by gentle mixing.  
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20. Two samples were taken from the flocculated solution and one sample was 

immediately filtered by 0.22 µm fil ter for fluoride analysis  after adding TISAB 

buffer . 

21. The residual flocculated solution was mixed rapidly and a sample was taken 

for total fluoride measurements.  

22. Electrodes were taken out and soaked in NaOH solution for twenty seconds.  

23. Samples were analysed for the required parameters  or otherwise stored in the 

refrigerator (T<4 C̄).  

24. The reactor was drained and cleaned thoroughly with tap water, and deionized  

water.  

4.5. Conclusion of chapter 4 

This chapter explained the discrete-continuous model conversion scheme of PBCM 

for batch reactor & the experimental design of the batch EC operation that was used 

to collect primary data for calibration and validation purposes of the model. The next 

chapter includes a discussion of the results of these primary data and further 

validation of the model using literature data.
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Chapter 5. Results and discussion - PBCM calibration and 

validation for batch electrocoagulation  reactors 

5.1. Chapter overview  

This chapter comprises the results and discussion of the PBCM calibration and 

validation using  bench-scale experimental data for the batch electrocoagulation 

operation. Figure 5.1 illustrates the chapter layout of the thesis and the interconnection 

of this chapter to the overall thesis.  

 

Figure 5-1: The chapter layout of the thesis 
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5.2. PBCM calibration and validation using experimental data  

The PBCM model was executed in the selected computer platforms and then 

calibrated by fine -tuning the parameters identified from the c onceptual model (Table 

5.1). The process-based conceptual model was first evaluated using Microsoft® 

Excel® ver. 2016 and MATLAB® ver. R20 21a, designed as explicated in section 3.3.  

The time step and the number of iterations used for model validation oper ations are 

1s and 2s, respectively. The time step sensitivity was measured for 1s ɬ 3600s range 

and the effect from the number of iterations of the model was studied for the 2 ɬ 1000 

steps range. It was noted that the model accuracy was not affected by increased 

iteration numbers. The accuracy of results increased when the time step decreased. 

First, the calibration parameter sensitivity was measured using a Microsoft® Excel® 

ver. 2016 - Solver and then using a tr ial and error method in MATLAB® ver. R20 21a 

until reaching approximate solutions.  Finally, a local sensitivity test was carried out 

in MATLAB® ver. R20 21a using a programme written to analyse each calibration 

parameter range within the selected domain. As seen in Figures 5.2 and 5.3, the model 

simul ation results agree with the experimentally measured data while the calibration 

parameter values satisfied the recommended ranges by previous studies as listed in 

Table 5.1. The model precision was measured using root mean square error (RMSE) 

and relative standard error (RSE). Initial calibration of the model was conducted using 

the experimental data resulted from the current 1A (22.22 ! Í ). Then the model was 

validated using the  current 0.5A and 1.5A experimental data. 

From the comparison of the results between the PBCM and actual data illustrated in 

Figure 5.2, for the model simulation of current 0.5 A (11.11 ! Í ), RMSE was found 

to be 0.1311, and RSE was 0.0821, which indicates good agreement between the model 

simulation and the experimental data. The rest of the model goodness of fit values are 

given along with Figure 5.2. However it could be noted that the model simulation of 

current 1.0A and 1.5A show better agreements with observed data along with lower 

RMSE values compared to the simulations at current 0.5A . This could be due to the 
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low performance of the EC reactors at lower current concentration levels (Gouri ch et 

al. 2017). The calibrated model simulation could then be used to identify the variation 

of the intermediate param eters as illustrated in Figure (5.3). All the variations 

presented in these plots indicate a continuous pattern of increasing with  time. Further 

to this, a comaparison of the goodness of fit measures of the model calibration and 

validation results are summarized in Table (5.1) 

 

Figure 5-2: The model simulations for laboratory level batch experiment data 

(Calibration results : 1.0A data, RMSE (1.0A) = 0.0688, RSE (1.0A) = 0.0173, Validation 

results: 0.5A and 1.5A data, RMSE (0.5A) = 0.1311, RSE (0.5A) = 0.0821, , RMSE (1.5A) 

= 0.0785, RSE (1.5A) = 0.0375) 

Table 5-1: Comaparison of the goodness of fit measures of the model calibration and 

validation results  

Experiment Goodness of fit measures 

Primary data/ 
Secondary data 

Supply 
Current 

Calibration 
or 

Validation 
RMSE RSE 

Primary data 0.5 A Validation 0.1311 0.0821 

Primary data 1.0 A Calibration 0.0688 0.0173 

Primary data 1.5 A Validation 0.0785 0.0375 

Secondary data 1.0 A Validation 0.6438 0.4806 

Secondary data 1.5 A Validation 0.6579 0.5753 

Secondary data 2.0 A Validation 0.427 0.0343 

Secondary data 2.5 A Validation 0.4017 0.3362 
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Figure 5-3: Process Based Conceptual Model (PBCM) simulation of intermediate 

parameters for lab experimental parameter inputs, [a] Al 3+vs. time, [b] Al(OH)3(s) vs. 

time, [c] Pre-flocculation flocs concentration vs. time, [d] Accumulation of floated flocs 

concentration vs. time for the laboratory level batch experiment (I = 0.5 A, 11.11 ! Í ) 

The visualization of these intermediate parameter variations could help improve the 

reactor design optimization process. This allows the designers to optimize the 

electrocoagulation reactors by fine-tuning the experimental values and the reactor 

geometry values thus minimizing the investments for phys ical laboratory -level 

models. As the next step, the PBCM model validation was conducted applying data 

retrieved from the literature which is detailed in the next section.  

5.3. PBCM validation using literature data  

Experimental data retrieved from the electrocoagulation batch experiments conducted 

at the laboratory level by Emamjomeh (2006) were considered for validation of the 

conceptual model mainly due to the similarity of the batch reactor with the present 

study. A laboratory batch monopolar electrocoagulatio n reactor of 3.6 l had been used 

for these experiments. Five aluminum plate anodes and cathodes of dimensions 

a b 

d c 
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250×100×3 mm had been used as electrodes. The gap between the electrode plates were 

5mm and the initial fluoride concentrations was 10 ÍÇ Ì .  From the results of 

comparison between the PBCM and actual data illustrated in Figure 5.4, the model 

simulation for current 2.0 A (44.44 ! Í ) RMSE was found to be 0.4270, and RSE was 

0.0343, which indicates good agreement between the model simulation and the 

experimental data. It is evident that  RMSE and RSE results of this section are slightly 

higher compared to the model simulation results of primary data at section 5.2 . This 

is due to the relatively higher initial concentrations of fluoride used in the  experiments 

conducted by Emamjomeh (2006), which is 10 ÍÇ Ì . The rest of the model goodness 

of fit values are given at the Figure 5.4.  

 

Figure 5-4: The model simulations for laboratory level batch experiment data by 

Emamjomeh (2006) (RMSE (1.0A) = 0.6438, RSE (1.0A) = 0.4806, RMSE (1.5A) = 0.6579, 

RSE (1.5A) = 0.5753, RMSE (2.0A) = 0.4270, RSE (2.0A) = 0.0343, RMSE (2.5A) = 0.4017, 

RSE (2.5A) = 0.3362) 

The promising result yielded from the validatio n process could then be confirmed by 

comparing the i ntermediate parameters (Figure 5.5) and data presented by 

Emamjomeh (2006) in his study. The associated calibration parameters with this trial 

are listed in Table (5.2). 
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Figure 5-5: Process Based Conceptual Model (PBCM) simulation of intermediate 

parameters for Emamjomeh (2006) experimental parameter inputs, [a] Al 3+ vs. time, [b] 

Al(OH)3(s) vs. time, [c] Pre-flocculation flocs concentration vs. time, [d] Accumulation 

of floated flocs concentration vs. time for the laboratory level batch experiment (I = 1.5 

A, 33.33 ! Í ) 

In comparison to the early attempts by different researchers in developing a model to 

interpret electrocoagulati on, the model presented in this paper, PBCM has yielded 

many advantages. An empirical mathematical model by Emamjomeh (2006), was 

developed to understand the fundamental characteristics of EC as an attempt to apply 

it for fluoride removal. This helped to c orrelate the experimental rates of removing 

fluoride with EC operational parameters.  

d c 

b a 
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Table 5-2: Calibration parameter values for the process-based model simulation 

results 

No. Calibration Parameter References Boundary 

conditions  

Suggested values for 

simulations tested 

Min . Max. Figure 

(5.2) 

Figure 

(5.4) 

1 qm; the maximum 

adsorption capacity (mg 

gǸƕ) 

Hu, Lo et al. (2007), 

Bennajah, Gourich et al. 

(2009), Essadki, Gourich et al. 

(2010) 

0.40 1.40 1.5 1.45 

2 KL; the Langmuir constant 

(Ì ÍÏÌ) 

Hu, Lo et al. (2007), 

Bennajah, Gourich et al. 

(2009), Essadki, Gourich et al. 

(2010) 

600 2000 780 615 

3 K; a percentage denoted 

hydrolysis efficiency  

ϘAl  efficiency of hydro -fluoro -

aluminium formation (%) 

(Hu, Lo et al. 2007) 

 

0.763 0.993 0.57 0.57 

4 dj; colloid size which 

participates in adsorption 

and flocculation process 

(m) 

Minimum: From the 

definition for colloid size; 

(Metcalf and Eddy 2003). 

Maximu m: From the size of 

the polymerised particle; 

(Hem and Roberson 1967) 

1.00E-

09 

5.00E-

08 

1.70E-09 1.70E-09 

5 KE; the correction factor 

denoted adsorption of 

dissolved fluoride on 

electrodes 

 

Figures 2,3,5,6 Percentage of 

fluoride removal graphs in 

different conditions (Zhu, 

Zhao et al. 2007) 

0.00 0.80 0.02 0.03 

6 ҿ; a correction factor, 

denoted current efficiency 

or faradic yield  

Faraday's law (Hakizimana, 

Gourich et al. 2017, Hu, Sun 

et al. 2017) 

1.00 2.00 1.32* 

*when I=1.5A 

1.23* 

*when I=1.5A 

7 n; Al:OH ratio in one ring 

structure of sweep floc 

Colloidal parameters 

calculated based on the ring 

structure formed by six 

aluminium hydroxide 

octahedra (Hem and 

Roberson 1967) 

2.00 3.00 2.20 2.20 

8 ϔɯÐÚɯÊÖÓÓÐÚÐÖÕɯÌÍÍÐÊÐÌÕÊàɯÍÖÙɯ

macro-flocculation  

 

Orthokinetic flocculation 

model (MWH Americas, 

Crittenden Communications 

et al. 2012) 

0.00 1.00 1.00 1.00 

9 ‌  is collision coefficient 

between an air bubble 

and floc, 

 

Microbubble flotation model 

(Haarhoff and Edzwald 

2004). 

 

0.00 1.00 0.80 0.80 

10 – is collision frequency 

between the air bubble 

and floc, 

 

Microbubble flotation model 

(Haarhoff and Edzwald 

2004). 

 

0.00 1.00 0.80 0.80 
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Nevertheless, as EmamjomehɀÚ model was purely empirical, it could be  considered a 

black-box model. The main limitation is that no further directions could be derived 

from the suggested empirical model for different pollutants except for a few which 

follow a similar removal pathway as dissolved fluoride.  

Another noteworthy  study conducted by Holt (2003) attempted to develop a 

conceptual framework of electrocoagulation by synthesizing from the fundamentals 

of water treatment. This was the first attempt of that kind which was rooted in three 

basic processes; coagulant generation, coagulation, and floc removal. The framework 

proposed relevant mathematical expressions for each process creating the links 

between the operating parameters and performance. The main limitation of this 

framework is the inadequacy of knowledge on conne ctions between each process. 

The PBCM simulation results show a good agreement with the secondary and primary 

data retrieved for defluoridation using the EC process. This is the first -ever attempt to 

produce intermediate parameter variations along with the  pollutant concentration 

levels, from the EC modelling attempts found in the literature. This process -based 

conceptual model is rooted in the science of pollutant removal mechanisms and 

conservation of mass and provides more control of design variables over conventional 

black-box simulations utilized at present.  

Further to this, the PBCM could be used to simulate the abatement of pollutants that 

follow the same removal pathway in EC. Arsenic (V), boron, nonylphenol ethoxylates, 

COD, and total organic carbon ȹ3."ȺɯÐÕɯÉÈÒÌÙɀÚɯàÌÈÚÛɯÞÈÚÛÌÞÈÛÌÙɯÈÙÌɯÈɯÍÌÞɯÌßÈÔ×ÓÌÚȭ 

5.4. Comparison of total pollutant mass abatement for primary and 

secondary data 

A comparison of total pollutant mass abatement of the simulated and observed 

experimental data was conducted for each experiment. This was achieved by applying 

the theory of conservation of mass (Eq. 50) for the total duration of the reactor 

operation. The comparison was made between the observed pollutant abatement and 
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the simulated pollutant abatement for each experimen t. The equation used for the 

pollutant abatement calculation is given below (50a, 50b). The results are summarised 

in the Table (5.3). The observed and simulated pollutant abatement values are in good 

agreement, thus confirming the validity of the model.  

4ÏÔÁÌ ÐÏÌÌÕÔÁÎÔ ÁÂÁÔÅÍÅÎÔ Ϸ
ɀ

  
ρππ Ϸ  (50a) 

4ÏÔÁÌ ÐÏÌÌÕÔÁÎÔ ÁÂÁÔÅÍÅÎÔ Ϸ
ɀ

 
ρππ Ϸ  (50b) 

Here, 

Ὂ  : Initial fluoride concentration (mg l -1) 

Ὂ: Final fluoride concentration (mg l -1) 

ὠ   : Volume of the batch reactor (l) 

Table 5-3: Comparison of total pollutant mass abatement of the simulated and 

observed experimental data for batch reactor experiments using equation (50b) 

Experiment 
Observed dissolved fluoride Model Simulated dissolved 

fluoride 

Primary 
data/  

Secondar
y data 

Supply 
Curren

t 

At 
0 min 
(mg/l

) 

At 
60 min 
(mg/l)  

Observed 
removal 
based on 

mass 
balance 

At 
0 min 
(mg/l)  

At 
60 min 
(mg/l)  

Simulated 
removal 
based on 

mass 
balance 

Primary 0.5 A 3.13 0.77 75.4% 3.13 0.78 75.1% 

Primary 1.0 A 3.10 0.12 96.1% 3.10 0.16 94.8% 

Primary 1.5 A 3.10 0.02 99.4% 3.10 0.03 99.1% 
Secondar
y 1.0 A 10.00 1.70 83.0% 10.00 1.14 88.6% 
Secondar
y 1.5 A 10.00 0.73 92.7% 10.00 0.66 93.4% 
Secondar
y 2.0 A 10.00 0.50 95.0% 10.00 0.22 97.8% 
Secondar
y 2.5 A 10.00 0.28 97.2% 10.00 0.05 99.5% 
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5.5. Conclusion of chapter 5 

Electrocoagulation is an emerging technology that can be promoted as a sustainable 

technology for a variety of industries if the design and scale -up issues could be 

suitably addressed. This research devises a proposed model that could be applied to 

a range of pollutants that follow the same abatement mechanism. Further testing at 

laboratory and pilot scales will be instrumental in validating the model further, 

including the revisions for continuous flow reactors. The general conclusions from the 

study condu cted so far are summarised below: 

This paper presents a process-based conceptual model that simulates fluoride removal 

of batch EC reactors, which was then calibrated with experimental data and validated 

using literature data of lab -scale batch electrocoagulation experimental data.  The 

comparison between the PBCM and experimental data results in a lowest RMSE 

0.0688, and RSE 0.0173, which indicates good agreement between the predicted values 

and the experimental data.  The PBCM allowed the identification of a set of calibration 

parameters that are connected to the physical, chemical, and hydrodynamic features 

of the EC reactor, thus providing more visibility and controllability for the 

electrocoagulation reactor sub-processes. The model shall be expanded for the 

continuous reactor operations, applying the conservation of mass equations. 
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Chapter 6. Materials and methods for PBCM validation 

using a continuous electrocoagulation reactor  

6.1. Chapter overview  

This chapter explains the materials and methods follow ed to achieve objective 3 of this 

study, which is the experimental assessment of the integrated conceptual model  to 

address the existing design and modelling issues of EC reactors for varied operating 

conditions. The chapter layout is illustrated in Figure 6.1. 

 

Figure 6-1: The chapter layout of the thesis 
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In chapters 5 & 6, the model conceptualisation and validation of the batch EC reactors 

were explained. In section 6.2, the discrete-continuous model conversion scheme of 

the pre-identified  discrete models, to suit the continuous EC reactor operations has 

been explained in detail. Next, in section 6.3, the experimental procedure which was 

designed to collect primary data to calibrate and validate this c onceptual model has 

been explained. These experiments were carried out at the Industrial Chemistry 

Laboratory of Liverpool John Moores University, United Kingdom.  Subsequently, the 

details of the calibration and validation process of the conceptual model are presented 

in chapter 7.  

6.2. Discrete-continuous model conversion scheme of the PBCM in 

continuous EC reactor 

The conversion of the discrete models into a continuous-time model is required  to 

evaluate the real-time variation of the concentrations of the pollutant, coagulant and 

flocs inside the continuous flow EC reactor. Hence, discrete models identified in 

section 3.3 as a result of the process-based modelling technique , were transformed into 

a continuous-time model by applying the theory of conservation o f mass (Eq. 65). The 

scheme of work that is required to produce the explicit scheme of the continuous-time 

model is explained in this section. Uniform mixing and steady -state operation in the 

continuous flow process were the main assumptions considered here. 

Accumulation = Inflow ð Outflow + Generation ð Dissipation 

Í Í Í Í Í                                                 (65) 

The conceptual sub-models that were identified in section 3.3, were unified  in this 

section to suit the operation in a continuous reactor. The interconnectivity between 

the sub-models is key to structure the process-based model in a numeric computing 

platform.  

First, the mass balance equation is used to determine the aluminium cation 

concentration in the reactor. Using the equations derived in section 3.3 (Eq. 32 & Eq. 
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37), aluminium cation generation at n th time step (tn) (ά    in (ÍÇ Ì ) could 

be computed as (Eq. 66):  

ά   ὑ ὸ ὸ                                                        (66)                                         

Where, K(a) is rate of aluminium (III) dissolving process ( ÍÇ Ìί ) 

Similarly, dissipation at n th time step (tn) in (ÍÇ Ì ) is (Eq. 67):  

ά   ὑ ὸ ὸ                                                        (67) 

Where K(b) is the rate of hydrolysis process (ÍÇ Ìί ). 

 

To account for the steady-state continuous flow operation, aluminium cation inflow 

(Í   and the outflow (Í    at nth time step (tn) in (ÍÇ Ì ) can be 

computed as (Eq. 68 & 69): 

ά   ὅ   ὗὸ ὸ Ⱦὠ                                         (68) 

ά   ὅ   ὗὸ ὸ Ⱦὠ                                         (69) 

Where: 

ὗ is flow rate (Ì Ó ), 

#    is aluminum concentration at the inlet at time t n (ÍÇ Ì ), 

#    is aluminum concentration at the outlet at time t n (ÍÇ Ì ), 

6 is volume of the reactor (l). 

Considering the uniform mixing in the reactor, aluminium cation concentration of the 

outflow #    was assumed to be equal to the aluminium cation concentration 

inside the reactor ά   .  
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Hence, aluminum cation accumulation at the n th time step (tn) ά    in (ÍÇ Ì ) 

could be calculated using the equation (70). 

ά   ά   ά   ά   ά   

ά         (70) 

Then, aluminium hydroxide generation from hydrolysis process at n th time step is 

considered in (ÍÇ Ì ) (Eq. 71): 

ά   ά   χψȾςχ                                                (71) 

Aluminium hydroxide inflow is considered zero and the outflow ά    

at nth time step (tn) in (ÍÇ Ì ) can be computed as (Eq. 72): 

ά   ὅ   ὗὸ ὸ Ⱦὠ                                         (72) 

Where: 

ὗ is flow rate (Ì Ó ), 

ὅ    is aluminum hydroxide concentration at the outlet at time t n (ÍÇ Ì ), 

6 is volume of the reactor (l). 

Aluminium  hydroxide dissipation was calculated considering the formation of 

aluminium -hydroxo -fluoride particles as a result of the adsorption process that occurs 

in the system, which is explained later in this chapter using equation ( 78). 

Hence, the aluminium hydr oxide accumulation at n th time step (ά    in 

(ÍÇ Ì ) could be expressed as follows (Eq. 73), 

ά   ά   ά    ά   

ά                                               (73) 

Hem and Roberson (1967), noted aluminium ions are usually octahedral with respect 

to water molecules or hydroxide when pH is below  7.5.  
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This behaviour of aluminium ions is dominant up to a lower limit of pH value of 4. A 

stable ring structure is formed composed of six octahedral aluminium ions joined 

together by double OH bridges. The six-member-ring unit is apparently the most 

stable configuration that can be built up from six AlOH octahedra. A schematic 

representation of the ring structure formed by six AlOH octahedra is given in Figure 

6.2. This stable ring structure is what makes hydrolysed aluminium a good adsorbent. 

Hence, the colloids generated from hydrolysed aluminium could be calculated using 

equation (Eq. 74). 

 

Figure 6-2: (a) Schematic representation of ring structure formed by six aluminium 

hydroxide octahedra , (b) and Electron photomicrograph of microcrystalline gibbsite 

(Hem and Roberson 1967). 

Aluminium hydroxide colloids at nth time step in (ÍÏÌ Ì ): 

ὲ     
  

 
                                      (74) 

Where,  

ὓὥίί   is the mass of an Al(OH)3 colloid calculated based on the ring 

structure formed by six aluminium hydroxide octahe dra (Hem and Roberson 1967) 

and 

 ὔ  ÐÚɯ ÝÖÎÈËÙÖɀÚɯÕÜÔÉÌÙɯȹƚȭƔƖƖƕƘƔƝ$ǶƖƗȺȭ 

In addition to the accumulated Al(OH) 3 colloids, the remaining particles in the reactor 

from the previous time step (ὸ ), also contribute as adsorbents in this process. 
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Hence, the total adsorbent concentration at nth time step ὲ    in (ÍÏÌ Ì ) shall 

be expressed as (Eq. 75), 

ὲ     ὲ      ὔ Ⱦὔ                       (75) 

Where: 

ὔ  is post flotation particle concentration (.ÏÓ , ) (Eq. (88))      

ὔ  ÐÚɯ ÝÖÎÈËÙÖɀÚɯÕÜÔÉÌÙɯȹƚȭƔƖƖƕƘƔƝ$ǶƖƗȺȭ 

 

Then, fluoride adsorption is calculated using the Langmuir adsorption as described in 

section 3.3. The adsorption rate needs to be calculated for each time step due to the 

variability of the pollutant concentration (fluoride) in the reactor  (Eq. 76). 

ή                                                                       (76) 

Where: 

ή  is the amount of pollutant adsorbed per unit mass of adsorbent at equilibrium 

(ÍÇ Ç ) at the nth time step.   

qm is the maximum adsorption  capacity (ÍÇ Ç ) Langmuir constant (ÍÇ Ç ),  

KL is Langmuir constant (Ì ÍÏÌ), 

ὅ is the equilibrium concentration of the pollutant ( ÍÏÌ Ì ) at the nth time step. 

 

The fluoride adsorption at n th time step ά     in (ÍÇ Ì ) is then calculated using 

the total available adsorbents in the reactor as follows (Eq. 77). 

ά    ή  ὲ    ὓ                                    (77) 

Where, ὓ  is the molar mass of fluoride which is 19,000 (ÍÇ ÍÏÌ). 
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The dissipated fluoride which was considered in equation (77) is adsorbed onto the 

Al(OH) 3 particles which could also be considered as the aluminium hydroxide 

dissipation.  This is explained in the equation  below (Eq. 78). 

ά    ή  ὲ    ὓ  Ⱦὔ          (78) 

Where: 

ά   is dissipation of Al(OH) 3 (ÍÇ Ì ), 

ὔ  is number of fluoride  ions adsorbed on to one AlOH3 particle (Nos),  

ὲ     is total adsorbent concentration at nth time step (ÍÏÌ Ì ) 

ὓ  is molar mass of aluminium -hydroxo -fluoride particle s, post adsorption 

process (ÍÇ ÍÏÌ) 

ή  is the amount of pollutant adsorbed per unit mass of adsorbent at equilibrium 

(ÍÇ Ç ) at the nth time step.   

The dissolved fluoride inflow ( Í   and the outflow (Í    at nth time step 

(tn) in (ÍÇ Ì ) can be computed as (Eq. 79 & 80): 

ά   ὅ   ὗὸ ὸ Ⱦὠ                                         (79) 

ά   ὅ   ὗὸ ὸ Ⱦὠ                                          (80) 

Where: 

ὗ is flow rate (Ì Ó ), 

#    is fluoride concentration at the inlet at time t n (ÍÇ Ì ), 

#    is fluoride concentration at the outlet at time t n (ÍÇ Ì ), 

6 is volume of the reactor (l). 
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Hence, the equilibrium fluoride concentration in the reactor at n th time step 

ά   (ÍÇ Ì ) shall be calculated from the following equation  (Eq. 81).  

ά   ά   ά   ά    ά                                            (81) 

As per equation (78), the dissipation of aluminium hydroxide is the same process of 

generation of aluminium -hydroxo -fluoride in the system. Hence, the generation of 

aluminium -hydroxo -fluoride (ά    in (ÍÏÌ Ì ) could be expressed as 

(Eq. 82), 

ά   ή  ὲ    Ⱦὔ (82) 

As per Zhu, Zhao et al. (2007), immediately after the adsorption process, a significant 

proportion of  aluminium -hydroxo -fluoride flocs gets attached on the electrodes due 

to the effects of the electric field. Hence, to account for this dissipation  of aluminium -

hydroxo -fluoride, a correction factor (ὑ ) is introduced as explained in the following 

equation (83).   

ά   ὑ  ά    (83) 

Where, ά    represents the aluminium -hydroxo -fluoride accumulation 

from the time step n-1, in (ÍÏÌ Ì ). 

Then, the inflow of aluminium -hydroxo -fluoride is considered zero and the outflow 

ά    at nth time step (tn) in (ÍÏÌ Ì ) was computed using the equation 

(84): 

ά   ὅ   ὗὸ ὸ Ⱦὠ                                         (84) 

Where: 

ὗ is flow rate (Ì Ó ), 

ὅ    is aluminium -hydroxo -fluoride concentration at the outlet at time t n 

(ÍÏÌ Ì ), 
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6 is volume of the reactor (l). 

Thus, the mass balance equation for aluminium -hydroxo -fluoride could be written as 

follows  (Eq. 85),  

ά   ά   ά    ά   

ά                      (85) 

 

After  the adsorption process, the flocculation process is considered.  

The pre-flocculation particle concentration ὲ  ͅ   in (.ÏÓ Ì ) could then be 

calculated using the equation (86),  

ὲ  ͅ  ὔ ά                                         (86) 

Post flocculation particle concentration ὲ ͺ   (.ÏÓ Ì ) calculation shall then be 

calculated using the equation (43) which is derived from the second -order flocculation 

rate equation detailed in section 3.3.6 (Eq. 87).  

ὲ ͺ   
 

 
                                    (87) 

Where: 

ὑ  is rate constant for particle aggregation (Ì Ó ),  

ὔ  is pre-flocculation particle concentration (.ÏÓ Ì ). 

Finally, the flotation process was considered. The floc density (.ÏÓ Ì ) after the 

flotation process at the nth time step which is given as ὔ  is calculated using 

equation (43) derived based on the principles discussed under section 3.2.7 (Eq. 88).  

ὔ  ὲ ͺ  Ὡ                                          (88) 

Where,  

ὲ ͺ   is post flocculation particle concentration (.ÏÓ Ì ), 
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ὑ is flotation constant (s-1). 

Figure 6.3 illustrates the step-by-step calculation process followed to execute the 

PBCM using MATLAB® ver. R20 21a which is a programmi ng and numeric 

computing platform. This detailed conceptual model was then calibrated and 

validated using literature and laboratory -scale continuous flow electrocoagulation 

experimental data for fluoride removal with aluminium electrodes. The information 

on the calibration results is discussed in the following section.  
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Figure 6-3: Step-by-step calculation process of the model parameters of PBCM 
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6.3. Experimental procedure 

 

6.3.1. Continuous -flow electrocoagulation laboratory reactor experiments  

A continuous -flow electrocoagulation laboratory reactor was designed by the author 

and constructed with the support of the laboratory technicians to collect primary data 

with the aim of calibration and validation of the proce ss based on a conceptual model 

designed for the steady-state, uniform mix, and continuous flow EC reactor.  These 

laboratory -based experiments were carried out at the Industrial Chemistry Laboratory 

of Liverpool John Moores University, United Kingdom.  

The EC reactor was designed as a continuous flow cell, with no external mixing 

involved. The flow distribution in the cell was designed to optimize uniform mixing 

of fluid through upward cross flow, aided by the upward flowing air bubbles 

generated at the cathodes. A 40 l non-conductive single cell 400 mm length by 200 mm 

width by 500 mm height was manufactured from glass ( Figure 6.4, Tables 6.1 and 6.2). 

Three different outlet levels were built to achieve three operational volumes of 10 l, 20 

l, and 30 l by changing the fluid heights. The cell surface area was 0.08 m2 and the 

maximum cell water height was 375 mm, which resulted in an operational cell volume 

of 30 l. The electrode area was calculated according to the recommended electrode 

area to reactor volume (A/V) ratio reported in the literature (Mameri, Yeddou et al. 

1998, Hakizimana, Gourich et al. 2017). The A/V ratio at the maximum water level 375 

mm, was 7.7 Í Í  and at the general operational height 365 mm, was 11.2 Í Í . 

The reactor consisted of four aluminium (minimum Al 95.45%, maximum Al 97.35%, 

1050AH14 VC1-50, BS EN 485, Aalco Metals Limited, Liverpool) plate anodes and 

cathodes (360mm x450mm x 3mm). The total dead volume was 28.38 l when the 

maximum height of fluid in the reactor was 375 mm. The maximum total active anode 

area was 0.405 m2. The gap between the two neighbouring electrode plates was kept 

constant 50 mm for each run, to allow a smooth flow through the plates and greater 
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visibility during the operations.  The monopolar electrodes were connected in parallel 

via copper connectors.  

 

 

Figure 6-4: Continuous flow electrocoagulation reactor set -up 
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Table 6-1: Reactor specific parameters of continuous flow electrocoagulation system ɬ 

part 1 

Reactor parameter Value  Unit  

Dead volume of the cell  40 l 

Height of the cell  0.50 m 

Surface area of cell 0.08 m2 

Length of cell 400 mm 

Width of cell  200 mm 

Length of electrode 360 mm 

Height of electrode 450 mm 

Thickness of electrode 3 mm 

No. of electrodes 4   

Cell water clearance from top 135 mm 

Cell water height  365 mm 

Cell active side area 0.07 m2 

Cell water volume  (excluding the electrode volume 

and the bottom wedge) 0.029 m3 

Net cell water volume (including the electrode 

volume and the bottom wedge)  0.026 m3 

Cell water volume max (not considering the el. 

Volume)  0.055 m3 



Chapter 6 ɬ Materials & Methods of EC Continuous Model  

 

87 | P a g e 

 

Table 6-2: Reactor specific parameters of continuous flow electrocoagulation system ɬ 

part 2 

Cell inlet and outlet height difference  265 mm 

Electrode submerged height 290 mm 

Electrodes active anode area maximum 

(at 375 mm fluid height )  0.405 m2 

Electrodes submerged volume 0.00125 m3 

Electrodes active anode area 0.3132 m2 

Electrode gap 50 mm 

Electrode configuration  

Monopolar 

Parallel   

Flow rate 500 ÍÌ ÍÉÎ 

Flow velocity across the cell - horizontal  6.8 mm/min  

Hydraulic residence time  52.6 min  

Hydraulic residence time min at max height (800 ml 

min)  37.5 min  

Hydraulic diameter (4. A/P) in mm 2 mm 

Reynolds number of the flow (R = ʍVD/ʈ) 227.85 Laminar  

Current  3  A 

Electrode area/reactor volume (Í Í ) 11.91 (Í Í ) 

Current/ volume  114.08 ! Í  

Current / electrode surface area (! Í ) 9.58 ! Í  
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Figure 6-5: DC power supply unit (200W, 60 V/ 8 A, 4 -Channel Linear DC Power 

Supply GW Instec GPS 4303) 

The influent flow rate was varied from 250  

ÍÌ ÍÉÎ to 800 ÍÌ ÍÉÎ that corresponds to a hydraulic residence time of 75 min and 

37.5 min respectively at the maximum water level of 375 mm. This laboratory test 

system consisted of a 200W DC power supply unit (60 V/ 8 A, 4-Channel Linear DC 

Power Supply GW Instec GPS 4303) (Figure 6.5) a submersible pump (1500  Ì È , with 

head 1.6 m), a variable area flowmeter (D%,ɯ,ÖËÌÓɯƕƜƙȹƕƙȺȮɯǛɂɯȹƕƙɯ- 150 Ì È ) 

accuracy: ±2.5% full scale) (Figure 6.7 (a), a polypropylene plastic (68 l) raw water 

reservoir, and a  polypropylene plastic ( 200 l) outlet reservoir . 

Synthetic water was prepared using pH -neutral deionized water at T 0= 20̄ C, by 

addition of laboratory -grade (Fisher Scientific) NaF and NaCl to acquire the expected 

initial fluoride concentration and to increase the conductivity res pectively. Influent 

water was stored in a reservoir (68 l) and pumped via a submersible pump at a flow 

ÙÈÛÌɯÙÈÕÎÌɯÖÍʄɯƖƙƔɯɬ 800 ÍÌ ÍÉÎ, maintaining laminar flow in the reactor (Re: 200 to 

400). For non-intrusive sampling, a sampling port at the reactor outlet was installed  

(Figure 6.8 (a)). No external sludge separation mechanism was included. Primarily, 

initial fluoride concentration and supply current were the parameters that varied to 

ËÌÛÌÙÔÐÕÌɯÛÏÌɯÔÖËÌÓɀÚɯÙÖÉÜÚÛÕÌÚÚɯÛÖɯÌß×ÌÙÐÔÌÕÛÈÓɯÝÈÙÐÈÛÐÖÕȭɯ3ÏÌɯÛÙÌated water was 
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connected to an outlet reservoir. The general duration of the operation was 60 mins, 

except for a few longer operational experiments of duration  3 to 6 hours. Before each 

experiment, electrodes were wet-polished and rinsed with 1% hydrochlor ic acid, and 

double rinsed with distilled water.  

Dissolved fluoride, total aluminium, and dissolved aluminium concentration were 

analysed using a spectrophotometer (HACH DR2800) (Figure 6.6) and compared with 

random samples measured using a secondary spectrophotometer of the same 

category. Fluoride analysis was undertaken following method 8029 and aluminium 

was analysed following method 8012. The initial pH of the water varied within the 

range of 7.0 - 7.5 for each experiment. Solution temperature, conductivity, and pH 

were measured using a multifunctional pH meter (PCE -PHD 1) that was calibrated 

prior to each analysis (Figure 6.7 (b). 

        

Figure 6-6: Spectrophotometer (HACH DR2800) and the relevant chemicals used to 

analyse dissolved fluoride and aluminium.  

In addition to the usual dissolved fluoride analysis performed on samples collected in 

five-minute intervals, a fluoride ion -selective electrode (ISE) (Oakton by Cole-

Parmer® Combination Ion -Selective Electrode (ISE), Fluoride (F)) was also used in one 

experiment. The electrode was immersed in the reactor solution, near the outlet 

(Figure 6.8- b). Usually  TISAB buffer (58 g of NaCl, 57 ml of glacial acetic acid, 4 g 1,2 
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cyclohexylene diamine tetraacetic (CDTA), 125 mL 6 N NaOH needs to be added to 

the samples if the fluoride ISE is used. This equalizes the ionic strengths in the sample 

and acts as a de-complexing agent to release any fluoride ions which may be bound 

up in comp lex molecules. Although the TISAB buffer addition is generally expected, 

during these experiments the ISE was immersed in the reactor directly, with no 

external buffer addition.   The expectation from the fluoride ISE during these 

experiments was to analyse the dissolved fluoride levels in the solution. Hence, it was 

expected to have minimal effects on the expected reading due to this change. These 

results are presented in chapter 6. 

 

Figure 6-7: (a) Variable area flow meter, (b) Multifunction pH meter  

The effects of various operational parameters were measured with the use of the 

following experimental conditions in continuous flow EC operation. The current was 

varied from each experiment in the range of 1.0 to 5.0A and held constant during each 

experiment run. The inter -electrode distance was kept constant for all the experiments 

(50 mm) thus, the electrical conductivity was elevated up to the range 1300 -1350 (µS 
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/cm) to lower the overall electrical resistance in the system. Further details of the 

experimental conditions are summarised in Tables 6.1 and 6.2. Other than 

meticulously cleaning the electrodes before and after each experiment, the 

polarisation of the electrodes was changed to avoid the accumulation of a passivating 

layer. The essential operation variables for the conceptual model and the expected 

validation parameters from the continuous flow EC reactor experiment are shown in 

Table 6.3. Before commencing these principal EC experiments, a few preliminary test 

runs were conducted to evaluate the readiness of the EC treatment unit. These test 

results are given in annexure (2).  

            

Figure 6-8: (a) Reactor outlets at three levels and the sampling port, (b) Fluoride ion -

selective electrode & conductivity probe  
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Table 6-3: The operation variables and the calculated design parameters for each 

continuous flow EC reactor experiment  

Ref.  

No. 

Initial 

fluoride 

concentration 

(ÍÇ Ì ) 

Supply 

Current  

(A)  

I/A  

! Í  

A /V 

Í Í  

I/V  

! Í  

Voltage 

(V) 

Net 

Reactor 

volume  

(l) 

Flow rate: 500 άὰ άὭὲ, Water level: 365 mm, Duration 60 min 

O1 2 3 9.6 11.2 107.3 7.30 26.3 

O2 2 4 12.8 11.2 143.0 9.73 26.3 

O3 2 5 16.0 11.2 178.8 12.17 26.3 

O4 4 3 9.6 11.2 107.3 7.20 26.3 

O5 4 4 12.8 11.2 143.0 9.56 26.3 

O6 4 5 16.0 11.2 178.8 11.95 26.3 

O7 6 3 9.6 11.2 107.3 7.11 26.3 

O8 6 4 12.8 11.2 143.0 9.40 26.3 

O9 6 5 16.0 11.2 178.8 11.75 26.3 

Flow rate: 800 άὰ άὭὲ, Water level: 365 mm, Duration 60 min 

O10 2 1 3.19 11.2 38.03 6.40 26.3 

Flow rate: 250 άὰ άὭὲ, Water level: 175 mm, Duration 6 hours 

O11 6 1 9.26 9.06 83.91 4.10 11.9 

O12 6 2 18.52 9.06 167.81 8.10 11.9 

O13 6 3 27.78 9.06 251.72 12.00 11.9 
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6.3.2. Experimental method statement  

25. The inlet tank was filled to 80% with deionized water.  

26. Inlet water was heated to 20 ̄ C if required.  

27. Electrode surfaces were washed with HCl solution (10% wt).  

28. Electrodes were soaked in an alkali solution (0.1 ÍÏÌ Ì  NaOH) for twenty 

seconds. 

29. Electrodes were washed with deionized water.  

30. Temperature, pH, electrical conductivity of the inlet tank water w as measured. 

31. A sample was taken and immediately filtered through a 0.22 µm mixed 

cellulose ester membrane and dissolved fluoride was measured using the 

spectrophotometer (HACH DR2800).  

32. The system of electrodes was installed in the reactor (keeping the system 

switched off). The polarity of electrodes w as altered in each experiment, as 

shown in Figure 6.9. 

        

Figure 6-9: Polarity alteration of electrodes by interchanging connections in each 

experiment 
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33. NaF and NaCl required mass were measured using a scale with a resolution 

0.001 g and mixed in a deionized water 500 ml using a magnetic stirrer. 

34. NaF and NaCl mixed solution was then introduced into the inlet tank and 

stirred for 10 min.  

35. Samples were taken from the inlet tank for fluoride analysis then immediately 

filtered through a 0.2 m mixed cellulose ester membrane and dissolved fluoride 

was measured (Figure 6.10). 

 

Figure 6-10: Collected samples during an experiment run  

36. The pump was turned on and the system was allowed to run until the preferred 

water level and flow rate were achieved.  

37. The power supply was turned on along with the timer, once the required water 

level was achieved in the EC reactor. 

38. Current and vo ltage between electrodes were taken along with the power 

supply readings.  

39. The measurements were taken in five minutes intervals, for temperature, pH, 

and electrical conductivity.  

40. One filtered sample (20 ml) and two non -filtered samples (20 ml) were 

extracted from the port installed at the outlet in 5 min intervals.  

41. The power supply and the pump were switched off after 60 min for the 

experiments of duration 60 min, otherwise , the sampling process was 

continued as mentioned in step 18. 

a 
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42. For longer duration exp eriments, the samples were measured every 30 min 

after the initial one -hour operation.  

43. Then, for experiment no. O9, steps 20 -22 were conducted, otherwise followed 

by step 23. 

44. The electrodes were taken out immediately, and the solution was flocculated 

for 10 min by gentle mixing.  

45. Two samples were taken from the flocculated solution and one sample was 

immediately filtered by 0.22 µm filter for fluoride analysis.  

46. The residual flocculated solution was mixed rapidly and a sample was taken 

for total fluoride mea surements.  

47. Electrodes were taken out and soaked in NaOH solution for twenty seconds.  

48. Samples were analysed for the required parameters or otherwise stored in the 

refrigerator (T<4 C̄). The sample measurement data were entered in the 

Microsoft® Excel® ver. 2016 template shown in Figure 6.11. 

49. The reactor was drained and cleaned thoroughly with tap water, and the 

deionized water.  

 

Figure 6-11: Microsoft® Excel® ver. 2016 template utilised for data entry  
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6.4. Calibration and validation process of the conceptual model  

6.4.1. Overview of the calibration and validation process  

The task of calibration and validation of the conceptual model involved several input 

variables of mainly four categories, namely reactor and electrode geometry input 

variables, electrolyte input variables, electrochemical input variables, and 

experimental input variables. A range of outputs could be determined using the 

model of two main categories, technical performance and economic performance 

(Figure 6.12). 

 

Figure 6-12: Data processing model layout of the PBCM in programming and numeric 

computing platforms  

In addition to the dissolved fluoride and dissolved aluminium levels, the conceptual 

model was able to calculate the variations of aluminium hydroxide concentration, 

adsorbent concentration, pre-flocculation particle concentration, post -flocculation 

flocs concentration, post-flotation flocs concentration, and floated flocs accumulation 

(Tables 6.4, 6.5, and 6.6). These non-geometric final outputs that are based on the 
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analysis of electrolytes, were validated using direct continuous measurement (1s) and 

discontinuous sample analysis (5 min) up to one-hour duration. For the 6 hour long 

experiments (O11, O12 & O13) the sampling time gap was increased to 30 min, after 

one hour.  

The model validations were carried out using two distinct methods,  

1. Direct validation parameters ( data read directly from the experiments),  

2.  Indirect validation parameters ( parameters calculated using the 

experimental data).  

Further details on these validation parameters are given below.  

Direct validation parameters:  

i. Dissolved fluoride variation ( ÍÇ Ì ) 

ii.  Dissolved aluminium variation ( ÍÇ Ì ) 

iii.  Total aluminium variation ( ÍÇ Ì ) 

iv.  Sludge accumulation variation (mg)  

v. Steady-state time (s) 

Indirect validation parameters:  

i. Fluoride attached to flocs variation (ÍÇ Ì ) 

ii.  Aluminium in flocs variation ( ÍÇ Ì ) 

iii.  Particle diameter (m) 

iv.  Langmuir constant (ÍÇ Ç ) 

v. Faradic yield correction factor 

vi.  Al:OH ratio in the floc  
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Table 6-4: Input parameters of process-based conceptual model 

Parameter category Parameters 

Reactor and electrode 

geometry input variables  

W = reactor width (duct) (m)  

L = reactor length (duct) (m) 

H = reactor wetted height (m) 

E_T= electrode thickness (m) 

E_H = electrode height (m) 

E_W = electrode width (m)  

E_N= number of electrodes (Nos) 

M = molar mass of the electrode material (ÍÇ ÍÏÌ) 

D = electrodes gap (m) 

Electrolyte 

input 

variables  

General 

parameters 

C0 = initial polluant  concentration (ÍÇ Ì ) 

ʍ = density of liquid (  ËÇ Í ) 

EC = initial electrical conductivity ( 3 Í ) 

pH = initial pH level  

T = initial temperature (K)  

µ = dynamic v iscosity of suspended fluid ( . Ó Í ) 

Calibration 

parameters 

qm=Langmuir constant ( ÍÇ Ç ) 

KL = Langmuir constant ( Ì ÍÏÌ) 

K= percentage denoted hydrolysis efficiency  

Dp = diameter of one AlOH 3 particle in the reactor (m)  

K_E= electrode adsorption coefficient  

N f= number of fluoride adsorbed on to one AlOH 3 particle 

ɚ = collision efficiency for macro -flocculation  

ɻdb = collision coefficient between an air bubble and floc  

ʂT  =  collision frequency between the air bubble and floc 

Electrochemical input 

variables  

I= electric current (A)  

Z= number of electrons transferred in anodic reaction (Z=3 for 

Aluminium)  

V = supply voltage (V)  

R = resistance of wires (ohms) 

Experimental variables  

T = duration (min)  

Q = flow rate (Ì Ó ) 

Ge = external mixing velocity gradient  (Ó )  
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Table 6-5: Output parameters of process-based conceptual model 

Parameter category Parameters 

Technical outputs: 

Variation over time  

F_acc = fluoride accumulation (ÍÇ Ì ) 

F_gen = fluoride generation (ÍÇ Ì ) 

F_dis = fluoride dissipation ( ÍÇ Ì ) 

F_in = fluoride inflow ( ÍÇ Ì ) 

F_out = fluoride outflow ( ÍÇ Ì ) 

F_i = initial fluoride concentration ( ÍÇ Ì ) 

Al_gen= generation of aluminium ions ( ÍÇ Ì ) 

Al_dis= dissipation of aluminium ions ( ÍÇ Ì ) 

Al_out= outflow of aluminium ions ( ÍÇ Ì ) 

Al_acc= accumulation of aluminium ions ( ÍÇ Ì ) 

AlOH3_gen= generation of Al(OH) 3 (ÍÇ Ì ) 

AlOH3_dis= dissipation of Al(OH) 3  (ÍÇ Ì ) 

AlOH3_out= outflow of Al(OH) 3  (ÍÇ Ì ) 

AlOH3_acc= accumulation of Al(OH) 3 (ÍÇ Ì )  

AlOH3_p_acc = accumulation of Al(OH) 3 particles (ÍÏÌ Ì ) 

Total_Ad = total adsorbents (ÍÏÌ Ì ) 

AlOH3F_gen= generation of Al(OH) 3-F (ÍÇ Ì ) 

AlOH3F_dis= dissipation of Al(OH) 3-F (ÍÇ Ì ) 

AlOH3F_out= outflow of Al(OH) 3-F (ÍÇ Ì ) 

AlOH3F_acc= accumulation  of Al(OH) 3-F (ÍÇ Ì )  

N_fl_i = pre-flocculation particle concentration (.ÏÓ Ì ) 

N_fl_f = post-flocculation flocs concentration (.ÏÓ Ì ) 

N_post_float = post flotation flocs concentration (.ÏÓ Ì ) 

N_float_acc = floated sludge accumulation (mg)  
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Table 6-6:  Output parameters of process-based conceptual model 

Parameter category Parameters 

Technical outputs:  

Process constants 

 

 

 

 

 

 

 

 

 

 

fD = friction factor  

Re = Reynolds number 

hL = head loss across the duct (m) 

T_res = residence time (min)  

V f= flow velocity (Í ί ) 

Dh = hydraulic diameter  

VE = electrode volume (m 3) 

V= working volume of the reactor ( l) 

A = cross sectional area of the reactor (m2) 

G = velocity Gradient ( Ó ) 

VH2 = generation of H 2 gas volume (Ì Ó ) 

Vb = rising velocity of air bubbles (Í ί ) 

K f = flotation constant  ( Ó ) 

ᶮ  = air dosage (Í  air Í water)  

EA = active anode area (m2) 

I/A = current density (! Í ) 

I/V = current concentration ! Í  

ὑ = rate constant for particle aggregation (Ì Ó ) 

Technical outputs: 

Model accuracy indicators  

MSE = mean square error 

RMSE = root-mean-square error 

RSE = relative standard error  

MAPE = mean absolute percent error 

Economic outputs 
TC = total cost (2Ó Ì ) 

TE = energy variation (J) 

 

6.4.2. Calibration parameters  

The conceptual model was implemented as a numeric model in two computing 

platforms namely, Microsoft® Excel® ver. 2016 and MATLAB® ver. R20 21a. The 

model involved ten calibration parameters. The expected ranges and the suitable 

analytical methods for each parameter were identified using a literature  review  

(Tables 6.7 and 6.8).  
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Table 6-7: Calibration parameter values for the process-based model simulation 

results ɬ part 1 

Calibration 

Parameter 
References 

Boundary 

conditions  Possible experimental evaluation 

method/s  
Min  Max 

qm; the 

maximum 

adsorption 

capacity  

(mg gǸ1) 

Hu, Lo et al. (2007), 

Bennajah, Gourich et 

al. (2009), Essadki, 

Gourich et al. (2010) 
0.40 1.40 

Liter ature data available for 

different experimental conditions. 

In order to determine the Langmuir 

constant, dissolved F- 

measurements with time should be 

collected.  
KL; the 

Langmuir 

constant 

(Ì ÍÏÌ) 

Hu, Lo et al. (2007), 

Bennajah, Gourich et 

al. (2009), Essadki, 

Gourich et al. (2010) 

600 2000 

K; a percentage 

denoted 

hydrolysis 

efficiency 

ϘAl  efficiency of hydro -

fluoro -aluminium 

formation (%) (Hu, Lo 

et al. 2007) 

 

0.763 0.993 

This parameter is similar to ϘAl 

efficiency of hydro -fluoro -

aluminum  formation (%) measured 

in Hu et al., 2007. Hydrolysis 

efficiency is varied with different 

experimental conditions. There are 

no studies done to identify the 

possible variation of hydrolysis 

efficiency with varied experimental 

conditions. This could be 

calculated using dissolved and 

total aluminium measurements.  

KE; the 

correction factor 

denoted 

adsorption of 

dissolved 

fluoride on 

electrodes 

 

Figures 2,3,5,6 

Percentage of fluoride 

removal graphs in 

different conditions 

(Zhu, Zhao et al. 2007) 

0.20 0.80 

Dissolved fluoride and the fluoride 

adsorbed on to flocs should be 

calculated by conducting a fluoride 

mass balance for the complete time 

following the Zhu et al (2007) study.  

Once the reactor operation is 

finished, the electrodes need to be 

removed and the remaining 

solution should be mixed well and 

the samples should be tested for 

dissolved fluoride and total 

fluoride levels.  
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Table 6-8: Calibration parameter values for the process-based model simulation 

results ɬ part 2 

ҿ; a correction 

factor, denoted 

current 

efficiency or 

faradic yield  

Faraday's law 

(Hakizimana, Gourich 

et al. 2017, Hu, Sun et al. 

2017) 
1.00 2.00 

The correction factors derived for 

other experimental conditions are 

not applicable elsewhere. This 

could be calculated by taking 

measurements of dissolved and 

total aluminium levels and then 

comparing with the theoretical 

data. 

n; Al:OH ratio in 

one ring 

structure of 

sweep floc 

Colloidal parameters 

calculated based on the 

ring structure formed 

by six aluminium 

hydroxide octahedra 

(Hem and Roberson 

1967) 

2.00 3.00 

The Al :OH:F ratio could be 

determined by analysing the sludge 

samples with below techniques. 

Particle characterization (scanning 

electron microscopy (SEM)) 

Light microscopy results  

ϔ is collision 

efficiency for 

macro-

flocculation  

 

Orthokinetic  

flocculation model 

(MWH Americas, 

Crittenden 

Communications et al. 

2012) 

0.00 1.00 

The numerical model calibration 

results could be used to identify the 

sensitivity of the model response to 

these efficient factors for a certain 

extent. Identification of the particle 

size variation with respect to time 

could be useful to identify the 

flocculation and flotation 

efficiencies. Hence, particle size 

measurement using a particle size 

analyser (PSA) and particle 

characterization using scanning 

electron microscopy (SEM) could be 

recommended. 

 

‌  is collision 

coefficient 

between an air 

bubble and floc 

Microbubble flotation 

model (Haarhoff and 

Edzwald 2004). 

 

0.00 1.00 

– is collision 

frequency 

between the air 

bubble and floc 

 

Microbubble flotation 

model (Haarhoff and 

Edzwald 2004). 

 

0.00 1.00 

dj; colloid size 

which 

participates in 

adsorption and 

flocculation 

process (m) 

Minimum: From the 

definition for colloid 

size; (Metcalf and Eddy 

2003). Maximum: From 

the size of the 

polymerised particle; 

(Hem and Roberson 

1967) 

1.00E-

09 

5.00E-

08 
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The experimental direct data category which was explained in the previous section 

was used to analyse the electrolysis, hydrolysis and coagulation processes. The 

evaluation of the subsequent flocculation and floatation processes could be done by 

studying the sludge accumul ation in the reactor over time.  

6.4.3. Model accuracy measurement 

Any d eveloped predictive models should be assessed on how well the model 

predictions fit the actual observations (Li 2016). The simplest method of assessing how 

well  a model performs is by calculating the error between the predicted value and the 

actual value. Quantifying the accuracy of a predictive model could be done using 

different model accuracy measurement techniques. Namely, correlation coefficient (r) , 

coefficient of determination (r 2), mean squared error (MSE), root mean squared error 

(RMSE), mean absolute percentage error (MAPE) etc. Generally, rather than utilizing 

a single technique, a goodness of fit evaluation by a combination of suitable model 

accuracy measurements would be advantageous. 

As per the results from the batch model, the actual experimental data variation for 

dissolved fluoride  with t ime does not follow a linear relationship. Hence, the most 

commonly used goodness of fit indicators, r and r2 were not applicable. Five measures 

of accuracy were selected based on the applicability in non -linear models, which 

included one unitless indicator. The model precision measurement techniques used in 

this study are, 

i. Mean square error (MSE) 

ὓὛὉ В  (89) 

Where: 

ὣ is observed value 

ὣ  is predicted value 

ὔ is the number of observations 
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Interpretation : 0 is perfect fit 

ii.  Root mean square error (RMSE),  

ὙὓὛὉὛήὶὸȢВ  (90) 

Where: 

ὣ is observed value 

ὣ  is predicted value 

ὔ is number of observations 

Interpretation : 0 is perfect fit 

 

iii.  Relative standard error (RSE),  

ὙὛὉὛήὶὸȢВ  (91) 

Where: 

ὣ is observed value 

ὣ  is predicted value 

ὔ is number of observations 

Interpretation : 0 is perfect fit  

 

iv.  Mean absolute percent error (MAPE). 

ὓὃὖὉ В  (92) 

Where: 

ὣ is observed value 
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ὣ  is predicted value 

ὔ is number of observations 

Interpretation : 0 is perfect fit 

 

v. Confidence Interval (CI):  

As an overall measurement of model validation, calculation of the confidence interval 

was used, as it provides some quantifiable degree of confidence, for the model 

predictions.  A sample from all possible executions of the model was considered, and 

then the mean model output value  for the specific sample was calculated. Then, this 

is compared with the mean value of the corresponding experimental data, if the mean 

model output lies within the confidence interval, preferably 95%.  

In addition, data sample assessments were also conducted to ensure the goodness of 

fit of the model, to avoid any generalisation of errors.  

6.5. Conclusion of chapter 6 

Chapter 6 consisted of the materials and methods followed to achieve objective 3 of 

this study, which is the experiment al assessment of the integrated conceptual model  

to address the existing design and modelling issues of EC reactors for varied operating 

conditions. In section 6.2, the discrete-continuous conversion scheme of this 

conceptual model for continuous EC reactors was explained in detail. Next, in section 

6.3, the experimental procedure which was designed to collect primary data to 

calibrate and validate this conceptual model was explained. Subsequently, the 

calibration and validation process of the conceptual mo del through the experimental 

data were explained along with the description of the model accuracy assessment 

method. In the next chapter (Ch.7), the results and discussion based on the data 

collected through this experimental set -up will be  presented.  



Chapter 7 - Results & Discussion of EC Continuous Model  

 

106 | P a g e 

 

Chapter 7. Results and discussion ɬ PBCM calibration and 

validation for continuous electrocoagulation reactor   

7. 1. Chapter overview  

Figure 7.1 illustrates the chapter layout of the thesis and the interconnection of this 

chapter to the rest. This chapter contains the analysis and discussion of experimental 

data collected through a carefully designed experimental process of continuous 

electrocoagulation to calibrate and validate the PBCM. Discussion of these results has 

been sequenced according to the sub-processes identified in the PBCM, namely 

electrolysis, hydrolysis, coagulation, flocculation, and flotation.  

 

Figure 7-1: The chapter layout of the thesis 
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Next, the goodness of fit of the model has been discussed using a combination of 

statistical parameters. Finally, the extended use of the model has been evaluated in 

terms of application to scale-up/down, longer operation time, different pollutants, etc. 

Overall, these research findings established the foundation to contextualise the 

systematic approach of EC reactor design that is explained in chapter 8. 

Table 7-1: Calibration parameter values for the process-based model simulation 

results 

No. Calibration Parameter References Boundary 

conditions  

Min . Max. 

1 qm; the maximum 

adsorption capacity  

(mg gǸƕ) 

Hu, Lo et al. (2007), Bennajah, Gourich et 

al. (2009), Essadki, Gourich et al. (2010) 

0.40 1.40 

2 KL; the Langmuir constant 

(Ì ÍÏÌ) 

Hu, Lo et al. (2007), Bennajah, Gourich et 

al. (2009), Essadki, Gourich et al. (2010) 

600 2000 

3 K; a percentage denoted 

hydrolysis efficiency  

ϘAl  efficiency of hydro -fluoro -aluminium 

formation (%) (Hu, Lo et al. 2007) 

 

0.763 0.993 

4 dj; colloid size which 

participates in  adsorption 

and flocculation process 

(m) 

Minimum: From the definition for colloid 

size; (Metcalf and Eddy 2003). Maximum: 

From the size of the polymerised particle; 

(Hem and Roberson 1967) 

1.00E-

09 

5.00E-

08 

5 KE; the correction factor 

denoted adsorption of 

dissolved fluoride on 

electrodes 

 

Figures 2,3,5,6 Percentage of fluoride 

removal graphs in different conditions 

(Zhu, Zhao et al. 2007) 

0.00 0.80 

6 ҿ; a correction factor, 

denoted current efficiency 

or faradic yield  

Faraday's law (Hakizimana, Gourich et al. 

2017, Hu, Sun et al. 2017) 

1.00 2.00 

7 n; Al:OH ratio in one ring 

structure of sweep floc 

Colloidal parameters calculated based on 

the ring structure formed by six 

aluminium hydroxide octahedra (Hem 

and Roberson 1967) 

2.00 3.00 

8 ϔɯÐÚɯÊÖÓÓÐÚÐÖÕɯÌÍÍÐÊÐÌÕÊàɯÍÖÙɯ

macro-flocculation  

 

Orthokinetic flocculation model (MWH 

Americas, Crittenden Communications et 

al. 2012) 

0.00 1.00 

9 ‌  is collision coefficient 

between an air bubble 

and floc, 

 

Microbubble flotation model (Haarhoff 

and Edzwald 2004). 

 

0.00 1.00 

10 – is collision frequency 

between the air bubble 

and floc, 

 

Microbubble flotation model (Haarhoff 

and Edzwald 2004). 

 

0.00 1.00 
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Presented in Tables 7.1 and 7.2 are the calibration parameters used for continuous EC 

PBCM calibration . Some of the calibration parameter values that were used for the 

batch model had to be altered suitably during the calibration process of the continuous 

EC PBCM. The calibrations of the continuous EC model was conducted using the 

experimental data of O1, O5 and O9. The rest of the experimental data were used to 

valida te the model. 

Table 7-2: Calibration parameters used for continuous EC PBCM calibration  

 Exp. n qm dj  KE ♪▀╫ Ɫ╣ ϔ KL K Ø 

O1 2.2 0.96 1.7E-09 0.02 0.205 0.205 1.0 960 0.775 1.65 

O2 2.2 0.96 1.7E-09 0.02 0.250 0.250 1.0 960 0.775 1.68 

O3 2.2 0.96 1.7E-09 0.02 0.280 0.280 1.0 960 0.775 1.75 

O4 2.2 0.96 1.7E-09 0.02 0.300 0.300 1.0 960 0.775 1.65 

O5 2.2 0.96 1.7E-09 0.02 0.320 0.320 1.0 960 0.775 1.68 

O6 2.2 0.96 1.7E-09 0.02 0.330 0.330 1.0 960 0.775 1.75 

O7 2.2 0.96 1.7E-09 0.02 0.335 0.335 1.0 960 0.775 1.65 

O8 2.2 0.96 1.7E-09 0.02 0.341 0.341 1.0 960 0.775 1.68 

O9 2.2 0.96 1.7E-09 0.02 0.345 0.345 1.0 960 0.775 1.75 

O10 2.2 0.96 1.7E-09 0.02 0.205 0.205 1.0 960 0.775 1.4 

O11 2.2 0.96 1.7E-09 0.02 0.600 0.600 1.0 960 0.775 1.05 

O12 2.2 0.96 1.7E-09 0.02 0.620 0.620 1.0 960 0.775 1.07 

O13 2.2 0.96 1.7E-09 0.02 0.638 0.638 1.0 960 0.775 1.39 

 

7. 2. Simulation of the electrolysis process  

The electrolysis process is the coagulant generation process of an EC reactor. The 

metal cation generated from the anodes, would then be hydrolysed into the coagulant 

leading to the pollutant adsorption, in the defluoridation process using EC. The rate 

of metal cation (aluminium) generation equation (Eq. 32) was presented in section 

3.3.3, and the aluminium accumulation equation (Eq.53) was presented in section 4.2. 
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The latter was derived using the mass balance application to the electrocoagulation 

reactor that was considered as a CSTR. The independent variables in this equation are, 

time, flow rate, and current for the selected electrode material.  

 
Figure 7-2: Aluminium variation with time for different current densities at initial 

fluoride concentration  2 ÍÇ Ì  

 

Figure 7-3: Aluminium variation with time for different current densities at initial 

fluoride concentration  6 ÍÇ Ì  

The metal cation generation is a zeroth-order rate equation, and the dissipation of 

aluminium cations also contribute s only to the hydrolysis process, hence is considered 



Chapter 7 - Results & Discussion of EC Continuous Model  

 

110 | P a g e 

 

independent of the aluminium concentration available at a given time. Hence, the 

electrolysis process and the aluminium cation accumulation in the reactor are 

independent of the pollutant concentration in the reactor. This could be identified 

from the model simulation presented in Figures 7.2 and 7.3.  

It could also be noted that the higher the current density, the h igher the residual 

aluminium levels in the solution. As per the fluoride removal efficiencies summarised 

in Table (7.3), increasing current density has resulted in higher fluoride removal 

efficiencies. On the other hand, increased current densities would lead to higher 

residual aluminium levels which need to be controlled. The United States 

Environmental Protection Agency ( US-EPA) in 2017 made the recommendation of 

Secondary Maximum Contaminant Level (SMCL) as 0.05ɬ0.2 ÍÇ Ì  for aluminium in 

drinking water  ȹ*ÙÜ×ÐĘÚÒÈɯƖƔƖƔȺ. The residual Al concentration in drinking water  

must be lower than 0.2 ÍÇ Ì  in agreement with  the World Health Organization 

(WHO) guideline (WHO 2017). Hence, finding an optimum current density that fulfils 

both criteria is mandatory. The defluoridation efficiency for the experiment O9 has 

been found as 78%, and the final fluoride level as 1.32 ÍÇ Ì  which is below the 

harmful level of dissolved fluoride (WHO 2017). However, as per Figure (7.3), the 

experiment O9, which operated i n a current density of 15.96 ! Í  has resulted in a 

residual aluminium level of 15 ÍÇ Ì  after 1 hour of the operation time, which is 

considerably higher than the recommended residual aluminium level for drinking 

water. Past studies have demonstrated that employing a settling tank or a sand filter 

would effectively lower the dissolved aluminium content to acceptable levels. 

However, higher alumin ium generation would not only lead to short life span of 

electrodes, but also lead to higher sludge discharge, thus increasing the cost for 

electrode replacement, sludge treatment, and disposal. Hence, identifying the 

optimum current density is a necessity to acquire sustainable and economical 

operation in EC. Employing the validated PBCM to find the optimum current density 

is discussed in chapter 8. 
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7. 3. Simulation of the hydrolysis process  
 

The equation (37) presented in section 3.3.4, was derived following a concept 

presented by 'ÜȮɯ+ÖɯÌÛɯÈÓȭɯȹƖƔƔƛȺɯÞÏÌÙÌɯÈÕɯÌÍÍÐÊÐÌÕÊàɯÍÈÊÛÖÙɯȹϘ ÓȺɯÞÈÚɯÜÚÌËɯÛÖɯÊÈÓÊÜÓÈÛÌɯ

the amount converted from the aluminium cations into  aluminium  hydroxide . 

Therefore, in this model, ÚÐÔÐÓÈÙɯÛÖɯϘ ÓȮɯÈÕ efficiency factor (K), is considered (table 

7.1) to calculate the amount converted as aluminium hydroxide species  out of the 

dissolved aluminium available in the reactor. This step directly governs the adsorbent 

generation, hence affecting the pollutant abatement process. The equation (56) 

presented under section 5.2, explains the aluminium hydroxide accumulation 

equation resulted from the mass balance application to the EC reactor as a CSTR. 

Although aluminium hydroxide generation is a zeroth -order rate equation, the model 

simulation of accumul ation of aluminium hydroxide graph ( Figure 7.4) revealed a 

notable variation with time compared to dissolved aluminium Figures (7.2 & 7.3).  

 

Figure 7-4: Model simulation of aluminium hydroxide variation with time for 

different current densities at initial fluoride concentration  2 ÍÇ Ì  
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Figure 7-5: Model simulation of aluminium hydroxide variation with time for 

different current densities at initial fluori de concentration 6 ÍÇ Ì  

It could be noted that, during the initial 200 s, aluminium hydroxide concentration 

increases rapidly and then maintains an approximately constant value throughout the 

reactor operation time. It was also evident that the aluminium  hydroxide 

concentration is independent of initial fluoride concentration variations when 

compared to the Figures (7.4) and (7.5). A further emphasised illustration of the 

variation of a luminium hydroxide  concentration in the reactor during the first 300 s 

of the operation is shown in Figure (7.6). It could be noted that the initial increment of 

the concentration is non-linear and lasts for approximately 200 s. The hydrolysis rate 

is governed by the efficiency factor (K), hence higher (K) values indicate a higher 

conversion rate of dissolved aluminium into aluminium hydroxide thus resulting in 

higher fluoride removal. Hence, taking suitable steps to increase hydrolysis efficiency 

(K), especially during the initial 200 s of the reactor operation may significa ntly 

increase the overall fluoride removal efficiency. The suitable measures to achieve this 

result, are discussed in more detail in chapter 8. 
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Figure 7-6: Model simulation of aluminium hydroxide variation during the initial 300 

s for different current densities at initial fluoride concentration  2 ÍÇ Ì  

7. 4. Simulation of the coagulation process  

As the next discussion theme, the two primary destabilisation techniques, charge 

neutralisation (coagulation) followed  by entrapment in a precipitate (sweep 

flocculation) were considered. The Langmuir Isotherm was considered as the 

coagulation model equation as explained in section 3.3.5 (Eq. 38).  

ή             (38) 

Where: 

qe is the amount of pol lutant adsorbed per unit mass of adsorbent at equilibrium 

(ÍÇ Ç ),  

qm is the maximum adsorption capacity (ÍÇ Ç ), 

KL is Langmuir constant (Ì ÍÏÌ),  

Ce is the equilibrium concentration of the pollutant ( ÍÏÌ Ì ). 

The adsorbent concentration (ÍÏÌ Ì ) represented in Figure (7.7) and qe which is the 

amount of pollutant adsorbed per unit mass of adsorbent at equilibrium  (ÍÇ Ç ) 

illustrated in Figure (7.8), constitute the equation for fluoride adsorption in a given 

time (Figure 7.9).  As expressed from equation (38), the variation of qe is related to the 

fluoride concentration in the reactor, hence along with the fluoride concentration 

reduction, a gradual reduction of q e could be noticed over time (Figure 7.8, appendix 

C). 
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Figure 7-7: Model simulation of adsorbent concentration variation with time for 

different current densities at initial fluoride concentration  2 ÍÇ Ì  

 

Figure 7-8: Model simulation of q e variation with time for different current densities 

at initial fluoride concentration  2 ÍÇ Ì  

 
Figure 7-9: Model simulation of dissipation of fluoride variation with time for 

different current densities at  initial fluoride concentration  2 ÍÇ Ì  
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Figure 7-10: Model simulation of fluoride variation with time for different current 

densities at initial fluoride concentration  2 ÍÇ Ì  (Calibration curve: Model Sim. at 

9.58 ! Í , Validation curves: Model Sim. at 12.77 ! Í  and 15.96 ! Í ) 

 
Figure 7-11: Model simulation of fluoride variation with time for different current 

densities at initial fluoride concentration  4 ÍÇ Ì (Calibration curve: Model Sim. at 

12.77 ! Í , Validation curves: Model Sim. at 9.58 ! Í  and 15.96 ! Í ) 

 

Figure 7-12: Model simulation of fluoride variation with time for different current 

densities at initial fluoride concentration  6 ÍÇ Ì (Calibration curve: Model Sim. at 

15.96 ! Í , Validation curves: Model Sim. at 9.58 ! Í  and 12.77 ! Í ) 
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The model predictions of dissolved fluoride variation and the fluorid e removal 

percentage were then studied (Figure 7.10 to 7.12). The experimental data and the 

model predictions were in close agreement. The statistical analysis for the evaluation 

of the goodness of fit of the PBCM is discussed in section 6.9. A good agreement could 

be noted between the model predictions and the experimental data graphs. Predicted 

fluoride concentrations seem to reach a constant value from approximately 3000 s, 

agreeing with the experimental findings. This reflects the hydraulic detention ti me 

(HDT) of the reactor.  

The results of the model validation from dissolved fluoride concentrations, confirm 

the suitability of the PBCM for a given experimental condition. The adaptability o f the 

model for varied experimental conditions using the same re actor was then evaluated. 

This was evaluated by comparing the predicted and experimental defluoridation 

efficiencies of EC experiments conducted for a duration of 3600 s. The dissolved 

fluoride concentrations of 10 min intervals, obtained from the experime nts O1 to O13 

are summarized in Table (7.3). The overall efficiencies of these experiments are then 

presented in Figure (7.13). Here the efficiency has been calculated considering the 

difference of initial and final concentrations of dissolved fluoride ins ide the reactor. It 

could be noted that from O1 to O3, from O4 to O6, and from O7 to O9, the 

defluoridation efficiency gradually rises. This is due to the increment in the current 

densities, hence agrees with what has been found in previous  studies (Mameri, 

Yeddou et al. 1998, Hu, Lo et al. 2007). A similar pattern of results was obtained from 

the model simulations, for varied supply current densities. The only calibration 

parameter that was amended in these simulations was the correction factor, denoted 

current efficiency or faradic yield ( Ø). Further to this, demonstrating the consistency 

with the former studies, the experiments with the same supply current densities such 

as O1, O4, and O7 resulted in approximately the same defluoridation efficiencies. 

Interestingly, the model demonstration was broadly in line with this behaviour of the 

EC operations.  
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Most importantly, the changes made to the experimental conditions were well 

simulated by amending  only  the experimental parameters entered into the model. 

Amending the calibration parameters w as required only if a direct link between the 

experimental condition and the calibration parameter exist ed. For example, change of 

supply current would demand amending the correction factor, denoted current 

efficiency or faradic yield ( Ø). These changes are further explained in chapter 8.  It 

should be noted that throughout experiments O1 to O9, the water height and flow rate 

was kept at the same value. The suitability of the model to predict different s cales of 

similar EC reactors will be discussed later in section 7.9. 

 

 

 

 

Figure 7-13: Experimental fluoride removal efficiency for continuous EC 

defluoridation experiments  



Chapter 7 - Results & Discussion of EC Continuous Model  

 

118 | P a g e 

 

Table 7-3: The results of dissolved fluoride concentrations for continuous EC 

defluoridation experiments (Calibration parameters are given in Table (7 -2) 

Exp. 
At 0 min  

(mg l -1) 

At 10 min 

(mg l -1) 

At 20 min 

(mg l -1) 

At 30 min 

(mg l -1) 

At 40 min 

(mg l -1) 

At 50 min 

(mg l -1) 

At 60 min 

(mg l -1) 

O1 2.14 1.70 1.28 1.04 0.92 0.78 0.76 

O2 2.14 1.45 0.97 0.77 0.67 0.63 0.60 

O3 2.10 1.30 0.82 0.57 0.49 0.46 0.44 

O4 4.00 2.92 2.42 1.96 1.71 1.59 1.45 

O5 4.00 2.82 2.04 1.54 1.36 1.22 1.12 

O6 4.00 2.48 1.74 1.34 0.98 0.92 0.86 

O7 5.96 4.34 3.52 3.12 2.50 2.32 2.20 

O8 6.02 4.28 3.24 2.48 2.12 1.86 1.74 

O9 6.10 4.20 2.64 1.80 1.52 1.40 1.32 

O10 2.1 1.92 1.82 1.72 1.62 1.52 1.45 

O11 6.10 5.16 4.64 4.32 4.02 3.96 3.80 

O12 6.10 4.76 4.04 3.34 2.88 2.70 2.54 

O13 6.00 3.60 2.42 2.00 1.68 1.50 1.40 

 

Comparison of total pollutant mass balance calculations of the simulated and 

observed experimental data was conducted for each continuous EC reactor 

experiment. This was achieved by applying t he theory of conservation of mass (Eq. 

65) for the total duration of the reactor operation. The comparison was made between 

the observed pollutant abatement and the simulated pollutant abatem ent for each 

experiment. The equation used for the pollutant abatement calculation is given below. 

The results are summarised in the Table (7-4). The observed and simulated pollutant 

abatement values are in good agreement, thus confirming the validity of t he model. 

4ÏÔÁÌ ÐÏÌÌÕÔÁÎÔ ÁÂÁÔÅÍÅÎÔ  Ϸ
В   ɀ   ȢЎ

В   ȢЎ Ȣ
Ȣρππ Ϸ  (65a) 

Here, 

Ὂ    : Inlet fluoride concentration at t (mg l -1) 
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Ὂ   : Outlet fluoride concentration at t (mg  l -1) 

Ўὸ : Time gap considered (s) 

Ὂ  : Initial fluoride concentration (mg l -1) 

Ὂ: Final fluoride concentration (mg l -1) 

ὗ: Inlet (same as outlet) flowrate (l s-1) 

ὠ   : Volume of the reactor (l) 

Table 7-4: Comparison of total pollutant mass abatement of the simulated and 

observed experimental data for continuous reactor experiments using equation (65a) 

Experiment Observed dissolved fluoride  Model Simulated dissolved fluoride 

Number 
At 

0 min 
(mg/l)  

At 
60 
min 

(mg/l)  

Observed 
pollutant 

removal based 
on mass balance 

At 
0 min 
(mg/l)  

At 
60 min 
(mg/l)  

Simulated 
pollutant removal 

based on mass 
balance 

O1 2.14 0.76 56.5% 2.14 0.75 59.7% 

O2 2.14 0.60 65.8% 2.14 0.59 66.3% 

O3 2.10 0.44 73.0% 2.10 0.46 72.8% 

O4 4.00 1.45 56.3% 4.00 1.47 55.9% 

O5 4.00 1.12 64.5% 4.00 1.14 64.8% 

O6 4.00 0.86 71.5% 4.00 0.92 70.9% 

O7 5.96 2.20 55.9% 5.96 2.30 54.0% 

O8 6.02 1.74 63.3% 6.02 1.78 63.1% 

O9 6.10 1.32 71.1% 6.10 1.42 70.3% 

O10 2.10 1.45 24.0% 2.10 1.49 23.6% 

 

7. 5. Simulation of the flocculation process  
The conventional pollutant abatement models that usually simulate the pollutant 

removal efficiencies fail to simulate the intermediate steps or operations that occurred 

simultaneously with an EC reactor. But as clearly shown in former sections, this PBCM 

has been able to provide a better understanding of the intermediate process variations 

over time.  After the coagulation process, the flocculation and flotation occur in the 

EC reactor. Generally in water treatment, the process could be broadly categorised 

into chemical and physical processing units. In chemical units, a chemically induced 
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response is mainly responsible for pollutant abatement , and the physical processing 

units create a physical change to the treated water and improve the usability of the 

water for example by removing the suspended particles. The flocculation and flotation 

in operations as defluoridation could be categorised as physical processing 

operations.  From the results shown in Figures (7.14) and (7.15), an interesting 

variation of the pre -flocculation flocs could be noted. Similar to the aluminium 

hydroxide variation presented in Figure (7.6), a gradual increase of pre-flocculation 

flocs during the initial 200 s could be noted. Then the flocs concentration gradually 

decreases over the complete time-span tested.  

 

Figure 7-14: Model simulation of pre -flocculation flocs variation with time for 

different current densities at initial fluoride conc entration  2 ÍÇ Ì  

 

(a)                                                                              (b) 
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Figure 7-15: Model simulation of pre -flocculation flocs variation with time for 

different current densities at initial fluoride concentration  (a) 4 ÍÇ Ì , (b) 6 ÍÇ Ì  

The flocs evolution in the reactor identified during experiment  O1 is shown in Figure 

7.16. Water clarity was reduced during the initial 300 s (5 min) of the experiment and 

gradually im proved towards the end of the experiment by 3600 s (1 hour). Hence, it 

could be highlighted that the model simulations are following the visible flocs 

evolution noted during the EC operations. 
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Figure 7-16: Floc evolution during experiment O1  (9.58 A/m2, 2 mg/L) (a) 300 s (b) 1200 

s (c) 3600 s 
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7. 6. Simulation of the flotation process  

In the drinking water treatment process, settling tanks and flotation processes are 

employed to assist solid-water separation usually following the flocculation  process. 

These clarification units are important to ensure the improved physical quality of 

drinking water.  In the EC defluoridation, flotation is more effective than the solid -

water separation process due to the simultaneous H 2 bubble production that occurs at 

the cathode. The flotation model (Eq. 47) used in this study which was discussed in 

section 3.3.7, is a first-order rate equation, hence depends on the floc concentration in 

the reactor. The accumulation of floated  flocs simulation from the model is illustrated 

in Figures (7.17), (7.18a), and (7.18b). The accumulation of floated flocs variation 

shows a linear relationship with time and indicates a clear impact for current density 

variations. The two calibration parameters related to the flotation model are the 

ÊÖÓÓÐÚÐÖÕɯÊÖÌÍÍÐÊÐÌÕÛɯÉÌÛÞÌÌÕɯÈÕɯÈÐÙɯÉÜÉÉÓÌɯÈÕËɯÍÓÖÊɯȹϔdb) and the collision frequency 

ÉÌÛÞÌÌÕɯÛÏÌɯÈÐÙɯÉÜÉÉÓÌɯÈÕËɯÍÓÖÊɯȹϚT ). The calibration of the flotation model was carried 

out by evalÜÈÛÐÕÎɯÛÏÌɯÛÖÛÈÓɯÍÓÖÈÛÌËɯÍÓÖÊɯÔÈÚÚɯÐÕɯÙÌÚ×ÖÕÚÌɯÛÖɯÛÏÌɯÝÈÙÐÈÛÐÖÕÚɯÖÍɯϔdb ÈÕËɯϚT. 

The comparison of the calibrated model simulation and experimental data for 

accumulation of floated flocs in 1 hour operation time of continuous EC reactor is 

illustrated in FiÎÜÙÌɯȹƛȭƕƝȺȭɯ3ÏÌɯȹϔdbȺɯÈÕËɯȹϚT) values were tuned until the experimental 

floated floc amount and the model simulations were approximately equal. This helped 

identify the value range applicable for the experimental set -up employed. However, 

when considering  this model to be used to predict sludge production, further 

comparison of the result ing ÙÈÕÎÌÚɯÖÍɯÉÖÛÏɯȹϔdbȺɯÈÕËɯȹϚT) in batch, continuous and 

scale-up experiments would be required. A possible approach is calibrating the 

model, using few experimental set -Ü×ÚɯÈÕËɯÐÕÛÌÙ×ÖÓÈÛÐÕÎɯÖÙɯÌßÛÙÈ×ÖÓÈÛÐÕÎɯÛÏÌɯȹϔdb) 

ÈÕËɯȹϚT) values. The batch EC PBCM calibration process resulted in values for both 

ȹϔdbȺɯÈÕËɯȹϚT)in the range from 0.600 to 0.750. The continuous EC PBCM calibration 

resulted in values ranging from 0.205 to 0.345 for the 26.3 l reactor and from 0.600 to 

0.638 for the 11.9 l reactor. This result indicates the effect of reactor size on the 

efficiency of the flotation process. Generally, the flotation efficiency seems relatively 
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higher in smaller reactors. Hence, the scale-up reactor designs would require 

additional precautions to improve the flotation efficiency. The floated flocs 

accumulated in the reactor during the continuous EC experiments are illustrated by 

Figures (7.20), (7.21), and (7.22), included in Table 7.4.  

 

Figure 7-17: Model simulation of accumulation of floated flocs variation with time for 

different current densities at initial fluoride concentration  2 ÍÇ Ì  

 

(a)                                                                    (b) 

Figure 7-18: Model simulation of accumulation of floated flocs variation with time for 

different current densities at initial fluoride co ncentration (a) 4 ÍÇ Ì , (b) 6 ÍÇ Ì  
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Figure 7-19: Comparison of model simulation and experimental data for accumulation 

of floated flocs (g) in 1 hour operation time of continuous EC reactor (Calibration  

parameters are given in Table 7-2) 
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Table 7-5: Floated flocs accumulation after 3600 s of continuous EC experiments O1, O4 and O9 

Experimental 

details  

Figures of floated  flocs  

 

 

Figure 7-20: 

Floated flocs 

accumulation 

after 3600 s of EC 

experiment O1 

Current density: 

9.58 A/m2 

Initial fluoride 

concentration: 2 

mg/L  
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Experimental 

details  

Figures of floated  floc s 

 

 

 

Figure 7-21: 

Floated flocs 

accumulation 

after 3600 s of EC 

experiment O4. 

Current density: 

9.58 A/m2 

Initial fluoride 

concentration: 4 

mg/L  
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Experimental 

details  

Figures of floated  floc s 

 

Figure 7-22: 

Floated flocs 

accumulation 

after 3600 s of EC 

experiment O9 

Current density: 

15.96 A/m2 

Initial fluoride 

concentration: 6 

mg/L  

 

                    

Figure 7-22: Floated flocs accumulation
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7. 7. Simulation of floc adsorption on electrodes  

The phenomenon of floc adsorption on electrodes in EC was first discussed by  Zhu, 

Zhao et al. (2007). In the PBCM design, the flocs adsorption to electrodes was 

attributed to two proces ses, namely dissipation of aluminium hydroxide and 

dissipation of aluminium -hydroxo -fluoride  as explained in section 6.2 (Eq. 83). 

Following  the calibration process, the variations of total floc adsorption on electrodes 

could be identified as given in Figure (7.23).  

 

Figure 7-23: Model simulation of adsorption of flocs on electrodes variation with time 

for different current densities at initial fluoride concentration  (a) 2 ÍÇ Ì , (b) 6 ÍÇ Ì  

These results are in agreement with the findings of the former study mentioned above. 

It could be observed that with the increment of current density, the number of flocs 

adsorbed onto the electrodes has been increased owing to the higher floc 

concentrations available in the reactor. When studying the adsorption variation over 

time, a gradual increase in adsorption during the initial 250 s could be noted in all 

cases. Higher initial concentrations of fluoride also led to a slight increment in the 

electrode adsorption as compared in Figures (7.23a) and (7.23b).  

7. 8. Energy calculation and economic optimisation  
 

A comparison of energy consumption for each experiment was performed and the 

results are given in Table (7.5). Here, the energy has been calculated using the 
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measured voltage and current, for one hour of EC reactor operation per litre of water 

treated. The variation of the energy per treated volume of water has been compared 

in Figure 7.24. 

Table 7-6: Energy consumption related parameters and calculation of continuous EC 

experiments (Calibration parameters are given in Table 7-2) 

Experiment Current 
Density 

(Ἃ ἵ ) 

Current  
(A)  

Voltage  
(V) 

Energy  
(ἳἔ ἰ ) 

Energy per 
treated volume 

(ἳἔ ἰ ἴ ) 

O1 9.58 3.00 7.30 78.84 2.63 

O2 12.77 4.00 9.73 140.16 4.67 

O3 15.96 5.00 12.17 219.00 7.30 

O4 9.58 3.00 7.20 77.76 2.59 

O5 12.77 4.00 9.56 137.66 4.59 

O6 15.96 5.00 11.95 215.10 7.17 

O7 9.58 3.00 7.11 76.79 2.56 

O8 12.77 4.00 9.40 135.36 4.51 

O9 15.96 5.00 11.75 211.50 7.05 

O10 3.19 1.00 6.40 23.04 0.48 

O11 9.26 1.00 4.10 14.76 0.98 

O12 18.52 2.00 8.10 58.32 3.89 

O13 27.78 3.00 12.00 129.60 8.64 

The hourly energy consumption per treated water volume has increased with the 

increment of supply current density, agreeing with past studies. The hourly energy 

consumption which is used for the above comparison and also in many past studies 

is less effective as a comparison measure for EC operations with different initial 

concentrations. For higher initial concentrations, the EC operation time should be 

increased to reach the acceptable pollutant concentrations.   Hence, for such 

comparisons, total energy consumption to reach an agreed pollutant concentration 

level should be studied. Understandably, increasing operation time increases the 

energy consumption to treat water. Hence, designing and optimising the reactor to 

operate at the maximum pollutant remov al efficiency is paramount to reduce the 

energy consumption for treating water using EC. Emamjomeh, Sivakumar et al. (2011) 

considered four cost items to calculate the total cost of the EC operation, namely, 
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energy consumption (16.7%), aluminium plate consumption (52.8%), pH adjustment 

(8.3%), and sludge treatment (22.2%).  

 

Figure 7-24: Energy consumption related parameters and calculation of continuous 

EC experiments (Calibration parameters are given in Table 7-2) 

It is important to highlight, the requirement of supplying the minimum cell potential 

for the half -cell reactions to occur. The overall potential equation for a reactor could 

be expressed from equation (11). 

Ὁ Ὁ Ὁ Ὁ Ὁ   (11) 

Where, 

Ὁ  is the overall potential of the reactor (V)  

Ὁ  is cathodic potential (V)  

Ὁ  is anodic potential (V)  

Ὁ  is solution potential (V)  

Ὁ  is loss potential (V) 
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When comparing the energy requirements at different scales, here the Ean would 

mostly remain constant for a selected electrode material and Eca varies for different 

influent conditions, as there could be additional reactions occurring at the cathode 

apart from reduction of H 2O. However, if the same inlet water is tested at both lab and 

pilot scales Ean and Eca would be approximately equal, irrespective of the size of the 

reactors. Eso depends on the distance between the electrodes, current density and the 

electrical conductivity of the solution. Hence keeping the three parameters constant at 

the lab and pilot level would result in equal values of E so. Elo accounts for the energy 

losses occurring withi n the reactor such as the energy required to exceed the 

passivating layer. Elo increases with time and the quantities should be proportional to 

the passivating layer size.   

7. 9. The goodness of fit and the precision of the Model 
Evaluation of model prediction accuracy was conducted using Mean Squared Error 

(MSE), Root Mean Square Error (RMSE), Relative Squared Error (RSE), and Mean 

Absolute Percentage Error (MAPE). A quantitative comparison of the accuracy of the 

model could be done by evaluating these parameters (Table 7.6). From the selected 

predictors, MAPE is scale-independent, thus could  be used to compare prediction 

accuracy on different scales. MSE, RMSE, and RSE values were found less than 1 for 

all experiments conducted. MAPE was found less than 5% for all experiments except 

O9. Here, O9 resulted in MAPE of 5.35% that could be attributed to the lower 

operating efficiency that resulted from  employing improper current density  

3.19! Í . This current density is lower than the recommended value for effective  EC 

operations. Overall, this goodness of fit measure is in line with the requirements, thus 

confirming the accuracy of the model.  

Evaluation of the error percentages of fluoride concentrations diagram ( Figure 7.25) 

provides an improved understanding of th e model accuracy. The comparison of the 

statistical parameters calculated for these two data sets that are presented in Table 7.7, 

is important to correctly interpret the results .  
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Table 7-7: Model prediction accuracy measures of continuous EC PBCM (Calibration 

parameters are given in Table 7-2) 

Experiment Calibration/  

Validation  

Volume of 

reactor (l) 

MSE RMSE RSE MAPE 

O1 Calibration  26.3 0.0040 0.0629 0.0552 4.3156 

O2 Validation  26.3 0.0010 0.0322 0.0237 2.4256 

O3 Validation  26.3 0.0014 0.0372 0.0171 3.7337 

O4 Validation  26.3 0.0079 0.0891 0.0098 2.3504 

O5 Calibration  26.3 0.0034 0.0586 0.0067 2.1926 

O6 Validation  26.3 0.0042 0.0649 0.0082 4.6713 

O7 Validation  26.3 0.0197 0.1403 0.1085 4.1566 

O8 Validation  26.3 0.0048 0.0689 0.0209 1.5652 

O9 Calibration  26.3 0.0203 0.1426 0.0065 5.3496 

O10 Validation  26.3 0.0010 0.0321 0.0064 1.7398 

O11 Validation  11.9 0.0425 0.2061 0.2328 4.3514 

O12 Validation  11.9 0.0039 0.0627 0.0068 1.4119 

O13 Validation  11.9 0.0096 0.0978 0.0405 3.0016 

 

Here, the calibrations of the continuous EC model were conducted using the 

experimental data of O1, O5 and O9. The rest of the experimental data were used to 

validate the model.  

 

Figure 7-25: Percentages of error of fluoride concentration measurements in 

experiments O1 to O9 (Calibration parameters are given in Table 7-2) 
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The individual readings error percentage values that are illustrated in Figure (7.25), 

range between ±8.3%.  However, the mean value of the two data sets is approximately 

equal with an error of 0.18%. 

Table 7-8: Statistical parameters of two data sets of fluoride concentrations 

Model  Predictions  
 

Experimental Data  

Mean 1.82632 
 

Mean 1.82963 

Standard Error 0.106084 
 

Standard Error 0.106676 

Median  1.57 
 

Median  1.565 

Mode 0.956 
 

Mode 1.96 

Standard Deviation  1.102454 
 

Standard Deviation  1.10861 

Sample Variance 1.215404 
 

Sample Variance 1.229017 

Kurtosis  0.997595 
 

Kurtosis  1.276486 

Skewness 1.134764 
 

Skewness 1.190592 

Range 4.8343 
 

Range 4.92 

Minimum  0.457 
 

Minimum  0.44 

Maximum  5.2913 
 

Maximum  5.36 

Sum 197.2426 
 

Sum 197.6 

Count 108 
 

Count  108 

Confidence Level (95.0%) 0.210298 
 

Confidence Level (95.0%) 0.211473 

 

In addition to the accuracy of the model, it is also important to evaluate the precision 

of the model. In this study, the model precision was measured by evaluating the 

confidence interval and relationship between experimental &  theoretical data. It could 

be noted from Figure 7.26, that there is a good agreement between the experimental 

fluoride concentrations and model simulations of fluoride concentrations where R 2 is 

0.994, thus evidencing the higher precision of the model predictions.  
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Figure 7-26: Relationship between experimental fluoride concentrations and model 

simulations of fluoride concentrations  of continuous EC defluoridation process 

conducted (Experiments O1 to O9) 

7. 10. Scale-up/down operation  

Mathematical and conceptual model simulations or processes not only increase the 

controllability of the systems but also help reduce the cost and effort in conducting 

laboratory and pilot -scale testing during the design stage, hence enabling the 

designers to develop large scale processes economically. Hence, it is important to 

evaluate the applicability and adaptability of the developed conceptual and 

mathematical process-based model in varied scales. In this study, the experiments 

O11, O12, O13 were conducted using a scaled-down EC reactor to evaluate the 

suitability of the PBCM for s cale-up/down  variation s. The MATLAB® ver. R20 21a 

model simulation results for theoretical fluoride concentrations and experimental data 

comparison are illustrated in Figure (7.27). The estimated calibration parameters for 

these experiments are listed in Table (7.2). The fluoride removal patterns were similar 

in all cases while experiments O7 and O12 showed much similar removal efficiencies. 

Also, it is worth noting the similarity of sub -process parameter variations of the 

scaled-down version illustrated by Figures (7.28a) and (7.28b).  
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Figure 7-27: Comparison of fluoride concentrations of experiments O7, O11, O12, and 

O13 

  

(a)                                                                              (b) 

Figure 7-28: Model simulation of (a) aluminium hydroxide conce ntration  (ÍÇ Ì ), and 

(b) pre-flocculation floc concentration (.ÏÓ Ì ) variation with time for different 

current densities  

Hydrodynamic parameters of these two experiments are listed in  Table (7.8), and a 

comparison of EC energy consumption and fluoride  removal efficiency data are listed 

in Table (7.9). The use of dimensional analysis for EC process scale-up is limited and 

quite conflicted in the literature. Zolotukhin (1989) scaled up an EC -flotation system 

from laboratory to industrial scale by studyin g five dimensionless scale-up 

parameters to ensure correct sizing and proportioning of the reactors.   
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Table 7-9: Hydrodynamic parameters comparison of O7 and O12 experiments  

Notation Parameter 
Prototype Model 

 
O7,O8,O9 O11,O12,O13 

 
ʍ Density ( ËÇ Í ) 1000 1000 

 
Q Flow (ÍÌ ÍÉÎ) 500 250 

 
V Velocity (Í ί ) 0.000114 0.000119 

 
D Hydraulic Diameter (m)  0.313978 0.254545 

 
µ Viscosity (. Ó Í ) at 20 C 0.001002 0.001002 

 
h Height (m)  0.365 0.175 

 
L Length (m)  0.400 0.400 

 
w Width (m)  0.200 0.200 

 
A Duct cross section area (m2) 0.073 0.035 

 
P Wetted perimeter (m)  0.930 0.550 

 
Vol Volume (m3) 0.029 0.014 

 

ʎ 
Surface tension (* Í ) at 20 
C̄ 0.0728 0.0728 

 
Kw Water permeability (h Í ) 1.25663E-06 1.25663E-06 

 
Non dimensional similarity of Prototype (O7)  and Model (O11) O7/O11 

Re Reynolds Number (Eq.26) 35.8 30.2 1.2 

Fr Froude Number (Eq.27) 6.50E-05 7.53E-05 0.9 

We Weber Number (Eq.28) 7.17E-05 7.79E-05 0.9 

Hr 
Geometric Similarity 
(Hp/Hm)  0.365 0.175 

2.1 

Wr 
Geometric Similarity 
(Wp/Wm)  0.200 0.200 

1.0 

Lr Geometric Similarity (Lp/Lm)  0.400 0.400 1.0 

Vr Geometric Similarity (Vp/Vm) 0.029 0.014 2.1 

SGr 
Gas Saturation Similarity 
(Eq.30) -1.687 -1.687 

1.0 
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The dimensionless parameters were Reynolds number, Froude number, Weber 

criteria, gas saturation similarity, and geometric similarity. Conversely, Holt et al. 

(2005) dispute the use of dimensional analysis, the applicability of which may be 

inherently limited for EC, due to the complexity of the internal processes . However, 

in this study, the dimensionless parameters used by Zolotukhin (1989)  were evaluated 

between the scaled-down reactor runs (O11, O12, and O13) and the prototype (O1 to 

O10). 

Table 7-10: EC energy consumption and fluoride removal efficiency data comparison  

 Parameters O7 O8 O9 O11 O12 O13 

Flow rate (ÍÌ ÍÉÎ) 500 500 500 250 250 250 

Current (A) 3.00 4.00 5.00 1.00 2.00 3.00 

Electrode Area (m2) 0.313 0.313 0.313 0.108 0.108 0.108 

Reactor Volume (l) 26.3 26.3 26.3 11.9 11.9 11.9 

Fluoride removal efficiency in 1 
hour (%)  61.5 70.4 76.8 36.0 57.8 76.1 

Voltage (V)  7.1 7.1 7.1 4.1 8.1 12.0 

Power (W)  21.3 28.4 35.6 4.1 16.2 36.0 

Current density (! Í ) 9.6 12.8 16.0 9.3 18.5 27.8 

Current concentration ! Í  114.1 152.1 190.1 83.9 167.8 251.7 

Electrode area/Reactor volume 

(Í Í ) 11.9 11.9 11.9 9.1 9.1 9.1 

Electrical energy per volume 
(Ë7È Í ) 2559.6 3412.8 4266.0 984.0 3888.0 8640.0 

 

It could be noted from the results summarized in Table (7.9), the experiment pairs O7, 

O12 and O9, O13 have approximately equal fluoride removal efficiencies. However, 

when the electrode area to reactor volume ratios (A/V) are compared it could be noted 

that similar pollutant removal efficiencies could be gained by altering the flow rate 

and supply current to the system even though the A/V of the two reactors are not 
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equal. In addition, the dimensionless parameter analysis that is summarised in Table 

(7.8) provides useful insight into the hydrodynamic aspects of the reactor operations.      

                 

(a)                                                                              (b) 

 

(c)                                                                              (d) 

Figure 7-29: Continuous EC defluoridation reactor longer operational results  (a) 

dissolved fluoride concentration ( ÍÇ Ì ), (b) fluoride removal efficiency (%), (c) 

dissolved aluminium concentration ( ÍÇ Ì ), and (d) pre-flocculation floc 

concentration (.ÏÓ Ì ) 

The scaled-down version of the reactor has been considered as the model in this 

comparison. It could be noted that Re. Fr, and We are approximately equal in 

prototype and the model making the dimensionless similarity ratio closer to 1. It is 

important to h ighlight the disparity of the current density noted between pairs O7, 

O12 and O9, O13. The energy consumption per unit volume was also compared, and 

the comparison of O9 and O13 shows a higher energy requirement for O13, which is 

the scaled-down version. W hen compared O9 and O13 data listed in Table (7.9), the 

power supply for both operations have been approximately equal, while the 1 hour 

operations have been able to lower the dissolved fluoride amounts by similar 






















































































































