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ABSTRACT 

Sarawak located on Borneo Island has vast availability of brackish peat water sources 

especially in some coastal rural areas. However, brackish peat water is currently 

underutilized as the source for water treatment plants in the state due to excessive 

salinity levels. As such, this study aims to investigate the salinity reduction in brackish 

peat water sources for domestic consumption in Sarawak coastal rural areas by 

utilizing continuous electrocoagulation treatment with aluminium electrodes. 

Correspondingly, this study analyzes the effects of seawater percentage, electric 

current, and flow rate on salinity reduction with electrocoagulation treatment. This 

study has found that the treated salinity levels in brackish peat water with 30% of 

seawater percentage meet the Malaysia Class I standard in National Water Quality 

Standard. The study has also identified both monolayer and multilayer adsorption that 

occur in electrocoagulation treatment as the precursor to salinity reduction. In addition, 

the presence of in-situ aluminium hydroxides coagulants could adsorb some sodium 

chloride from brackish peat water with 70% of seawater percentage at 2,503 mg/g of 

maximum adsorption capacity and 2.65 min-1 of adsorption rate. From the statistical 

analysis conducted, this study found that electrocoagulation treatment could achieve 

91.78% of maximum salinity reduction efficiency with an optimum electric current of 5 

A and flow rate of 1.2 L/min in brackish peat water with a 30% of seawater percentage. 

This treatment system costs only RM 0.29 per meter cubic of treated brackish peat 

water at optimum conditions. Overall, this study demonstrates that continuous 

electrocoagulation treatment could reduce the salinity levels in brackish peat water 

with 30% of seawater percentage which is considered safe for domestic consumption in 

Sarawak coastal rural areas at reasonable cost. 

Keywords: Brackish peat water, electrocoagulation, salinity reduction, adsorption 
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Pengurangan Kadar Garam dalam Air Gambut Masin Tropikal Borneo 

dengan Sistem Rawatan Elecktrokogulasi 

 

ABSTRAK 

Sarawak yang terletak di kepulauan Borneo mempunyai sumber air yang dikenali 

sebagai Air Gambut Masin Tropikal. Namun, sumber air tersebut tidak dapat 

digunakan dalam loji rawatan air di negeri tersebut kerana mengandungi garam yang 

berlebihan. Oleh itu, kajian ini melakukan rawatan elektrokogulasi dengan 

menggunakan elektrok aluminium untuk mengurangkan kadar garam dalam air 

gambut masin bagi kegunaan domestik di pedalaman persisiran negeri Sarawak. 

Kajian ini juga mengkaji kesan kadar kegaraman, arus elektik, dan aliran air semasa 

penyahgaraman dalam rawatan elektrokoagulasi. Sehubungan itu, kajian ini telah 

mendapati rawatan air gambut masin yang mempunyai 30% kadar kegaraman telah 

mencapai taraf Kumpulan Satu dalam Standard Kualiti Air Kebangsaan di Malaysia. 

Selain itu, kajian ini juga mengenalpasti pengurangan kegaraman dalam air gambut 

masin adalah disebabkan oleh penjerapan mono yang berbilang lapisan. Penghasilan 

koagulan aluminum hidroksida juga menjerap beberapa natrium klorida daripada air 

gambut masin yang mempunyai 70% kegaraman pada kadar 2,503 mg/g keupayaan 

penjerapan tertinggi dan 2.65 min-1 penjerapan dalam bentuk floks. Melalui analisa 

statistikal, rawatan elektrokoagulasi mencapai 91.78% pengurangan garam dengan 

kadar 5 A arus elektrik and 1.2 L/min aliran air serta 30% nilai kegaraman yang 

optimum. Kos rawatan tersebut hanya memerlukan RM 0.29 bagi setiap isipadu air 

gambut masin yang terawat. Kesimpulannya, sistem rawatan elektrokoagulasi telah 

menyahgaram air gambut masin yang mempunyai 30% nilai kegaraman untuk 

kegunaan domestik di pedalaman persisiran negeri Sarawak pada kadar kos yang 

berpatutan. 

Kata Kunci: Air gambut masin, elektrokoagulasi, pengurangan garam, penjerapan
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CHAPTER 1 

INTRODUCTION 

 

1.1 Background of the Study 

A significant decline in the quality and quantity of available freshwater has an 

adverse impact on human health and the ecosystem (Dessu et al., 2018). Realizing this 

issue, the United Nations has placed ‘Clean Water and Sanitation’ as number six target 

for achieving Sustainable Development Goals by 2030 in order to mitigate water 

scarcity issue (Sullivan et al., 2018). Despite the immense supply of natural water 

sources on Borneo Island, water shortage issues especially in Sarawak coastal rural 

areas have not been sufficiently addressed (Khalid, 2018).  

The coastal rural areas in Sarawak are endowed with a vast availability of 

unutilized brackish peat water sources. Brackish peat water is mainly derived from 

peat swamp forestry in the form of water residues and could not be consumed as potable 

water without a proper water treatment process (Grzegorzek & Majewska-Nowak, 

2017). According to Gosch et al. (2018), most coastal peatlands are constituted by 

brackish peat water sources owing to the occurrence of seawater intrusion into this 

region during water tide. Due to this circumstance, the salinity levels in brackish peat 

water will vary considerably depending on the amount of freshwater (<500 mg/L) and 

seawater (between 15,000 mg/L and 48,000 mg/L) (Dijk et al., 2017).  

The concerns of prolonged water supply issue especially in remote coastal rural 

areas have embarked the need to implement standalone water treatment system. This 

undertaken should has least impact on the environment, reliable, and user-friendly 

(Pooi & Ng, 2018; Gunten, 2018). Even though brackish peat water could be treated 

with chemical coagulation and membrane-related processes, these processes have 
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disadvantages in terms of sludge generation as well as membrane fouling and 

degradation issues (Gohil & Surest, 2017; Barrera-Diaz et al., 2018).  

Electrocoagulation is a simple water treatment process that generates in-situ 

aluminium hydroxide coagulants to separate pollutants from water sources in the form 

of flocs. In comparison to conventional chemical coagulation, electrocoagulation has 

zero secondary pollution and requires less maintenance (Moussa et al., 2017). The 

process to treat water sources with electrocoagulation generally consists of three 

successive steps. Initially, the sacrificial aluminium electrodes are dissociated to form 

aluminium ions as shown by Equation 1.1. This treatment process also involves water 

splitting reaction, as shown by Equation 1.2, through cathode reduction to generate 

hydroxides ions. Both aluminium and hydroxides ions bind to each other as shown in 

Equation 1.3 and subsequently form gelatinous white aluminium hydroxide 

coagulants (Garcia-Segura et al., 2017).  

Anode Oxidation:         
3
( )

3
aq

Al Al e+ −→ +                      (1.1) 

Cathode Reduction:                                    
2 2( )

3
3 3

2 g
H O e H OH− −+ → +         (1.2) 

Formation of Aluminium Hydroxide:       
3

2 3
3 ( ) 3

aq
Al H O Al OH H+ ++ → +           (1.3) 

 The electro dissolution of anode electrode causes metal concentration in water 

sources to rise and finally precipitates electrocoagulation flocs where the organic 

pollutants act as a ligand (Garcia-Segura et al., 2017). Aluminium hydroxide coagulants 

also operate as a charge shield in the charge neutralization mechanism that aims in 

compressing the double layer of pollutants and favouring the formation of aggregates 

and eventually, precipitation (Rusdianasari et al., 2019). The adsorption of organic 

pollutants with aluminium hydroxide coagulants that occurs on the active sites of 
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adsorbent surfaces will precipitate and eventually form electrocoagulation flocs. 

Ghernaout (2019) informed that electrocoagulation treatment could remove many 

pollutants from water sources due to the nature of electrocoagulation flocs that have 

high adsorption capacity.   

Several published studies in the literature had reported that electrocoagulation 

treatment could be utilized to treat peat water (Rusdianasari et al., 2019; Rahman et 

al., 2020a; Rahman et al., 2020b; Rahman et al., 2020c), brackish water (Sari & Chellam 

et al., 2017; Zhang et al., 2019), and seawater (Abdulkarem et al., 2017). A study 

conducted by Al-Raad et al. (2019) on saline water treatment reported that 

electrocoagulation treatment is found to be effective at low energy operating costs. As 

added by Al-Raad and Hanafiah (2021), electrocoagulation destabilizes finely dispersed 

particles and complex pollutants such as greases, hydrocarbons, heavy metals, and 

suspended solids from water sources to form flocs. Although electrocoagulation is 

effective to treat various water sources, its application for brackish peat water 

treatment has not been reported in the literature. As such, the purpose of this study is 

to conduct an experimental investigation to reduce the salinity levels in brackish peat 

water with electrocoagulation treatment system.  

 

1.2 Research Problems 

Brackish peat water found in coastal peatlands contains high salinity levels 

which is harmful for domestic consumption (Wildayana et al., 2017). The treatment of 

brackish peat water with conventional treatment systems particularly chemical 

coagulation and reverse osmosis have some drawbacks in terms of harmful sludge 

generation, membrane fouling and degradation (Zhang et al., 2020; Verbeke et al., 

2020). Realizing these issues, the application of electrocoagulation treatment system 
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for salinity reduction in brackish peat water could unlock its potential as an alternative 

water technology in Sarawak coastal rural areas. Despite the effectiveness of 

electrocoagulation system in removing various types of contaminants, the effects of key 

operating parameters particularly seawater percentage, electric current, and flow rate 

on salinity reduction have not been investigated.  

According to El-Ashtouky et al. (2020), the formation of aluminium hydroxide 

coagulants through redox reactions in electrocoagulation treatment is associated to the 

number of salts ions that available in water sources. To date, no study has reported the 

applicability of electrocoagulation treatment to reduce the salinity levels in brackish 

peat water with varied seawater percentage. Additionally, electric current is the main 

precursor that led to contaminants reduction with electrocoagulation treatment due to 

the formation of in-situ aluminium hydroxide coagulants (Shahedi et al., 2020). In 

electrocoagulation, the flow rate agitates the water to ensure an effective adsorption 

process between aluminium hydroxides and contaminants through in-situ mixing 

process (Nugroho et al., 2021; Ashraf et al., 2021).  

 The adsorption kinetics and electrocoagulation flocs analysis for salinity 

reduction in brackish peat water have not been reported in the published literature. A 

study conducted by Budhiary and Sumantri (2021) informed that the adsorption kinetic 

models and electrocoagulation flocs analysis could explain the mechanisms that lead to 

contaminants reduction in electrocoagulation. Although there are several adsorption 

theorems that are available in the literature, these models possess some limitations to 

describe the adsorption mechanism precisely (Liu et al., 2019; Laskar & Hashisho, 

2020; Azizian & Eris, 2021).  

 The energy operating cost analysis needs to be conducted when 

electrocoagulation treatment is employed for water treatment (Khorram & Fallah, 
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2020). According to Tones et al. (2020), response surface methodology (RSM) is a 

statistical tool used for process optimization. In developing a statistical model, the 

implementation of RSM requires careful consideration of experimental design, selection 

of responses variables, and its accuracy (Bajpai et al., 2020). As such, RSM could be 

employed to optimize the energy consumption in electrocoagulation treatment system 

through statistical model analysis (Bajpai et al., 2020).  

 

1.3 Research Hypothesis 

Continuous electrocoagulation treatment is utilized to reduce the salinity levels 

of brackish peat water at varied seawater percentage, electric current, and flow rate. 

The adsorption process that occurs in electrocoagulation treatment reduces salinity 

levels in brackish peat water with the aid of in-situ aluminium hydroxide coagulants. 

In addition, the effectiveness of electrocoagulation treatment to reduce salinity levels 

could be assessed in terms of water quality analysis and energy operating cost. The 

adsorption kinetic models are formulated to analyze the salinity reduction efficiency 

based on adsorption capacity and rate. Moreover, the occurrence of salinity adsorption 

with aluminium hydroxide coagulants is identified with electrocoagulation flocs 

analysis. The optimal salinity reduction efficiency and energy operating cost of 

electrocoagulation treatment could be determined by regulating the seawater 

percentage, electric current, and flow rate.  In accordance with the problem statement 

which has been mentioned previously, this study hypothesizes that continuous 

electrocoagulation treatment is utilized to reduce salinity levels in brackish peat water 

for domestic consumption in Sarawak coastal rural areas at reasonable electric current 

and flow rate. 
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1.4 Aim and Objectives 

This study aims to investigate the salinity reduction in brackish peat water for 

domestic consumption in coastal rural areas of Sarawak by utilizing continuous 

electrocoagulation treatment system with aluminium electrodes. In accordance with 

the aim of this study, the objectives of this study are devised as follows: 

i. To conduct experimental study of salinity reduction in brackish peat water with 

continuous electrocoagulation treatment, particularly at varied seawater 

percentage, electric current, and flow rate.  

ii. To formulate adsorption kinetic models and conduct electrocoagulation flocs 

analysis.  

iii. To develop statistical model with response surface methodology for 

electrocoagulation treatment optimization. 

 

1.5 Research Scopes 

The following scopes have been devised in order to achieve the aim and 

objectives of this study.  

i. The study only focuses on salinity reduction in brackish peat water from 

Kampung Metang Terap, Lundu, Kuching, Sarawak by utilizing continuous 

electrocoagulation treatment with aluminium electrodes.  

ii. This study investigates the effect of seawater percentage (0% to 90%), electric 

current (1 A to 5 A), and flow rate (0.4 L/min to 2.0 L/min) on salinity reduction 

efficiency.  

iii. A water quality analysis between untreated and treated salinity levels in 

brackish peat water is compared to the National Water Quality Standards 

(NWQS) as classified by the Department of Environment in Malaysia. 
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iv. In order to evaluate the energy operating cost, this study utilizes Faraday law 

equations to calculate the specific electrical energy consumption (SEEC) and 

electrode material consumption (EMC). 

v. The formulation of Langmuir, Freundlich, and pseudo-first-order kinetic models 

is conducted to investigate the adsorption mechanism for salinity reduction.  

vi. The mineral compositions on electrocoagulation flocs are also determined with 

Energy Dispersive X-ray (EDX).  

vii. The statistical model is developed with central composite design and analysis of 

variance (ANOVA).  

 

1.6 Significances of the Study 

This study provides new insights into the emerging application of continuous 

electrocoagulation treatment, especially to reduce the salinity levels in brackish peat 

water sources for domestic consumption in Sarawak coastal rural areas. This study also 

promotes the utilization of continuous electrocoagulation treatment for salinity 

reduction that requires zero addition of chemical coagulants. The electrocoagulation 

treatment produces in-situ aluminium hydroxide coagulants which subsequently 

removes some salinity from brackish peat water in the form of flocs. The statistical 

analysis done in this study could be utilized for further study, especially in exploring 

the application of continuous electrocoagulation treatment as a full-scale standalone 

water treatment system in Sarawak coastal rural areas. 
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CHAPTER 2 

LITERATURE REVIEW 

2.1 Introduction 

The literature review describes and discusses published studies on 

electrocoagulation treatment process. Correspondingly, this chapter describes the 

characteristics of brackish peat water sources and several conventional treatment 

processes that are associated with this water source. The chapter also includes a 

discussion on electrocoagulation operating parameters and their application to various 

types of water sources. The scheme to conduct adsorption isotherm and kinetic 

modeling as well as statistical model analysis with response surface methodology 

(RSM) is also discussed in this chapter.  

 

2.2 Brackish Peat Water in Sarawak 

Sarawak is endowed with an abundance of brackish peat water, particularly in 

some coastal rural areas that experience clean water supply issues. However, this water 

source is currently underutilized as a source of clean water supply due to its high 

salinity levels (Wildayana, 2017). According to Grzegorzek & Majewska-Nowak (2017), 

brackish peat water is defined as a water source that contains both humic acid and 

salinity. In addition, brackish peat water is naturally formed due to seawater intrusion 

into the coastal peatlands region during high tide (Waller & Kirby, 2021).   

 

2.2.1 Coastal Peatlands  

Coastal peatlands features wetlands with thick sequences of organic matter 

deposits as well as rich in mineral sources (Koster et al., 2018). According to Moomaw 
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et al., (2018), coastal peatlands are strategic ecosystems that provide habitat for plants 

and animals, prevent flooding and sea storms, accumulate sediments, control erosion, 

and store earth carbon. In Sarawak, coastal peatlands cover approximately 1.7 million 

hectares of peat forests and 154,000 hectares of mangrove forests of the state land as 

shown in Figure 2.1 (Department of Irrigation and Drainage Sarawak, 2020).  

 

Figure 2.1: Distribution of Coastal Peatlands in Sarawak (Department of Irrigation 

& Drainage Sarawak, 2020) 

Coastal peatlands in Sarawak could be found in river delta areas along the state 

coastline as illustrated in Figure 2.1 (Department of Irrigation & Drainage Sarawak, 

2020). According to Sangok et al. (2020), coastal peatlands in Sarawak have a vast 

accumulation of peat water which contains high acidity levels as well as dissolved 

organic compounds that derived from decayed plant residues. The coastal peatlands in 

Sarawak consist of peat deposits that are mostly found within interface of the river 

delta with the co-existence of natural seawater intrusion into such region during high 

tide (Waller & Kirby, 2021). Some coastal rural areas communities that reside within 

coastal peatlands in Sarawak have also utilized these lands for agriculture activities 

such as palm oil plantation, plants orchard, paddy rice, and poultry (Cole et al., 2021).  
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2.2.2 Coastal Rural Areas  

The coastal rural areas in Sarawak coastal peatlands occupy about 60% of the 

state coastline that are found within several major divisions particularly in Kuching, 

Sri Aman, Sibu, and Limbang (Bakewell et al., 2017). In Sarawak, coastal rural areas 

are located within 1,035 km of the state shoreline starting from Telok Melano in the 

southern region (Vogelgesang et al., 2018). Moreover, some coastal rural areas in 

southern Sarawak are renowned for peat swamps regions that are co-existed with 

extensive sandy beaches particularly from Tanjung Datu to the mouth of Batang Kayan 

river in Lundu district (Kuok et al., 2021a). The coastal region geography in southern 

Sarawak is also enriched with low-lying flat grounds covered in swamp and wet watery 

environments (Teepol et al., 2021).  

 

2.2.3 Water Supply Issues  

Some coastal rural areas in Sarawak have lack access to freshwater supply 

owing to the inaccessible location. According to Baradey et al. (2018), several coastal 

rural areas in Sarawak have been installed with saltwater desalination system that 

aims to provide treatment for salty water through an alternative water supply 

programme. However, this treatment system could not be fully utilized by the coastal 

rural areas communities particularly in Beladin, Kampung Batang Maro, Telok 

Melano, Kampung Punang in Lawas, Kampung Bruit, Kampung Penipah, Kampung 

Lanjong, and Lubok Samsu due to the malfunctioned issues that required RM 5 million 

to repair such treatment system (Bujang, 2018).  

 In Sarawak coastal peatlands, some places are also suffering from poor water 

quality especially during drought season (Prasanna et al., 2019). Although such regions 

have some groundwater catchment areas, the occurrence of seawater intrusion has 
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lessened the ability of these catchment areas to provide fresh drinking water for coastal 

rural areas communities (Department of Irrigation and Drainage Sarawak, 2022). In 

order to mitigate this issue, Jabatan Bekalan Air Luar Bandar (JBALB) has daily 

provided truck water tankers to these affected areas as temporary solutions, despite 

the fact that they are costly (New Sarawak Tribune, 2019).  

 In Sarawak rural coastal regions, some communities also used rainwater 

harvesting systems by temporarily storing excess rainfall for non-potable water use 

(Kuok et al., 2021b). However, this rainwater could not be fully utilized for domestic 

consumption because its levels of content, particularly turbidity, lead, and total 

coliform, exceeded World Health Organization (WHO) limits (Lani et al., 2018). Instead 

of relying on a faulty saltwater desalination system, contaminated groundwater, and 

rainwater harvesting method, it is critical to investigate the potential of underutilized 

water sources in coastal peatlands areas for domestic consumption.  

 

2.2.4 Characteristics of Peat Water 

Peat water is defined as surface water that contains organic substances, 

specifically humic acid which is found primarily in peatland areas (Alif et al., 2018). 

According to Wenten et al. (2020), peat water could be an alternative water source 

especially for those residing in peatland areas. This water source is commonly found in 

Sarawak coastal areas particularly in southern and central parts of the state, and it is 

reported that some rural communities in those areas rely excessively on peat water and 

rainwater for domestic consumption (Rahman et al., 2020a). A study conducted by Ali 

et al. (2021) reported that direct consumption of peat water could lead to severe diseases 

due to this water containing high levels of acid and organic substances. A similar 

observation had been informed by Elma et al. (2022) that found peat water has high 
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acidity levels due to the high organic matter content, particularly dissolved organic 

carbon (DOC), which has a bad smell and also corrosive to water distribution networks. 

In addition, some peat water also contains salt ions that are naturally derived from the 

seawater intrusion into coastal peatlands areas during high tide (Gutekunst et al., 

2022).   

 

2.2.5 Brackish Peat Water 

Brackish peat water is categorized as a peat water source that contains both 

humic acid and salinity levels that ranged from 1,000 mg/L to 15,000 mg/L (Grzegorzek 

& Majewska-Nowak, 2017). According to Gosch et al. (2018), brackish peat water in 

coastal peatlands is naturally formed due to seawater intrusion into peat water sources 

during high tides. Martin et al. (2018) reported that the southern Sarawak region 

particularly in Lundu and Sematan constitutes natural catchment areas that contained 

both peat water and brackish water. The study conducted by Martin et al. (2018) also 

informed that such regions also contained a high proportion of minerals and dissolved 

organic carbon which indicated the existence of brackish peat water in these regions. 

In terms of physical appearance, brackish peat water contains a complex mixture of 

yellowish-brown to black-coloured amorphous organic matter that is mostly found in 

estuaries regions. The seawater intrusion into peat water sources which usually occurs 

within marginal areas of peatlands will produce brackish peat water as depicted in 

Figure 2.2 (Takahashi et al., 2021). In Sarawak, brackish peat water sources could be 

found mostly in lowland peatlands areas that have a high accumulation of organic soil 

materials along the coastal areas (Omar et al., 2022).  
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Figure 2.2: Estuaries Environment in Coastal Peatlands (Takahashi et al., 2021) 

 

2.3 Brackish Peat Water Treatment 

Despite brackish peat water is available abundantly in some coastal rural areas, 

this water is currently underutilized for domestic consumption due to excessive salinity 

levels (Wildayana et al., 2017). Brackish peat water also contains a peculiar smell and 

taste that may harm human health due to the availability of humic acid and salinity in 

such water (Sharip et al., 2019). Several treatment systems that are possible to treat 

brackish peat water especially to reduce salinity levels and separate dissolved humic 

substances from such water sources have been reported in several published studies in 

the literature which are as follow.  

 

2.3.1 Chemical Coagulation 

Chemical coagulation is a viable option to treat peatland-derived runoff water 

as reported by Sutapa et al. (2020). The study found that chemical coagulation could be 

utilized to reduce 95% of colour, 99% of turbidity, and 100% of chemical oxygen demand 
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in which the treated water being comparable to water standard in Indonesia. Despite 

chemical coagulation is effective on natural organic matter reduction, the ability of this 

treatment system for salinity reduction in brackish peat water is not reported by 

Sutapa et al. (2020). A study conducted by Elma et al. (2020) also used chemical 

coagulation treatment to treat brackish peat water. The study found that 83.5% of 

natural organic matter had been removed in the form of flocs by using 30 g/L of 

aluminium sulphate coagulants. Moreover, the study noticed that chemical coagulation 

treatment is only suitable for water pre-treatment because it could not remove 

conductivity and total dissolved solids from brackish peat water (Elma et al., 2020).  

Although chemical coagulation treatment could remove natural organic matters 

from brackish peat water sources (Sutapa et al., 2020; Elma et al., 2020), the issue that 

concerns sludge generation is yet to be considered by these studies. Padmaja et al. 

(2020) indicated that chemical coagulation treatment is expensive and labor-intensive 

process because such treatment requires various additives and chemical reagents in 

order to attain efficient pollutant removal. In order to achieve high-quality of treated 

water, post-treatment is necessary for chemical coagulation because it could not 

completely reduce pollutant levels as a standalone water treatment system (Swain et 

al., 2020). Chemical coagulation treatment also generates many sludges which poses 

severe problems such as extensive sludge management and disposal issues (Zhang et 

al., 2020). The main drawback of chemical coagulation treatment also poses toxic sludge 

generation. As informed by Bahrodin et al. (2021), toxic sludge is also produced in 

chemical coagulation treatment due to excessive dosages of chemical additives. In order 

to mitigate this issue, an extensive post-treatment system is necessary after chemical 

coagulation in order to obtain potable treated water (Al Umairi et al., 2021). 

 



15 
 

2.3.2 Membrane-Related Process 

The membrane-related process is an advanced filtration process that separates 

salts from water sources through microscopic porous membranes derived from 

polymeric or inorganic films. In terms of brackish peat water treatment, Aryanti et al. 

(2018) found that an ultrafiltration treatment system could be effectively utilized to 

remove 84% of humic acid from brackish peat water sources. However, the study 

reported that ultrafiltration treatment system is only suitable at low levels of natural 

organic materials content in order to prevent membrane degradation issues. According 

to Qasim et al. (2019), the membrane fouling issue needs to be considered in 

implementing reverse osmosis due to fast degradation of membranes when the treated 

water sources contain a large number of chlorides. Rahma et al. (2019) also noticed that 

membrane filtration through pervaporation treatment system could be utilized to 

reduce 81.8% of natural organic matter (NOM) and 40% of conductivity from brackish 

peat water. The study conducted by Rahma et al. (2019) had proposed to treat these 

water sources with chemical coagulation prior to pervaporation treatment in order to 

achieve 87% of NOM and 99.9% of salinity reduction. This signifies that pervaporation 

treatment system requires high-quality water feed to ensure complete salinity 

reduction in brackish peat water sources (Wilson & George, 2020).  

Although membrane-related processes have shown excellent performance 

through high salt rejection, several conducted studies have indicated issues with 

membrane fouling and membrane degradation (Qasim et al., 2019; Wilson & George, 

2020). As reported by Hailemariam et al. (2020), the drawbacks of utilizing membrane-

related processes, especially for salts-containing solutions are membrane fouling and 

degradation in which these occurrences could be detected when salt rejection is less 

than 90%. Verbeke et al. (2020) informed that membrane degradation refers to damage 
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acquired upon chloride exposure and subsequently caused a sudden increase in water 

flux and reduction in salt retention. Membrane fouling also occurs when the pores of 

the membrane start to narrow due to the deposition of sludge flocs on its surfaces and 

eventually reduces permeating flux and water productivity (Du et al., 2020). These 

studies have reported that membrane-related processes possess disadvantages in terms 

of membrane fouling and degradation as well as could only be mitigated through 

cleaning and replacing membranes at high maintenance costs. 

 

2.4 Electrocoagulation Treatment 

Electrocoagulation is an electrochemical water treatment process that 

integrates both coagulation and flotation processes to generate in-situ chemical 

coagulants upon connection with electric current (Hakizimana et al., 2017). This 

treatment system is also an effective method to remove various types of pollutants in 

contaminated water sources at high efficiency without secondary waste generation 

(Moussa et al., 2017). 

 

2.4.1 Fundamentals of Electrocoagulation 

According to Garcia-Segura et al. (2017), electrocoagulation is an 

electrochemical process that utilized electric current to destabilize the charges of 

pollutants that caused electrode dissolution and subsequently trapped pollutants in the 

forms of electrocoagulation flocs. Tahreen et al. (2020) found that electrocoagulation is 

an effective water treatment system since it uses an adsorption mechanism to remove 

most pollutants in water sources. Electrocoagulation treatment in continuous mode 

could also remove various types of pollutants from water sources efficiently at a 

reasonable flow rate and electric current (López-Guzmán et al., 2021). In 
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electrocoagulation, the in-situ aluminium hydroxide coagulants are being produced 

through dissolution of sacrificial anodes upon connection of direct current (Ashraf et al 

et al., 2021). 

 

2.4.2 Mechanism of Electrocoagulation 

Electrocoagulation works based on the principles of electrochemistry in which 

metal ions are oxidized from anode electrodes whereas hydroxide ions are reduced from 

cathode electrodes (Moussa et al., 2017). Electrocoagulation treatment produces metal 

hydroxide coagulants that act as the neutralizer as well as agglomerate and coagulate 

suspended particles in the forms of electrocoagulation flocs (Bassyouni et al., 2017). As 

stated in Derjagun-Landua-Verwey-Overbeek (DLVO) theory, the stability of colloidal 

particles in water sources could be achieved by balancing both positive and negative 

charges which subsequently lead to effective adsorption of pollutants on coagulants 

surfaces (Moussa et al., 2017).  

The utilization of copper metal electrodes in electrocoagulation could lead to 

secondary pollution due to the formation of green compounds caused by further 

oxidation of copper ions (Linares Hernández et al., 2017). Despite iron electrodes are 

effective materials in electrocoagulation, the dissolution of iron ions in water sources 

only favours low alkaline conditions (Moussa et al., 2017). A study conducted by Yavuz 

& Ögütveren (2018) also reported that iron metal could dissolve into several forms 

particularly divalent (Fe2+) and trivalent (Fe3+). A similar study performed by Ni et al. 

(2020) also found that the oxidation of divalent Fe2+ is inefficient at pH levels being less 

than five and this indicates that iron metal only favours neutral water conditions. In 

2018, a study done by Zarei et al. (2018) used aluminium electrodes in 

electrocoagulation treatment. The study effectively reduced 90.2% of silica from 
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brackish water whereas iron electrodes could remove only 37.8% of silica. This is 

possibly due to aluminium ions having higher adsorption capacity as compared to iron. 

A similar study conducted by Al-Raad et al. (2019) also informed that aluminium 

electrodes could reduce 91% of total dissolved solids, 93% of chloride, 92% of bromide, 

and 90% of sulphate from saline water when electrocoagulation treatment is utilized. 

This observation is also similar to a study performed by Rusdianasari et al. (2019) 

which reported that aluminium metals served best as anode electrodes because they 

could reduce 42.09% of total dissolved solids, 34.36% of biological oxygen demand, and 

88.89% of chemical oxygen demands from peat water sources with electrocoagulation. 

Based on these findings, it is observed that effective pollutants removal in various 

water sources is due to an effective redox reaction when electrocoagulation treatment 

system is equipped with aluminium metals electrodes as shown in Equation 2.1, 

Equation 2.2, and Equation 2.3 (Garcia-Segura et al., 2017; Rusdianasari et al., 2019; 

Rahman et al., 2020a). 

 Anode Oxidation:                                                     (2.1) 

Cathode Reduction:                                          (2.2) 

Formation of Aluminium Hydroxides:            (2.3) 

The formation of aluminium electrodes upon dissociation of aluminium ions 

from anode electrodes has exhibited the adsorption ability to separate various types of 

pollutants without any secondary pollution (Rahman et al., 2020a). Aluminium 

electrodes could also produce different hydroxo complexes including monomers and 

polymers such as Al(OH)2+, , , , , , 

, and (Kessentini et al., 2019; Akhtar et al., 2020). The 
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formation of different hydroxo complexes compounds with aluminium electrodes also 

indicates that aluminium ions react with water to form anionic, cationic, and neutral 

complexes in electrocoagulation (El-Ashtoukhy et al., 2020). As compared to aluminium 

and iron electrodes, copper electrodes are very expensive at market price. The cost price 

for one kilogram of copper metal is RM 25.74 (Rahman et al., 2020b), whereas iron is 

RM 7.50 per kilogram (Rahman et al., 2020c) and aluminium is RM 8.95 per kilogram 

(Rahman et al., 2020a). Despite the fact that aluminium price is slightly higher than 

iron metals, aluminium ions have high valence electrons charge as well as exhibit 

amphoteric properties (Moradi et al., 2021).  

 

2.5    Operating Parameters 

According to Bajpai et al. (2020) and López-Guzmán et al. (2022), the 

effectiveness of continuous electrocoagulation treatment could be determined by 

adjusting the main operating parameters which are (i) electric current, (ii) seawater 

percentage, and (iii) flow rate. 

 

2.5.1 Electric Current 

Electric current is the main operating parameter in electrocoagulation 

treatment. According to Shamaei et al. (2018), electric current regulates the 

electrocoagulation reactions particularly for dissolution of aluminium ions from anode 

electrodes. This parameter is also important because it controls the production of 

aluminium hydroxide coagulants that subsequently bind with pollutants to produce 

electrocoagulation flocs. The formation of metal coagulants with electrocoagulation is 

often associated with the value of electric current. As reported by Ghernaout (2019), the 

dissociation of metal ions from anode electrodes is directly proportional to the electric 

current.  
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The effect of electric current is reportedly essential in peat water treatment with 

electrocoagulation. According to Rahman et al. (2020a), a high electric current could 

lead to an effective pollutant reduction from peat water sources. The study reported 

that 5 A of electric current had removed 88.22% of total organic carbon (TOC), 89.90% 

of chemical oxygen demand (COD), and 87.50% of total suspended solids (TSS) 

(Rahman et al., 2020a). When the electric current is reduced to 1 A, the study conducted 

by Rahman et al. (2020a) found that electrocoagulation treatment had reduced only 

72.09% of TOC, 43.55% of COD, and 62.50% of TSS. As informed by Nidheesh et al. 

(2020), a high electric current generates an adequate amount of aluminium hydroxide 

coagulants that aid in pollutant separation from water sources in the form of flocs.  

 

2.5.2 Seawater Percentage 

In electrocoagulation, the hydrolysis of aluminium ions species with chloride 

ions could lead to the precipitation of Al(OH)Cl2 in the form of electrocoagulation flocs 

(Graça et al., 2019). This signifies that electrocoagulation treatment could reduce 

excessive levels of chloride ions in the form of electrocoagulation flocs with the aid of 

in-situ aluminium hydroxide coagulants. In 2019, a study attempted by Al-Raad et al. 

(2019) found that electrocoagulation treatment could reduce 93% of chloride ions from 

saline lake water that contains 8,498 mg/L of chlorides. A study performed by El-

Ashtoukhy et al. (2020) reported that the presence of sodium chloride could also 

enhance the high production of aluminium hydroxide coagulants and had removed most 

heavy metals from water sources. The study conducted by El-Ashtoukhy et al. (2020) 

noticed that 2,000 mg/L of sodium chlorides could remove 100% of copper whereas 500 

mg/L only reduced 94% of copper metal in water source (El-Ashtoukhy et al., 2020).  

Bendaia et al. (2021) also reported that excessive amounts of sodium chloride in 

water sources could transform aluminium hydroxide coagulants into transitory 
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compounds. Due to further oxidation, some aluminium hydroxides coagulants will 

dissolve into  and eventually reduce the number of aluminium hydroxide 

coagulants that are supposed to adsorb pollutants from water sources. This observation 

occurred in a study conducted by Rafiee et al. (2020) which reported that the amount of 

Al(OH)3 could possibly lessen due to excessive levels of sodium chloride. The study 

conducted by Rafiee et al. (2020) also indicated that excessive chloride ions could cause 

the transition of aluminium hydroxides coagulants into soluble transitory compounds 

such as Al(OH)3Cl, Al(OH)Cl3, and AlCl3. As reported in several works of literature 

studies, electrocoagulation treatment could be utilized to reduce salinity levels, 

particularly chloride ions from water sources in the form of electrocoagulation flocs                  

(Al-Raad et al., 2019). Even though electrocoagulation could reduce salinity from saline 

water and seawater, its application on brackish peat water with varying seawater 

percentages is unknown.  

 

2.5.3 Flow Rate 

Flow rate is defined as the volume of water that enters electrocoagulation 

treatment system at a given time (Nguyen et al., 2017). According to Nugroho et al. 

(2021), the study suggested that continuous electrocoagulation treatment could be 

employed to treat water sources that contain high concentrations of colloids, organic 

compounds, and suspended solids. This is due to the fact that continuous flow rate could 

simultaneously aid in water transportation as well as accelerate the formation of 

aluminium hydroxide coagulants with in-situ mixing process (Nugroho et al., 2021). In 

certain cases, both high and low flow rates could not promote high colour reduction 

efficiency when the study conducted by Wu et al. (2021) obtained an optimal water flow 

rate of 1.0 L/min to achieve 99.23% of colour reduction efficiency. This observation is 

dissimilar to a study conducted by Al-Raad and Hanafiah (2021) when the study 

4
AlCl −
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observed low chemical oxygen demand reduction at 1.0 L/min of flow rate due to 

inadequate time for the emitted ions from sacrificial anode to form aluminium 

hydroxides flocs.  

Several conducted studies have also reported that an effective continuous 

electrocoagulation treatment could be attained at high flow rate. Ayyappa et al. (2021) 

informed that high flow rate is applicable with high electric current to achieve high 

pollutants reduction efficiency. The study conducted by Ayyappa et al. (2021) observed 

that 95.49% of chemical oxygen demands in water sources could be effectively removed 

at both high flow rate and electric current due excessive generations of coagulants 

within short time. As reported by Muniasamy et al. (2022), electrocoagulation 

treatment could generate high formation of aluminium hydroxide coagulants at high 

flow rate and high electric current simultaneously. The study observed that the treated 

chemical oxygen demand levels are lower than 10 mg/L due to high dissolution rate of 

sacrificial anode to form electrocoagulation flocs (Muniasamy et al., 2022). A study 

conducted by Bun et al. (2022) reported that electrocoagulation treatment could also 

effectively reduce 92% of turbidity and 95% of colour with flow rate that ranged from 1 

L/min to 2 L/min. The study noticed that these flow rates could provide an adequate 

time for adsorption process between coagulants and pollutants in electrocoagulation 

treatment system (Bun et al., 2022).  

 

2.6 Past Studies on Electrocoagulation 

Electrocoagulation treatment is an alternative undertaken in water processing 

due to its simplicity as a standalone water treatment system (Ghernaout, 2019; 

Ayyappa et al., 2021). In accordance with this statement, several conducted studies 

have attempted to treat various types of water sources, particularly peat water, 

brackish water, and seawater by utilizing electrocoagulation treatment.  
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2.6.1 Peat Water 

According to Rusdianasari et al. (2019), peat bog drainage water that contains 

humic acid could be treated with electrocoagulation treatment. The study reported that 

electrocoagulation treatment could reduce 42% of total dissolved solids, 34% of 

biological oxygen demands, 89% of chemical oxygen demand, 55% of iron, and 90% of 

manganese from peat water. An electrocoagulation treatment system could also be 

utilized to remove 100% of colour, 93.35% of turbidity, 89.90% of chemical oxygen 

demands, 88.22% of total organic content, and 87.50% of total suspended solids 

(Rahman et al., 2020a). The study conducted by Rahman et al. (2020a) also reported 

that electrocoagulation treatment could achieve high pollutants removal efficiency at 

high electric current due to high generation of in-situ aluminum hydroxide coagulants. 

Another study performed by Rahman et al. (2020b) also found that continuous 

electrocoagulation treatment could be used to treat peat water. The study found that 

such treatment could also remove 100% of turbidity, 82% of total suspended solids, 81% 

of chemical oxygen demand, 97% of total organic carbon, and 100% of colour from peat 

water sources. Moreover, the study also noticed that high removal efficiency of 

pollutants is attainable at long treatment times. This is possibly due to such conditions 

providing an adequate time for the separation of pollutants from water sources with 

the aid of adsorption process (Rahman et al., 2020b).  

A study attempted by Rahman et al. (2020c) also suggested that 

electrocoagulation treatment of peat water needs to be implemented with a reliable 

filtration system. The study reported that such conditions could effectively reduce 98% 

of chemical oxygen demand, 92% of total organic carbon, 97% of turbidity, and 99% of 

colour from peat water (Rahman et al., 2020c). In 2021, a study performed by Rahman 

et al. (2021) observed that electrocoagulation treatment system with solar-powered 
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energy could be installed for peat water treatment. The study reported the installation 

of solar-powered energy on batch and continuous electrocoagulation treatment system 

could effectively reduce 19% and 46% of water turbidity respectively (Rahman et al., 

2021b).  

 

2.6.2 Seawater 

Seawater is generally known as a complex water solution that covers 70% of the 

earth surface (Abujazar et al., 2017). According to Ishika et al. (2018), seawater is also 

known as a water source that has salinity levels being more than 35,000 mg/L which is 

primarily constituted of sodium and chloride ions. To date, several published studies in 

the literature had treated seawater sources with electrocoagulation treatment. A study 

conducted by Al-Raad et al. (2019) found that electrocoagulation could reduce 91% of 

total dissolved solids, 93% of chloride, 92% of bromide, and 90% of sulphate from saline 

water. The study also reported that such efficiencies could only be attained with pH 

levels that ranged from 5 to 9 due to disintegration of aluminimum hydroxide 

coagulants at pH of 10 (Al-Raad et al., 2019). 

A similar observation had been reported by Zhang et al. (2019) when the study 

employed electrocoagulation treatment on seawater. The study observed that this 

treatment system could effectively reduce 60.7% of silica from seawater with a salinity 

level of 34,000 mg/L. This also indicates that electrocoagulation could be utilized as 

pretreatment prior to the reverse osmosis system especially reducing the effects of silica 

on membrane fouling issues (Zhang et al., 2019). Despite seawater being considered the 

most corrosive natural environment, electrocoagulation could be utilized to reduce 

water hardness particularly magnesium and calcium (Abdulkarem et al., 2017), salts 

ions (Al-Raad et al., 2019), and silica (Zhang et al., 2019) in the forms of 

electrocoagulation flocs. Furthermore, electrocoagulation could also be integrated with 
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reverse osmosis system for the abatement of membrane fouling issues (Hakizimana et 

al., 2017; Zhang et al., 2019; Dayarathne et al., 2020).  

 

2.6.3 Brackish Water 

Brackish water is known as a water source that constitutes salinity levels 

between fresh and marine water that is commonly found within estuaries regions (Agha 

et al., 2018). Brackish water could also be found as groundwater sources which are 

formed in deep aquifers and also contain high levels of minerals (Honarparvar et al., 

2019). In 2019, Zhang et al. (2019) had utilized electrocoagulation treatment in order 

to treat brackish water with 11,333 mg/L of salinity levels. The study found that 

electrocoagulation treatment could effectively reduce 90.2% of silica from brackish 

water. Additionally, the study observed high reduction efficiency of silica in alkaline 

brackish water, and this is due to the high dissolution of aluminium ions from anode 

electrodes that subsequently bind to hydroxides ions to form high yield of aluminium 

hydroxides coagulants (Ghernaout, 2019). The reduction of silica from brackish water 

sources signified that electrocoagulation treatment could be utilized as pre-treatment 

prior to the reverse osmosis system in order to prevent membrane fouling issues (Zhang 

et al., 2019).  

 

2.7 Water Quality Analysis 

Malaysia Environmental Quality Act (EQA) 1974 aims for the prevention, 

abatement, control of pollution, and enhancement of the environment in the country 

(Department of Environment, 2017; Economic Planning Unit, 2018). Under this 

legislation, any water treatment process needs to abide by the National Water Quality 

Standard (NWQS) in Malaysia as imposed by the Department of Environment Malaysia 

(Praveena et al., 2018). Several studies related to electrocoagulation treatment had 
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conducted water quality analysis by comparing investigated water parameters to the 

National Water Quality Standard (NWQS) in Malaysia as shown by Table 2.1.   

Table 2.1: National Water Quality Standards (NWQS) in Malaysia (Department of 

Environment, 2020) 

 
Parameter Unit Class 

I IIA IIB III IV V 

Ammoniacal 

Nitrogen 

mg/L 0.1 0.3 0.3 0.9 2.7 >2.7 

Biochemical 

Oxygen Demand 

mg/L 1 3 3 6 12 >12 

Chemical 

Oxygen Demand 

mg/L 10 25 25 50 100 >100 

Dissolved 

Oxygen 

mg/L 7 5-7 5-7 3-5 <3 <1 

pH - 6.5-8.5 6-9 6-9 5-9 5-9 - 

Colour TCU 15 150 150 - - - 

Electrical 

Conductivity 

S/cm 1,000 1,000 - - 6,000 - 

Floatable - N N N - - - 

Odour - N N N - - - 

Salinity mg/L 500 1,000 - - 2,000 - 

Taste - N N N - - - 

Total Dissolved 

Solids 

mg/L 500 1,000 - - 4,000 - 

Total Suspended 

Solids 

mg/L 25 50 50 150 300 300 

Temperature oC - Normal 

+ 2oC 

- Normal 

+ 2oC 

- - 

Turbidity NTU 5 50 50 - - - 

Faecal 

Coliform** 

count/100mL 10 100 400 5000 

(20000)a 

500 

(2000)a 

- 

Total Coliform count/100mL 100 5,000 5,000 50,000 50,000 >50,000 

Iron mg/L <1 1 1 1 >1 >1 

Notes: 

N: No visible floatable materials or debris, no objectional odour or no objectional taste 

*: Related parameters, only one recommended for use 

**: Geometric mean 

a: Maximum not to be exceeded 

 

The main water parameters which had been investigated with 

electrocoagulation treatment are turbidity, colour, total suspended solids, chemical 

oxygen demands, and heavy metals, particularly iron, lead, and cadmium. A study 

performed by Kasmuri et al. (2021) effectively utilized electrocoagulation treatment in 

order to remove iron content from surface water. When electrocoagulation treatment is 

employed, the treated iron levels reduced from 2.75 mg/L to 0.92 mg/L and the treated 

surface water was deemed suitable for domestic consumption in terms of iron levels 
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only as shown in Table 2.1. Rahman et al. (2020a) also attempted to treat peat water 

sources in Sarawak which was applicable for domestic consumption in Malaysia by 

utilizing batch electrocoagulation treatment. The study conducted by Rahman et al. 

(2020a) effectively obtained 1 NTU of turbidity, 5 mg/L of chemical oxygen demand 

(COD), 0 TCU of colour, pH of 7, and 1 mg/L of total suspended solids (TSS) as well as 

found that the treated peat water has meet Malaysian Class I standard in NWQS. 

Rahman et al. (2020b) also found that continuous electrocoagulation treatment 

of peat water could achieve 0 NTU, 2 mg/L of TSS, 12 mg/L of COD, 0 TCU of colour, 

and a pH of 7. The study reported that the treated peat water complied with the 

Malaysian Class I standard in NWQS (Rahman et al., 2020b). The combination of 

electrocoagulation and filtration system also effectively from peat water sources by 

attaining 1 NTU of turbidity, 1 mg/L of COD, 1 TCU of colour, and 0.001 mg/L of iron 

as informed by Rahman et al. (2020c). The study also observed that the treated peat 

water complied with Malaysian Class I standards in NWQS and was suitable for 

domestic consumption as in Table 2.2.  

Table 2.2: Water Classifications (Department of Environment, 2020) 

Class Uses 

Class I Conservation of natural environment. 

Water Supply 1 – Practically no treatment is necessary 

Fishery I – Very sensitive aquatic species 

Class IIA Water Supply II – Conventional treatment required. 

Fishery II – Sensitive aquatic species 

Class IIB Recreational use with body contact 

Class III Water Supply III – Extensive treatment required. 

Fishery III – Common of economic value and tolerant species particularly livestock 

drinking 

Class IV Irrigation 

Class V None of the above 

  

Water classification in NWQS is categorized into several classes particularly 

Class I, Class II A, Class II B, Class III, Class IV, and Class V as shown in Table 2.2. 

The water classification that falls under Class I is deemed suitable for domestic 
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consumption in Malaysia because this water will no longer require further treatment 

and could be utilized for a clean water supply. As reported by Rahman et al. (2020a), 

Rahman et al. (2020b), and Rahman et al. (2020d), electrocoagulation treatment could 

also be utilized to treat peat water which is considered suitable for domestic 

consumption in Malaysia. 

 

2.8 Energy Operating Cost Analysis 

Energy operating cost is defined as the evaluation of electrocoagulation’s 

viability in terms of energy consumption in water treatment (Garcia-Segura et al., 

2017). In electrocoagulation, the amount of electrical energy consumed per cubic meter 

of treated water also defined as specific electrical energy consumed (SEEC) in 

electrocoagulation and is calculated by using Equation 2.4 (Rahman et al., 2020a).  

                                       (2.4) 

            Where SEEC refers to specific electrical energy consumption (kWh/m3), V refers 

to voltage, I refers to the electric current (A), T refers to residence time (hours), and Q 

refers to volume (m3). As shown by Equation 2.4, it is found that SEEC is directly 

proportional to the electric current and residence time in electrocoagulation. According 

to Shahedi et al. (2020), electrocoagulation obtained high SEEC is due to the high 

electric current as well as high residence time. The energy operating cost in 

electrocoagulation treatment is also associated with electrode material consumption 

(EMC) (El-Ashtoukhy et al., 2020) as shown in Equation 2.5.  

                      (2.5) 

              Where EMC refers to electrode material consumption (kg/m3), I refers to 

electric current (A), t refers to residence time (s), M refers to the molecular weight of 

3( / )  
VIT

SEEC kWh m
Q

=

3( / )  
ItM

EMC kg m
zF

=
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metal (g/mol), Z refers to the number of electrons involved in the oxidation reaction, 

and F refers to Faraday’s constant that valued at 96,485 C/mol. Equation 2.5 shows 

that EMC is directly proportional to the electric current and residence time in 

electrocoagulation. As informed by Khorram and Fallah (2020), high electrode material 

consumption (EMC) could be attained at high electric current and residence time lead 

to high dissociation of metal ions from the sacrificial anode. The overall energy 

operating cost with electrocoagulation is calculated by utilizing Equation 2.6 as 

adopted by Hashim et al. (2020).  

                              (2.6) 

                Where EOC refers to energy operating cost (RM/m3), a refers to the domestic 

electricity price (RM/kWh), SEEC refers to specific electrical energy consumed 

(kWh/m3), b refers to the price of aluminium electrode material (RM/kg), and EMC 

refers to electrode material consumption (kg/m3). Hashim et al. (2020) informed that 

energy operating cost evaluation with Faraday’s law is necessary in order to determine 

its practicality in terms of energy consumption as well as coagulant delivery.  

 

2.9 Adsorption Mechanisms in Electrocoagulation  

This section aims to discuss the application of adsorption and kinetic modelling 

which are pertinent to electrocoagulation treatment system. The characteristics of 

electrocoagulation flocs that are essential in the confirmation of adsorption 

phenomenon with electrocoagulation treatment system is also presented in this section.  

 

2.9.1 Adsorption Isotherm Model 

The adsorption isotherm theorem is a model that evaluates the adsorption 

capacity of an adsorbent (Nakama, 2017). According to Al-Ghouti and Da'ana (2020), 

adsorption process is a phenomenon in which a multi-component fluid mixture is 

3( / )  ( ) ( )EOC RM m a SEEC b EMC= 
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attracted to the solid surface of the adsorbent through chemical or physical bonds. The 

Langmuir and Freundlich isotherm models are used in most adsorption isotherm 

theorem analyses because these models exhibit real adsorption of molecules and ions 

on the solid surface of metallic coagulants which is commonly limited to layers 

adsorption (Rasmey et al., 2018; Ezzati, 2020; Budhiary & Sumantri, 2021).  

 

2.9.2 Langmuir Adsorption Isotherm 

Langmuir adsorption theorem describes the equilibrium behaviours between 

adsorbate and adsorbent in which the adsorption phenomena are limited only to single 

molecular layer (Liu et al., 2019). There are several assumptions for the formulation of 

Langmuir isotherm models particularly (i) molecules bind to the adsorbent’s surface 

with separate active sites, (ii) each site only adsorbs one molecule, (iii) uniform 

adsorbing surfaces, and (iv) no interaction between adsorbed molecules (Sahu & Singh, 

2019). As informed by Al-Ghoutti and Da’ana (2020), Langmuir adsorption theorem is 

formulated by utilizing the general equation as adopted by several studies as shown by 

Equation 2.7.  

              (2.7) 

Where  refers to the equilibrium adsorption capacity (mg/g),  refers to the 

Langmuir constant that is related to the adsorption capacity (L/g),  refers to the 

concentration at equilibrium point (mg/g), and  refers to the maximum adsorption 

capacity of an adsorbent (mg/g). The Langmuir constant denotes as  refers to 

adsorption capacity (L/g) is be calculated to determine the separation factor in the 
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adsorption process as shown in Equation 2.8 (Al-Ghoutti & Da'ana, 2020; Kalam et 

al., 2021). 

                (2.8) 

Where  refers to the Langmuir separation factor,  refers to the Langmuir 

adsorption capacity (L/g), and  refers to the initial concentration of pollutants levels 

(mg/L). The Langmuir separation factor  is crucial in formulation of isotherm 

adsorption theorem to evaluate the adsorption capacity and theoretically predicts the 

adsorbent surface areas as well as the pore volume (Hu et al., 2018; Sahu & Singh, 

2019; Akrawi et al., 2021). As reported by Upadhyay et al. (2021) and Al-Ghouti and 

Da'ana (2020), the Langmuir separation factor which denotes as  represents the 

shape of isotherms to be either unfavourable ( > 1), linear ( = 1), irreversible ( = 

0), or favourable (0 < <1).  

 The Langmuir isotherm adsorption theorem model also possesses several 

advantages as reported by several studies in the literature. Kecili and Hussain (2018) 

in their study found the main advantage of Langmuir isotherm adsorption theorem 

model is to describe the monolayer adsorption between absorbate and adsorbents.  Liu 

et al. (2019) also found that the Langmuir adsorption isotherm describes the 

equilibrium between an adsorbate and an adsorbent system in which adsorbate 

adsorption is limited to one molecular layer at or before a uniform equilibrium 

concentration is achieved. Even though the Langmuir adsorption theorem model is 

effective to describe adsorption phenomenon, several studies have also found some 

disadvantages with such model. Azizian and Eris (2021) reported that most 
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assumptions that underlie in Langmuir adsorption isotherm model seldom exist in real 

adsorption system.   

 

2.9.3 Freundlich Adsorption Isotherm 

Freundlich adsorption isotherm is a model that describes multilayer adsorption 

of molecules onto the adsorbent surfaces (Adeogun & Balakrishnan, 2017). The 

Freundlich model expression shows the heterogeneity of the molecule surface in terms 

of exponential distribution of active sites and their energies (Mu & Sun, 2019). The 

multilayer layer adsorption described by the Freundlich adsorption isotherm model also 

signifies a non-uniform distribution and affinity of molecules towards the heterogenous 

surface of the adsorbent (Kalam et al., 2021). In order to formulate Freundlich 

adsorption isotherm models, several studies have adopted Equation 2.9 in order to 

describe the occurrence of multilayer adsorption (Adeogun & Balakrishnan, 2017; Ayub 

et al., 2020; Laskar & Hashisho, 2020).  

1

nf
e f eq K C=       (2.9) 

Where  refers to the amount of the solute adsorbed per unit weight of 

adsorbent (mg/g),  refers to the concentration of solute in bulk solution (mg/L), and

 refers to the Freundlich constant that measures the adsorption capacity of the 

adsorbent (L/mg), and nf  refers to the empirical constant related to the heterogeneity 

of the adsorbent surface. The constant empirical particularly and nf are calculated 

from the slope and the intercept of the plot against  as shown in Equation 

2.10 (Ayub et al., 2020).  

        (2.10) 
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 The values of  describes the adsorption process either favourable                       

(0.1 < < 0.5) or unfavourable when  being more than two (Adeogun & 

Balakrishnan, 2017; Ehiomogue et al., 2022). Laskar and Hashisho (2020) informed 

that the Freundlich adsorption isotherm model also possesses several advantages and 

disadvantages. Unlike Langmuir, which is developed theoretically, Freundlich 

isotherm is categorized as an empirical model that is formulated based on the 

adsorption process that occurs in a real application derived from several experimental 

data (Ashoor et al., 2019; Laskar & Hashisho, 2020). Freundlich equations are 

frequently used in many industrial processes due to such model could represent 

nonlinear adsorption in a small range of adsorbate concentrations, have a 

straightforward mathematical application, and could describe the adsorption process 

on energetically heterogeneous surface adsorption sites (López-Luna et al., 2019). 

Although Freundlich adsorption isotherm is formulated based on an empirical model, 

this model also possesses drawbacks in terms of adsorbate concentration limitations. 

The Freundlich equation is limited only to a certain concentration due to such model 

could not predict the adsorption behaviour at high range of concentration. This 

observation has been discovered experimentally that the adsorption capacity varies 

with the amount of equilibrium adsorbate concentration as well as varies with 

concentration raised to the power  until saturation point is reached (Mboyi et al., 

2021).  
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2.9.4 Application of Langmuir and Freundlich Isotherm Models in 

Electrocoagulation 

Several conducted studies in the literature have formulated both Langmuir and 

Freundlich Adsorption Isotherm Models in order to determine the adsorption 

mechanism for pollutants removal with electrocoagulation treatment as shown in 

Table 2.3.  

Table 2.3: Application of Langmuir and Freundlich Adsorption Isotherm Models in 

Electrocoagulation Treatment 

 
No. Parameter Langmuir Freundlich Remarks References 

KL 

(L/mg) 

qmax 

(mg/g) 

R2 KF 

(mg/g) 

n R2 

1.  Lead 0.25 39.21 0.97 354.82 0.17 0.77 Monolayer 

adsorption 

 AlJaberi & 

Mohammed 

(2018) 

2.  Total 

Nitrogen 

0.00012 45,997 0.82 0.177 0.652 0.95 Multilayer 

Adsorption 

Mohammadi 

et al. (2019) 

3.  Fluoride 0.20 4,761 0.99 0.0012 0.62 0.95 Multilayer 

Adsorption 

Chibani et 

al. (2019) 

4.  Colour 0.02 1,000 0.99 22.80 1.04 0.99 Not 

limited 

monolayer 

adsorption 

Bendaia et 

al. (2021) 

5.  Colour 0.21 454.54 0.81 145.70 2.87 0.92 Multilayer 

Adsorption 

Houssini et 

al. (2020) 

6.  Colour 0.034 68.03 0.98 1.07 0.66 0.99 Not 

limited 

monolayer 

adsorption 

Shaker et al. 

(2020) 

7.  Colour 0.19 2,996 0.77 2,469 34.98 0.92 Multilayer 

Adsorption 

Abdul Jalal 

(2022) 

8.  Turbidity 0.86 49.40 0.83 28.62 5.31 0.92 Multilayer 

Adsorption 

Abdul Jalal 

(2022) 

9.  Chemical 

Oxygen 

Demand 

0.40 291.6 0.80 170 8.01 0.92 Multilayer 

Adsorption 

Abdul Jalal 

(2022) 

 

2.10 Kinetic Modeling 

The adsorption kinetic model is formulated to study details on adsorption rate 

as well as mass transfer mechanism. In order to evaluate and explain adsorption 

mechanism, several studies have utilized pseudo-first-order model to formulate kinetic 

datasets for a wide range of adsorption systems particularly from biomass to 
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nanomaterials as adsorbents whereas contaminants as the adsorbates (Revellame et 

al., 2020). 

 

2.10.1 Pseudo-First Order Kinetic Model 

According to Pooresmaeil and Namazi (2020), the pseudo-first-order model is 

known as the Lagrange rate equation. In this model, the rate of adsorption is calculated 

by plotting the difference between the amount of adsorbed adsorbate molecules on the 

adsorbents against the equilibrium residence time (Pooresmaeil & Namazi, 2020). As 

added by Lima et al. (2021), the pseudo-first-order model could be formulated with two 

forms particularly linear form and non-linear form to describe the adsorption of solutes 

on adsorbent following first-order mechanism as shown in Equation 2.11.  

                 (2.11) 

Where refers to equilibrium adsorption capacity (mg/g),  refers to the 

adsorbate adsorbed onto adsorbent at time (mg/g), and   refers to the rate constant 

per minute (min-1). 

 

2.10.2 Linear Pseudo-First Order Kinetic Model 

The linear pseudo-first-order model is the main approach in order to determine 

kinetic parameters in adsorption process (Kajjumba et al., 2018). This model is 

formulated by plotting e t
log[ q q ]− against in order to attain a linearized form (Ayub 

et al., 2020) as shown in Equation 2.12.  

 e t 1 e
log[ q q ] k t log q− = − +                (2.12) 

            Where  refers to the amount of adsorbate adsorbed at equilibrium (mg/g), 

refers to the amount of adsorbate adsorbed at a given time (mg/g),  refers to the 
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reaction rate constant (min-1), and t refers to time (min). These kinetic parameters are 

estimated based on the intercept of the best fit of the line particularly m = slope, b = 

intercept,
 

= -m, and = exp (b) (Simonič et al., 2020). In the linear form of the 

pseudo-first-order model, the left hands side of Equation 2.12 becomes undefined once 

the equilibrium capacity  has been achieved with time being higher than zero (Kul 

et al., 2021).  

 

2.10.3 Non-Linear Pseudo-First Order Kinetic Model 

As compared to linear model, the non-linear pseudo first order model possesses 

better adequacy and accuracy to achieve realistic kinetics parameters (Marasović et al., 

2017). According to Tan and Hameed (2017), non-linear modelling does not require an 

initial estimation of initial kinetic parameters because it could provide an accurate 

comparative assessment to determine the model that fits given kinetics datasets. As 

suggested by Revellame et al. (2020), the general objective function is defined as the 

sum of the squares of the differences between the experimental and predicted values of 

the response variables as shown in Equation 2.13.  

   (2.13) 

Where refers to the experimental response for ith observation,  refers to the 

predicted value of , and n refers to the total number of data points. Wang and Guo 

(2020) reported that a perfectly fitted model to datasets would attain an objective 

function that equals zero and this indicates the kinetics parameters as equated in 

Equation 2.14 are estimated through minimization of least square regression.  

                        (2.14) 
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Where  refers to measured values of equilibrium adsorbate concentration in 

the solids phase (mg/g), refers to the amount of dye adsorbed (mg/g) at a time,
 

refers to the rate constant of the pseudo-first-order kinetics (min-1), and t refers to time 

(min). The non-linear pseudo first order models could provide an accurate estimation of 

kinetic model parameters due to the fact that such model able to describe the whole 

adsorption process instead of modelling the initial stage of adsorption (Jasper et al., 

2020) 

 

2.10.4 Evaluation of Model Validity 

Model validation is an evaluation step to determine the accuracy of formulated 

models in representing an adsorption process (Muttakin et al., 2018). The validity of 

the formulated adsorption model could be assessed based on the error function (Davoodi 

et al., 2019). The coefficient of determination (R2) test is performed to assess the 

suitability of formulated adsorption models with various forms as shown in Equation 

2.15 (Ayub et al., 2020; Wang & Guo, 2020).  

         (2.15) 

Where  refers to the regression coefficients,   refers to the experimental 

values of adsorbate concentration at equilibrium (mg/g),  refers to the modelled 

values of adsorbate concentration at equilibrium. As informed by Delgado et al. (2019), 

the  test is conducted in adsorption modelling studies that compare both 

parameters for experimental and modelled data. Some studies in published literature 

suggested that the values of  being less than 0.5 indicate a weak relation between 
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the independent variable and response variable, whereas 0.5 < < 0.75 signifies an 

inaccuracy of formulated model (Ayub et al., 2020; Revellame et al., 2020). The 

formulated adsorption model is valid when the values of  are higher than 0.75 which 

signifies a good fit between experimental and modelled data (Rahman et al., 2020d).  

 

2.10.5 Application of Pseudo-First Order Kinetic Model in Electrocoagulation 

The pseudo-first-order model could be formulated to determine the reaction rate 

constant for pollutants reduction from water sources. A study conducted by El-Hosiny 

et al. (2018) found that a pseudo-first-order kinetic model is formulated to evaluate the 

reaction rate constant for the reduction of colour with electrocoagulation from water 

source valued at 0.09 min-1. The study also found that formulated kinetic model 

correlated well with the experimental data and this is due to the regression value being 

higher than 0.93. This signifies that colour reduction follows a pseudo-first-order 

kinetic model as well as the adsorption follows both physical and chemical adsorption 

(El-Hosiny et al., 2018). A similar study conducted by Abakedi et al. (2019) also 

discovered that the reduction of colour from experimental data could be fitted well with 

pseudo-first-order model with high regression value of 0.99. From the formulated 

kinetic model, the study attained a rate constant at 0.71 min-1 with an adsorption 

capacity of 14.04 mg/g to reduce colour levels from water sources (Abakedi et al., 2019). 

In the formulation of pseudo-first order kinetic models, these studies emphasized model 

validation in terms regression coefficient to obtain an accurate estimation of reaction 

rate constant in electrocoagulation treatment (Chen et al., 2018; El-Hosiny et al., 2018; 

Abakedi et al., 2019).  
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2.11 Electrocoagulation Flocs Analysis 

In accordance with the adsorption mechanism in electrocoagulation treatment, 

electrocoagulation flocs analysis needs to be conducted to confirm the occurrence of such 

phenomenon. This section describes and explains the main approach to execute 

electrocoagulation flocs analysis.  

 

2.11.1 Electrocoagulation Flocs 

Electrocoagulation flocs are generated due to redox reaction between sacrificial 

anode and cathode electrodes as depicted in Figure 2.3. In addition, electrocoagulation 

flocs are formed spontaneously during redox reactions (Liu et al., 2018). According to 

Yu et al. (2018), electrocoagulation flocs have compact amorphous shapes and weak 

crystalline structure.  

 

Figure 2.3: Formation of Electrocoagulation Flocs (Liu et al., 2018) 

As added by Ghernaout (2019), electrocoagulation flocs are microscopic 

coagulants that have high adsorption capacity owing to large surface areas could 

provide easy targets for the adsorption of pollutants in water sources. The nature of 

electrocoagulation flocs includes formation of nanocrystalline structures that are 

porous and fragile and evolving into different forms to achieve high adsorption capacity 

(Chan et al., 2019).  As reported by Shahedi et al. (2020), the mass transfer of flocs in 

electrocoagulation is primarily governed by hydrolysis reaction that generates bubbles 
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which subsequently aids in the precipitation of flocs and suspended pollutants in water 

sources.  

2.11.2 Electrocoagulation Flocs Analysis with Energy Dispersive X-Ray 

Energy Dispersive X-Ray (EDX) is an analytical method that is adopted to 

perform chemical characterization by focusing a beam of high-energy charged particles 

on electrocoagulation flocs shown in Figure 2.4 (Colpan et al., 2018). 

 

Figure 2.4: Energy Dispersive X-Ray Spectroscopy (Colpan et al., 2018) 

In EDX analysis, a high-energy beam of charged particles such as electrons, 

protons, or an X-Ray beam is directed into the electrocoagulation flocs samples in order 

to induce the emissions (Gniadek & Dąbrowska, 2019). According to Palanisamy et al. 

(2020), the EDX analysis is a reliable method in determining the correlation between 

compositions of electrocoagulation flocs with pollutants reduction efficiency. The study 

conducted by Palanisamy et al. (2020) also discovered that electrocoagulation 

treatment could reduce 97% of colour and 72% of chemical oxygen demand from water 

sources containing triazine-substituted reactive dyes. The detection of various minerals 

on samples is due to the energy differential between higher and lower energy shells are 

then emitted as an X-Ray (Torres-Rivero et al., 2021).  
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2.12 Statistical Model  

Statistical analysis is a technique that examines data information in order to 

derive useful insights based on statistical concepts (Karimifard & Alavi, 2018). 

According to Mishra et al. (2019), statistical analysis is critical for acquiring reliable 

information which is practically based on assumptions and method constraints. 

Statistical analysis is carried out in order to identify data trends through mathematical 

correlations by adopting response surface methodology with a central composite design 

approach (AlJaberi, 2019). As reported by Tones et al. (2020), design studies and 

research interpretations could utilize the statistical analysis method because such 

method defines the correlation of variables with the analysis of variance. This method 

includes the elimination of bias occurrence since most of the collected data are analyzed 

through numerical analysis and subsequently derived in the form of regression model 

equations (Oden, 2020). The conclusions obtained from statistical analysis are also 

important in facilitating decision-making as well as formulating recommendations 

based on the collected data (Follmann et al., 2020). Several terms that pertinent for 

statistical model analysis are shown in Table 2.4.  

Table 2.4: Key Terms in Statistical Analysis 

No. Terms Definition References 

1.  Experimental 

Domain 

An experimental field is defined by the minimum and 

maximum limits of the variables being investigated in 

experiments. 

Manilal & 

Soloman 

(2020) 

2.  Experimental 

Design 

It is a collection of experiments defined by a matrix 

comprised of various levels of investigated variables. 

Additionally, this design also defines specific set of 

investigated variables need to be executed experimentally 

in order to obtain real responses. 

Selmane et 

al. (2020) 

3.  Independent 

Variables 

Experimental variables that could be manipulated 

independently of each other. 

Abbasi et al. 

(2020) 

4.  Levels of Variables This refers to different levels of a variable at which the 

experiment needs to be conducted. 

Hamid et al. 

(2020) 

5.  Dependent 

Variables 

This refers to the measured values of responses from 

conducted experiments. 

Apshankar 

& Goel 

(2020) 

6.  Residual This refers to the difference between the modelled and 

experimental results in which low residual indicates good 

mathematical which fitted to experimental data. 

Pandey & 

Thakur 

(2020) 
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There are six key terms particularly experimental domain, experimental design, 

independent variable, levels of variables, dependent variables, and residual which 

constituted in development of a statistical analysis model. In order to examine the 

correlation between variables, it is utilized develop response surface methodology to 

develop a statistical model that has high adequacy and accuracy  for optimization 

(Bajpai et al., 2020).  

 

2.12.1 Response Surface Methodology 

Response Surface Methodology (RSM) is a collection of mathematical and 

statistical methods that design and develop experimental models based on the 

interactions of parameters for optimizations (Acharya et al., 2018). There are six 

consecutive steps for response surface methodology to develop and formulate statistical 

models which are (i) screening and selection of independent factors and responses, (ii) 

experimental design strategy, (iii) running the experiments and obtaining results, (iv) 

experimental data fitting to the mathematical model, and (v) model validation, and (vi) 

model optimization (Anfar et al., 2020). 

 

2.12.2 Screening and Selection of Independent Factors and Responses 

It is practically impossible to examine numerous variables in a single process 

due to such application could negatively affect the outcomes of studied responses 

(Yolmeh & Jafari, 2017). As reported by Bhatti et al. (2017), the development of 

statistical model with response surface methodology is done by selecting both 

dependent and independent variables that have significant effects on each other. It is 

also necessary to conduct a preliminary screening of experiments with literature review 

so that the major variables are well identified in order to obtain a reliable statistical 
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model (Bhatti et al., 2017). The ranges of selected factors should be selected reasonably 

and this is due to a random selection of variables that could result in uninformative 

and unreliable outcomes (Karimifard & Alavi, 2018). 

 

2.12.3 Experimental Design Strategy 

The next step in developing a statistical analysis model is to obtain the possible 

response outcomes through an experimental design strategy. The CCD model provides 

similar information to three-level fractional factorial design (FFD) that only requires 

minimal number of experimental runs as well as obtains high accuracy of formulated 

polynomial equations (Yolmeh & Jafari, 2017). To develop a statistical model with CCD, 

three types of points need to be considered which are center points, axial points, and 

cube points. These points are crucial to determining the total number of experiments 

needed as shown by Equation 2.16 (Ferreira et al., 2018).  

  (2.16) 

Where k refers to the number of factors, 2k refers to cubic run, 2k refers to the 

axial runs, and refers to the center point runs. In this case, the values that are 

attributed to each variable need to be assigned properly with five levels                                            

(- , -1, 0, +1, + ) and could be obtained by conducting preliminary experiments, 

literature reviews, or consideration of the acquired equipment limitation (Ferreira et 

al., 2018;  Politis et al., 2017). The accuracy of the fitted quadratic model with central 

composite design is also dependent on the five levels of variables that are efficient in 

the estimation of first and second-order terms (Hakizimana et al., 2017; Karimifard & 

Alavi, 2018). As reported by Karimifard and Alavi (2018), in CCD model indicates the 

number of variables in a study is calculated by using Equation 2.17.  

     2 2k
o

Total Number of Experiments k C= + +

o
C

 


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     (2.17) 

The values of  in CDD could be automatically generated in Design Expert 

software in which two variables are defined at 1.41, three variables are 1.68, and four 

variables are 2.00 (Karimifard & Alavi, 2018). Several conducted studies in published 

literature adopted the CCD model to optimize several process variables by formulating 

a second-order polynomial regression equation (Khorram & Fallah, 2018; Murdani et 

al., 2018; Oden, 2020) as shown by Equation 2.18.  

            (2.18) 

Where  refers to response, refers to the average of responses, , , and 

refers to coefficient. The second term, refers to linear interaction effect, the 

third term, refers to higher order interaction, and the fourth term, 

refers to dual interaction effects. These quadratic terms are also essential 

in polynomial functions to determine a critical point (maximum, minimum, or saddle) 

(Roy et al., 2018). All the studied variables are carried out at three-factor levels to attain 

an accurate quadratic term in the polynomial model (Azizi et al., 2021). 

 

2.12.4 Running the Experiments and Obtaining Results 

Design Expert software is used to generate the number of required experiments 

runs. This stage is usually conducted after selecting the right experimental design as 

well as confirming the variables constraint values (Yolmeh & Jafari, 2017). The 

mathematical models should also fit actual experimental data (Karimifard & Alavi, 
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2018). It is necessary to fit in the actual experimental results in order to attain high 

validity of the developed statistical model (Murdani et al., 2018). 

 

2.12.5 Experimental Data Fitting to the Mathematical Model 

There are two steps in fitting the obtained experimental data to the 

mathematical models which are (i) coding of experimental data and (ii) determination 

of regression coefficient. These steps are important to evaluate the deviation between 

the experimental and mathematical models with a maximum percentage difference at 

10% (Acharya et al., 2018). As added by Yu et al. (2018), coding of experimental data 

consists of transforming each real value onto coordinates inside a scale with 

dimensionless values particularly -1, 0, and +1 to ensure proportional localization 

within the experimental space. The coded data will be fitted into the mathematical 

model by adopting least squares methods in which the equations for experimental 

designs are mostly incorporated in Design Expert software (Perperoglou et al., 2019). 

 In evaluating a mathematical model, a study could not solely depend on R2 

values to determine the validity of the formulated quadratic model. The R2 values 

should be evaluated along with the residual plots to determine whether the formulated 

mathematical is biased or unbiased towards the experimental data (Igwegbe et al., 

2019). The adjusted R2 is usually lower than the actual R2 due to the comparative 

explanatory power of mathematical models that acquires reduction of variables 

(Piepho, 2019). In validation of mathematical models, the regression values need to be 

reported in terms of actual R2, adjusted R2, and predicted R2 and these values are 

assumed to be valid when the R2 being higher than 0.75 (Rahman et al., 2020d).  
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2.12.6 Model Validation 

The evaluation of data variation in ANOVA is conducted by investigating the 

mean dispersion as described in deviation evaluation ( ) that each observation ( ) is 

noted with the square deviation (Anders, 2017) as shown in Equation 2.19. 

     (2.19) 

The sum of the squares for all deviation observed with the responses is known 

as the total sum of squares (SStot). The total sum of squares, as in Equation 2.20, is 

the combination of both sum of squares regression (SSreg) and the sum of squares due 

to residuals (SSres) (Shamaei et al., 2018).  

    (2.20) 

The sum of squares due to residuals also constituted a total addition of both 

sums of squares due to pure error (SSpe) and the sum of squares due to the lack of fit 

(SSlof) as shown in Equation 2.21 (Hendaoui et al., 2018). Afterward, the mathematical 

model is further validated in terms of media of the squares as shown in Table 2.5.  

    (2.21) 

Table 2.5: Mathematical Model Validation Source (Acharya et al., 2018; Hendaoui et 

al., 2018; Shamaei et al., 2018) 

 
Variation Source Sum of Squares Degree of 

Freedom 

Media of the 

Squares 

Regression 

( )
2

ˆ
m niSS y yreg ii j

= −   

 
 

Residuals 

( )
2

ˆ ˆ
m niSS y yres ij ii j

= −   

 
 

Lack of fit 

( )
2

ˆ
m niSS y ylof i ii j

= −   

 
 

Pure Error 

( )
2m niSS y ype ij ii j

= −   
 

 

Total 
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Where ni refers to the number of observations, m refers to the total number of 

levels in the design, p refers to the number of model parameters, refers to an 

estimated value by the model for level I, refers to an overall media, refers to 

replicates performed in each level, refers to media of replicates performed in the 

same set of experimental conditions. As tabulated in the third column of Table 2.5, the 

number of degrees of freedom for the sources of variations based on the p refers to the 

number of coefficients of the mathematical model, n represents the number of total 

observations, and m refers to the numbers of levels being used for the study.  

 Alenyorege et al. (2020) in their study reported that the formulated 

mathematical model is defined as well-fitted to the experimental data when it shows a 

significant regression and non-significant lack of fit. The mathematical model needs to 

be examined in terms of the F-value coefficient which is calculated as the quotient of 

the mean square and residual mean square. Bajpai et al. (2020) also reported that F-

value is an essential term that determined the probability of p-value. As added by 

Bajpai et al. (2020), p-value is defined as the level of marginal significance within a 

statistical hypothesis test. This value also represents the occurrence probability of a 

given event in which the p-value being less than 0.05 indicates the formulated 

mathematical model is statistically significant in the study (Thakur, 2020). 

 

2.12.7 Model Optimization 

Model optimization is the final stage in RSM which involves the adjustment of 

independent variables in order to determine the suitable factor levels that lead to the 

most desired outcomes (Balaram & Chennakeshava, 2018). It is crucial to validate the 

formulated mathematical model in RSM before confirming the optimal conditions with 

numerical optimization approach (Zaied et al., 2020). The outcomes from the 

ˆ
i

y

y
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mathematical model prediction were compared to the actual experimental data under 

optimized conditions (Igwegbe et al., 2021). In generating the surface response with 

Design Expert, the critical point of the graph is characterized as maximum, minimum, 

or saddle point and could be calculated with differentiation of polynomial mathematical 

models and equates it in terms of zero value (Li et al., 2021). 

 

2.13 Summary 

Coastal peatland in Sarawak is endowed with vast availability of brackish peat 

water sources. Although brackish peat water is abundantly available in some rural 

coastal areas, this water source is currently underutilized as a clean water supply owing 

to excessive salinity levels. It is reported that electrocoagulation treatment system 

possesses several advantages such as zero chemical addition, low operating cost, easy 

maintenance, high pollutants reduction efficiency, and the treated water sources are 

comparable to the water standards. This treatment system also produces in-situ 

aluminium hydroxide coagulants which subsequently aid in the pollutants reduction in 

water sources with an adsorption process. Furthermore, the adsorption process with 

electrocoagulation treatment system is effective for high pollutants reduction owing to 

the in-situ coagulants having high adsorption capacity as well as generating insoluble 

flocs. The application of electrocoagulation on brackish peat water treatment is 

unknown despite the system is effective on peat water, brackish water, and seawater 

sources. This literature review reported that there is lack of study in investigating the 

salinity reduction of brackish peat water with adsorption process in electrocoagulation 

treatment system.   

  



49 
 

CHAPTER 3 

RESEARCH METHODOLOGY 

3.1 Introduction  

 This chapter presents and discusses stages of methodology in order to achieve 

the aim and objectives of this study, as depicted in Figure 3.1.  

 

Figure 3.1: Stages in Research Methodology 
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This study devised three main stages of methodology which were aligned to the 

objectives as stated in Chapter 1. The first stage associated with Objective 1 involved 

the analysis of salinity reduction in brackish peat water with continuous 

electrocoagulation treatment. The experimental works included brackish peat water 

characterization, investigated the effects of seawater percentage, electric current, and 

flow rate on salinity reduction efficiency, water quality analysis, and energy operating 

cost evaluation with Faraday’s law. The second stage that linked to Objective 2 was 

executed to formulate adsorption isotherm and kinetic order models as well as to 

conduct electrocoagulation flocs analysis. Moreover, this stage calculated the maximum 

adsorption capacity and adsorption rate constant that were related to salinity reduction 

in brackish peat water. The third stage that referred to Objective 3 was performed to 

develop statistical model with response surface methodology (RSM). A detailed 

discussion for each respective stage was presented as follows.   

3.2 Stage 1: Experimental Study of Salinity Reduction in Brackish Peat 

Water 

This section aims to present and discuss the practicality of utilizing a continuous 

electrocoagulation system to reduce salinity levels in brackish peat water. Initially, 

brackish peat water samples were collected from an identified location in Sarawak 

coastal rural areas. Then, the samples were subjected to continuous electrocoagulation 

treatment to study the effects of seawater percentage, electric current, and flow rate on 

salinity reduction efficiency. Next, the study compared the water quality of untreated 

and treated brackish peat water to the National Water Quality Standard (NWQS) as 

classified by the Department of Environment in Malaysia. This study evaluated the 

effects of electric current and water flow rate on energy operating cost with Faraday 

law equations.  
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3.2.1 Characterization of Brackish Peat Water 

The brackish peat water samples in this study were collected from Kampung 

Metang Terap, Lundu, Kuching, Sarawak, Malaysia. The study location was known as 

coastal rural areas due to such region constituted by peat swamps and a coastline 

environment. Kampung Metang Terap is located 8.0 km away from the mouth of 

Batang Kayan River as well as surrounded with low-lying peatlands as depicted in 

Figure 3.2.  

 

Figure 3.2: Kampung Metang Terap in Lundu district (Google Map, 2022).  

Kampung Metang in Lundu district located within coastal peatlands areas near 

to river delta between 1° 41’ 18.33” N latitude and 109° 52’ 51.6864”E longitude. As 

reported by Edward (2020), some residents in Metang Terap village were cultivating 

palm oil plantations because this region has vast availability of peat soil. To date, 

Kampung Metang Terap has experienced water supply issues, owing to its location in 

rural areas far from Lundu town. The Sarawak state government launched the 

Sarawak Alternative Water Supply (SAWAS) programme to temporarily mitigate 

water supply issues. Some coastal rural areas in Lundu were supplied with gravity feed 

and rainwater harvesting systems and this is due to such methods being known to be 

preferable for scattering populations in coastal rural areas (Jabatan Bekalan Air Luar 
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Bandar, 2022). A study visit conducted in Kampung Metang Terap found vast 

availability of brackish peat water sources that contained complex mixture of yellowish-

brown to black colored compounds as shown in Figure 3.3.  

       
A B C C D E F 

 

Figure 3.3: Brackish peat water from Kampung Metang Terap in Lundu at Varied 

Seawater Percentage (A) 0%, (B) 10%, (C) 30%, (D) 50%, (E) 70%, (F) 80%, and (G) 

90%. 

 

The seawater percentage in brackish peat water was determined based on 

mixing volume of seawater and peat water sources as shown in Table 3.1. The source 

of seawater was also collected within the vicinity of Kampung Metang Terap. Brackish 

peat water samples were collected for laboratory analysis in order to analyze the 

salinity levels with Hanzhan EZ-9910 salinity meter. In this study, 50 mL of brackish 

peat water samples were filled into a small beaker prior to salinity level analysis with 

salinity meter. An average reading was taken as result by conducting five readings for 

each sample. The salinity meter electrodes were washed with distilled water in order 

to remove impurities. In this study, the salinity levels were measured according to the 

American Public Health Association (APHA) 2520 that specifically aim for examination 

of water and wastewater (Sonda et al., 2022). This standard outlined salinity 

measurement based on electrical conductivity and water density with electrometric 

method.  
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Table 3.1: Formation of Brackish Peat Water from Intrusion of Seawater into Peat 

Water Sources 

 
No. Volume of 

Peat Water 

(mL) 

Volume of 

Seawater 

(mL) 

Volume of Brackish 

Peat Water  

(mL) 

Seawater 

Percentage in 

Brackish Peat 

Water (%) 

Salinity 

Levels 

(mg/L) 

1.  1,000 0 1,000 0 317 

2.  900 100 1,000 10 2,430 

3.  700 300 1,000 30 4,507 

4.  500 500 1,000 50 6,877 

5.  300 700 1,000 70 9,650 

6.  200 800 1,000 80 10,703 

7.  100 900 1,000 90 14,967 

8.  0 1,000 1,000 100 16,000 

 

3.2.2 Continuous Electrocoagulation Treatment System 

Continuous electrocoagulation treatment was designed and fabricated in order 

to allow brackish peat water flow through raw water chamber, electrocoagulation 

reaction chamber, filtration chamber, and treated water chamber with the aid of pump 

equipment. This study utilized continuous electrocoagulation treatment system in 

order to reduce the salinity levels in brackish peat water as shown in Figure 3.4. 

 

Figure 3.4: Continuous Electrocoagulation Treatment System  

 

The continuous electrocoagulation treatment system with a dimension of 36 cm 

(length) × 20 cm (width) × 20 cm (height) was segmented into four main chambers which 

are (i) brackish peat water chamber, (ii) electrocoagulation reaction chamber,                          
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(iii) filtration chamber, and (iv) treated water outlet. The overall maximum volume 

capacity of the fabricated continuous electrocoagulation treatment was 7 litres. The 

design for this electrocoagulation treatment system was based on the criteria set in 

several studies for laboratory desktop scale (Rahman et al., 2020a; Rahman et al., 

2020b, Rahman et al., 2020c). These studies designed the electrocoagulation treatment 

system by considering several criteria particularly an easy fabrication, low 

maintenance, low cost, and the materials are available locally (Garcia-Segura et al., 

2017; Ghernaout, 2019; Rahman et al., 2021a). The continuous electrocoagulation 

treatment system was also segmented into a filtration chamber in which the filter 

medium is constructed with filter wool (12 cm × 100 cm) that is purchased locally. This 

design was developed by a study conducted by Rahman et al. (2020c) which suggested 

utilizing filtration system in order to separate electrocoagulation flocs from the treated 

peat water sources.  

 

3.2.3 Effects of Seawater Percentage and Electric Current on Salinity 

 Reduction in Brackish Peat Water 

Electric current regulated the dissolution of aluminium ions from anode 

electrodes in order to produce aluminium hydroxides which subsequently bind with 

pollutants to produce flocs (Mena et al., 2019). Several conducted studies had utilized 

electrocoagulation treatment system to treat several water sources with an electric 

current that ranges between 1 A to 5 A (Rahman et al., 2020a; Rahman et al., 2020b; 

Rahman et al., 2020c; Rahman et., 2020d). These studies found that an optimum 

electric current to achieve maximum pollutants reduction is equivalent to 5 A. In 

comparison to past studies, this study aims to investigate the effect of electric current 

on salinity reduction in brackish peat water with electric current that ranged between 
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1 A and 5 A. The effects of both parameters on salinity reduction in brackish peat water 

were not clarified despite some studies have investigated the effect of current (Al-Raad 

et al., 2019; Rahman et al., 2020a) and seawater percentage (Wellner et al., 2018; El-

Ashtouky et al., 2020). This study investigated the effects of seawater percentage and 

electric current on salinity reduction in brackish peat water as tabulated in Table 3.2.  

Table 3.2: List of Variables for Experimental Study for The Effects of Seawater 

Percentage and Electric Current on Salinity Reduction in Brackish Peat Water 

 
Constant Variables 

Number of electrodes 10 electrodes (20 cm × 15 cm × 0.1 cm of aluminium plates) 

Water Flow Rate 0.8 L/min 

Inter-electrode distance 1 cm 

Varied Variables 

Seawater Percentage in 

Brackish Peat Water (%) 

0% interval up to 90% 

Electric Current  1 A interval up to 5 A 
 

The constant variable in this study was ten electrodes with an inter-electrode 

distance of one centimeter. The salinity reduction efficiency in brackish peat water was 

also examined by varying the electric current from 1 A to 5 A and the seawater 

percentage from 0% to 90%. The changes in salinity level of untreated and treated 

brackish peat water were evaluated by using Equation 3.1 (Hakizimana et al., 2017; 

Al-Raad et al., 2019; Zhang et al., 2019).  

t o

o

C C
Salinity Re duction Efficiency(%) = 100%

C

−
               (3.1) 

 Where Ct refers to the final salinity level at a time (mg/L) and Co refers to the 

initial salinity level of brackish peat water (mg/L).  

 

3.2.4 Effects of Seawater Percentage and Flow Rate on Salinity Reduction in 

 Brackish Peat Water 

Flow rate was defined as the amount of water that enters electrocoagulation 

treatment at a given time (Nawarka & Salkar, 2019). Several studies had investigated 
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the effect of flow rate on numerous pollutants reduction particularly ionic compounds 

(Nguyen et al., 2017), colour (Wu et al., 2021), chemical oxygen demand (Ayyappan et 

al., 2021; Al-Raad & Hanafiah, 2021), and turbidity (Bun et al., 2022). However, these 

studies only investigated the effect of flow rate with constant salinity concentration of 

water sources. Accordingly, this study analyzed the effects of seawater percentage and 

flow rate on salinity reduction in brackish peat water. As shown in Table 3.3, this study 

examined the effect of seawater percentage (0% to 90%) and flow rate (0.4 L/min to 2.0 

L/min) on the salinity reduction efficiency in brackish peat water. In this study, the 

range of flow rates were specified based on published studies in literature (Wu et al., 

2021; Al-Raad & Hanafiah, 2021; Bun et al., 2022). The optimal flow rates to treat water 

sources with electrocoagulation treatment was typically between 1 to 2 L/min as 

reported by these studies.  

Table 3.3: List of Variables for Experimental Study for The Effects of Seawater 

Percentage and Flow Rate on Salinity Reduction in Brackish Peat Water 

 
Constant Variables  

Number of electrodes 10 electrodes (20 cm × 15 cm × 0.1 cm of aluminium plates) 

Electric Current 5 A 

Inter-electrode distance 1 cm 

Varied Variables 

Seawater Percentage in 

Brackish Peat Water  

0% interval up to 90% 

Flow Rate 0.4 L/min interval up to 2.0 L/min 

 

3.2.5 Water Quality Analysis 

Water quality analysis referred to the evaluation of required water parameters 

in compliance with the national water quality standard (Roy, 2019). Several conducted 

studies performed water quality analysis in order to evaluate the quality of treated 

water from electrocoagulation treatment (Rahman et al., 2020a; Rahman et al., 2020b; 

Rahman et al., 2020c; Rahman et al., 2020d; Kasmuri et al., 2021). These studies 

compared the water quality between untreated and treated water sources to the 
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National Water Quality Standard (NWQS) in Malaysia. These studies also investigated 

that the applicability of the treated water sources with electrocoagulation treatment 

suitable for domestic consumption in Malaysia. Accordingly, this study conducted water 

quality analysis by comparing the quality of untreated and treated salinity levels in 

brackish peat water from electrocoagulation treatment to the National Water Quality 

Standard in Malaysia as tabulated in Table 3.4.  The salinity levels in water sources 

were classified into several classes. The quality of the treated water sources that fall 

under Class I standard in NWQS was suitable for domestic consumption when the 

salinity levels being less than 500 mg/L (Department of Environment, 2020). This 

indicated that the treated water source is safe for clean water supply, fishery, and 

agricultural activities in terms of salinity levels only. 

Table 3.4: National Water Quality Standards (NWQS) in Malaysia (Department of 

Environment, 2020) 

 
Parameter Unit Class 

I IIA IIB III IV V 

Salinity mg/L 500 1,000 - - 2,000 - 

Water classification and uses 

Class I Conservation of natural environment. 

Water Supply 1 – Practically no treatment is necessary 

Fishery 1 – Very sensitive aquatic species 

Class IIA Water Supply II – Conventional treatment required. 

Fishery II – Sensitive aquatic species 

Class IIB  Recreational use with body contact 

Class III Water Supply III – Extensive treatment required. 

Fishery III – Common of economic value and tolerant 

species; livestock drinking 

Class IV  Irrigation 

Class V  None of the above 

 

3.2.6 Energy Operating Cost Analysis for the Treatment of Brackish Peat 

 Water with Electrocoagulation  

Energy operating cost analysis referred to the evaluation of electrocoagulation 

viability in terms of energy consumption (Garcia-Segura et al., 2017). The performance 

of electrocoagulation in terms of energy operating cost had been reported in several 

conducted studies in literature in which the system had high commercialization 
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potential (Al-Raad et al., 2019; Rahman et al., 2020a; Rahman et al., 2020b; Rahman 

et al., 2020c; Rahman et al., 2020d). These studies also evaluated the specific electrical 

energy consumed (SEEC) which referred to the amount of electrical energy consumed 

per cubic meter as in Equation 3.2.  

                  
VIT

SEEC kWh m
Q

=3( / )                                        (3.2) 

           Where SEEC referred to the specific electrical energy consumption (kWh/m3), V 

referred to voltage, I referred to electric current (A), T referred to time (hours), and Q 

referred to volume (m3). The SEEC values were dependent on the electric current, 

voltage, treatment time, and volume of the treated water sources. The energy operating 

cost analysis also included the electrode material consumption (EMC) as stated in 

Faraday’s law (Al-Raad et al., 2019) and formulated in Equation 3.3. 

ItM
EMC kg m

zF
=3( / )                               (3.3) 

Where EMC referred to electrode material consumption (kg/m3), I referred to 

electric current (A), t referred to time (s), M referred to the molecular weight of metal 

(g/mol), Z referred to the number of electrons involved in the oxidation or reduction 

reaction, and F referred to Faraday’s constant (96,485 C/mol). Electrode material 

consumption (EMC) referred to the number of metal ions that are dissociated from the 

sacrificial anode electrodes (Papadopoulus et al., 2019). In addition, electrode material 

consumption was dependent on the electric current and treatment time in 

electrocoagulation. In order to evaluate the overall energy operating cost, Equation 

3.2 and Equation 3.3 were combined to form Equation 3.4 (Hashim et al., 2020).  

3( / )  ( ) ( )EOC RM m a SEEC b EMC= +                               (3.4) 
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Where EOC referred to energy operating cost (RM/m3), a referred to domestic 

electricity price (RM 0.18/kWh), SEEC referred to the specific electrical energy 

consumed (kWh/m3), b referred to the price of aluminium electrode materials (RM 

8.95/kg), and EMC referred to electrode material consumption (kg/m3). The overall 

energy operating cost in electrocoagulation treatment was calculated in terms of 

specific electrical energy consumption (RM/m3) and electrode material consumption 

(kg/m3). In this study, the domestic electricity price was based on the Sarawak 

electricity tariff as applied by Sarawak Energy whereas the price of aluminium 

electrode materials was approximately equivalent to RM 8.95 per kilogram (Rahman 

et al., 2020a).  

 

3.3 Stage 2: Formulation of Adsorption Kinetic Models and Conduct 

Electrocoagulation Flocs Analysis 

This stage aims to formulate adsorption isotherm and kinetic order models as 

well as to conduct electrocoagulation flocs analysis with Energy Dispersive X-Ray. The 

following sequence was devised in order to develop these models by following guidelines 

from various published literature (Mena et al., 2019; Graça et al., 2019; Rahman et al., 

2020d). 

i. A literature review was conducted to understand the adsorption and kinetic rate 

equations of salinity adsorption with continuous electrocoagulation treatment. 

ii. Scopes of investigation were established that focus on salinity reduction 

efficiency. 

iii. The collated results undergo data fitting for validation of the adsorption theorem 

and rate kinetic constant.  
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iv. The compositions of elements on electrocoagulation flocs were examined with 

Energy Dispersive X-RAY (EDX) analysis.  

 

3.3.1 Formulation of Adsorption Isotherm Models 

The following were the procedures taken to formulate the adsorption model and 

identify the salinity reduction behaviour in electrocoagulation. In this study, the 

Langmuir and Freundlich isotherm models were utilized in this study owing to such 

models exhibit real adsorption of molecules and ions on the solid surface of metallic 

coagulants that are commonly limited to layers adsorption (Rasmey et al., 2018; 

Budhiary & Sumantri, 2021; Ezzati, 2020). A comparative study to select the suitable 

adsorption theorem between Langmuir and Freundlich models was also conducted in 

this study. This undertaken was adopted from several literature published studies 

(AlJaberi & Mohammed, 2018; Mohammadi et al., 2019; Chibani et al., 2019; Houssini 

et al., 2020; Shaker et al., 2020; Bendaia et al., 2021; Abdul Jalal, 2022).  

 

i. Langmuir Isotherm Model 

Langmuir adsorption model described the equilibrium behaviours between 

adsorbate and adsorbent in which the adsorption phenomena were limited only to 

single molecular layer (Liu et al., 2019; Swenson & Stadie, 2019). This model was 

formulated to determine the maximum salinity adsorption capacity ( m
q ) and constant 

rate for Langmuir adsorption ( L
K ) as shown in Equation 3.5 (Al-Ghoutti & Da’ana, 

2020; Kalam et al., 2021).  

 
1

m L e
e

L e

q K C
q

K C
=

+
        (3.5) 
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Where e
q  referred to the adsorption capacity at equilibrium (mg/g), 

e
C  referred 

to final salinity levels in brackish peat water at equilibrium (mg/L), m
q  referred to 

maximum adsorption capacity, and L
K  referred to Langmuir constant rate (L/mg). The 

Langmuir constant, L
K  which referred to the maximum adsorption capacity of 

adsorbent was calculated in order to determine the separation factor in adsorption 

process as shown by Equation 3.6. 

   L
L o

1
R

1 K C
=

+
          (3.6) 

Where 
L

R  referred to the Langmuir separation factor, L
K  referred to Langmuir 

adsorption capacity (L/g), and o
C  referred to the initial salinity levels in brackish peat 

water (mg/L). The Langmuir separation factor, 
L

R , was used to determine the 

adsorption phenomenon in electrocoagulation treatment system. It was informed that 

the Langmuir separation factor represented the shape of isotherms to be either 

unfavourable (
L

R > 1), linear (
L

R = 1), irreversible (
L

R = 0), or favourable                                           

(0 < 
L

R <1) (Al-Ghoutti & Da’ana, 2020; Upadhyay et al., 2021).  

 

ii. Freundlich Isotherm Model 

Freundlich adsorption isotherm was formulated to determine the maximum 

salinity adsorption rate ( e
q ) and constant rate for Freundlich adsorption ( F

K ). The non-

linear form for the Freundlich isotherm model as shown by Equation 3.7 (Ayub et al., 

2020; Laskar & Hahisho, 2020). 

                               
f1 / n

e F eq K C=        (3.7) 
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Where e
q  referred to the adsorption capacity at equilibrium, 

e
C  referred to the 

final salinity levels in brackish peat water at equilibrium (mg/L), F
K  referred to 

Freundlich constant rate, and nf referred to Freundlich exponent constant. The values 

of 
f

1

n
described the adsorption process either favourable (0.1 < 

f

1

n
< 0.5) or 

unfavourable when 
f

1

n
being more than two (Ayub et al., 2020; Ehiomogue et al., 2022).  

 

3.3.2 Formulation of Pseudo–First Order Kinetic Models 

Pseudo-first-order model was utilized to calculate the adsorption rate constant 

by plotting equilibrium adsorption capacity against residence time (Pooresmaeil & 

Namazi, 2020; Revellame et al., 2020). The pseudo-first-order model was derived from 

Equation 3.8 to formulate this model in terms of linear and non-linear form (Lima et 

al., 2021).  

t
e t

dq
k q q

dt
= −

1
( )        (3.8) 

Where eq  referred to equilibrium adsorption capacity (mg/g), tq referred to the 

adsorbate adsorbed onto adsorbent at time (mg/g), and 
1

k  referred to the rate constant 

per minute (min-1).  

i. Linear Pseudo-First Order Kinetic Model  

The linear pseudo first order kinetic model was formulated by plotting 

e t
log[ q q ]−  against t in order to achieve linearized form (Ayub et al., 2020) as shown 

in Equation 3.9. 
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1
e t e

k t
log[ q - q ] log( q )

2.303

−
= −            (3.9) 

Where eq referred to the amount of adsorbate adsorbed at equilibrium (mg/L), 

tq referred to the amount of adsorbate adsorbed at a given time (mg/g),
1

k referred to 

reaction rate constant (min-1), and t referred to time (min). These kinetic parameters 

were estimated based on the intercept of the best fit of line which is as follow: m = slope, 

b = intercept, 
1

k = -m, and eq = exp (b) (Simonič et al., 2020). 

 

ii. Non-Linear Pseudo First Order Kinetic Model 

The non-linear pseudo first-order kinetic model was plotted between qe against 

t as shown in Equation 3.10 (Wang & Guo, 2020; Jasper et al., 2020; Revellame et al., 

2020).  

1(1 exp )

t
e k t

q
q

−
=

−
           (3.10) 

 Where qe referred to the experimental values of equilibrium treated salinity 

level (mg/g), qt referred to the amount of adsorbed salinity at a time (mg/g), t referred 

to time (min), and k1 referred to rate constant for pseudo-first-order (min-1).  

 

iii. Model Validation 

Model validation was an assessment step that determined the adequacy and 

accuracy of formulated models in representing an adsorption process. A comparative 

study was done by fitting the modelled data to the actual experimental data in order to 

obtain the determination of coefficient (R2) as shown in Equation 3.11 (Ayub et al., 

2020; Wang & Guo, 2020). 
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( )

( ) ( )

2

e ,exp e ,mod el2

2 2

e ,exp e ,mod el e ,exp e ,mod el

q q
R

q q q q

−
=

− + −
       (3.11) 

 

Where 
2R  referred to the regression coefficients, ,expe

q  referred to the 

experimental values of equilibrium adsorption capacity (mg/g), 
,mode el

q referred to the 

modelled values of equilibrium capacity (mg/g). The R2 was calculated to evaluate the 

regression between both experimental and modelled adsorption capacity values 

(Delgado et al., 2019). This method was adopted by several published studies in the 

literature in order to evaluate the data fitness that was close to unity (Ersan et al., 

2019; Guo & Wang, 2019; Khan et al., 2019; Sabarinathan et al., 2019; Revellame et 

al., 2020). These studies suggested the value of 
2R  being less than 0.5 indicated a weak 

relation between the independent variable and response variable, whereas                                 

0.5 < 
2R < 0.75 signified an inaccuracy of formulated model (Ayub et al., 2020; 

Revellame et al., 2020; Mehri et al., 2021). The formulated adsorption model was valid 

when the values of 
2R  being higher than 0.75 which signifies a good fit between 

experimental and modelled data (Rahman et al., 2020d).  

 

3.3.3 Electrocoagulation Flocs Analysis 

  Electrocoagulation flocs analysis referred to the characterization of flocs that 

indicated the occurrence of an adsorption process. This study investigated the minerals 

compositions that were available on electrocoagulation flocs by conducting Energy 

Dispersive X-Ray (EDX) analysis with energy dispersive spectroscopy. Prior to the EDX 

analysis, electrocoagulation flocs were collected from the electrocoagulation reaction 

chamber with skimming method and then dried to remove the moisture content. Then, 

the dried flocs underwent elemental analysis with Energy Dispersive X-Ray (EDX) 
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detector model Bruker Nano GmbH. In this study, the accuracy of EDX results was 

presented in terms of absolute error which also indicates the deviation of the measured 

value and expected value. This method was adopted from Scimeca et al. (2018) who 

stated that absolute error in EDX indicates the error in the weight percent 

concentration at one sigma level. In addition, the EDX only required 10,000 number of 

counts in order to satisfy the needed 1% deviation with 68% confidence levels (Scimeca 

et al., 2018). The Electron Dispersive X-Ray analysis for electrocoagulation flocs was 

conducted according to the American Society for Testing Materials (ASTM) E2015-04 

(2014) which outlined the electron microscopy testing procedure (Khui et al., 2021).  

 

3.4 Stage 3: Development of Statistical Model with Response 

 Surface Methodology 

The statistical model analysis was a technique that examined data information 

in order to derive useful insight based on statistical concepts (Karimifard & Alavi, 

2018). This study developed a statistical model to study the relationship between 

salinity reduction efficiency and energy operating cost for brackish peat water 

treatment with electrocoagulation. The study also formulated quadratic equations 

which represent salinity reduction efficiency and energy operating cost. This method 

was performed by adopting the design of experiment (DOE). 

 

3.4.1 Design of Experiment 

The design of experiment (DoE) was a statistical method that systematically and 

structurally developed to investigate the relationship between input factors and 

responses through variation of means. In this study, the statistical technique method 

of response surface methodology by using central composite design (CCD) in a 
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statistical mathematical software (Design Expert 13 Trial Version) was performed to 

develop response surface for both salinity reduction efficiency and energy operating 

cost. This study utilized a central composite design (CCD) due to such model requiring 

only minimal experimental runs as well as achieving high accuracy of the formulated 

polynomial equations (Yolmeh & Jafari, 2017). The total experiment runs which 

developed with central composite design were calculated by utilizing Equation 3.12 

(Ferreira et al., 2018).  

k
o

Total  Number  of  Experiments   2 2 k C= + +   (3.12) 

Where k  referred to the number of factors,
k 2 referred to cubic run,2k

referred to the axial runs, and o
C referred to the center point runs. The values that were 

attributed to each variables need to be assigned properly with five levels                                            

(-  , -1, 0, +1, + ).  

 

3.4.2 Mathematical Model Fitting 

According to Khorram and Fallah (2018), response surface methodology (RSM) 

referred to a collection of mathematical and statistical methods that was essential in 

designing and developing experimental models. RSM was constituted by several 

mathematical terms particularly linear, square, and polynomial functions that fit 

experimental results as well as validated with statistical techniques (Murdani et al., 

2018; Acharya et al., 2018; Oden, 2020) as shown in Equation 3.13. 

2

1 1 . 1,

k k k

o i i ii i ij i j
i i i j j i

S x x x x   
= = = 

= + + +               (3.13) 

Where S  referred to response, 
o referred to the average of responses, i

 , ii
 , 

and 
ij referred to a coefficient that is associated with the experiments. The second 
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term, 
1

k

i i
i

x

=

 referred to linear interaction effect, the third term, 2

1

k

ii i
i

x

=

 referred to 

higher order interaction, and the fourth term, 
. 1,

k

ij i j
i j j i

x x

= 

 referred to dual interaction 

effects. These quadratic terms were also essential in polynomial functions in order to 

determine a critical point either maximum, minimum, or saddle as reported by a study 

conducted by Roy et al. (2018). The coding of experimental data in this study was 

employed by transforming each real value onto coordinates inside a scale with 

dimensional values as shown in Table 3.5. 

Table 3.5: Experimental Design of Actual and Coded Values of Independent 

Variables 

 
Variable Symbol Real Values of Coded Levels 

-αa -1 0 +1 + αa 

Seawater 

Percentage (%) 

X1 0 0 50 90 90 

Electric 

Current (A) 

X2 1 1 3 5 5 

Flow Rate 

(L/min) 

X3 0.4 0.4 1.2 2.0 2.0 

a α = 1 (axial point for orthogonal CCD in the case of 3 independent variables)  

This study investigated the effects of three variables particularly seawater 

percentage, electric current, and flow rate on salinity reduction efficiency and energy 

operating cost as shown by Table 3.5. The deviation values between the experimental 

and mathematical model were determined to ensure the accuracy of formulated model 

should less than 10% (Acharya et al., 2018). This study also assessed the coefficient of 

determination (R2) of formulated mathematical models with experimental data fitting. 

This method was implemented by Acharya et al. (2019), Igwegbe et al. (2019), 

Steyerberg (2019), Piepho (2019), and Haas (2020). These studies reported that 

regression analysis should be reported in terms of actual R2, adjusted R2, and predicted 

R2. The mathematical model was considered valid when the R2 values being higher than 

0.75 owing to the well-fitted data (Rahman et al., 2020d).  
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3.4.3 Analysis of Variance  

Analysis of variance (ANOVA) showed the comparison of variance due to the 

adjustment in the combination of variable levels as resulting from the random errors 

that owing to the generated responses (Kim, 2017). The accuracy of the developed 

models was determined in terms of sum of squares, degree of freedom (df), and mean 

squares by adopting method from a study performed by Acharya et al. (2018), Hendaoui 

et al. (2018), and Shamaei et al. (2018). In ANOVA, the formulated mathematical 

models were examined in terms of p-value. As informed by Bajpai et al. (2020), p-value 

defined the level of marginal significance within statistical hypothesis test and this 

value should be less than 0.05 to show that the formulated mathematical models were 

statistically significant.  

 

3.4.4 Statistical Model Analysis 

Statistical model analysis was the final stage in RSM that generated contour 

plots in three-dimensional (3D) diagram. RSM was employed in order to investigate the 

relationship between salinity reduction efficiency in brackish peat water and energy 

operating cost with electrocoagulation treatment as shown by Table 3.6.  

Table 3.6: Statistical Goals, Limits, Weights, and Importance for The Treatment of 

Brackish Peat Water with Continuous Electrocoagulation Treatment 

 
Item Parameters Goal Lower 

Limit 

Upper 

Limit 

Lower 

Weight 

Upper 

Weight 

Importance 

 

 

Variables 

Seawater 

Percentage 

In range 0 90 1 1 3 

Electric 

Current (A) 

In range 1 5 1 1 3 

Flow Rate 

(L/min) 

In range 0.4 2.0 1 1 3 

 

 

 

Responses 

Salinity 

Reduction 

Efficiency (%) 

Maximize - - 1 1 3 

Energy 

Operating 

Cost (RM/m3) 

Minimize - - 1 1 3 
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The upper and lower weight are equivalent to one which indicated equal 

importance on desired targets and constraints of study (Taheri, 2022). The importance 

of mathematical model in Design Expert software was assigned at three to ensure all 

the variables were being equally analyzed with RSM (Design Expert, 2022).  
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CHAPTER 4 

RESULTS AND DISCUSSION 

4.1 Introduction 

 This chapter presents and discusses the major findings which are pertinent to 

the aim and objectives of this study. The results and discussion sections in this chapter 

are divided into three main stages which correspond to the devised objectives as 

depicted by Figure 3.1 in Chapter 3.   

 

4.2 Stage 1: Salinity Reduction of Brackish Peat Water with 

Electrocoagulation Treatment 

 This study investigates the effects of seawater percentage, electric current, and 

flow rate on salinity reduction efficiency in brackish peat water and compares the water 

quality of untreated and treated salinity levels of brackish peat water from 

electrocoagulation process to the National Water Quality Standard (NWQS) in 

Malaysia. In order to evaluate energy consumption in electrocoagulation treatment, 

this study conducts energy operating cost analysis with Faraday’s laws equations.  

 

4.2.1 Salinity Reduction of Brackish Peat Water with Varied Seawater 

Percentage and Electric Current 

 An experimental study to analyze salinity reduction in brackish peat water 

treatment with varied seawater percentage and electric current with continuous 

electrocoagulation treatment is shown in Figure 4.1 and Figure 4.2 respectively. The 

effects of both seawater percentage and electric current on salinity reduction efficiency 

are also illustrated in the surface plot as in Figure 4.3. 
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(A) Brackish Peat Water with 0% of Seawater 

Percentage 
 

 

 
 

(B) Brackish Peat Water with 10% of Seawater 

Percentage 

 
 

(C) Brackish Peat Water with 30% of Seawater 

Percentage 
 

 
 

(D) Brackish Peat Water with 50% of Seawater 

Percentage 

 
 

(E) Brackish Peat Water with 70% of Seawater 

Percentage 
 

 
 

(F) Brackish Peat Water with 80% of Seawater 

Percentage 

 
 

(G) Brackish Peat Water with 90% of Seawater 

Percentage  
 

 

Legend    

 
: 1 A of Electric Current 

 : 2 A of Electric Current 

 : 3 A of Electric Current 

 : 4 A of Electric Current 

 : 5 A of Electric Current 
 

 

Figure 4.1: Effect of Electric Current on Salinity Levels Changes with Varied 

Seawater Percentage and Time 
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(A) Brackish Peat Water with 0% of Seawater 
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(B) Brackish Peat Water with 10% of Seawater 

Percentage 

 
 

(C) Brackish Peat Water with 30% of Seawater 

Percentage 
 

 
 

(D) Brackish Peat Water with 50% of Seawater 

Percentage 

 
 

(E) Brackish Peat Water with 70% of Seawater 

Percentage 
 

 
 

(F) Brackish Peat Water with 80% of Seawater 

Percentage 

 
 

(G) Brackish Peat Water with 90% of Seawater 

Percentage 
 

 
Legend    

 
: 1 A of Electric Current 

 : 2 A of Electric Current 

 : 3 A of Electric Current 

 : 4 A of Electric Current 

 : 5 A of Electric Current 
 

 

Figure 4.2: Effect of Electric Current on Salinity Reduction Efficiency with Varied 

Seawater Percentage and Time 
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Figure 4.3: Effects of Seawater Percentage and Electric Current on Salinity 

Reduction Efficiency in Brackish Peat Water 

 

A constant flow rate of 0.8 L/min is used to study the effects of electric current 

and seawater percentage on salinity reduction efficiency in brackish peat water. After 

electrocoagulation treatment, the salinity levels in brackish peat water had reduced 

significantly as depicted from Figure 4.1(A) to Figure 4.1(G). At 0% of seawater 

percentage, this study has observed the highest salinity reduction could be achieved at 

5 A of electric current whereas the lowest is attained at 1 A. This is due to high electric 

current could possibly lead to high generation of aluminium hydroxide coagulant to 

separate salinity from brackish peat water source. The rate of electron transfer between 

the electrodes and water solution increase at high current density, leading to an 

efficient redox reaction and formation of large and stable aluminium hydroxide flocs in 

electrocoagulation (Hu et al., 2023). 

The salinity level in this brackish peat water source has also reduced from 316 

mg/L to 108 mg/L with 65.98% of salinity reduction efficiency at 5 A of electric current 

which is shown by Figure 4.2(A). When the electric current is reduced to 1 A, this 
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study has noticed that the salinity level in brackish peat water with 0% of seawater 

percentage only decreased from 316 mg/L to 285 mg/L with 10% of salinity reduction 

efficiency. This signifies that high salinity reduction efficiency in brackish peat water 

could be achieved at 5 A of maximum electric current. High electric current could 

remove salinity ions from water sources through electrostatic attraction, chemical 

precipitation, and adsorption onto aluminium hydroxide coagulants (Zaied et al., 2020). 

A similar observation is found in the treatment of brackish peat water with a seawater 

percentage that ranges from 10% to 90% which indicates that salinity reduction 

efficiency is directly proportional to electric current. It is also noticed that a high electric 

current could lead to high salinity reduction efficiency owing to an effective redox 

reaction. A high electric current ensures an effective redox reaction especially in terms 

of the formation of in-situ aluminium hydroxide coagulants that lead to salinity 

reduction in brackish peat water sources. Applying electrocoagulation at high electric 

current could accelerate the oxidation and reduction reactions at the electrode surfaces, 

eventually increasing the availability of electrons at interface layers to promote more 

stable aluminium hydroxide coagulants (Ingelsson et al., 2020). A study conducted by 

Rahman et al. (2020a) also reported that high electric current could lead to an effective 

pollution reduction in peat water sources. The study conducted by Rahman et al. 

(2020a) also observed that 5 A of electric current effectively reduced 88% of total organic 

carbon, 89.90% of chemical oxygen demand, and 87.50% of total suspended solids when 

electrocoagulation treatment is utilized. A high electric current also accelerates the 

redox reaction process and provides an adequate amount of aluminium hydroxide 

coagulants for an effective salts reduction in water sources (Al-Raad & Hanafiah, 2021).  

 Although high electric current is effective for brackish peat water treatment, 

this study has discovered that high seawater percentage in source water sources has 
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an inverse effect on salinity reduction efficiency. At 5 A of electric current, it is found 

that the salinity reduction efficiency has increased from 65.98% to 86.85% when the 

seawater percentage in brackish peat water rises from 0% to 30%. When the seawater 

percentage continually increased from 30% to 90%, the salinity reduction efficiency 

reduced from 86.85% to 32.34%. This shows that the highest salinity reduction 

efficiency could be attained at 30% of the seawater percentage in brackish peat water. 

At 30% of seawater percentage, the salinity levels in brackish peat water have dropped 

from 5,010 mg/L to 659 mg/L with 86.85% of salinity reduction efficiency. This study 

has also noticed that electrocoagulation treatment could be used to treat brackish peat 

water with a seawater percentage lower than 30%. This is due to such conditions 

favours high salinity reduction efficiency as well as attaining low levels of treated 

salinity as depicted in Figure 4.2(C). Low salinity levels in treated brackish peat water 

with a 30% seawater percentage indicate effective adsorption of chloride ions on 

aluminium hydroxide coagulants. At 30% of seawater percentage, the available sodium 

and chloride ions can provide an optimal balance of water conductivity and minimize 

further dissociation of aluminium hydroxide coagulants (Alam et al., 2022). A study 

attempted by Graça et al. (2019) also reported that electrocoagulation treatment with 

the aid of in-situ aluminium hydroxide coagulants could reduce some chloride ions in 

the form of electrocoagulation flocs. A similar finding had been informed by Al-Raad et 

al. (2019) in which electrocoagulation treatment could be utilized to reduce 93.00% of 

chloride ions from saline lake water that contains 8,498 mg/L of chloride ions. The 

studies signified that electrocoagulation treatment could be employed to reduce salinity 

levels in saline water sources with the aid of in-situ aluminium hydroxide coagulants.  

 This study has also observed that the salinity reduction efficiency started to 

decrease when the seawater percentage in brackish peat water being more than 30% 
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as illustrated in Figure 4.3. The lowest salinity reduction efficiency has been observed 

for brackish peat water with a 90% of seawater percentage. The salinity level in 

brackish peat water with 90% of seawater percentage only reduce from 14,987 mg/L to 

10,140 mg/L with 32.34% of salinity reduction efficiency. Even though the treatment of 

brackish peat water source has been conducted at high electric current, this study has 

found that such condition is not applicable at high seawater percentage. This is possibly 

due to an inadequate amount of in-situ aluminium hydroxides being produced when 

the seawater percentage is more than 30%. The high conductivity of water sources could 

increase the rate of ion exchange and migration between electrodes, subsequently 

increasing the production of hydrogen gas at the cathode and oxygen gas at the anode. 

This phenomenon decreases the available surface areas of the anode electrode to 

produce aluminium ions (Kobya et al., 2020). The conductivity levels in brackish peat 

water increase at high seawater percentages, which could cause competition between 

ions for the available binding sites on the aluminium hydroxide coagulants. In this case, 

the salinity reduction efficiency decreases due to inadequate binding sites to attach the 

flocs (Al-Raad & Hanafiah, 2020). A similar study conducted by Hakizimana et al. 

(2017) informed that poor salinity reduction efficiency with electrocoagulation 

treatment could be observed at high salinity levels due to secondary reactions that occur 

simultaneously with the anodic dissolution of metal. The secondary reactions that 

particularly involve oxygen evolution and formation of hypochlorite ions from anodic 

oxidation of chloride ions could prevent the formation of in-situ aluminium hydroxide 

coagulants. Bendaia et al. (2021) reported that the presence of sodium chloride in water 

sources will dissolve some aluminium hydroxides into transitory compounds, thus, 

reducing the number of coagulants in electrocoagulation treatment.  
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4.2.2 Salinity Reduction of Brackish Peat Water with Varied Seawater 

Percentage and Flow Rate 

 This study has investigated the effects of seawater percentage and flow rate on 

salinity reduction in brackish peat water with electrocoagulation treatment. As 

depicted in Figure 4.4 and Figure 4.5, this study has analyzed the effect of flow rates 

that ranges from 0.4 L/min to 2.0 L/min with a constant electric current of 5 A on 

salinity reduction in brackish peat water. In electrocoagulation treatment, the brackish 

peat water samples with varied seawater percentages that ranged from 0% to 90% are 

subjected to electrocoagulation reaction chamber at several flow rates as illustrated in 

Figure 4.6. The salinity reduction in brackish peat water with electrocoagulation 

treatment is dependent on seawater percentage and flow rates.  

From conducted experimental study, the highest salinity reduction efficiency in 

brackish peat water could be achieved at 30% of seawater percentage and 1.2 L/min of 

flow rate. Under these conditions, the salinity level has reduced from 5,010 mg/L to 412 

mg/L with 91.28% of salinity reduction efficiency as shown by Figure 4.4(C) and 

Figure 4.4(D) respectively. Increasing the flow rate could enhance the mixing and 

contact rate between water and aluminium electrodes. This condition improves the 

dispersion and distribution of aluminium hydroxide flocs, which allows effective 

adsorption for salinity reduction (AlJaberi et al., 2022). This is possibly due to such flow 

rate aids ensuring an effective mixing process between aluminium and hydroxide ions 

which subsequently formed white gelatinous aluminium hydroxide coagulants. A study 

attempted by Nugroho et al. (2021) also reported that an optimal flow rate in 

electrocoagulation treatment could accelerate the formation of aluminium hydroxide 

coagulants due to the in-situ mixing process. 
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Figure 4.4: Effect of Flow Rate on Salinity Levels Changes with Varied Seawater 
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Figure 4.5: Effect of Flow Rate on Salinity Reduction Efficiency with Varied 

Seawater Percentage and Time 
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Figure 4.6: Effect of Seawater Percentage and Flow Rate on Salinity Reduction 

Efficiency in Brackish Peat Water 

 

This study has noticed that the lowest (0.4 L/min) and highest (2.0 L/min) of flow 

rates unfavoured high salinity reduction efficiency in electrocoagulation treatment as 

shown in Figure 4.6. At 0.4 L/min of flow rate, electrocoagulation treatment has 

recorded 79.58% of salinity reduction efficiency in which the salinity levels reduced 

from 5,010 mg/L to 1,023 mg/L only. At a low flow rate, the electrocoagulation system 

works with a long residence time which causes an excessive formation and build-up of 

aluminium hydroxide coagulants on the electrodes. Electrode fouling could reduce the 

available surface areas and limit the number of binding sites available for ions to attach 

to the flocs (Ashraf et al., 2021). When the flow rate is increased to 2.0 L/min, the 

salinity level in brackish peat water with a seawater percentage of 30% has only 

decreased from 5,010 mg/L to 1,254 mg/L with 74.97% of salinity reduction efficiency. 

The electrocoagulation system operates at a short residence time due to a high flow 

rate. This circumstance reduces the contact time between the water and aluminium 

electrodes, thus limiting the formation and growth of aluminium hydroxide coagulants 

to small and less stable flocs (Betancor-Abreu et al., 2019). These observations indicate 
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that the salinity reduction in brackish peat water is not applicable at both low and high 

flow rate due to an ineffective adsorption process between in-situ aluminium hydroxide 

coagulants and salt elements. A study conducted by Wu et al. (2021) also informed that 

both high and low flow rates could not promote high pollutants reduction efficiency due 

to an ineffective adsorption process in electrocoagulation treatment. As reported by Al-

Raad and Hanafiah (2021), a high flow rate could lead to an inadequate time for the 

emitted ions from sacrificial anode to form aluminium hydroxide coagulants.  

 As illustrated in Figure 4.6, this study has also observed that the seawater 

percentage in brackish peat water significantly affects the salinity reduction efficiency. 

At a constant flow rate of 1.2 L/min, it is noticed that the salinity reduction efficiency 

has increased from 71.52% to 91.78% when the seawater percentage rises from 0% to 

30%. The salinity reduction efficiency has also reduced from 91.78% to 40% when the 

seawater percentage of brackish peat water increased from 30% to 90%. This signifies 

that high salinity reduction efficiency could only be attained in brackish peat water 

with seawater percentage being less than 30%. A similar study attempted by Bendaia 

et al. (2021) also found that excessive levels of salinity in water sources could cause the 

transition of aluminium hydroxides compounds into transitory compounds such as 

Al(OH)3Cl, Al(OH)Cl3, and AlCl3 which are soluble in water sources. The dissolution of 

aluminium hydroxides into transitory compounds could also lead to less formation of 

coagulants that are supposed to absorb pollutants from water sources in the form of 

electrocoagulation flocs (Al-Raad et al. 2019).  

 The highest salinity reduction efficiency of 91.78% could be attained in brackish 

peat water with a seawater percentage of 30% at 1.2 L/min of flow rate. This is due to 

such conditions ensuring high formation of in-situ aluminium hydroxide coagulants 

owing to high mixing rate and adequate time for the adsorption process (Nugroho et al., 
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2021). When the seawater percentage and flow rate being more than 30% and 1.2 L/min 

respectively, this study found that the salinity reduction efficiency in brackish peat 

water significantly decreased which is possibly due to further oxidation of aluminium 

hydroxides into transitory compounds (Rafiee et al., 2020).   

 

4.2.3 Comparison of Untreated and Treated Brackish Peat Water to the 

National Water Quality Standards in Malaysia 

Water quality analysis is conducted in this study to compare the levels of 

untreated and treated salinity levels in brackish peat water to the National Water 

Quality Standards (NWQS) as implemented by the Department of Environment in 

Malaysia. In order to evaluate the changes in salinity levels, this study has adopted the 

laboratory electrometric method by using Hanzhan 9910 salinity meter. The quality of 

untreated and treated salinity levels in brackish peat water is compared by conducting 

continuous electrocoagulation treatment at 5 A of electric current, 1.2 L/min of flow rate 

and 30% of seawater percentage as shown in Figure 4.7.  

The salinity levels of untreated brackish peat water do not meet any water 

classification standard in NWQS when the seawater percentage of such water being 

more than 10%. This is due to the initial salinity levels of untreated brackish peat water 

sources being higher than the minimum NWQS limit of 2,000 mg/L. Wildayana et al. 

(2017) also reported similar observations in which excessive salinity levels in brackish 

peat water could harm human health if consumed directly. According to the 

Department of Environment (2020), water sources with salinity level being more than 

2,000 mg/L are unsafe for any application and should undergo water treatment process 

such as reverse osmosis.  
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Figure 4.7: Comparison of Untreated and Treated Salinity Levels in Brackish Peat 

Water to the National Water Quality Standards in Malaysia at 5 A of Electric 

Current, 1.2 L/min of Flow Rate, and 30% of Seawater Percentage 

 

 In order to reduce the salinity levels in brackish peat water, this study has 

employed a continuous electrocoagulation treatment system with 5 A of electric current 

and 1.2 L/min of flow rate. This study has observed that the treated salinity levels in 

brackish peat water met Malaysian Class I standards in NWQS when the seawater 

percentage of such water is less than 30%. The treated brackish peat water could be 

used for domestic consumption in Malaysia due to the treated salinity levels being less 

than 500 mg/L (Department of Environment, 2020). In addition, this study has also 

noticed that brackish peat water with a seawater percentage of 30% achieved maximum 

salinity reduction efficiency at 91.78%. This signifies that electrocoagulation treatment 

could be utilized to reduce salinity levels in brackish peat water which is found to be 

suitable for domestic consumption in Sarawak. In 2020, several conducted studies have 
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found that electrocoagulation treatment of peat water could be utilized for domestic 

consumption especially in rural areas in southern and central Sarawak (Rahman et al., 

2020a; Rahman et al., 2020b; Rahman et al., 2020c; Rahman et al., 2020d). 

 Although electrocoagulation is effective to reduce salinity levels in brackish peat 

water with a seawater percentage being less than 30%, this study has found that the 

treated salinity levels do not meet Class I standard in NWQS when the seawater 

percentage being more than 30%. The electrocoagulation treatment system is not 

suitable for brackish peat water with seawater percentage being more than 30% due to 

the salinity reduction efficiency significantly decreasing as shown in Figure 4.7. This 

observation is also similar to a study attempted by Al-Raad et al. (2019) which reported 

that electrocoagulation treatment only reduces slight salinity levels in highly saline 

water sources.  

 

4.2.4 Analysis of Energy Operating Cost for Brackish Peat Water Treatment 

with Continuous Electrocoagulation System 

As discussed in Section 4.1.5, this study has observed that the treated brackish 

peat water could be consumed safely when the seawater percentage being less than 

30%. In order to investigate the viability of electrocoagulation treatment system, this 

study investigates the effects of electric current and flow rate on energy operating costs. 

 

i. Effects of Electric Current and Flow Rate on Energy Operating Cost in 

Electrocoagulation Treatment.  

Previously, this study investigated the effects of electric current and flow rate 

on energy operating cost in continuous electrocoagulation treatment. In order to 

evaluate the energy operating cost with electrocoagulation, this study attempts to 
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identify the applicable electric current and flow rate for brackish peat water with a 30% 

of seawater percentage. This study has found that high energy operating costs could be 

attained at high electric current as shown in Figure 4.8. At 0.4 L/min of flow rate, the 

energy operating cost of electrocoagulation treatment at 1 A and 5 A of electric current 

cost only RM 0.22 per m3 and RM 1.14 per m3 respectively. This indicates that the 

energy operating cost is directly proportional to the electric current. 

 

Figure 4.8: Effects of Electric Current and Flow Rate on Energy Operating Cost with 

Electrocoagulation Treatment of Brackish Peat Water with 30% of Seawater 

Percentage 

 

 A study conducted by Garcia-Segura et al. (2017) also reported that high electric 

current could lead to high energy operating costs owing to high specific electrical energy 
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dissociation of metal ions from sacrificial anodes (Papadopoulus et al., 2019). In order 

to reduce the energy operating cost, this study has increased the flow rate of brackish 

peat water in the continuous electrocoagulation treatment system. This study has 

noticed that the energy operating cost decreases when the flow rate increases in 

electrocoagulation treatment. When the flow rate is increased from 0.4 L/min to 2.0 

L/min at 5 A of electric current, the energy operating cost is reduced from RM 1.14 per 

meter cubic to RM 0.17 per meter cubic. This signifies the energy operating cost is 

inversely proportional to flow rate in electrocoagulation treatment. This finding is 

similar to a study conducted by Ebba et al. (2022) which reported that high flow rate is 

associated with short residence time in electrocoagulation treatment. The study 

attempted by Ebba et al. (2022) found high residence time led to high energy operating 

costs as stated in Faraday law.  

As shown in Figure 4.8, this study has also noticed that the highest salinity 

reduction efficiency of 91.78% in brackish peat water with 30% of seawater percentage 

could be attained at 5 A of electric current. Although electrocoagulation treatment is 

reasonable at high electric current, this study has found that the salinity reduction 

efficiency is low at both low and high flow rates. In this study, the salinity reduction 

efficiency in brackish peat water is achieved at 79.59% at 0.4 L/min and then increased 

to 91.78% when electrocoagulation treatment is applied with 1.2 L/min of flow rate. The 

salinity reduction efficiency has reduced to 74.97% of salinity reduction efficiency when 

the flow rate is increased to 2.0 L/min. This indicates that electrocoagulation treatment 

could achieve maximum salinity reduction efficiency of 91.78% in brackish peat water 

at 5 A of electric current and 1.2 L/min of flow rate. Under these conditions, this study 

found that the treatment of brackish peat water with a seawater percentage of 30% cost 

only RM 0.29 per meter cubic.  
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ii. Effect of Specific Electrical Energy Consumption (SEEC) on Energy 

 Operating Cost in Electrocoagulation Treatment.  

From the conducted energy operating cost analysis, the treatment of brackish 

peat water is optimum at 5 A of electric current. In order to investigate the effect of 

flow rate on specific electrical energy consumption, this study has evaluated the 

residence time and electrode materials consumption as shown in Table 4.1.  

Table 4.1: Energy Operating Cost for The Treatment of Brackish Peat Water with 

Continuous Electrocoagulation Treatment at 5 A of Electric Current 

 
Flow Rate 

(L/min) 

Residence 

Time (min) 

SEEC 

(kWh) 

EMC  

(g Al(OH)3/m3) 

EOC 

(RM/m3) 

EOC 

(RM/L) 

0.4 20 2.40 80.0 1.14 0.0011 

0.8 10 1.19 40.0 0.57 0.00057 

1.2 5 0.60 20.0 0.29 0.00029 

1.6 4 0.48 16.0 0.23 0.00023 

2.0 3 0.36 12.0 0.17 0.00017 
 

The flow rate has significantly affected the residence time, specific electrical 

energy consumption, electrode material consumption, and energy operating cost when 

continuous electrocoagulation is utilized on brackish peat water. This study has 

observed that the higher the flow rate, the lower the specific electrical energy 

consumption in electrocoagulation treatment. These conditions could lead to low energy 

operating costs as depicted in Figure 4.9. The specific electrical energy consumption 

(SEEC) decreases inversely to the flow rate in electrocoagulation treatment. In this 

study, it is noticed that the highest SEEC of 2.38 kWh/m3 is attainable at 0.4 L/min of 

flow rate whereas the lowest SEEC of 0.36 kWh/m3 is observed at 2.0 L/min of flow rate. 

Although electrocoagulation treatment could achieve low SEEC at 2.0 L/min of flow 

rate, this study has discovered that electrocoagulation treatment could achieve a 

maximum of 91.78% salinity reduction efficiency only at 1.2 L/min. When the flow rate 

is increased to 2.0 L/min, the salinity reduction efficiency has dropped to 74.97%. Wu 

et al. (2021) reported a similar finding that continuous flow rate of 1.0 L/min could 
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achieve 95% of decolorization rate fast and stable formation of electrocoagulation flocs. 

In addition, this flow rate leads to high formation of aluminium hydroxides in 

electrocoagulation treatment system (Nugroho et al., 2021).   

 

Figure 4.9: Effect of Flow Rate on Specific Electrical Energy Consumption (SEEC) 

with Electrocoagulation Treatment at 5 A of Electric Current in Brackish Peat Water 

with 30% of Seawater Percentage 

   

iii. Comparison of Energy Operating Cost between Electrocoagulation and 

other Water Treatment Processes. 

In electrocoagulation treatment, the energy operating cost is dependent on 

specific electrical energy consumption (SEEC) and electrode materials consumption 

(EMC) and this has been stated by Faraday’s laws. This study has found that the 

treatment of brackish peat water with continuous electrocoagulation treatment costs 

only RM 0.29 per meter cubic which is comparable to other treatment processes as 

tabulated in Table 4.2.  
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Table 4.2: Comparison of Energy Operating Cost between Electrocoagulation and 

Other Water Treatment Processes 

 
Treatment Water Supply 

Agency/Water 

Sources 

Energy Operating 

Cost (RM/m3) 

References 

Electrocoagulation 

 

Brackish Peat Water 0.29 This study 

 

 

Chemical Coagulation 

(Fresh River Water) 

Sibu Water Board 

(SWB) 

0.43 SWB (2018) 

Jabatan Bekalan Air 

Luar Bandar (JBALB) 

0.44 Petinggi (2022) 

Lembaga Air Kawasan 

Utara (LAKU) 

0.60 National Audit 

Department (2022) 

Kuching Water Board 0.61 KWB (2018) 

Membrane Related 

Process 

(Saline Water) 

 

Reverse Osmosis 

 

0.54 – 1.80 Al-Raad et al. (2019) 

  

The energy operating cost with electrocoagulation treatment is much lower than 

chemical coagulation and membrane-related processes. In Sarawak, most water supply 

agencies are utilizing chemical coagulation treatment in order to treat fresh river water 

sources for domestic consumption with average energy operating cost of RM 0.52 per 

meter cubic (Sibu Water Board, 2018; Kuching Water Board, 2018; Petinggi, 2022; 

National Audit Department, 2022). Even though chemical coagulation treatment is 

effective on fresh river water sources in Sarawak, its application on brackish peat water 

is unknown. A study conducted by Elma et al. (2020) reported that chemical coagulation 

treatment could not be utilized to remove conductivity and total dissolved solids from 

saline water sources. This signifies that chemical coagulation treatment is not 

applicable for salinity reduction in saline water sources. The energy operating cost with 

chemical coagulation is higher than the electrocoagulation treatment. In this study, it 

is observed that the energy operating cost with electrocoagulation treatment is 44% less 

than chemical coagulation treatment in Sarawak. This is possibly due to chemical 

coagulation treatment requiring high energy and operating cost in order to attain high 

reduction efficiency.  As reported by Kuching Water Board (2018), chemical coagulation 

treatment utilized numerous chemical additives substances particularly aluminium 
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sulphate, hydrated lime, liquid chlorine, anhydrous ammonia, sodium silicofluoride, 

sodium silica, sodium bicarbonate, polymer coagulants, polymer flocculants, aluminium 

chlorohydrate, and polyaluminium chlorides.  

 Several conducted studies had also reported that chemical coagulation 

treatment possesses drawbacks in terms of extensive sludge management due to toxic 

sludge generation (Sun et al., 2019; Zhang et al., 2020). A study conducted by Khor et 

al. (2020) has also informed that the energy operating cost in chemical coagulation 

treatment is usually higher than electrocoagulation treatment. This is possibly due to 

chemical coagulation treatment covering energy operating costs in terms of chemical 

and electrical consumption as well as energy of chemical production, transportation, 

and mixing of chemical coagulants (Gasmi et al., 2022). Even though reverse osmosis 

could completely remove salinity from saline water sources, this treatment system 

required a high energy operating cost. According to Al-Raad et al. (2019), the energy 

operating cost to desalinate saline water costs approximately RM 0.54 to RM 1.80 per 

meter cubic. In comparison to electrocoagulation treatment, this study has found that 

such a system could effectively reduce 91.78% of salinity in brackish peat water which 

is suitable for domestic consumption with energy consumption that costs only RM 0.29 

per meter cubic. Membrane-related process, on the other hand, possesses several 

drawbacks in terms of membrane fouling and degradation issues due to exposure to 

attacking chloride ions in saline water sources (Wilson & George, 2020; Gürses et al., 

2021).  

4.3 Stage 2: Adsorption Kinetic Models and Analysis of Electrocoagulation 

Flocs   

 Electrocoagulation treatment produces gelatinous white aluminium hydroxides 

which reduce salinity levels in brackish peat water sources. In order to investigate the 
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occurrence of adsorption process in electrocoagulation treatment, this study has 

formulated adsorption isotherm and kinetic order models. This study also conducts 

electrocoagulation flocs analysis to determine the presence of sodium and chloride 

elements with Energy Dispersive X-Ray (EDX) analysis.  

 

4.3.1 Langmuir and Freundlich Adsorption Isotherm Models 

Continuous electrocoagulation treatment is utilized to reduce the salinity levels 

in brackish peat water at optimum 5 A of electric current and 1.2 L/min of flow rate. In 

electrocoagulation, the sacrificial anode electrodes release aluminium ions whereas the 

cathode electrodes generate hydroxide ions as illustrated in Figure 4.10.  

 
 

Figure 4.10: Illustration of Salinity Reduction with Adsorption Process in 

Continuous Electrocoagulation Treatment 

 

The redox reaction between both aluminium and hydroxide ions is a precursor 

to formation of aluminium hydroxide coagulants. This study has noticed that 

aluminium hydroxide coagulants adsorb salinity from brackish peat water in the form 

of insoluble electrocoagulation flocs. The adsorption mechanism in electrocoagulation 

treatment of brackish peat water could be evaluated by formulating Langmuir and 

Freundlich adsorption isotherm models as shown in Table 4.3. The adsorption capacity 

for salinity reduction has increased from 79.10 mg/g to 2,499.70 mg/g when the 

seawater percentage is raised from 0% to 70%. When the seawater percentage being 
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more than 70%, this study has noticed that the adsorption capacity significantly 

decreased to 2,107.70 mg/g. This indicates that the maximum adsorption capacity with 

aluminum hydroxides could be obtained at 2,499.70 mg/g in brackish peat water with 

a 70% seawater percentage. 

Table 4.3: Comparison of Adsorption Capacity (qe) for Salinity Reduction in Brackish 

Peat Water with Langmuir and Freundlich Adsorption Isotherm Models 

 
Seawater 

Percentage 

(%) 

Salinity 

Reduction 

Efficiency 

(%) 

Experimental 

adsorption 

capacity, qe 

(mg/g) 

Langmuir Adsorption 

Capacity 

Freundlich Adsorption 

Capacity 

qL 

(mg/g) 

Deviation 

(%) 

qF 

(mg/g) 

Deviation 

(%) 

0 71.52 79.10 71.47 10.67 74.15 6.67 

10 89.01 788.20 771.87 2.11 754.26 4.50 

30 91.78 1,609.30 1,678.89 4.14 1,675.10 3.93 

50 83.38 2,185.75 2,151.75 1.58 2,335.30 6.40 

70 71.59 2,499.70 2,414.05 3.54 2,541.50 1.64 

80 52.98 2,317.35 2,447.11 5.30 2,435.35 4.84 

90 40.18 2,107.70 2,445.04 13.80 2,218.31 4.99 

 

 The experimental data is well fitted with the Langmuir and Freundlich 

adsorption isotherm models. In this study, the deviation between experimental and 

modelled values is within the acceptable range of 10% particularly for Freundlich 

adsorption isotherm model. Although the deviation values for seawater percentage at 

0% and 90% are more than 10%, the adsorption capacity for seawater percentage that 

ranges from 10% to 80% follows the Langmuir adsorption isotherm model. This signifies 

that the reduction of salinity levels in brackish peat water follows monolayer adsorption 

process (Liu et al., 2019). This study has analyzed several parameters in Langmuir and 

Freundlich isotherm model as tabulated in Table 4.4.  

Table 4.4: Parameters for Adsorption Process for Salinity Reduction in Brackish Peat 

Water with Adsorption Isotherm Models 

 
Isotherm Model Parameters Values 

 

Langmuir Isotherms 

qm (mg/g) 2,500.00 

KL (L/mg) 0.004 

RL 0.03 

R2 0.91 

 

Freundlich Isotherm 

KF (L/g) 1,032.52 

1/nf 0.11 

R2 0.90 
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Table 4.4 shows the maximum adsorption capacity of aluminium hydroxides 

obtained from Langmuir adsorption isotherm model is equivalent to 2,500 mg/g. This 

observation is also similar to the adsorption capacity obtained from experimental data 

for brackish peat water with a seawater percentage of 70%. In addition, this study has 

noticed that the shape of Langmuir isotherm models favour monolayer adsorption 

process when the seawater percentage is less than 70%. This is due to the Langmuir 

separation factors, RL, is less than one. As reported by Al-Ghoutti and Da’ana (2020), 

an adsorption process is favourable when the RL is more than zero and less than one.  

This phenomenon could also be confirmed by evaluating the regression 

coefficient (R2) values. In this study, it is found that the R2 for formulated Langmuir 

adsorption isotherm model is equivalent to 0.91 and this signifies that the model has 

high validity owing to a good correlation between experimental and modelled data 

(Rahman et al., 2020d). Moreover, this study also noticed that the salinity reduction in 

brackish peat water follows Freundlich adsorption isotherm models due to the R2 being 

equal to 0.90. From the formulated Freundlich isotherm model, this study has also 

found that the salinity reduction in brackish peat water follows a multilayer adsorption 

process due to the value of  is within the ranges of 0.1 and 0.5 (Ayub et al., 2020). 

This study has observed that the experimental data for salinity reduction is well fitted 

to both Langmuir and Freundlich adsorption isotherm model when the seawater 

percentage is less than 70% as shown by Figure 4.11. The adsorption of salinity on 

aluminium hydroxide coagulants is due to both monolayer and multilayer adsorption. 

According to Shaker et al. (2020), this type of adsorption occurs within microscopic 

structures of coagulants that are dominated by single monolayer adsorption. 

1

f
n
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Figure 4.11: Experimental Data Fitting to Langmuir and Freundlich Adsorption 

Isotherm Models 

 

This observation is also similar to a study conducted Bendaia et al. (2021) which 

reported that some heterogeneous adsorbents with multiple actives sites were not 

limited only to monolayer adsorption but also multilayer adsorption when the 

experimental data achieved well correlation with Langmuir and Freundlich adsorption 

isotherm models. This study has found that the salinity reduction efficiency increased 

from 71.52% to 91.78% when the seawater percentage was raised from 0% to 30% as 

depicted in Figure 4.11. Although the maximum adsorption capacity is achieved at 

70% of seawater percentage, this study has observed that the salinity reduction 

efficiency is lower than brackish peat water with 30% of seawater percentage. This is 

possibly due to a less amount of aluminium hydroxides coagulants that are present in 

brackish peat water sources, thus reducing the salinity reduction efficiency (Guisela et 

al., 2022).  
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4.3.2 Linear and Non-Linear Pseudo-First Order Kinetic Models 

 Pseudo-first-order model is the Lagrange rate equation that calculates 

adsorption rate constant by plotting equilibrium adsorption capacity against residence 

time (Revellame et al., 2020).  In order to determine the adsorption rate, this study has 

formulated pseudo first order model as tabulated in in Table 4.5. 

Table 4.5: Pseudo-First Orders Kinetic Model Parameters for Salinity Reduction in 

Brackish Peat Water with Continuous Electrocoagulation Treatment 

 
Seawater 

Percentage 

(%) 

qe,exp 

(mg/g) 

Pseudo-first order 

(Linear form) 

Pseudo-first order 

(Non-linear form) 

qe,model 

   (mg/g) 

K1 

 (min-1) 
   R

2 qe,model 

(mg/g) 

    K1 

 (min-1) 
R

2 

0 79.10 1.50 0.045 0.68 79.20 2.65  0.99 

10 788.20 6.00 0.092 0.55 789.25 2.65  0.99 

30 1,609.30 7.32 0.102 0.57 1,611.43 2.65  0.99 

50 2,185.75 9.20 0.106 0.55 2,188.65 2.65  0.99 

70 2,499.70 74.13 0.072 0.52 2,503.02 2.65  0.99 

80 2,317.35 113.11 0.066 0.37 2,320.42 2.65  0.99 

90 2,107.70 132.01 0.066 0.37 2,110.50 2.65  0.99 

 

 As shown in Table 4.5, this study has formulated pseudo-first order kinetic in 

both linear and non-linear forms. This study has also observed that the experimental 

adsorption capacity is well fitted to non-linear pseudo first order rather than in linear 

form. This is due to the regression value of the non-linear model (R2 = 0.99) being higher 

than linear model (R2 < 0.75). According to Mehri et al. (2021), the value of R2 that is 

less than 0.75 signifies inaccuracy of formulated model. In comparison to adsorption 

capacity, the model values of non-linear form show similar observations to 

experimental values as compared to linear form. In addition, this study has found that 

the plot between log (qe – qt) and t does not show any correlation to each other as shown 

in Figure 4.12. This study has noticed that the plot of log (qe – qt) against time 

generates scattering patterns of lines. This signifies that linear model could not be 

utilized to predict the adsorption rate constant for salinity reduction in brackish peat 

water due to the linearized pseudo-first-order model requires an estimated qe in order 
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to attain straightforward parameter estimation (Sahoo & Prelot, 2020). Although 

estimation of qe could attain instant parameter values, this method is not suitable for 

some direct parameter estimation owing to unreachable equilibrium to the unknown qe 

(Shen et al., 2022). 

 

Figure 4.12: Linear Pseudo-first Order Kinetic for Salinity Reduction in Brackish 

Peat Water with Electrocoagulation Treatment 

 

Realizing this problem, this study formulates salinity adsorption with the non-

linear pseudo-first-order kinetic model as shown in Figure 4.13. This study has noticed 

the salinity adsorption in brackish peat water correlates well with the non-linear 

pseudo-first-order model. The highest adsorption capacity is attained at 2,503.02 mg/g 

in brackish peat water with a 70% of seawater percentage. The adsorption capacity 

increased from 79.10 mg/g to 2,503.02 mg/g when the seawater percentage being raised 

from 0% to 70%, thus, indicating an effective salinity reduction efficiency within this 

range of seawater percentage. The non-linear pseudo first order model provides an 

accurate estimation of kinetic model parameters to describe the whole adsorption 

process instead of modelling the initial stage only (Jasper et al., 2020). 
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Figure 4.13: Non-Linear Pseudo-First Order Kinetic Models for Salinity Reduction in 

Brackish Peat Water with Electrocoagulation Treatment 

 

From the formulated non-linear pseudo first order model, this study has 

evaluated adsorption rate constant for salinity reduction in brackish peat water as 

tabulated in Table 4.6.  

Table 4.6: Kinetic Parameters for Salinity Reduction in Brackish Peat Water with 

Non-Linear Pseudo-First-Order Model 

 
Seawater 

Percentage 

(%) 

Experimental 

Adsorption 

Capacity, 

qe (mg/g) 

Modelled 

Adsorption 

Capacity, 

qe (mg/g) 

Adsorption 

Rate 

Constant, 

K1 (min-1) 

R2 Deviation 

(%) 

Salinity 

Reduction 

Efficiency 

(%) 

0 79.10 79.20 2.65 0.99 0.13 71.52 

10 788.20 789.25 2.65 0.99 0.13 89.01 

30 1,609.30 1,611.43 2.65 0.99 0.13 91.78 

50 2,185.75 2,188.65 2.65 0.99 0.13 83.38 

70 2,499.70 2,503.02 2.65 0.99 0.13 71.59 

80 2,317.35 2,320.42 2.65 0.99 0.13 52.98 

90 2,107.70 2,110.50 2.65 0.99 0.13 40.18 
 

The adsorption rate constant in brackish peat water with seawater percentage 

that ranged from 0% to 90% equals to 2.65 min-1. This study has also noticed the 

percentage deviation between experimental and modelled adsorption capacity is 

approximately 0.13%. This indicates the formulated pseudo-first-order kinetic model is 

0

500

1000

1500

2000

2500

0 10 20 30

q
e
 (

m
g
/g

)

Time (min)

0% Seawater

10% Seawater

30% Seawater

50% Seawater

70% Seawater

80% Seawater

90% Seawater



98 
 

valid for kinetic parameter estimation during to deviation is less than 10% (Acharya et 

al., 2018).  

 

4.3.3 Energy Dispersive X-Ray Analysis of Electrocoagulation Flocs 

The electrocoagulation treatment system produces in-situ aluminium hydroxide 

coagulants that bind to salinity elements in brackish peat water and then form 

electrocoagulation flocs and the compositions is depicted by Figure 4.14. From 

conducted EDX analysis, the study has observed the presence of oxygen, aluminium, 

carbon, ytterbium, silica, sodium, sulphate, magnesium, chloride, and calcium on the 

electrocoagulation flocs. The EDX analysis also examined the levels of intensity and 

dispersive energy of atomic molecules in order to examine the composition of 

electrocoagulation flocs. The incidence beam in EDX could excite the inner shell 

electron which caused this electron to be ejected from the shell, thus, generating an 

electron-hole filled by an electron from a higher energy shell (Titus et al., 2019).  

The energy differential between higher and lower energy shells that are emitted 

in the form of X-rays have under signal processing to generate elemental mass 

percentage as tabulated in Table 4.7. In this study, the highest mass composition of 

aluminium (18.57%) and oxygen (45.58%) are found in electrocoagulation flocs that are 

being produced in brackish peat water with a 30% of seawater percentage. The EDX 

analysis which is conducted in this study has also confirmed that electrocoagulation 

treatment produced in-situ aluminium hydroxide coagulants owing to redox reactions 

(Hu et al., 2017; Sakthisharmila et al., 2018). This also signifies that electrocoagulation 

flocs are mainly constituted with aluminium hydroxide coagulants. 
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(A) Electrocoagulation Flocs from Brackish Peat 

Water with 0% of Seawater Percentage 
 

 

 
 

(B) Electrocoagulation Flocs from Brackish Peat 

Water with 10% of Seawater Percentage 

 
 

(C) Electrocoagulation Flocs from Brackish Peat 

Water with 30% of Seawater Percentage 
 

 
 

(D) Electrocoagulation Flocs from Brackish Peat 

Water with 50% of Seawater Percentage 

 
 

(E) Electrocoagulation Flocs from Brackish Peat 

Water with 70% of Seawater Percentage 
 

 
 

(F) Electrocoagulation Flocs from Brackish Peat 

Water with 80% of Seawater Percentage 

 
 

(G) Electrocoagulation Flocs from Brackish Peat 

Water with 90% of Seawater Percentage 
 

Legend    

Ca : Calcium 

C : Carbon 

O : Oxygen 

Na : Sodium 

Mg : Magnesium 

Al : Aluminium 

Si : Silicon 

S : Sulphur 

Cl : Chloride 

Yb : Ytterbium 
 

 

Figure 4.14: Analysis of Electrocoagulation Flocs from Brackish Peat Water with 

Energy Dispersive X-Ray 
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Table 4.7: Elemental Mass Percentage on Electrocoagulation Flocs from Brackish 

Peat Water with Seawater Percentage That Ranged from 0% to 90% 

 
Seawater 

Percentage 

(%) 

0 10 30 50 70 80 90 

Elemental Composition (%) 

Oxygen 45.80 45.49 45.58 44.44 43.85 42.29 36.87 

Aluminium 17.00 18.31 18.57 18.50 18.00 17.11 16.00 

Carbon 30.05 19.48 13.92 9.98 3.62 2.42 2.05 

Ytterbium 4.20 3.93 3.84 3.65 3.59 3.52 2.79 

Silica 1.22 2.13 2.88 3.75 4.06 5.29 6.88 

Sodium 1.02 1.48 2.92 5.09 7.78 8.12 9.28 

Sulphate 0.84 1.16 1.27 1.33 2.81 2.17 2.12 

Magnesium 0.46 3.30 3.26 3.33 3.39 3.94 4.02 

Chloride 0.42 3.78 7.37 8.91 12.62 13.41 15.99 

Calcium 0.37 0.58 0.73 1.02 1.32 1.72 1.63 
 

Electrocoagulation flocs also contain several salts element particularly silica, 

sodium, sulphate, magnesium, chloride, and calcium. It is found that the presence of 

sodium and chloride on electrocoagulation flocs has possibly led to salinity reduction in 

brackish peat water as shown by Figure 4.15. This indicates that aluminium hydroxide 

coagulants in electrocoagulation treatment could separate salt elements in brackish 

peat water in the form of flocs. The salinity reduction efficiency has increased from 

71.52% to 91.78% when the seawater percentage in brackish peat water is raised from 

0% to 30%. The treatment of brackish peat water with electrocoagulation treatment has 

achieved high salinity reduction efficiency due to the effective production of aluminium 

hydroxide coagulants. A study conducted by Al-Raad et al. (2019) informed that 

electrocoagulation treatment could remove chlorides ion from saline water sources with 

the aid of aluminium hydroxide coagulants. Additionally, the salinity reduction 

efficiency has reduced from 91.78% to 40.18% when the seawater percentage in 

brackish peat water is raised from 30% to 90% as depicted by Figure 4.15.  
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Figure 4.15: Relationship Between Salinity Reduction Efficiency, Sodium Chloride, 

and Aluminium Hydroxides in Electrocoagulation Treatment 

 

 

4.4 Stage 3: Statistical Analysis of Salinity Reduction with 

Electrocoagulation Treatment 

 A statistical model has been developed in this study to achieve maximum 

salinity reduction efficiency and minimum energy operating cost in electrocoagulation. 

The study has also utilized Design Expert (State Ease Inc.) software to develop 

statistical analysis model with response surface methodology.  

4.4.1 Experimental Statistical Design 

In this study, the experimental design has been employed with three level 

factors of central composite design (CCD) particularly to optimize the operating 

parameters as shown in Table 4.8. This study has investigated the effects of seawater 

percentage (0% to 90%), electric current (1 A to 5 A), and flow rate (0.4 L/min to 2.0 

L/min) on salinity reduction efficiency and energy operating cost with continuous 

electrocoagulation treatment.  
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Table 4.8: Central Composite Design (CCD) Experimental Statistical Design 

 
No Seawater 

Percentage 

(%) 

Electric 

Current 

(A) 

Flow 

Rate 

(L/min) 

Salinity Reduction 

Efficiency (%) 

Energy Operating Cost 

(RM/m3) 

Exp RSM Error 

(%) 

Exp. RSM Error 

(%) 

1 0 1 0.4 12.04 12.37 2.63 0.22 0.23 2.64 

2 0 2 0.8 33.85 35.95 5.82 0.22 0.22 0.01 

3 0 3 1.2 50.93 50.24 1.38 0.17 0.18 5.53 

4 0 4 1.6 47.12 45.24 4.16 0.18 0.18 3.57 

5 0 5 2.0 49.37 50.95 3.11 0.17 0.16 6.66 

6 10 1 0.4 24.00 25.41 5.55 0.22 0.23 2.64 

7 10 2 0.8 49.29 48.08 2.50 0.22 0.22 0.01 

8 10 3 1.2 62.04 61.47 0.93 0.17 0.18 5.53 

9 10 4 1.6 70.25 65.57 7.14 0.18 0.18 3.57 

10 10 5 2 62.26 60.37 3.13 0.17 0.16 6.66 

11 30 1 0.4 41.42 40.64 1.92 0.22 0.23 2.64 

12 30 2 0.8 60.29 61.50 1.97 0.22 0.22 0.01 

13 30 3 1.2 80.36 73.08 9.96 0.17 0.18 5.53 

14 30 4 1.6 77.59 75.36 2.95 0.18 0.18 3.57 

15 30 5 2 74.97 68.36 9.68 0.17 0.16 6.66 

16 50 1 0.4 42.76 41.39 3.30 0.22 0.23 2.64 

17 50 2 0.8 58.32 60.44 3.51 0.22 0.22 0.01 

18 50 3 1.2 69.61 70.20 0.84 0.17 0.18 5.53 

19 50 4 1.6 73.71 70.68 4.29 0.18 0.18 3.57 

20 50 5 2 53.86 61.86 12.94 0.17 0.16 6.66 

21 70 1 0.4 25.39 27.66 8.22 0.22 0.23 2.64 

22 70 2 0.8 42.64 44.90 5.03 0.22 0.22 0.01 

23 70 3 1.2 55.82 52.85 5.62 0.17 0.18 5.53 

24 70 4 1.6 47.50 51.51 7.78 0.18 0.18 3.57 

25 70 5 2 34.86 37.88 7.96 0.17 0.16 6.66 

26 80 1 0.4 14.72 15.37 4.19 0.22 0.23 2.64 

27 80 2 0.8 33.85 31.70 6.77 0.22 0.22 0.01 

28 80 3 1.2 37.07 38.75 4.32 0.17 0.18 5.53 

29 80 4 1.6 35.83 36.50 1.83 0.18 0.18 3.57 

30 80 5 2 26.92 24.97 7.84 0.17 0.16 6.66 

31 90 1 0.4 7.19 8.39 14.27 0.22 0.23 2.64 

32 90 2 0.8 15.10 14.88 1.45 0.22 0.22 0.01 

33 90 3 1.2 21.98 21.02 4.57 0.17 0.18 5.53 

34 90 4 1.6 19.38 17.87 8.43 0.18 0.18 3.57 

35 90 5 2 8.82 8.43 4.65 0.17 0.16 6.66 

Note: Exp - Experimental Data; RSM – Response Surface Methodology; Error – Deviation  
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Three independent variables which have been identified in designing the 

continuous electrocoagulation treatment of brackish peat water are utilized for 

optimization study. From the developed experimental design, the developed statistical 

design experiment has high accuracy and adequacy due to the percentage deviation 

between experimental and modelled values being less than 10% (Acharya et al., 2018). 

 

4.4.2 Mathematical Quadratic Equations 

 From the developed statistical experimental model with central composite 

design (CCD), this study has noticed that salinity reduction in brackish peat water with 

electrocoagulation treatment follows polynomial quadratic equations. The empirical 

relationship between responses and investigated variables has been formulated with 

second-order polynomial equations in which the interaction terms of mathematical 

models are fitted to experimental values. The formulated quadratic models for salinity 

reduction efficiency and energy operating cost are equated as in Equation 4.1 and 

Equation 4.2 respectively.  

SRE (%) : 
1 2 3 1 2 2 3

2 2 2
1 2 3

20.50 1.58 X 12.46 X 62.64X 0.09137 X X 1.59 X X

0.02 X 0.01X 25.10 X

− + + + − +

− + −
 

 (4.1) 

EOC (RM/m3) : 
1 2 3 1 2

2 2
1 3 2 3 2 3

0.36 0.000095 X 0.23 X 0.79 X 0.000011X X

0.000027 X X 0.12 X X 0.00064X 0.33 X

+ + − −

− − + +
 

  (4.2) 

Where SRE (%) refers to salinity reduction efficiency, EOC (RM/m3) refers to 

energy operating cost, X1 refers to seawater percentage in brackish peat water, X2 refers 

to electric current, and X3 refers to flow rate. In order to assess the adequacy of 

mathematical models, this study has conducted a coefficient of determination (R2) test 

as depicted in Figure 4.16 and Figure 4.17 respectively.  
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Figure 4.16: Regression Coefficient of Mathematical Equation for Salinity Reduction 

Efficiency 

 

 
 

Figure 4.17: Regression Coefficient of Mathematical Model for Energy Operating 

Cost 

 

 This study has observed the data points between experimental and model values 

lie close to each other and this led to low residual errors as observed in Figure 4.16 

and Figure 4.17. The R2 values of mathematical models are higher than 0.75 which 

signifies the formulated models are valid for optimization purposes (Haas, 2020; 

0

10

20

30

40

50

60

70

80

90

100

0 20 40 60 80 100

S
a

li
n

it
y
 R

e
d

u
ct

io
n

 E
ff

ic
ie

n
cy

 (
%

)

Seawater Percentage (%)

R2 = 0.84

Adjusted R2 = 0.83

Predicted R2 = 0.82

0

0.2

0.4

0.6

0.8

1

1.2

1.4

0.4 0.8 1.2 1.6 2.0

E
n

e
rg

y
 O

p
e
ra

ti
n

g
 C

o
a

t 
(R

M
/m

3
)

Flow Rate (L/min)

R2 = 0.97

Adjusted R2 = 0.96

Predicted R2 = 0.96



105 
 

Rahman et al., 2020d). The adjusted and predicted R2 values are also less than actual 

R2 values due to the comparative explanatory power of mathematical models that 

require several variable reductions to correlate with experimental values (Piepho, 

2020).  

 

4.4.3 Model Validation with Analysis of Variance 

 This study employs analysis of variance (ANOVA) to correlate the interactions 

between process variables and responses as shown in Table 4.9. ANOVA reports the 

significant interaction between variables in terms of mean square, F- value, p-value.  

Table 4.9: ANOVA and Statistical Parameters of Salinity Reduction Efficiency and 

Energy Operating Cost 

 
Source Salinity Reduction Efficiency (%) Energy Operating Cost (RM/m3) 

Mean 

Square 

F-value p-value Mean 

Square 

F-value p-value 

Model 8,208.63 96.45 < 0.0001 1.4 510.23 < 0.0001 

X1-Seawater 

Percentage 

(%) 

19,104.38 224.48 < 0.0001 0 0.0078 0.9298 

X2-Electric 

Current (A) 

14,465.77 169.97 < 0.0001 3.22 1170.16 < 0.0001 

X3-Flow 

Rate 

(L/min) 

284.27 3.34 0.0394 6.4 2323.59 < 0.0001 

X1X2 2,996.41 35.21 < 0.0001 0 0.0148 0.9034 

X1X3 0.2254 0.0026 0.959 0 0.0148 0.9034 

X2X3 274.71 3.23 0.0742 1.47 533.6 < 0.0001 

 
31,350.39 368.37 < 0.0001 0 0.0076 0.9307 

 
0.0192 0.0002 0.988 0.0002 0.0726 0.7879 

 
7,829.77 92 < 0.0001 1.38 501.56 < 0.0001 

Residual 85.11 0.0028 

Coefficient 

of Variation 

20.56% 18.11% 

Adequate 

Precision 

40.54 84.60 

 

The developed statistical models for salinity reduction efficiency and energy 

operating cost are significant in this study due to the p-values of these models being 

less than 0.05 (Thakur, 2020). The model F-value of 96.45 which represents salinity 

2
1X

2
2X

2
3X
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reduction efficiency and 510.23 refers to energy operating cost indicating there is only 

0.01% chance that an F-value this large could occur due to noise. This study has also 

found that the interactions between seawater percentage, electric current, and flow rate 

are highly significant to salinity reduction efficiency owing to p-value is less than 0.05. 

The developed statistical model is highly significant due to acceptable residuals and 

coefficient of variation. This is due to the ratio of adequacy precision of the statistical 

model being more than four and suggesting that the developed model could be utilized 

for model optimization (Design Expert, 2022). 

 

4.4.4 Three-Dimensional (3D) Response Surface Plots   

 

 The statistical model analysis determines the critical point on surface plots in 

terms of maximum, minimum, or saddle points. From the formulated mathematical 

models, this study has generated three-dimensional (3D) response surface plots to study 

the relationship between seawater percentage, electric current, and flow rate on 

salinity reduction efficiency and energy operating cost with electrocoagulation 

treatment.  

i. Relationship between Seawater Percentage, Electric Current, and 

Flow Rate on Salinity Reduction Efficiency.  

The effects of investigated variables particularly seawater percentage, electric 

current, and flow rate on salinity reduction have been identified in this study. RSM is 

employed to illustrate the effects of these varied variables as depicted in Figure 4.18, 

Figure 4.19, and Figure 4.20 respectively. This study has found that the highest 

salinity reduction efficiency of 89% could be achieved at 5 A of electric current with a 

30% of seawater percentage as shown by Figure 4.18. These conditions also favours 
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high generation of in-situ aluminium hydroxide coagulants that aid in the separation 

of salinity from brackish peat water sources with adsorption process. 

 

 
 

Figure 4.18: Relationship between Seawater 

Percentage and Electric Current on Salinity 

Reduction Efficiency at 1.2 L/min of Flow Rate 

 

 
 

Figure 4.19: Relationship between Seawater 

Percentage and Flow Rate on Salinity Reduction 

Efficiency at 5 A of Electric Current 

 

 
 

Figure 4.20: Relationship between Flow Rate and Electric Current on Salinity Reduction Efficiency at 

30% of Seawater Percentage 

 

 This study has also noticed that the highest salinity reduction efficiency at 89% 

could also be achieved at 1.2 L/min of flow rate as shown in Figure 4.19. This is possibly 

due to such conditions also favour an effective mixing between in-situ aluminium 

hydroxides coagulants and salinity in brackish peat water as well as prevent further 

oxidation of these coagulants to form transitory compounds (Bendaia et al., 2021). As 

illustrated in Figure 4.20, this study has noticed that electrocoagulation could 
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effectively reduce 89% of salinity levels in brackish peat water sources at 5 A of electric 

current and 1.2 L/min of flow rate with a 30% of seawater percentage. 

 

ii. Relationship between Seawater Percentage, Electric Current, and 

Flow Rate on Energy Operating Cost.  

 The relationship between seawater percentage, electric current, and flow rate 

on energy operating cost are depicted in Figure 4.21 to Figure 4.23.  

 

 
 

Figure 4.21: Relationship between Electric 

Current and Seawater Percentage on Energy 

Operating Cost at 1.2 L/min of Flow Rate 

 

 
 

Figure 4.22: Relationship between Flow Rate 

and Seawater Percentage on Energy Operating 

Cost at 5 A of Electric Current 

 

 
 

Figure 4.23: Relationship between Electric Current and Flow Rate on Energy Operating Cost at 30% 

of Seawater Percentage 
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As depicted in Figure 4.21, this study has noticed the seawater percentage has 

no significant interaction with energy operating cost due to the surface plot exhibiting 

a plateau shape. This observation is also similar to a study conducted by Khedher et al. 

(2023) which reported plateau plot surface indicates one of the investigated variables 

has no significant effect on the model response. In addition, this study has noticed that 

energy operating cost is directly proportional to the electric current as shown in Figure 

4.22. Although high electric current could generate many in-situ aluminium 

hydroxides, such conditions could make electrocoagulation an energy-intensive 

treatment system. This is due to high electric current in electrocoagulation consuming 

high energy consumption as stated in Faraday’s law (Papadopoulus et al., 2019). In 

order to mitigate this issue, this study has found that energy operating costs in 

electrocoagulation treatment could be conducted at a low flow rate of 1.2 L/min as 

shown in Figure 4.23.  

iii.      Numerical Optimization 

 Numerical optimization is conducted in this study to determine the optimum 

process parameters for maximum salinity reduction efficiency and minimum energy 

operating cost. From conducted numerical optimization, this study has found that the 

optimum operating parameters to attain maximum salinity reduction efficiency and 

minimum energy operating cost are compatible at 5 A of electric current and 1.2 L/min 

of flow rate with suitable seawater percentage at 30% as shown in Table 4.10. 

Table 4.10: Electrocoagulation Treatment of Brackish Peat Water at Optimum 5 A of 

Electric Current, 1.2 L/min of Flow Rate, and 30% of Seawater Percentage 

 
Responses Model Experiment Deviation (%) 

Salinity Reduction 

Efficiency (%) 

89.00 91.78 2.72 

Energy Operating Cost 

(RM/m3) 

0.28 0.29 3.45 
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CHAPTER 5 

CONCLUSIONS  

 

An experimental study has been conducted to reduce the salinity levels in 

brackish peat water by utilizing continuous electrocoagulation with aluminium 

electrodes. Correspondingly, this study has found that electrocoagulation treatment 

could be utilized to reduce the salinity levels in brackish peat water sources in Sarawak. 

The water quality analysis done in this study has found that the treated salinity levels 

of brackish peat water are considered suitable for domestic consumption when the 

seawater percentage being less than 30%. This is due to the fact that the treated 

salinity levels meet Class I standard in National Water Quality Standard because the 

salinity level is less than 500 mg/L as recommended by the Department of Environment 

in Malaysia. 

The adsorption mechanism that leads to salinity reduction in brackish peat 

water follows both Langmuir (R2=0.91) and Freundlich (R2=0.90) adsorption isotherm 

models when the seawater percentage being less than 70%. This suggests the 

adsorption of salts on aluminium hydroxide coagulants is due to the microscopic 

heterogeneous structures with multiple active sites that are not limited only to 

monolayer adsorption. Correspondingly, the salinity reduction in brackish peat water 

is also well fitted to the non-linear pseudo-first-order model (R2=0.99) as compared to 

pseudo-first-order model in linear form (R2<0.75). Based on the non-linear pseudo-first-

order model, the in-situ aluminium hydroxide coagulants could effectively reduce 

salinity levels in brackish peat water at 2.65 min-1 of adsorption rate and 2,503 mg/g of 

maximum adsorption capacity especially when the seawater percentage in brackish 

peat water is lower than 70%. An analysis with Energy Dispersive X-Ray (EDX) has 
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also detected the presence of aluminium hydroxides and sodium chlorides on the 

electrocoagulation flocs. 

This study has developed a statistical model analysis with three level factors of 

central composite design (CCD) to study the significant effects of seawater percentage, 

electric current, and flow rate for optimizing the salinity reduction efficiency and energy 

operating cost. The developed statistical model has been utilized to formulate 

polynomial mathematical quadratic equations for salinity reduction efficiency (R2=0.84) 

and energy operating cost (R2=0.97). From the conducted analysis of variance (ANOVA), 

this study has also observed that seawater percentage, electric current, and flow rate 

have significant effects on salinity reduction efficiency and energy operating cost due 

to the p-value being less than 0.05. The process optimization done in this study obtained 

an optimum 5 A of electric current and 1.2 L/min of flow rate in order to achieve 91.78% 

of salinity reduction efficiency in brackish peat water with 30% of seawater percentage 

with a cost of RM 0.29 per meter cubic of treated water. A detailed investigation on 

Faradaic efficiency analysis of salinity reduction with electrocoagulation treatment is 

proposed for further study. Overall, this study demonstrates that continuous 

electrocoagulation treatment could reduce the salinity levels in brackish peat water 

with a 30% of seawater percentage which is deemed suitable for domestic consumption 

in Sarawak coastal rural areas at reasonable cost. 
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APPENDIX B: Gantt Chart 
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Effects of Seawater 

Percentage and Electric 
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5 25w26/5/20213/12/2020Water Quality Analysis
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Figure 1: Gantt Chart 
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APPENDIX C: Supplementary Data 

 

Table 1: Effect of Electric Current on Salinity Level Changes with Varied Seawater 

Percentage 

 
Seawater 

Percentage 

(%) 

Electric 

Current 

(A) 

Changes in Salinity Levels (mg/L) 

0 min 3 min 5 min 10 min 15 min 20 min 30 min 

 

 

 

0 

1 316 300 294 287 285 285 285 

2 316 271 256 245 241 241 241 

3 316 242 218 202 197 196 196 

4 316 213 181 160 153 152 152 

5 316 184 143 118 109 108 108 

 

 

 

10 

1 2,530 2,202 1,976 1,641 1,456 1,390 1,365 

2 2,530 2,009 1,732 1,368 1,200 1,150 1,131 

3 2,530 1,816 1,489 1,094 943 910 898 

4 2,530 1,623 1,245 821 687 670 664 

5 2,530 1,430 1,001 547 430 430 430 

 

 

 

30 

1 5,010 3,965 3,554 2,910 2,465 2,187 1,765 

2 5,010 3,562 3,052 2,422 2,035 1,805 1,489 

3 5,010 3,160 2,550 1,933 1,605 1,423 1,212 

4 5,010 2,757 2,047 1,445 1,175 1041 936 

5 5,010 2,354 1,545 956 745 659 659 

 

 

 

50 

1 7,490 6,536 6,024 5,223 4,776 4,567 4,423 

2 7,490 5,840 5,262 4,514 4,091 3,904 3,796 

3 7,490 5,144 4,500 3,805 3,406 3,241 3,169 

4 7,490 4,447 3,738 3,096 2,720 2,578 2,542 

5 7,490 3,751 2,976 2,387 2,035 1,915 1,915 

 

 

 

70 

1 9,976 8,912 8,293 7,679 7,178 6,780 6,380 

2 9,976 8,270 7,535 6,856 6,372 6,022 5,722 

3 9,976 7,629 6,777 6,033 5,566 5,265 5,065 

4 9,976 6,987 6,018 5,210 4,759 4,507 4,407 

5 9,976 6,345 5,260 4,387 3,953 3,750 3,750 

 

 

 

80 

1 12,497 12,134 11,921 11,354 10,970 10,770 10,334 

2 12,497 11,648 11,244 10,562 10,091 9,844 9,517 

3 12,497 11,162 10,567 9,769 9,212 8,918 8,700 

4 12,497 10,675 9,889 8,977 8,333 7,991 7,882 

5 12,497 10,189 9,212 8,184 7,454 7,065 7,065 

 

 

 

90 

1 14,987 14,723 14,524 14,034 13,476 13,132 12,587 

2 14,987 14,262 13,912 13,315 12,729 12,384 11,975 

3 14,987 13,801 13,300 12,597 11,982 11,636 11,364 

4 14,987 13,340 12,688 11,878 11,234 10,888 10,752 

5 14,987 12,878 12,076 11,159 10,487 10,140 10,140 
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Table 2: Effect of Electric Current on Salinity Reduction Efficiency with Varied 

Seawater Percentage 

 
Seawater 

Percentage 

(%) 

Electric 

Current 

(A) 

Salinity Reduction Efficiency (%) 

0 min 3 min 5 min 10 min 15 min 20 min 30 min 

 

 

 

0 

1 0 5.06 6.96 9.18 9.81 9.81 9.81 

2 0 14.22 18.93 22.57 23.71 23.83 23.85 

3 0 23.38 30.89 35.96 37.62 37.86 37.90 

4 0 32.54 42.86 49.35 51.52 51.88 51.94 

5 0 41.69 54.83 62.74 65.43 65.90 65.98 

 

 

 

10 

1 0 12.96 21.90 35.14 42.45 45.06 46.05 

2 0 20.59 31.53 45.95 52.59 54.55 55.29 

3 0 28.22 41.17 56.76 62.73 64.03 64.53 

4 0 35.85 50.80 67.57 72.87 73.52 73.76 

5 0 43.48 60.43 78.38 83.00 83.00 83.00 

 

 

 

30 

1 0 20.86 29.06 41.92 50.80 56.35 64.77 

2 0 28.90 39.09 51.67 59.38 63.97 70.29 

3 0 36.94 49.11 61.42 67.96 71.60 75.81 

4 0 44.98 59.14 71.17 76.55 79.22 81.33 

5 0 53.01 69.16 80.92 85.13 86.85 86.85 

 

 

 

50 

1 0 12.74 19.57 30.27 36.23 39.03 40.95 

2 0 22.03 29.75 39.73 45.38 47.88 49.32 

3 0 31.33 39.92 49.20 54.53 56.73 57.69 

4 0 40.62 50.09 58.66 63.68 65.58 66.06 

5 0 49.92 60.27 68.13 72.83 74.43 74.43 

 

 

 

70 

1 0 10.67 16.87 23.03 28.05 32.04 36.05 

2 0 17.10 24.47 31.28 36.13 39.63 42.64 

3 0 23.53 32.07 39.52 44.21 47.23 49.23 

4 0 29.96 39.67 47.77 52.29 54.82 55.82 

5 0 36.40 47.27 56.02 60.37 62.41 62.41 

 

 

 

80 

1 0 2.90 4.61 9.15 12.22 13.82 17.31 

2 0 6.80 10.03 15.49 19.25 21.23 23.85 

3 0 10.69 15.45 21.83 26.29 28.64 30.39 

4 0 14.58 20.87 28.17 33.32 36.05 36.93 

5 0 18.47 26.29 34.51 40.35 43.47 43.47 

 

 

 

90 

1 0 1.76 3.09 6.36 10.08 12.38 16.01 

2 0 4.84 7.17 11.15 15.07 17.37 20.10 

3 0 7.92 11.26 15.95 20.05 22.36 24.18 

4 0 10.99 15.34 20.75 25.04 27.35 28.26 

5 0 14.07 19.42 25.54 30.03 32.34 32.34 
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Table 3: Effect of Flow Rate on Salinity Levels Changes with Varied Seawater 

Percentage 

 
Seawater 

Percentage 

(%) 

Flow 

Rate 

(L/min) 

Changes in Salinity Levels (mg/L) 

0 min 3 min 5 min 10 min 15 min 20 min 30 min 

 

 

 

0 

0.4 316 234 188 155 145 145 145 

0.8 316 184 143 118 109 108 108 

1.2 316 163 118 97 90 90 90 

1.4 316 206 168 139 129 126 125 

2.0 316 248 217 180 167 161 160 

 

 

 

10 

0.4 2,530 1,771 1,395 918 742 668 664 

0.8 2,530 1,430 1,001 547 430 430 430 

1.2 2,530 1,221 823 413 303 278 278 

1.4 2,530 1,687 1,243 702 567 532 524 

2.0 2,530 1,854 1,546 1,134 917 804 803 

 

 

 

30 

0.4 5,010 3,034 2,387 1,686 1,356 1,145 1,023 

0.8 5,010 2,354 1,545 956 745 659 659 

1.2 5,010 1,978 1,232 634 456 412 412 

1.4 5,010 2,765 1,976 1,342 1,038 897 865 

2.0 5,010 3,345 2,776 2,034 1,654 1,445 1,254 

 

 

 

50 

0.4 7,490 4,644 4,031 3,536 3,233 3,080 3,021 

0.8 7,490 3,751 2,976 2,387 2,035 1,915 1,915 

1.2 7,490 3,445 2,456 1,734 1,367 1,245 1,245 

1.4 7,490 4,057 3,496 3,040 2,703 2,585 2,585 

2.0 7,490 5,231 4,565 4,032 3,763 3,574 3,456 

 

 

 

70 

0.4 9,976 7,463 6,652 5,889 5,667 5,582 5,582 

0.8 9,976 6,345 5,260 4,387 3,953 3,750 3,750 

1.2 9,976 5,786 4,564 3,586 3,096 2,834 2,834 

1.4 9,976 6,904 5,956 5,088 4,810 4,666 4,666 

2.0 9,976 8,022 7,348 6,640 6,524 6,498 6,498 

 

 

 

80 

0.4 12,497 11,415 10,928 10,340 9,894 9,643 9,443 

0.8 12,497 10,189 9,212 8,184 7,454 7,065 7,065 

1.2 12,497 95,23 8,387 6,956 6,234 5,876 5,876 

1.4 12,497 10,802 10,070 9,312 8,674 8,354 8,254 

2.0 12,497 12,028 11,786 11,268 10,887 10,732 10,632 

 

 

 

90 

0.4 14,987 14,203 13,920 13,214 12,813 12,690 12,490 

0.8 14,987 12,878 12,076 11,159 10,487 10,140 10,140 

1.2 14,987 12,216 11,254 10,132 9,324 8,965 8,965 

1.4 14,987 13,541 12,998 12,186 11,650 11,415 11,315 

2.0 14,987 14,806 14,642 14,241 13,976 13,800 13,665 
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Table 4: Effect of Flow Rate on Salinity Reduction Efficiency with Varied Seawater 

Percentage 

 
Seawater 

Percentage 

(%) 

Flow 

Rate 

Salinity Reduction Efficiency (%) 

0 min 3 min 5 min 10 min 15 min 20 min 30 min 

 

 

 

0 

0.4 0 25.95 40.51 50.95 54.11 54.11 54.11 

0.8 0 41.69 54.83 62.74 65.43 65.90 65.98 

1.2 0 48.42 62.66 69.30 71.52 71.52 71.52 

1.4 0 34.97 46.99 56.17 59.34 60.28 60.44 

2.0 0 21.52 31.33 43.04 47.15 49.05 49.37 

 

 

 

10 

0.4 0 30.02 44.88 63.72 70.67 73.60 73.77 

0.8 0 43.48 60.43 78.38 83.00 83.00 83.00 

1.2 0 51.74 67.47 83.68 88.02 89.01 89.01 

1.4 0 33.32 50.87 72.25 77.59 78.97 79.29 

2.0 0 26.72 38.89 55.18 63.75 68.22 68.26 

 

 

 

30 

0.4 0 39.44 52.36 66.35 72.93 77.15 79.58 

0.8 0 53.01 69.16 80.92 85.13 86.85 86.85 

1.2 0 60.52 75.41 87.35 90.90 91.78 91.78 

1.4 0 44.81 60.56 73.21 79.28 82.10 82.73 

2.0 0 33.23 44.59 59.40 66.99 71.16 74.97 

 

 

 

50 

0.4 0 38.00 46.19 52.79 56.84 58.89 59.67 

0.8 0 49.92 60.27 68.13 72.83 74.43 74.43 

1.2 0 54.01 67.21 76.85 81.75 83.38 83.38 

1.4 0 45.83 53.32 59.41 63.91 65.49 65.49 

2.0 0 30.16 39.05 46.17 49.76 52.28 53.86 

 

 

 

70 

0.4 0 25.19 33.32 40.97 43.19 44.05 44.05 

0.8 0 36.40 47.27 56.02 60.37 62.41 62.41 

1.2 0 42.00 54.25 64.05 68.97 71.59 71.59 

1.4 0 30.79 40.30 49.00 51.78 53.23 53.23 

2.0 0 19.59 26.34 33.44 34.60 34.86 34.86 

 

 

 

80 

0.4 0 8.66 12.56 17.26 20.83 22.84 24.44 

0.8 0 18.47 26.29 34.51 40.35 43.47 43.47 

1.2 0 23.80 32.89 44.34 50.12 52.98 52.98 

1.4 0 13.56 19.42 25.49 30.59 33.15 33.95 

2.0 0 3.75 5.69 9.83 12.88 14.12 14.92 

 

 

 

90 

0.4 0 5.23 7.12 11.83 14.51 15.33 16.66 

0.8 0 14.07 19.42 25.54 30.03 32.34 32.34 

1.2 0 18.49 24.91 32.39 37.79 40.18 40.18 

1.4 0 9.65 13.27 18.69 22.27 23.83 24.50 

2.0 0 1.21 2.30 4.98 6.75 7.92 8.82 
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Table 5: Water Quality Standards in terms of Salinity Levels 

 
Seawater 

Percentage 

Salinity Levels 

(mg/L) 

Salinity 

Reduction 

Efficiency 

(%) 

National Water Quality Standards 

Salinity Levels (mg/L) 

Untreated Treated Class I Class II A/B Class IV 

0 316 90 71.52  

 

 

 

500 

 

 

 

 

1,000 

 

 

 

 

2,000 

10 2,530 278 89.01 

30 5,010 412 91.78 

50 7,490 1,245 83.38 

70 9,976 2,834 71.59 

80 12,497 5,876 52.98 

90 14,987 8,965 40.18 

 

Table 6: Effects of Electric Current and Flow Rate on Energy Operating Cost with 

Electrocoagulation Treatment of Brackish Peat Water with 30% of Seawater  

Percentage.  
 

Electric 

Current 

(A) 

Flow 

Rate 

(L/min) 

Specific Electrical 

Energy Consumption 

(kWh/m3) 

Energy Operating 

Cost  

(RM/m3) 

Salinity 

Reduction 

Efficiency (%) 

 

 

 

1 

0.4 0.48 0.22 12.34 

0.8 0.24 0.11 16.40 

1.2 0.12 0.06 20.45 

1.4 0.10 0.04 15.00 

2.0 0.07 0.03 9.54 

 

 

 

2 

0.4 0.95 0.45 29.76 

0.8 0.48 0.22 33.65 

1.2 0.24 0.11 37.54 

1.4 0.19 0.09 30.00 

2.0 0.14 0.07 22.45 

 

 

 

3 

0.4 1.43 0.67 45.76 

0.8 0.72 0.34 52.20 

1.2 0.36 0.17 58.64 

1.4 0.29 0.13 49.94 

2.0 0.21 0.10 41.23 

 

 

 

4 

0.4 1.91 0.92 63.24 

0.8 0.95 0.46 69.19 

1.2 0.48 0.23 75.14 

1.4 0.38 0.18 68.24 

2.0 0.29 0.14 61.34 

 

 

 

5 

0.4 2.38 1.14 79.58 

0.8 1.19 0.57 86.85 

1.2 0.60 0.29 91.78 

1.4 0.48 0.23 82.73 

2.0 0.36 0.17 74.97 
 


