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Abstract 

Wastewater, such as from the pulp and paper industry or landfill leachate, contains 

synthetic or naturally occurring organic pollutants (e.g., dioxins) and inorganic pollutants 

including heavy metals (metals with relatively high densities or atomic weight) like lead (Pb), 

which are difficult to eliminate by conventional wastewater treatment technique. In this thesis, an 

electrochemical method was designed to remove bio-refractory organic substances and heavy 

metals, concomitantly, from wastewater samples. An electrochemical filtration system (EFS) via 

a continuous flow reactor (CFR) was designed, and its application was tested for para-nitroaniline 

(PNA) degradation and real environmental wastewater (i.e., Boat Harbour (BH) and leachate 

samples) treatment. BH is a former tidal lagoon within the Pictou Landing First Nation (PLFN) 

Nova Scotia, which is adjacent to the BH treatment facility (BHTF) that was built and operated by 

the provincial government to be used as receiving water body for the effluent discharge from a 

pulp mill company (PMC). The effluent from the PMC has contaminated the BH freshwater source 

thereby having an adverse effect on the health of the PLFN inhabitants. The CFR consists of 

cylindrical grade 316 stainless-steel, fitted with carbon felt electrodes, connected by a 

Perfluoroalkoxy (PFA) tubing in a vertical flow configuration, where oxidation of organic 

pollutants occurs on the anode and in the aqueous solution while heavy metals are removed on the 

cathode. Total organic carbon (TOC) mineralization efficiency of 73.2% and 92% discoloration 

was achieved at the optimized condition for PNA mineralization at a flow rate of 5mL min-1 

(retention time of 20 min), applied potential of 2.5 V, sodium chloride (NaCl) concentration of 29 

g L-1, and using carbon felt electrodes. At this optimized experimental conditions, contaminated 

BH sample was passed through the CFR, and 76% degradation (initial TOC of 105.4 mg L-1) was 

achieved and major organic compound (cresol) identified using gas chromatography-mass 

spectroscopy (GC-MS) was confirmed degraded. Also, a significant concentration reduction of 

heavy metals including arsenic (As), cadmium (Cd), and Pb, was achieved post-treatment at 

environmental pH, the energy consumption of 23 kWh (kg TOC)-1, and overall operational cost of 

0.66 USD g-1 of carbon removed. 

In a second related project, hybrid processes including deodorization using permanganate, 

coagulation and flocculation using ferric chloride or Alum, chemical oxidation using hydrogen 

peroxide or persulfate, and the EFS, were investigated to treat a landfill leachate sample obtained 

from the Guysborough Waste Management Facility, Nova Scotia, Canada. The results revealed a 

significant reduction in TOC from 1520 to 131 mg L-1 (91.4% TOC removal) and compounds 

including acetaminophen and diethyltoluamide were degraded after applying the combined 

treatment processes. Additionally, application of the last stage of treatment, EFS, allowed for 

significant heavy metal removal. Overall, the combined cost was calculated and equates to $0.06 

g-1 of organic carbon removed. 

In summary, economic viability and the energy consumptions of the treatment methods 

were calculated, and the EFS indicates a potential and future wastewater treatment method with 

active simultaneous removal of persistent organic pollutants and toxic heavy metals. 
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Chapter I 

1.0 Introduction 

1.1 Background Study 

Water, as a resource that is broadly distributed globally, plays a significant role in the survival 

of the environment, animal, and human life. Of the water sources, freshwater which constitutes about 

only 3%  of planet earth water (Vörösmarty et al., 2015), is mostly preferred for human consumption 

because it contains less salt concentration than the saltwater and therefore relatively easily processed 

(Klemm et al., 2012).  However, since the radical increase in global water consumption in the last five 

decades, because of development in technology and science and population growth, there has been 

depletion in quantity and quality of freshwater sources (Bolisetty et al., 2019). Quantity depletion of 

freshwater sources is due to the rapid growth in the world population which directly increases water 

demand (Dawadi & Ahmad, 2013). On the other hand, freshwater quality has been affected because 

of anthropogenic activities as a result of the industrial revolution (Tvedt, 2010). Daily, a huge amount 

of contaminated effluents from industry and municipal uses are released into water globally, without 

proper treatment, which results in a potential hazard to humans in the form of water-borne diseases 

(Beltrán et al., 1997; Chaudhary & Walker, 2019; Wilkinson et al., 2016).  

One of the daunting challenges to the contemporary world is to conserve the quality of 

freshwater sources such as rivers, lakes, and ponds (Dudgeon et al., 2006). This is due to the exposure 

of such freshwater sources to various toxic synthetic organic and inorganic contaminants from 

industrial waste such as pulp mill effluent (Usha et al., 2016). The presence of toxic substances from 

industrial effluents in aquatic ecosystems can potentially lead to deteriorating human health, local 

environment, and economic activity (W.H.O, 2001).  
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An example of how an industrial activity has compromised a freshwater source is the improper 

effluent discharge from a pulp mill company (PMC) BHTF. BH is a freshwater lake within Pictou 

Landing First Nation (PLFN), Nova Scotia, Canada which is adjacent to BHTF, built and operated by 

the provincial government, and has been used as a receiving environment for wastewater effluent from 

a kraft pulp mill (Hoffman et al., 2015). The activities of the company reportedly compromise the 

quality of the freshwater source,  thereby jeopardizing the health of PLFN inhabitants and the 

economic viability of the Harbour through recreation activities (Hoffman et al., 2015).   The effluent 

discharge from the PMC consists of synthetic organic pollutants including polycyclic aromatic 

hydrocarbons (PAHs), polychlorinated dibenzo-p-dioxins, polychlorinated dibenzofurans (PCDD/Fs), 

furans (Hoffman et al., 2019), and inorganic contaminants such as Pb and Cd (Hoffman et al., 2017b), 

which compromises the quality of the freshwater source. 

Another example of occurrences that can affect the quality of freshwater sources, is the 

formation of leachate from a solid waste landfill. Leachate is formed by the percolation of landfill 

solid waste by water. The polluted solution formed, called leachate, contains high loads of organics 

and heavy metals that can contaminate nearby surface and groundwater sources (Lema et al., 1988).  

Wastewater contamination, such as from the pulp and paper industry or landfill leachate, 

contains synthetic or naturally occurring organic pollutants (e.g., dioxins and furans) and inorganic 

pollutants including heavy metals like Pb and Cd, which are difficult to eliminate by conventional 

wastewater treatment techniques (CWTT), some, because of their bio-refractory (resistance to 

biodegradation) nature (Urtiaga et al., 2013). Some of these wastewaters are characterized by low 

biodegradability, high total organic carbon (TOC), high temperature and strong color (Urtiaga et al., 

2013), and also consist of heavy metals present at a micro and nano level and not entirely treated by 

CWTT (Moreira et al., 2016). As a result, freshwater sources such as groundwater and surface water 
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have been found contaminated, in pollutant dosages, and of high toxicity, capable of causing 

environmental and health issues (e.g., carcinogenicity) for aquatic organisms and humans (Moreira et 

al., 2017). For instance, the presence of heavy metal ions released into the environment can potentially 

bioaccumulate upon prolonged exposure, difficult to breakdown, and can pose a risk to human health 

through the food chain (Bolisetty et al., 2019).  

CWTT, such as chemical coagulation (Wang et al., 2011), adsorption (Mohd Shaiful et al., 

2014), and chemical and biological oxidation (Klauson et al., 2015) have been used individually in the 

past and results have led to incomplete oxidation of pollutants and partial removal of heavy metals 

(Saleem et al., 2018). For instance, biological treatment has been applied to treat pulp mill wastewater, 

but reports have shown it resulted in a low degradation rate because of biologically inactive molecules 

(Jaafarzadeh et al., 2017). Also, the physical adsorption method was used to treat leachate samples, 

and the result was found to be effective in removing non-biodegradable contaminants, but it was 

difficult and costly to regenerate adsorbents (Rivas et al., 2005). 

Therefore, to protect natural water sources quality and prevent adverse effects of pollutants on 

the environment and eventually humans, efforts must be made to effectively treat industrial effluents 

within the discharge guidelines (W.H.O, 2018), before release into the receiving environment.  

Hence, this thesis is to develop an efficient and environmentally friendly advanced technology 

to degrade persistent organic pollutants (POPs) such as para-nitroaniline (PNA) and reduce heavy 

metal concentration, concurrently. Thereafter, optimum condition attained can be applied to treat real 

wastewater samples from BH and landfill leachate samples from Guysborough Waste Management 

Facility, both in Nova Scotia, Canada. The advanced technology, an electrochemical filtration system 

(EFS) process, comprises a continuous flow reactor (CFR) whereby the oxidation of the organic 

pollutants occurs on the positive electrode (working electrode) while electroreduction of metals takes 
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place on the negative electrode (counter electrode). To optimize the operating conditions including 

applied potential, catalyst concentration, pH, and electrolyte concentration, the EFS was used to 

degrade PNA. PNA is an organic compound used as an intermediate in the pharmaceutical and 

fertilizer industry. PNA discharge into the environment results in severe environmental issues because 

of its mutagenic and carcinogenic properties (Anotai et al., 2006). Additionally, to evaluate the 

efficiency of the EFS in terms of metal removal, a known concentration of Pb, Cd, Arsenic (As), and 

Chromium (Cr), was passed through the system for treatment and subsequent analysis was conducted. 

Afterward, real wastewater (i.e., BH samples) were passed through the EFS system to 

simultaneously remove organic pollutants and heavy metals. Also, the EFS system was used to treat 

landfill leachate samples after pretreatment by a combination of techniques including coagulation and 

chemical oxidation. The economic analysis with respect to energy consumption and cost-effectiveness 

of the system was analyzed in relation to alternative techniques. 

 

1.2 Scopes and objectives 

The main objectives of this research are as follows: 

1. Develop an experimental prototype for an electrochemical filtration method to effectively 

oxidize POPs and reduce toxic heavy metals from the wastewater samples, simultaneously. 

2. Develop an experimental setup to evaluate the performance of the electrochemical filtration 

method using model organic (i.e., PNA) and inorganic metals (i.e., Pb, Cd) contaminants,  

a. Analyze treated samples with TOC analyzer, Inductively Coupled Plasma Mass 

Spectroscopy (ICP-MS), and Gas Chromatography-Mass Spectroscopy (GC-MS); 

to compare results of analysis before and after treatment for technique evaluation. 



 

5 
 

b. Optimize the system parameters, including electrode material, nature of supporting 

electrolyte, pH, reaction time, and electrical potential difference; to achieve the 

optimum experimental conditions for high removal efficiency of contaminants.  

3. Treat real wastewater from the industry using the optimized experimental condition from 

objective 2b. 

4.  Identify the reactive oxygen species generated in the system that is responsible for 

pollutant degradation to understand the mechanism of the treatment technique. 

The objectives above were evaluated by testing the following hypotheses: 

1. The Electrochemical filtration process can be used to oxidize model POPs.  

2. The EFS can be applied to reduce model heavy metals from contaminated synthetic 

wastewater. 

3. The application of EFS will oxidize POPs and remove heavy metals, concurrently, from 

real wastewater within discharge guideline for the protection of aquatic life. 

4. The reactive species (i.e., ozone, chlorine species) responsible for the degradation and 

mineralization of persistent organic pollutants in wastewater will be identified. 

 

1.3 Methodology 

To realize the research objectives, an electrochemical filtration set-up was developed in the 

laboratory and the following research methodology was followed (Fig. 1). Various model organic 

contaminants such as PNA and Toluene were introduced into the EFS for evaluation in terms of 

the removal of organic substances. TOC analyzer was used to quantitatively analyze the 

concentration of organics before and after treatment for comparison. Also, GC-MS was used to 
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qualitatively analyze the type of organic before and after the electrochemical treatment process. 

Also, various model inorganic heavy metals such as Pb and Cd were passed through the EFS to 

evaluate the efficiency in terms of metal removal. ICP-MS was used to identify and quantify the 

presence of heavy metals pre- and post-treatment. Further, experimental conditions including flow 

rate, pH, voltage, and electrolyte concentration were optimized to achieve peak efficiency for the 

EFS. Then, applying the optimized conditions achieved while experimenting with the model 

contaminants, BH wastewater was passed through the EFS, and the experiment was done in 

triplicate and mean values and relative standard deviation were presented. Pre- and post-treatment 

analysis were carried out and the results was compared to evaluate the efficiency of the treatment 

method developed. 

 

Fig. 1. Research Methodology. 

 

1.4 Dissertation Layout 

This dissertation consists of five chapters. The first chapter introduces the thesis 

background, whereby, the contamination of freshwater sources by human activities was discussed 

as a global water issue. Further, unsuccessful treatment by conventional wastewater methods to 

remove contaminants and the proposed new technique designed was talked about.  Then, the thesis 
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scopes and objectives were laid out. Finally, the thesis methodology and layout were discussed to 

wrap up the first chapter. The second chapter of the thesis deals with the literature review on the 

two wastewater (i.e., BH and leachate sample) sources. Thereafter, various wastewater techniques 

and their advantages and drawbacks were discussed. In the third chapter, the design, principle, and 

application of the EFS were talked about. Further, the optimization of various experimental 

conditions was discussed. Subsequently, the application of the EFS, under optimum experimental 

conditions, on real wastewater from BH was investigated and reported. Chapter four entails 

another wastewater treatment project whereby the EFS was used in a combined technique with 

deodorization, coagulation and flocculation methods to decontaminate a leachate sample. The 

energy consumed and the cost was also investigated in this chapter. The last chapter summarizes 

a potential field application for the wastewater treatment methods used and the issues to consider 

before scale-up. Also, chapter five consist of the main conclusions and recommendations based on 

the thesis objectives and the results obtained. 
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Chapter II 

2.0 Literature Review 

2.1 Wastewater Sample 

Wastewater, by definition, includes any water that has been polluted as a result of 

agricultural (Pimentel et al., 2004), industrial (Batista et al., 2016; Del Aguila Feijoo & Walker, 

2018), domestic (Zaharia, 2016), commercial (Jeong, 2001), or human activities (Zornoza et al., 

2012), individually or combined (Chaudhary & Walker, 2019; WEM, 1994). The characteristics 

of wastewater depend on the source of the pollution, as it is a by-product of the aforementioned 

activities. Depending on the source, wastewater can contain organic and inorganic contaminants 

in the biological, chemical, or physical forms of pollution (Larsen et al., 2016). The different types 

of wastewater include sewage (i.e., wastewater from the community) (Lakshmanan & Kuttuva 

Rajarao, 2014), domestic wastewater (i.e., from individual homes) (Zhou et al., 2018), and 

industrial wastewater (i.e., from various industries) (Del Aguila Feijoo & Walker, 2018).  

 

2.1.1 Pulp and Paper Mill Effluent: Boat Harbour 

The pulp and paper industry involve the extraction of cellulose, an organic compound, from 

wood to produce paper. The pulp and paper industry has been culpable for causing significant 

effluent discharge in terms of wastewater containing synthetic organic and inorganic 

contaminants which result in pollution of the environment (Sibley et al., 2000). The chemical 

processes in the pulp and paper mill industry include wood preparation (e.g., wood debarking), 

pulping, pulp washing, kraft pulp bleaching by chlorine compounds, paper making, and chemical 

recovery (Chanworrawoot & Hunsom, 2012). These processes generate a large volume of 
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wastewater containing wood debris and materials (i.e., organic and inorganic) (Thompson et al., 

2001).  The large volume of water consumed during the paper production is largely converted into 

a huge quantity of wastewater, characterized by large amount of contaminants (organics and 

inorganics) loading (Pokhrel & Viraraghavan, 2004). For example, the Northern Pulp kraft mill at 

Pictou discharges approximately 80 million liters of wastewater daily (Campbell, 2019). 

Consequently, the large volume of wastewater requires advanced treatment techniques for 

complete contaminant elimination. The characteristics of wastewater from a pulp and mill industry 

include a high chemical oxygen demand (COD), high biochemical oxygen demand (BOD), high 

Total Suspended Solids (TSS), a high variety of adsorbable organic halides with low 

biodegradability, and inorganic compounds (Khansorthong & Hunsom, 2009). Some of the 

compounds that can be found include phenolic compounds, organic solvents, organic chlorides, 

additives, lignins, tannins, etc.; depending on the practiced paper producing process (Karrasch et 

al., 2006).  These contaminants should typically be eliminated or reduced to within discharge 

guidelines before release into the environment. Various research reports have revealed the effect 

of the discharge of partly treated pulp and paper mill effluent on land, air, and water quality 

(Hoffman et al., 2017a; Khansorthong & Hunsom, 2009; Romo et al., 2019).  

Since 1967, a pulp mill company, situated on Abercrombie Point in Pictou Landing Nova 

Scotia, Canada (Fig. 2), has operated and discharged its wastewater effluent into the Boat Harbour 

Treatment Facility (BHTF) over the years (Hoffman et al., 2015). BHTF is the facility built 

opposite a former lagoon called Boat Harbour (BH) for the stabilization and oxidation of the 

effluent from the pulp and paper industry (Fig. 3) (Hoffman et al., 2017b). The continuous 

wastewater effluent discharge to BHTF over the years has yielded an accumulation of organics 

such as PCDD/Fs, furans, PAHs (Hoffman et al., 2019), and inorganics such as As and Pb 
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(Hoffman et al., 2017b). The impact of the wastewater from the pulp mill industry has resulted in 

thermal effects, scum production, coloration, odor formation, and disappearance of the aesthetic 

beauty of the aquatic environment at BH (Lewis et al., 2020; Pictou Landing Native Women’s 

Group (c/o Sheila Francis, 2016).  The aggregate effect of the negative impacts of the effluent 

discharge in BH includes sediment and soil pollution on the environment, poor water and air 

quality for humans and aquatic organisms, and adverse effect on recreational activities for the local 

community dwellers (Romo et al., 2019). Hence, there is the need to remediate the BH and return 

it to its tidal status pre-1967. 

 

Fig. 2. Boat Harbour Treatment Facility position in relation to Abercrombie Point, Pictou 

Landing First Nation, and Pictou  

(Romo et al., 2019). 
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Fig. 3. Aeration Stabilization Basin (ASB), Boat Harbour.  

 

The typical wastewater treatment methods used in the pulp and paper mill industry consist 

of primary, secondary, and tertiary treatment techniques (Jaafarzadeh et al., 2017). The primary 

treatment consists of physicochemical processes such as sedimentation, filtration, and coagulation 

and flocculation.  Pulp mill effluent (PME) largely consists of suspended solids and organic matter 

in high concentration (Chanworrawoot & Hunsom, 2012). These pollutants require physical 

methods including sedimentation, adsorption, or filtration to remove them. Thompson et al. (2001) 

achieved a 60% removal of suspended solids from PME using sedimentation (Thompson et al., 

2001). Further, other researchers were able to remove total solid up to 87% from PME containing 
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kraft black liquor (i.e., a residual digesting liquor) using ultrafiltration method; however, it has a 

very high operational cost (Ashrafi et al., 2015). Lignin, a polymer that envelopes the cellulose 

framework in the wood, adds strong color to PME. Wang et al. (2011) reported 80% discoloration 

of PME using coagulation and flocculation, but the drawback of this process is the excess 

production of secondary waste in form of a slurry (Wang et al., 2011). On the other hand, 

secondary treatment including biological methods such as activated sludge and anaerobic digestion 

has been applied alone unsuccessfully to treat wastewater from the pulp and mill industry (Tarlan 

et al., 2002). This is due to the presence of non-biodegradable pollutants that cannot be oxidized 

by microbial activities (Wu et al., 2005). Also, when an activated sludge process was used to 

remove organic contaminants in pulp wastewater, more variable sludge was generated after the 

treatment (Thompson et al., 2001).  Tertiary treatment method including ozonation (El-Din & 

Smith, 2002) and Fenton reaction (Lucas et al., 2012) process has also been applied to 

decontaminate PME without satisfactory pollutant removal efficiency. In addition, these treatment 

methods alone have not been able to yield satisfactory results within discharge guidelines (Pokhrel 

& Viraraghavan, 2004). Hence, efforts must be made to complement the aforementioned treatment 

methods with other advanced treatment processes such as electrochemical techniques to efficiently 

treat pulp and paper mill wastewater to meet ever-increasing stringent environmental discharge 

guidelines. 

   

2.1.2 Landfill Leachate 

Sanitary landfilling is the most common method of solid waste management (Ahmed & 

Lan, 2012). It allows for waste decomposition under controlled environmental conditions, which 

mitigates environmental problems associated with the dispersed waste (Lema et al., 1988). 
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However, landfills generate leachate formed by water permeating through solid waste, which 

extracts organic and inorganic matter through hydrolytic and extractive processes (Fernandes et 

al., 2015). Leachates can contaminate surface and ground waters, compromising local water 

quality. Leachates are complex solutions, containing huge loads of dissolved organic matter, heavy 

metals, and ammonia (Long et al., 2017). The toxicity of leachate samples depends on the waste 

composition and characteristics, hydrogeological factors, and age (young <5 years, intermediate 

5–10 years, and mature >10 years old) of the landfill (Mandal et al., 2017).  

A combination of treatment processes (e.g., biological processes followed by membrane 

technology) (Fernandes et al., 2015), have been applied to treat leachate. However, as leachate 

ages its biodegradability decreases, making biological treatment ineffective (Ahmed & Lan, 2012). 

However, the incorporation of other technologies, such as coagulation-flocculation (Yusoff et al., 

2018), adsorption (Zhang et al., 2012), and chemical oxidation (Derco et al., 2010), is necessary 

to reduce the toxicity load to meet discharge standards. 

   

2.2 Wastewater Treatment Techniques 

The treatment techniques for various types of wastewater to be applied should assure 

complete pollutant removal within discharge guidelines before releasing into the environment. 

Generally, wastewater treatment methods are always in stages depending on the components of 

the mixture (Magdalena & Urszula, 2019). These stages involve the application of several 

techniques to eliminate or reduce all types of contaminants (organic, inorganic, and biological) 

from wastewater. On the other hand, the usage of one or other treatment methods depends on how 

concentrated the wastewater is and the flow volume (Rodríguez et al., 2012). It is imperative to 

apply the method that is suitable according to effluent characteristics (Heidari et al., 2018). The 
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treatment methods frequently used for wastewater treatment include physiochemical 

(precipitation, coagulation/flocculation, adsorption, membrane separation, and reverse osmosis) 

(Wang et al., 2011), biological (activated sludge, aerobic, and anaerobic digestion) (Svensson et 

al., 2015), incineration (Won et al., 2010), and advanced oxidation processes (Leszczyński & 

Maria Jolanta, 2018). At times, a combination of one or more of these treatment methods is needed 

to eliminate contaminants from wastewater because of complex effluent composition (Hou et al., 

2012).  

The stages of wastewater treatment are classified into primary, secondary, and tertiary methods 

(Fig. 4). An example of primary wastewater treatment includes coagulation and flocculation, and 

chemical precipitation; while secondary treatment involves the biological application of 

microorganisms for remediation in terms of aerobic and anaerobic processes. Photocatalysis, 

oxidation, and membrane processes are few techniques that can be applied in the tertiary treatment 

stage. 

 

Fig. 4. Conventional Wastewater Treatment Methods. 
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2.2.1 Physiochemical Processes as Primary Wastewater Treatment 

The primary stage of wastewater treatment involves the pre-treatment purification process 

before further advanced treatments are applied. The prior treatment method could include 

physicochemical techniques such as coagulation, flocculation, centrifugation, sedimentation, and 

screening and microfiltration. The physiochemical method involves the combined application of 

physical forces and chemical treatment of wastewater (Wang et al., 2011). Even though these 

methods do not entirely remove all the pollutants from the wastewater, a large amount can be 

extracted.  

 

2.2.1.1 Coagulation and Flocculation 

Coagulation involves the destabilization of suspended particles in the wastewater by the 

addition of coagulants such as Al and Fe salts. After the addition of positively charged coagulants, 

which attracts negatively charged organics, flocs are formed in a process known as flocculation 

(Yusoff et al., 2018). This is then followed by the sedimentation of the floc particles to form sludge 

which can be easily removed. The drawback of this wastewater treatment method is that the 

contaminants are removed instead of degraded (Gilpavas et al., 2017). Hence, treatment techniques 

that can degrade contaminants are further needed after the coagulation step. Also, the cost of 

chemical consumption and secondary waste (i.e., slurry) is high (Wang et al., 2011). 

 

2.2.1.2 Floatation 

This is a treatment method based on the separation of tiny pollutant particles whose density 

is less than or close to that of water (French et al., 2000). It could be a liquid-liquid or solid-liquid 



 

16 
 

separation method. This process involves creating microbubbles in water and having pollutants 

stick to similar pollutants to then float towards the water surface and be removed (George & 

Kostas, 2018). The generation of microbubbles can be achieved through various means which 

dictates several floatation methods such as dissolved air floatation (French et al., 2000), electro 

floatation (Jiang et al., 2002), and induced air floatation (Suarez et al., 2009). This method of 

wastewater treatment is simple and cheap to invest and maintain, but it does not remove large 

amounts of dissolved pollutants as desired (Bolisetty et al., 2019). 

 

2.2.1.3 Chemical Precipitation      

In this process, heavy metals in wastewater can be removed by pH regulation of the solution 

and the addition of chemical reagents such as hydroxides and sulfides to form insoluble particles 

that can be extracted by the sedimentation process (Bolisetty et al., 2019). The process is easy and 

inexpensive but the quality of the wastewater after does not meet discharge guidelines, which 

necessitates further treatment technique (Abolhasani et al., 2014). The drawback of this process 

includes a huge generation of secondary pollution in terms of sludge (Abolhasani et al., 2014). 

 

2.2.2 Biological Processes as Secondary Wastewater Treatment  

The secondary treatment techniques involve the application of naturally existing 

microorganisms such as bacteria and algae, to convert biological contaminants into less harmful 

substances (Deegan, 2011). However, some organic pollutants are difficult to breakdown by 

biological oxidation due to their high toxicity which can attack the microorganism and reduce its 
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efficiency (El-Gohary et al., 1995). The biological treatment of wastewater is either achieved via 

aerobic or anaerobic processes.  

 

2.2.2.1 Aerobic Oxidation 

The aerobic treatment entails the treatment of wastewater by the addition of 

microorganisms to convert the pollutants into biomass and carbon dioxide in the presence of 

oxygen (O2). Aerobic treatment of wastewater could be in the form of activated sludge process 

(Thompson et al., 2001), granular activated carbon (Frank et al., 2015), extended aeration activated 

sludge process (Afshin et al., 2016), and membrane bioreactors (Sun et al., 2016). Pokhrel and 

Viraraghan (2004) reported the use of activated sludge process and extended aerated lagoons for 

PME treatment, however huge sludge production was revealed as a drawback (Pokhrel & 

Viraraghavan, 2004). Further, certain microbes have also shown capabilities to remove heavy 

metals from wastewater (Frank et al., 2015). For instance, when immobilized yeast was applied on 

zeolites in the aerobic upflow process, efficient removal of Cu, Zn, and Fe was achieved (Karla 

Miriam Hernández et al., 2013). The advantages of the aerobic treatment method include relatively 

low-cost operation and the microorganism concentration can be scaled up as needed to meet the 

required amount, thereby increasing the degradation efficiency of large organic molecules in the 

bioreactor (Urase et al., 2005). However, water quality factors such as non-biodegradable organic 

matter, pH, BOD, and COD affect the efficiency of the aerobic biological process (El-Gohary et 

al., 1995). 
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2.2.2.2 Anaerobic Oxidation 

Anaerobic treatment involves the application of microorganisms to convert pollutants into 

biogas without the presence of O2. Anaerobic digestion treatment can be done via the use of 

reactors including a continuous stirred tank reactor (Hurtado et al., 2015), an up-flow anaerobic 

sludge reactor (Chelliapan et al., 2006), and fluidized bed reactors (Sponza & Çelebi, 2012). In a 

study by Singh (2007), 86% COD, 84% adsorbable organic halides (AOX), and 71% lignin was 

removed from a pulp mill effluent after a two-step sequential treatment (anaerobic first, then 

aerobic) in a bioreactor for eight days (Singh, 2007).  Anaerobic treatment is often preferred to 

aerobic treatment due to the capacity to treat wastewater with high organic load using less energy 

input, yielding low sludge, operating at a lower cost, and the recovery of biogas (methane) as a 

valuable renewable energy source (Deegan, 2011). However, the drawback of the biology 

treatment technique (both aerobic and anaerobic) is the time taken for the microorganisms to 

breakdown the contaminants and also the instability of anaerobic bacteria to toxic material (Ashrafi 

et al., 2015). 

 

2.2.3 Tertiary Treatment Techniques 

This involves subjecting the wastewater sample, following primary and secondary 

treatment, to further advance treatment methods to meet strict environmental guidelines before 

discharge into a receiving environment (Abdullah et al., 2014). Some of the techniques which are 

often used as a tertiary treatment of wastewater are chemical oxidation, crystallization and 

distillation, adsorption, membrane technologies, and ion exchange resins. 
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2.2.3.1 Chemical Oxidation 

This process involves the addition of oxidants to the wastewater to oxidize the organics 

through electron removal. Several oxidants are effective due to their oxidative potentials. The 

common ones are O2, chlorine (Cl2), permanganate, persulfate, and ozone (O3). The advantage of 

this method is that these oxidants can be effective in degrading non-biodegradable compounds, 

however, the high cost of chemical consumed is a drawback (Herrmann, 1999). Table 1 shows the 

commonly used chemical oxidants (Beltrán et al., 1997). Ozonation is an example of a chemical 

oxidation process, whereby O3, a strong oxidant, is applied to directly or indirectly attack an 

organic compound. Directly, O3 attacks via electrophilic substitution mechanism under acidic 

medium or at basic pH, while indirectly in water it decomposes in a radical chain reaction step to 

yield hydroxyl radical, an oxidant stronger than O3 (Eq. 1) (Asghar et al., 2015). Several 

recalcitrant nonbiodegradable contaminants such as nitroaniline (Tekle-Röttering et al., 2016) and 

nitrophenol (Kuosa et al., 2015) found in wastewater have been successfully treated using chemical 

oxidation by O3. Ko et al. (2009) reported the application of ozonation to treat a kraft pulp mill 

effluent, and the result showed high removal efficiency for color and TOC. However, O3 is limited 

in that certain organic compounds with amide linkages are resistant to its attack, as a drawback 

(Nakada et al., 2007). 

  

O3 + H2O → 2OH. + O2                   (1) 
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Table 1. Oxidative Potential of Selected Chemical Oxidants 

(Watt, 2001) 

Chemical Oxidants Oxidative Potentials (V) Order of Reactivity 

Fluorine 3.03 Most reactive 

Hydroxyl radical 2.80  

Atomic Oxygen 2.42  

Ozone 2.07  

Persulfate 2.01  

Hydrogen peroxide 1.77  

Permanganate 1.67  

Hypochlorous acid 1.49  

Chlorine 1.36 Least Reactive 

 

2.2.3.2 Adsorption 

This is a mass transfer process whereby the concentration of the pollutants is promoted 

towards the surface of the adsorbent for adsorption. One advantage of this technique is the 

possibility to regenerate adsorbent after adsorption for further reusability (Zhu et al., 2013). 

Common adsorbents used in wastewater treatment can be categorized into metal-based (Chao et 

al., 2019), carbon-based (Bach et al., 2008), or zeolite-based (Adam et al., 2018) adsorbents. For 

example, Othman et al. (2010) reported a successful application of silica sand as an adsorbent to 

achieve a removal efficiency of 51% and 44% for iron and zinc respectively from a stabilized 

leachate sample (Othman et al., 2010). The main factor that affects the efficiency of the adsorption 

method is the surface area of the adsorbent, hence, nanoparticles with large surface area and highly 
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efficient chemical reactivity are useful to develop effective adsorption technologies (Chao et al., 

2019).  

2.2.3.3 Membrane Technology 

Membrane technologies can be applied in various ways including reverse osmosis process, 

ultrafiltration, and nanofiltration processes. Ultrafiltration (Papageorgiou et al., 2012), 

nanofiltration (Al-Harahsheh et al., 2017), and microfiltration (Ding et al., 2016) membrane 

technologies have been successfully applied in wastewater recovery to eliminate micropollutant, 

total dissolved solids (TDS), bacteria and natural organic matters (Baruah et al., 2006). Çakmakcı 

& Özyaka (2013), in their research, applied a combination of ultrafiltration and nanofiltration to 

achieve a 98% total organic carbon removal efficiency of pollutants from organic loaded landfill 

leachate (Çakmakcı & Özyaka, 2013). The disadvantage of the membrane techniques is the 

retention of concentrate and disposal thereof on the membrane (Ding et al., 2016). Hence, further 

treatment is always required. 

 

2.2.4 Advanced Oxidation Processes 

The effective and total removal of bio-recalcitrant organic contaminants from wastewater 

in the last two decades has involved advanced treatment techniques such as advanced oxidation 

processes (AOPs) which makes use of very strong and highly reactive oxidants (e.g., hydroxyl 

radical (.OH)) to degrade most organic compound non-selectively (Moreira et al., 2017). AOPs are 

chemical treatment techniques that involve the generation of reactive oxygen species (ROS) such 

as .OH, hydroperoxyl (HO2
.), superoxide radical (O2

.-), O3, hydrogen peroxide (H2O2), and singlet 

oxygen (1O2) (Ikehata et al., 2006) to chemically oxidize contaminants in the aqueous phase. 
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Examples of such methods are photocatalysis (Gondal et al., 2015), Fenton reaction (Shan et al., 

2016), and electrooxidation (Garcia-Segura et al., 2018). Various AOPs have been used in water 

treatment such as ozone-based (O3, O3/UV, O3/ H2O2, O3/ H2O2/UV (Li et al., 2010), Fenton-based 

(photo-Fenton (H2O2/Fe2+/UV), Electro-Fenton (H2O2/Fe2+) (Nidheesh & Gandhimathi, 2012), 

and titanium dioxide (TiO2)-based  (TiO2/UV, TiO2/ H2O2, TiO2/ H2O2/UV) (Moreira et al., 2017), 

treatment methods. AOPs are reportedly more efficient in comparison to biological processes due 

to the eventual mineralization of organic pollutants into less harmful compounds (Kanakaraju et 

al., 2018). Also, AOP processes do not generate as much secondary waste as biological processes 

(Paździor et al., 2018). However, they are relatively expensive due to the large energy demand to 

yield a large number of reactive species to degrade heavily contaminated wastewater (Paździor et 

al., 2018). 

  

2.2.4.1 Photocatalysis 

Photochemical AOPs, especially photocatalysis, are efficient in wastewater treatment, 

because of the ability to generate highly reactive species (Gondal et al., 2016). The solar-powered 

photocatalysis, a green detoxification technique, involves the conversion of light energy into 

chemical energy by a semiconductor material (e.g., TiO2) to generate reactive oxidative species 

such as .OH for the complete mineralization of organic pollutants (Fujishima et al., 2008; Lettmann 

et al., 2001). Hassan et al. (2016) reported an application of TiO2 based photocatalysis for the 

pretreatment of landfill leachate, however, the slow reaction rate was observed and the method 

could only be a pretreatment strategy instead of standalone approach (Hassan et al., 2016). The 

method is cost-effective because of the potential usage of sunlight as an energy source (Gondal et 
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al., 2015). The advantages include low temperature and pressure operational conditions, no 

addition of costly oxidizing agents and less transportation and storage of oxidizing agents to 

generate oxidizing species (Neppolian et al., 2003). The drawback of this type of treatment is the 

non-availability of the energy source (sun) all year round which makes it a non-suitable process 

for large-scale use and also slow reaction rate (Fang et al., 2007). 

 

2.2.4.2 Fenton Reaction 

The Fenton process has been researched since it was discovered in 1894 as a reliable way 

to generate reactive oxygen species (Fenton, 1894). Fenton reactions have been applied for organic 

pollutant mineralization in wastewater, and it involves the production of .OH from the reaction of 

iron (II) (Fe2+) and H2O2 (Eq. 2) to mineralize organic contaminants in effluents.  The efficiency 

of the Fenton reaction can be determined by the right balance between the Fe2+ and H2O2 (Nihal 

Oturan, 2018). Further, an increase in the reactants` concentration to yield more .OH might not 

lead to higher efficiency due to the complexity of the effluent which may contain a lot of salts (i.e., 

chlorides and carbonates) (Blanco et al., 2011). The chloride salt can react with the radicals 

produced to form other radicals that are less reactive than .OH, hence, reduced overall efficiency 

(Ledakowicz, 2012). Also, pH is another factor that influences the efficiency of Fenton reaction in 

effluent treatment. This is because the optimal pH for Fenton reaction is in the narrow acidic 

medium (3-3.5) which means a high concentration of strong acid is needed to achieve the perfect 

condition for Fenton treatment (Paździor et al., 2018). The addition of strong acids can cause 

precipitation, while the addition of organic acids will increase the organic load and mineral acid 

addition will increase the concentration of electrolytes such as chlorides and sulfates in the 
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wastewater (Ledakowicz, 2012). Hence, Fenton treatment is better used to pre-treat wastewater to 

convert nonbiodegradable compounds so they can be further treated using biological methods 

(Radjenovic & Sedlak, 2015). 

Fe2+ + H2O2  → Fe3+ + OH− + OH.                    (2)                 

                                                   

2.2.5 Electrochemical Treatment Methods 

The electrochemical treatment has also been used to treat various kinds of wastewater. This 

involves processes that are driven by electricity. Electrochemical methods have been considered 

as an option to combine with conventional techniques for complete removal of recalcitrant 

contaminants (Pulgarin et al., 1994), and have been applied in several dimensions, for example, 

electrocoagulation (Khansorthong & Hunsom, 2009), electroreduction (Ghosh et al., 2011), 

electrooxidation (Moreira et al., 2017), electro-Fenton (Nihal Oturan, 2018), and electrodeposition 

(Issabayeva et al., 2006).  

 

2.2.5.1 Electrochemical Oxidation 

Electrochemical oxidation (EO) has been well researched in terms of water treatment 

(Särkkä et al., 2015). Electrochemical oxidation processes (EOPs) involve the electron transfer 

between the electrodes and electrolyte driven by the applied voltage in an electrochemical cell 

(Fernández-Castro et al., 2015). In EOPs, reactive species including .OH and chlorine species are 

electro-generated to oxidize organic pollutants in wastewater (Martínez-Huitle & Ferro, 2006). 
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EOPs are used to degrade organic pollutants based on anodic oxidation (direct oxidation) and 

mediated oxidation (indirect oxidation) (Labiadh et al., 2016).  

Direct EO occurs through electrolysis either by the pollutant diffusing from the bulk of the 

electrolyte to the electrode or oxidation at the anodic surface by electron transfer reaction (Eq. 3) 

(Martínez-Huitle & Ferro, 2006). Anodic oxidation occurs when the electrochemical reaction is 

operated at a lower voltage than the voltage of water splitting into hydrogen and oxygen (i.e., 

oxygen evolution) (Marco & Giacomo, 2009). Hence, the rate at which the pollutant is degraded 

in direct EO is low or there is incomplete mineralization, because of competitive oxygen reduction 

reaction (Martínez-Huitle & Ferro, 2006).  Also, the nature of anode material and electrocatalytic 

activity can favor anodic oxidation over oxygen evolution, however, this often leads to electrode 

fouling (i.e., deactivation) as a drawback (Feng et al., 2016). For instance, in the result of the 

degradation of tetracycline antibiotics by anodic oxidation, Wu et al. (2005) reported the 

production of quinone as intermediates which proved to be more difficult to degrade further (Wu 

et al., 2005).  

RH → R+ + e−                      (3) 

Where “RH” represents organic pollutant and “R+” is the degraded product 

The indirect EO involves oxidation of water to release oxygen and the formation of 

intermediate species on the anode surface where oxidation occurs (Moreira et al., 2017). The 

indirect EO of organic pollutants can take place on the surface of the electrode via the .OH 

produced from anodic water discharge or in the bulk of the solution by electrogenerated oxidants 

from electrolytes including chlorides and sulfates (Marco & Giacomo, 2009).  For instance, the 
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use of chloride as the electrolyte can yield chlorine species which can degrade organic pollutants 

(Eq. 4-7). 

2Cl− → Cl2 + 2e−                                               (4)  

Cl2 + H2O → H+ + Cl− + HOCl                     (5)  

 

HOCl ↔ H+ + OCl−                                        (6)             

  
OCl− + R → CO2 + H2O + Cl− + P                         (7)              

Where “R” represents organic pollutant and “P” is the degraded product 

In the EOP, oxidation could be partial in which more biodegradable products are formed 

with further bio-processing method still needed, or the oxidation could lead to eventual 

mineralization of the organic into non-harmful inorganic carbon dioxide and water with no further 

treatment needed (Nidheesh & Gandhimathi, 2012). An example of an EOP is the electro Fenton 

(E-Fenton) reaction. This is a Fenton reaction driven by electricity to generate reactive oxygen 

species (ROS). The E-Fenton processes involve indirect oxidation of organic contaminants by .OH. 

This occurs when the H2O2 generated through the cathodic reduction of oxygen in the presence of 

water (Eq. 8) reacts with iron (II) (Fe2+) to yield .OH (Eq. 9). The .OH formed can oxidize organic 

pollutants (Eq. 10), whereas the iron (III) (Fe3+) formed from the oxidation of Fe2+ is reduced on 

the cathode to complete the catalytic cycle (Eq. 11). Moreira et al. 2015 researched and observed 

a partial degradation of trimethoprim antibiotics by using the E-Fenton process which yielded 

oxidizable products in need of further treatment (Moreira et al., 2015).  

O2 + 2H+ + 2e− → H2O2                                   (8) 

Fe2+ + H2O2 → Fe3+ + OH− + OH.                (9)                                                                          

RH + OH. → R. + H2O                                         (10) 

R. + Fe3+ → R+ + Fe2+                                       (11) 
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Where “RH” represents organic pollutant  

EOP efficiency for wastewater treatment depends on the optimization of various 

experimental parameters including electrode material, supporting electrolyte type and 

concentration, voltage, and current (Martínez-Huitle & Ferro, 2006).  

Electrode (i.e., cathode and anode) materials, as a factor, play a significant role in the 

efficiency of the EOP and must be chemically stable and highly conductive (Moreira et al., 2017). 

This is because an unstable anode material can deteriorate during an electrolytic process (Moreira 

et al., 2015). Various forms of Platinum (Pt) electrode including Pt sheet, foil, and plate, have been 

found useful and efficient for pollutant removal in EOP because they are chemically stable and 

conducts efficiently at high voltage and in harsh media (Nidheesh & Gandhimathi, 2012). Also, 

boron-doped diamond has been reportedly efficient as the anode in the decay of a landfill leachate 

sample (Panizza & Martinez-Huitle, 2013).  

Another operational factor for an EOP process to be efficient is the concentration and 

nature of the supporting electrolyte. Supporting electrolytes are used in the degradation of model 

contaminants to aid the current flow (Nihal Oturan, 2018). Also, supporting electrolytes such as 

sodium chloride (NaCl) have been added to real wastewater sample to generate strong reactive 

species such as hypochlorite for further pollutant mineralization (Moreira et al., 2017). Other 

supporting electrolytes include sodium nitrate, potassium chloride, and sodium sulfate.  

Applied potential is another factor that could be used to optimize the effect of the EOP. 

Moreira et al. (2017) observed a high amount of organic pollutant removal from a PME as the 

voltage applied increased, however to an extent (Moreira et al., 2017). This is because at high 

voltage, the production rate of reactive species increases. However, at a very high voltage, the 



 

28 
 

process is slow because of electrode wearing (Fernández‐Castro et al., 2015). Other conditions to 

be optimized include pH, the distance between electrodes (Nidheesh & Gandhimathi, 2012), and 

reaction time increase. 

The advantages of the EOP include being environmentally compatible, versatile, easily 

automatable (Fernandes et al., 2015), and in situ electro generation of .OH to avoid error in storage 

and transportation of reagent in the case of traditional Fenton reaction (Moreira et al., 2016). 

The drawbacks of the electro-oxidation process include the production of a high 

concentration of organic chlorides or sulfates as secondary contaminants (Ghanbari & Moradi, 

2015). This residue requires additional cost in the form of chemicals and manpower for further 

treatment or disposal (Nihal Oturan, 2018). Also, there have been reports on the pH limitation of 

this technique; for instance, in acidic medium, the concentration of carbonates (i.e., electrolyte), 

which are known to scavenge .OH in the solution, will be reduced, hence there will be an increased 

oxidation reaction (Anglada et al. 2010). Further, at higher pH (>3), there is an occurrence of 

unwanted oxygen evolution instead of oxidation which reduces the efficiency of the EOP (Mandal 

et al., 2017). Further, since EOP depends on electricity, the operational cost could be high except 

if integrated with existing water treatment techniques as a pre-treatment or polish stage (Moreira 

et al., 2017). 

 

2.2.5.2 Electroreduction 

Electroreduction as a wastewater treatment method includes electrodeposition whereby metal 

contaminants from wastewater can be removed (i.e., deposited) on the cathode electrode, as used 

in electroplating industries (Feng et al., 2016). The reduction of metals electrochemically on the 
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cathode depends on some factors including metal activity, pH value, and the current density. For 

example, if two or more metals are in the wastewater, the order of deposition depends on the 

position of the metals on the galvanic series (Zheng et al., 2013). Further, wastewaters loaded with 

organohalides (i.e., organochlorine) which can be harmful if discharged into the environment, can 

be treated using electro reductive dechlorinated method (Bolisetty et al., 2019). Here, this method 

is largely dictated by the nature of the electrode used, especially silver-based electrodes (Feng et 

al., 2016). Shen et al. (2020) successfully achieved complete removal of halogenated organic 

polluted water applying electro reduction using a carbon bulk composite (Shen et al., 2020). 

However, the kinetic rate is reportedly slow (Oldham et al., 2012). 

 

2.2.6 Hybrid Techniques 

The need for the application of hybrid technology to treat wastewater arises due to the 

incomplete decontamination with single or standalone treatment technique (Ternes et al., 2002). 

The application of a combination treatment approach has attracted valid attention to improve 

treatment efficiency and remove contaminants within safe discharge limits from the environment 

to prevent potential harm to aquatic organisms and humans (Deegan, 2011). The integrated 

treatment approach could be a physiochemical method combined with a biological method or an 

AOP as a pretreatment in combination with a biological process. The common combined treatment 

methods entail having advanced oxidation processes as pre-treatment, to convert 

nonbiodegradable refractory substances into biodegradable ones (De et al., 2019). Hence, having 

improved the biodegradability of the wastewater, it can be effectively treated using biological 

methods. Also, advanced oxidation processes can be used as post-treatment after the wastewater 
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has been treated using biological methods. Tripathi and Tripathi (2011) applied ozonation followed 

by biofiltration to a PME. Results revealed an improved efficiency of 80% organic removal, 70% 

heavy metal removal, and 95% microbial removal after the combined treatment (Tripathi & 

Tripathi, 2011). The removal efficiency without the ozonation step is 45%, 32%, and 15% for 

organics, heavy metals, and microbial load, respectively (Tripathi & Tripathi, 2011).  

Conclusively, emphasis should be to understand the waste components and characteristics 

to proffer effective combined treatment solutions to eliminate pollutants to meet discharge 

guidelines before disposal to the environment. 
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Chapter III 

3.0 Simultaneous Degradation of Persistent Organic Pollutants and 

Heavy Metal Removal via an Electrochemical Filtration System (EFS): 

Boat Harbour as a Case Study 
Abstract: An electrochemical filtration system via a continuous flow electrochemical reactor was 

designed, and its application was tested for para-nitroaniline (PNA) degradation and 

environmental wastewater. The continuous flow reactor consists of cylindrical stainless-steel 

electrodes connected by a Perfluoroalkoxy (PFA) tubing in a vertical flow configuration.  

Optimization of the various operational parameters was performed for the electrochemical 

treatment of synthetic and real wastewater (obtained from the Boat Harbour (BH) remediation site, 

Nova Scotia (NS), Canada). Total organic carbon (TOC) removal efficiency of 73.2% and 92% 

discoloration was achieved at an optimized condition for PNA mineralization at a flow rate of 5mL 

min-1 (retention time of 20 min), applied potential of 2.5 V, NaCl concentration of 29 g L-1, and 

using carbon felt electrodes. At the optimized conditions, 76% degradation of BH wastewater 

(initial TOC of 105.4 mg L-1) with significant concentration reduction of heavy metals including 

As, Cd, and Cr, was achieved at natural pH, the energy consumption of 23 kWh (kg TOC)-1, and 

overall operational cost of $0.05 L-1.  Economic viability and the energy consumption of the 

reactions were calculated. The continuous flow reactor is an improvement in the batch reactor 

treatment approach, with active simultaneous removal of organic pollutants and toxic heavy 

metals. 

 

3.1 Introduction 

The modern world has experienced accelerated industrial growth during the past two 

decades. Several industries such as oil and gas, textile, power, fertilizer, and mining have 

developed exponentially in terms of the volume and characteristics of raw materials needed for 

operations (Bolisetty et al., 2019). For instance, industries use a large volume of water as a solvent, 

for cooling, cleaning, and transportation during their processes (Klemm et al., 2012). The large 

volume of process water used for various industrial and municipal uses is released as wastewater 

into the environment, most of the time, partially treated (Shiklomanov, 2000). On the other hand, 

a huge amount of raw material containing various inorganic and organic compounds is the 

backbone of the industrial sector; in turn, these materials are converted into hazardous wastes being 
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dumped directly into the environment without proper remediation (Schwarzenbach et al., 2010). 

The release of contaminated industrial effluent without adequate treatment into the environment 

has unavoidably resulted in severe pollution in water, atmosphere, and human health (Martínez-

Huitle & Ferro, 2006). 

Industrial effluent containing refractive (non-biodegradable) organic compounds such as from the 

pulp and paper mill and pharmaceutical industries, for instance, can accumulate and agglomerate 

easily once discharged into a water body. The existence and toxicity of these persistent organic 

pollutants (POPs) (e.g., polycyclic aromatic hydrocarbons (PAHs) and polychlorinated dibenzo-

p-dioxins, polychlorinated dibenzofurans (PCDD/Fs) in the environment, is well reported in the 

literature (Hoffman et al., 2019; Lapworth et al., 2012); and their removal is arguably one of the 

main challenges for scientists (Götz et al., 2010). These untreated POPs pose an imminent threat 

to human health if allowed to persist in the aquatic environment above permissible limits and, 

therefore, require adequate treatment. Hence, to comply with regulations and meet discharge 

guidelines imposed by the government to ensure the less polluted environment, effective 

innovative ideas for industrial wastewater treatment is required.  

Typically, in conventional wastewater treatment plants (CWTP), remediation is performed 

in stages of primary, secondary, and tertiary treatment methods according to pollutant 

characteristics (Michael-Kordatou et al., 2015). The treatment methods frequently used in CWTP 

include physiochemical (precipitation, coagulation/flocculation, adsorption, membrane 

separation, and reverse osmosis) (Al-Obaidi et al., 2017), biological (activated sludge, aerobic, 

and anaerobic digestion) (Schultz, 2005), incineration (Nakatsuka et al., 2020), and advanced 

oxidation processes (ozonation and oxidation) (Miklos et al., 2018). With regards to POPs in 

wastewater, conventional wastewater treatment technique such as biological treatment has been 
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ineffective perhaps because of the bio-refractory nature of the substrate (Bolisetty et al., 2019). As 

such, CWTP has become a major source through which these types of pollutants are discharged 

into water bodies because of incomplete treatment (Beltrán et al., 1997). Hence, as a result of the 

possible detrimental effects of POPs such as carcinogenicity (Haritash & Kaushik, 2009), 

reproductive and immune system damage (Karimi et al., 2013), on human health by their improper 

discharge into freshwater sources, developing an effective wastewater treatment technique is of 

great concern (Vecoli et al., 2016).  

In addition to organic pollutants, inorganic contaminants in the form of heavy metals like Pb, Cd, 

and As are also concomitantly discharged as effluent by industries (for example, pulp mill 

companies) without adequate treatment. These heavy metals are mostly non-biodegradable, lethal 

at high concentration, and can be absorbed and agglomerated in living organisms because they are 

highly soluble in marine environments (Bolisetty et al., 2019). At high concentrations in living 

organisms, toxic metals can induce health issues such as cancer and hormonal disorders (Mitchell 

et al., 2011). For instance, excessive concentration of Pb in living organism tissue can result in 

brain malfunctioning and kidney damage (Pokorska-Niewiada et al., 2018). The treatment of heavy 

metals from the environment has been done in the past using methods such as absorption, chemical 

precipitation, and ion exchange process, but not efficiently (Feng et al., 2016). Hence, there is a 

need to develop an efficient technology to degrade POPs and remove toxic metals from wastewater 

prior to discharge into the environment. 

Recently, advanced oxidation processes (AOP) have been reported as an efficient tool to 

address the aforementioned challenges. Different techniques including photocatalysis, Fenton 

process, electrochemical oxidation, are examples of AOPs, which involve the generation of strong 

oxidants such as .OH (Li et al., 2016), chlorine (Cl2) (de Vera et al., 2017), hypochlorite (OCl-) 
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(Al-Qaim et al., 2015), H2O2 (Guinea et al., 2008), and O3 (García-Morales et al., 2013) for the 

mineralization of organic contaminants into carbon dioxide and water (Martínez‐Huitle & Brillas, 

2008). Some AOPs have proven to not be entirely effective in degrading POPs with various 

disadvantages (Muruganandham et al., 2014). For instance, using photocatalysis as a treatment 

method results in time consumption and solar energy is not always available. Also, applying 

Fenton reaction as a treatment plan involves the cost of chemicals and safety in transporting 

reagents which makes it unattractive (Kanakaraju et al., 2018; Martínez-Huitle & Ferro, 2006). 

Out of the AOPs, electrochemical treatment methods have been found to have more advantages 

(e.g., environmentally adaptable, relative inexpensiveness, and versatileness) (Martínez-Huitle & 

Ferro, 2006). Additionally, electrochemical treatment methods have been reportedly efficient in 

reducing metals (Feng et al., 2016). 

Lately, electrochemical methods have been considered as an option to combine with 

conventional techniques for the complete removal of recalcitrant contaminants (Pulgarin et al., 

1994). Electrochemical treatment methods have been applied in several dimensions for 

contaminant removal, for example, electrocoagulation (Khansorthong & Hunsom, 2009), 

electroreduction (Ghosh et al., 2011), electrooxidation (Moreira et al., 2017), electro-Fenton (Nihal 

Oturan, 2018), and electrodeposition (Issabayeva et al., 2006). These methods have already been 

successfully tested to remove either organic or inorganic contaminants from various types of 

wastewaters including pharmaceutical (Bocos et al., 2015), textile (Sánchez-Sánchez et al., 2018), 

paper mill (Qu et al., 2012), landfill leachate (Moreira et al., 2015), tannery (Szpyrkowicz et al., 

2005), and distillery (Manisankar et al., 2003).  
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However, the design for the electrochemical treatment of water can either be in a batch or 

continuous mode. The batch mode depicts a time-consuming approach for treatment with low 

reaction rate and efficiency, mass transfer constraints, and less attractiveness in terms of potential 

field application (Pillai & Gupta, 2015). On the other hand, the continuous flow systems approach 

allows for reduced reaction residence time which drastically improves the potential field 

applicability (Körbahti & Tanyolaç, 2009). There have been few electrochemical treatment studies 

with various continuous flow design in the literature. For instance, a group reported low efficiency 

while using a continuous stirred flow reactor to remediate wastewater samples (Ling et al., 2015). 

Another group reported the use of a concentric tubular flow electrochemical reactor, however, 

non-uniformity of current density was experienced which led to low efficiency in the system 

(Wang et al., 2015). Also, a continuous serpentine flow reactor has been used in another research, 

and it shows a high mass transfer rate to the electrodes and efficiency, however, the reactor was 

only applied to organic pollutant removal (Oduoza & Wragg, 2002).  

However, in this study, the simultaneous removal of both organic pollutants and heavy 

metals in the electrochemical filtration system (EFS) via a vertically configured tubular 

electrochemical continuous flow reactor (CFR), was explored. The design and configuration allow 

for more reaction resident time for pollutant degradation at the electrode. Moreover,  

electrooxidation for POPs degradation, which involves the electro generation of the 

aforementioned reactive oxidants of high oxidative potentials capable of degrading organics, was 

applied. Simultaneously, charged heavy metal ions are attracted to the negatively charged cathode 

and reduced to an insoluble state in the EFS through the electroreduction process. Thus, the EFS 

has the advantage of fast reaction rate, more effectiv than conventional treatment techniques, and 

bifunctional by removing both organic and inorganic contaminants. 
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3.1.1 para-Nitroaniline as a Model Contaminant 

A model contaminant, para-nitroaniline, was used to evaluate the efficiency of the 

technique to degrade organic compounds. p-Nitroaniline (PNA) is an organic compound (Fig. 5), 

highly stable, soluble, and used as a precursor or intermediate in the synthesis of antioxidants, 

pharmaceuticals, azo dyes, fuel additives, and corrosive inhibitors (Gautam et al., 2005). PNA 

discharge into the environment results in severe environmental issues because of its mutagenic and 

carcinogenic properties (Anotai et al., 2006). Herein, we use PNA as a model contaminant which 

we attempt to degrade via a continuous flow reactor (CFR) in an EFS by evaluating various 

operational parameters (e.g., electrolyte species and concentration, potential difference, flow rate, 

initial pH, catalyst and electrode).  

 

Fig. 5. para-Nitroaniline Structure. 

 

In like manner, contaminated water sample individually containing metals such as Pb, 

Nickel (Ni), and Chromium (Cr) were used as model inorganic compounds to evaluate the 

technique for the removal of heavy metals from wastewater. After the evaluation of the EFS with 
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model contaminants, at optimized operational conditions, real wastewater, a pulp mill effluent, 

from Boat Harbour (BH), was treated.  

 

3.1.2 Case Study: Pulp mill effluent from Boat Harbour 

BH, located within the Mi’kmaq Pictou Landing First Nation (PLFN) community in Nova 

Scotia (NS), Canada, is a former tidal estuary, which is adjacent to the BH Treatment Facility 

(BHTF), built and operated by the provincial government, and has been used as a receiving 

environment for wastewater effluent from a Kraft pulp mill since 1967 (Hoffman et al., 2015). The 

pulp mill effluent has been found to contain refractory organic pollutants including PAHs, furans, 

and PCDD/Fs (Hoffman et al., 2019), and heavy metals including Pb and Cd (Hoffman et al., 

2017b), with an adverse effect on water quality and aquatic life (Romo et al., 2019). Owing to the 

characteristics and concentration of the aforementioned pollutants in the pulp mill effluent, 

conventional treatment technique such as biological methods have been found inefficient to 

effectively eliminate the contaminants. The aggregate effect of the pollution from the company 

has necessitated a remediation strategy that involves developing an efficient wastewater treatment 

plan. A sample of pore water was obtained from the BH remediation site and treated with the EFS. 

Also, the economic analysis of the EFS with respect to energy consumption and cost-effectiveness 

was analyzed in relation to alternative techniques. With 3V energy applied and low chemical cost, 

this electrochemical technique can be deployed in remote areas at a relatively inexpensive cost.  
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3.2 Experimental, Materials, and Methods 

3.2.1 Reagents and Wastewater  

All chemicals used in this research project were of analytical grade and applied without 

further purification. The PNA used as model organic contaminants to evaluate the EFS for organic 

degradation was obtained from Sigma Aldrich with >98% purity. Toluene (C7H8), also used as a 

model organic compound, and acetonitrile (C2H3N) used as the elution solvent for sample 

preparation by solid-phase extraction (SPE), were both obtained from VWR with >99.5% purity.    

Sodium chloride (NaCl), Sodium Bromide (NaBr), Sodium Nitrate (NaNO3), and Potassium 

Chloride (KCl) used as supporting electrolytes, were of reagent grade, provided from Sigma 

Aldrich with >99% purity. Copper chloride (CuCl2), used as a catalyst in this study was of reagent 

grade and purchased from Acros Organics. Iron Chloride (FeCl2), Cobalt Chloride (CoCl2), and 

Manganese Chloride (MnCl2), used as metal catalysts for PNA degradation, were obtained from 

Sigma Aldrich with >99.9% trace metal basis. Sodium hydroxide (NaOH) and Hydrochloric acid 

(HCl), applied to adjust the pH of the solution, were obtained from Sigma Aldrich. Lead nitrate 

((Pb(NO3)2), Chromium (III) Chloride hexahydrate (CrCl3.xH2O), and Nickel Chloride (NiCl2), 

used as model inorganic compounds to evaluate the effectiveness of EFS for metal removal, were 

purchased from Sigma Aldrich with >99.99% trace metal basis. Carbon and graphite felt electrodes 

were purchased from Fuel Cell Store and used as procured. Fresh nano water was obtained daily 

from a Barnstead Nanopure water system and was used to prepare experiment solutions.   

Real wastewater samples from BH were collected for investigation. The sample represents 

the raw wastewater from the PMC without prior treatment. Samples were collected in glass bottles 

and maintained under 4 °C until needed for the experiment. The composition of the real wastewater 

sample is shown in Table 2.  
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Table 2. Characteristics of Real Wastewater. 

Parameter Water 

Colour Brownish 

pH 7-8 

TOC (mg L-1) 105 

 

3.2.2 Wastewater Sample Preparation 

The real wastewater sample (Fig. 6) was prepared for qualitative analysis by GC-MS, using 

solid phase extraction (SPE). SPE cartridges [6cc Oasis® HLB extraction cartridge (150 mg, 30 

µm)], were pre-conditioned with C2H3N and nano pure water before extracting 1000 ml of the 

wastewater sample, then washed with water, dried, and eluted with 1.5 ml of C2H3N. Samples 

were then transferred into 2ml glass vials for GC-MS analysis. Also, samples were prepared for 

metal analysis by dissolving a 10% sample in 1% Nitric acid solution before analysis by ICP-MS. 

 

Fig. 6. Contaminated environmental wastewater from Boat Harbour before pretreatment. 



 

40 
 

3.2.3 Experimental Device (Continuous Flow Reactor (CFR) 

A labelled photo of the electrochemical continuous flow reactor, where experiments were 

conducted, is displayed in Fig. 7, and the schematic is represented in Fig. 8. The CFR, designed in 

the laboratory at Cape Breton University, NS, Canada, consists of cylindrical grade 316 stainless-

steel electrodes connected by a Perfluoroalkoxy (PFA) tubing in a vertical flow configuration with 

a total volume of 120 ml. The cathode and anode are carbon/graphite felt of the same dimensions 

(12.5 cm x 2 cm x 0.5 cm) inserted into the cylindrical stainless steel nipple (12.5 cm long), placed 

vertically and separated by a PFA tubing (28 cm long) of high chemical resistance (the immersed 

portion of each electrode was 64.5 cm2). A tube connected to the stainless steel was fixed to a 

peristaltic pump equipped with cartridges used to transport water samples through the 

electrochemical filtration device. The desired voltage was supplied by a Tenma 72-685 digital 

control DC power supply (0-30 V) in connected to a Keithley 2000 Multimeter (0-1 A). The 

samples were collected post-treatment and analysis (e.g., Total Organic Analyzer (TOC) was 

performed in triplicate and mean results with relative standard deviation are presented). 

 

Fig. 7. Continuous Flow Reactor. 
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Fig. 8. Electrochemical Filtration Scheme. 

  

 

3.2.4 Electrochemical Filtration Setup  

The electrochemical filtration of samples was performed in the built CFR described earlier. 

For the laboratory experiment, with the peristaltic pump in the continuous process mode, 100 ml 

of a sample containing electrolyte, catalyst, and wastewater, stirred at 500 rpm to avoid 

concentration gradient, was fed into the reactor under varying voltage (0-3 V) from the power 

supply. Samples were fed into the reactor at different flow rates (5, 10, 25, 50, 100 ml min-1). The 

pH of the samples was adjusted with 0.1 M HCl or NaOH to evaluate the effect of pH on the 

system. The carbon felt electrodes were changed after each run and the stainless-steel nipple 

washed with 0.1 M oxalic acid and dried prior to subsequent experiments. After each experiment, 

the treated sample was centrifuged at 3600 rpm and the supernatant was collected for TOC/ICP-

MS analysis. Operational parameters were optimized, one factor at a time for the degradation of 

the model contaminant (PNA) at voltage (0-3 V), NaCl (10-1000 mM), CuCl2 (10-1000 µM), and 

pH (3, 5, 6.5, 8 and10). Subsequently, optimized parameters were applied for the electrochemical 
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filtration of real wastewater from BH at 2.5 V, 10 ml min-1 flowrate, 500 mM NaCl, and 200 µM 

CuCl2. Treated samples were collected post-treatment and analysis was conducted. 

 

3.2.5 Characterization and Analytical Techniques 

3.2.5.1 Total Organic Carbon Analysis (TOC) 

The oxygen demand of each sample solution is one of the ways to quantify the pollutants 

in the solution. This analytical method measures indirectly the oxygen demand of a pollutant by 

measuring the amount of carbon dioxide produced using the infrared spectroscopy. The TOC 

analysis involves the oxidation of the organic compounds in the sample to carbon dioxide and 

water by the action of ultraviolet light, heat, and persulfate. The mineralization progress was 

monitored by measuring the TOC of the samples by using a MULTI N/C UV HS Analytikjena 

(Germany) analyzer. The experiments were performed at 25 ±1 ºC. The experiments were done in 

triplicate and the average TOC values with relative standard deviations were obtained. The result 

of this TOC analysis reflects the degree of pollutant mineralization in the sample achieved after 

the electrochemical filtration treatment. The efficiency of the EFS was determined in terms of 

TOC analysis using the following equation (Eq. 12): 

 

% TOC Efficiency = 
T0−Tt

T0
 X 100           (12)                      

Where “T0” and “Tt” are the TOC values of the samples measured in mg L-1 pre and post treatment 

respectively. 
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3.2.5.2 Ultraviolet-Visible (UV-Vis) Spectrophotometry 

 The ultraviolet-visible (UV-Vis) spectrometer analytical instrument was used to determine 

the degree of decolorization of the samples at different operation conditions.  The UV-Vis analysis 

involves the number of light photons absorbed (absorbance) by a sample when a monochromatic 

source of light is passed through it. A UV-Vis spectrometer equipped with a spectrometric quartz 

cell (pathlength = 1 cm) and a detector were used for the analysis. The UV-Vis data was obtained 

using a DR-500 Hach spectrophotometer. The absorbance of the sample before and after an 

experiment was scanned over a 250-600 nm wavelength region. The concentration of the solution 

can be determined by measuring the absorbance of the solution and relating it to the concentration 

using Beer-Lambert`s law (Eq. 13). The Beer-Lamberts law states that the absorbance of a sample 

is directly proportional to its concentration. Mathematically, 

𝐴 = 𝐸𝑏𝑐                         (13) 

Where “A” is the Absorbance, “E” is the molar absorptivity constant, “b” is the cell 

pathlength, and “c” is the concentration of the sample. 

The decolorization efficiency was calculated following the reduction in absorbance at the same 

wavelength expressed in % terms as calculated as follow (Eq. 14): 

% Color = 
C0−C

C0
X 100         (14) 

where “C0” is the initial absorbance of the dye and “C” is the final absorbance value at the same 

wavelength. 
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3.2.5.3 Inductively Coupled Plasma Mass Spectrometry (ICP-MS) 

The ICP-MS is an instrument, with an ionization source, capable of decomposing a sample 

into its constituent elements and converts the elements into ions. Specifically, ICP-MS is used to 

qualitatively and quantitatively analyze the presence of metals in a sample. The ICP-MS analysis 

in this research was performed with Perkin-Elmer inductively coupled plasma spectrometer 

coupled with NexION 300D with S10 Autosampler, with detection limit at parts per billion levels. 

 

3.2.5.4 Gas Chromatography-Mass Spectrometry (GC-MS) Analysis 

The GC-MS was used to qualitatively identify the type of compounds in the BH wastewater 

before and after the treatment using the electrochemical filtration system. The GC-MS analysis 

was performed with Aglient Technologies 6890N gas chromatograph coupled with a 5973-inert 

mass spectrum detector (Santa Clara, USA). A nano stationary phase (NSP)-5 Inert capillary 

column (15 m x 0.25 mm x 0.30 µm, J&K Scientific, Edwardsville Canada) was used for 

separation. 

  

3.2.5.5 Differential Pulse Voltammetry (DPV) Analysis 

The differential pulse voltammetry (DPV) was used to analyze the reactive species (ozone, 

hypochlorite), responsible for organic pollutant degradation in the EFS. The DPV analysis was 

conducted using a two-channel electrochemical workstation from CorrTest Instrument. The DPV 

analysis of the experiment was scanned over a 0-3 V potential difference region to evaluate the 

reaction of each reactive species while the voltage was measured against the current density.  
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3.2.5.6 Energy Consumption 

The Energy Consumption (EC) is a measure of the electric power used up when 1kg of the 

pollutant is degraded as measured by TOC. The EC provides a platform to compare the efficiency 

of the EFS to other wastewater treatment methods. The EC is calculated as follows (Eq. 15): 

EC = 
UIt

ΔTOC X V
                           (15)                   (Pillai & Gupta, 2017)  

Where “U” is the voltage applied in volts (V), “I” represents the current in amperes (A), “t” is the 

time in hours (hr), “ΔTOC” is the TOC reduction in g L-1, and “V” is the volume of the solution. 

 

3.3 Results and Discussion 

3.3.1 Parameter Optimization using Nitroaniline as a Model Contaminant 

3.3.1.1 Supporting Electrolyte Effect 

The effect of supporting electrolytes on PNA degradation was determined by varying the NaCl 

concentration from 10-1000 mM at 2.5 V, and pH 6.5 (natural pH without adjustment). The 

mineralization and decolorization rate increased NaCl concentration (Fig. 9, Fig. 10, and Fig. 11) 

with up to 73.2% and 92% mineralization and bleaching, respectively at [NaCl] = 500 mM, which 

we suspect results from an increase in reactive species (RS) generation. However, a further 

increase to [NaCl]= 1000 mM results in the decrease of the efficiency of the system, which we 

believe results from electrode degradation by increased chlorine product. This was evident with 

the presence of the electrode particles in the treated solution (Miao Li a, 2010; Mussa et al., 2015). 

Without NaCl, no bleaching and only 2.7% mineralization was observed. This indicates a lack of 
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direct anodic oxidation as without electrolyte (Current, I=1 mA), and no or limited RS generation 

(Cameselle et al., 2005).  

In the EFS, chloride ion (Cl-) is oxidized to form hypochlorite ion (ClO-) (via Cl2) at the anode, 

which subsequently oxidizes organic pollutants (Eq. 4-7). 
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Fig. 9. [NaCl] effect on mineralization p-Nitroaniline (PNA) (TOC Analysis).  

Experiment at 2.5 V, [Cu2+] = 200 µM, 5 mL min-1, carbon felt electrode, pH 6.5 in triplicate. 

Vertical bars denote relative standard deviation (±RSD). 
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Fig. 10. [NaCl] effect on decolorization of PNA (UV-Vis Analysis).  

Experiment at 2.5 V, [Cu2+] = 200 µM, 5 mL min-1, carbon felt electrode, pH 6.5 in triplicate. 

 

 

Fig. 11. [NaCl] effect on decolorization of PNA.  

Experiment at 2.5 V, [Cu2+] = 200 µM, 5 mL min-1, carbon felt electrode, pH 6.5. 
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Other electrolytes, i.e., NaNO3, NaBr, and KCl at equal ionic strength were tested, which 

revealed the necessity of having an oxidizable halide present in the system (Fig. 12). Mixtures of 

NaNO3 and NaCl with constant ionic strength yielded mineralization and decolorization linearly 

correlated to [Cl-] (Fig. 13 and Fig. 14). 
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Fig. 12. Various Salt (Concentration = 500 mM) effect on PNA mineralization.  

Experiment at 2.5 V, [Cu2+] = 200 µM, 5 mL min-1, carbon felt electrode, and pH 6.5. (n=3, 

±RSD). 
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3  

Fig. 13. Mixed salt ([NaCl] + [NaNO3] = 500 mM) effect on PNA mineralization.  

Experiment at 2.5 V, [Cu2+] = 200 µM, 5 mL min-1, carbon felt electrode, pH 6.5 (n=3, ±RSD). 
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Fig. 14. Mixed salt ([NaCl] + [NaNO3] = 500 mM) effect on PNA decolorization.  

Experiment performed at 2.5 V, [Cu2+] = 200 µM, pH 6.5, 5 mL min-1, carbon felt electrode. 
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3.3.1.2 Voltage Influence 

The applied potential is the most important factor to optimize to maximize efficiency while 

reducing energy consumption (Särkkä et al., 2015). Without potential, removal is limited to 

electrode adsorption; however, we observed increasing mineralization and decolorization (Fig. 15, 

Fig. 16, and Fig. 17) up to 2.5 V with no further improvement, beyond that which only increases 

the cost, electrode wear, and oxygen generation. 
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Fig. 15. PNA mineralization in the continuous flow reactor (CFR) as a function of the voltage.  

Experiment performed at [NaCl] = 500 mM, [Cu2+] = 200 µM, pH 6.5, 5 mL min-1, and carbon 

felt electrode. (n=3, ±RSD). 
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Fig. 16. PNA decolorization in the CFR as a function of the voltage (UV-Vis Analysis).  

Experiment performed at [NaCl] = 500 mM, [Cu2+] = 200 µM, pH 6.5, 5 mL min-1, and carbon 

felt electrode. 

 

 

Fig. 17. PNA decolorization in the CFR as a function of the applied potential.  

Experiment performed at [NaCl] = 500 mM, [Cu2+] = 200 µM, pH 6.5, 5 mL min-1, carbon felt 

electrode. 
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3.3.1.3 Catalyst Effect 

Soluble transition metal redox couples, e.g., Cu2+/Cu+, Fe3+/Fe2+ can catalyze electro-

oxidation reactions in the form of mediated oxidation (Nihal Oturan, 2018). In mediated oxidation, 

metal ions such as Cu2+ can undergo redox reaction to a more reactive oxidation state (Eq. 16) 

where they can oxidize organic pollutants (Eq. 17 and 18) (Oturan, 2014). 

Cu2+ + e− → Cu+                                                      (16)  

Mz+ → M(z+1)+ + e−                                                 (17)  

M(z+1)+ + organics → Mz+ + CO2 + H2O               (18)  

 Where “M” is a transition metal catalyst. 

Although 55% mineralization was achieved without the addition of a transition metal 

catalyst, the efficiency was increased with increasing Cu2+ addition, up to 200 µM (Fig. 18), 

beyond which no increase in the efficiency was observed at [Cu2+] = 1000 µM.  This can be 

attributed to the excess Cu+ scavenging the ROS in the system (Eq. 23) (Barhoumi et al., 2017). 

Cu+ + OH. → Cu2+ + OH−                                         (19)  

 

Other transition metals, i.e., Co2+, Fe2+, and Mn2+were compared to Cu2+ with decreasing 

effectiveness in the order Cu2+>Co2+> Fe2+> Mn2+ (Fig. 19). If these metals participated through 

mediated oxidation, their activity is in the order of their standard reduction potential (Table 3). 

Additionally, the Fe2+activity was limited by the solution pH, since it reportedly performs better 

in acidic media (Nihal Oturan, 2018). 
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Fig. 18. PNA mineralization as a function of [Cu2+].  

Experiment performed at [NaCl] = 500 mM, 2.5 V, 5mL min-1, pH 6.5, carbon felt electrode 

(n=3, ±RSD). 

No Catalyst Cu Fe Co Mn

0

20

40

60

80

100

 

 

T
O

C
 (

%
)

Catalyst (200M)

 
Fig. 19. PNA mineralization as a function of 200 µM of different M2+ions (n=3, ±RSD).  

Experiment performed at [NaCl] = 500 mM, 2.5 V, 5mL min-1, pH 6.5, carbon felt electrode 

(n=3, ±RSD). 
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Fig. 20. PNA mineralization as a function of different Cu2+ salts.  

Experiment performed at [NaCl] = 500 mM, 2.5 V, 5mL min-1, pH 6.5, carbon felt electrode 

(n=3, ±RSD). 

 

Additionally, several Cu2+salts were evaluated where the relative activities were in the 

order CuCl2>Cu(NO3)2≈CuSO4 (Fig. 20). CuCl2 as a supporting electrolyte shows better efficiency 

than other salts, perhaps, because of slightly higher conductivity of chloride anions (Barry & 

Lynch, 1991). 

 

Table 3. Standard Reduction Potentials of Transition Metal Catalysts (Park et al., 2018) 

Reduction reaction E0 (V vs SHE)  

Mn2+ + 2e− → Mn 

  

-1.19 

Fe2++ 2e− → Fe  

  

-0.45 

Co2++ 2e− → Co 

  

-0.28 

Cu2++ 2e− → Cu 

  

+0.34 
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3.3.1.4 Flow Rate Influence 

The EFS is a continuous flow reactor, and as such the flow rate affects the residence time of 

reactants on and between the porous electrodes, where longer residence times allow more ROS-

based oxidation. The flow rate of the system was varied from 2.5–50 mL min-1 to optimize the 

efficiency and processing time (Fig. 21, Fig. 22, and Fig. 23). The most 

efficient mineralization and decolorization efficiencies were reached at a flow rate of 5 mL min-1. 
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Fig. 21. PNA mineralization as a function of flow rate.  

Experiment performed at 2.5 V, [Cu2+] = 200 µM, [NaCl] = 500 mM, pH 6.5, carbon felt 

electrode. (n=3, ±RSD). 
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Fig. 22. PNA decolorization as a function of flow rate.  

Experiment performed at 2.5 V, [Cu2+] = 200 µM, [NaCl] = 500 mM, pH 6.5, carbon felt 

electrode. 

 

 

Fig. 23. PNA decolorization as a function of flow rate.  

Experiment performed at 2.5 V, [Cu2+] = 200 µM, [NaCl] = 500 mM, pH 6.5, carbon felt 

electrode. 
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3.3.1.5 Nature of Electrode  

The EFS uses porous electrodes to allow the reaction mixture to continuously flow through. Two 

felt electrodes were compared, composed of either glassy carbon or graphite, with respect to their 

efficiencies. The glassy carbon felt electrode was superior for both mineralization and 

decolorization (Fig. 24 and Fig. 25). It also yielded a higher current density at identical potential 

as the graphite felt electrode, which indicates that it is more easily able to generate ROS. 
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Fig. 24. PNA mineralization using either carbon (CF) or graphite (GF) felt electrodes.  

Experiment performed at 2.5 V, [Cu2+] = 200 µM, [NaCl] = 500 mM, 5mL min-1, pH 6.5 (n=3, 

±RSD). 
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Fig. 25. PNA decolorization by the EFS using either glassy carbon (CF) or graphite (GF) felt 

electrodes. Experiment performed at 2.5 V, [Cu2+] = 200 µM, [NaCl] = 500 mM, 5mL min-1, pH 

6.5 (n=3, ±RSD). 

  

3.3.1.6 pH Influence 

Initial solution pH significantly affects oxidative processes in the electro-oxidation processes 

(Mussa et al., 2015). It was observed that maximum and minimum mineralization was achieved at 

pH 6.5 and 10, respectively (Fig. 26), with efficiency, dropping as pH was altered from neutral to 

either acidic or basic conditions. In the EFS, the chloride species present in the acidic and neutral 

medium is in the form of  hypochlorous acid and hypochlorite (Eq. 5 & 6) (Boxall & Kelsall, 

1992). These chlorine species in neutral and acidic medium possess sufficiently high oxidative 

potential to oxidize PNA (Pillai & Gupta, 2017), which agrees with an earlier study (Ma & Zhou, 

2009). In basic medium, TOC removal efficiency is reduced, perhaps due to the low formation 

of hypochlorite ions but high formation of chlorate and perchlorate, the latter with low oxidative 
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potential and relatively lower oxidizing capabilities (Eq. 20 and 21) (Marco & Giacomo, 2009; 

Moreira et al., 2016).    

 

Cl− + 2OH− → ClO− + H2O + 2e−          E0 = +0.89V                   (20)  

ClO− + 2OH− → ClO2 + H2O + 2e−        E0 = +0.67V                   (21)  

 

Further, more decolorization at pH 3 and 5 was observed, due to the high production of 

hypochlorite, a bleaching agent, in the acidic medium (Fig. 27) (Brillas & Martínez-Huitle, 2015). 

At pH 3 & 5, decolorization was higher than at neutral pHs but TOC removal efficiency was 

reduced. This result suggests the additional effect of the copper catalyst is stronger at neutral pHs 

than in acidic mediums. Therefore, the optimal pH for the electrochemical oxidation process for 

high TOC removal efficiency is near-neutral pH (without adjustment). Identical conclusions have 

been made in a research study where copper was used as a catalyst in pollutant degradation (Zhan 

et al., 2010). Hence, the EFS can easily be applied to real wastewater conditions at neutral pH 

without necessary adjustment, thereby, cost-saving.  
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Fig. 26. PNA mineralization as a function of pH.  

Experiment performed at 2.5 V, [Cu2+] = 200 µM, [NaCl] = 500 mM, 5 mL min-1, carbon felt 

electrode. (n=3, ±RSD). 
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Fig. 27. PNA decolorization as a function of pH.  

Experiment performed at 2.5 V, [Cu2+] = 200 µM, [NaCl] = 500 mM, 5 mL min-1, carbon felt 

electrode. 
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3.3.2 Reactive Species Identification 

Reactive species, e.g., Cl2 and O3 have contributed to the indirect oxidation of organic 

pollutants (Martínez-Huitle & Ferro, 2006; Särkkä et al., 2015). Cl- in the supporting electrolyte 

leads to anodic Cl2 production, which can be converted into a series of reaction to ClO- (Eq. 16-

19). Organic pollutants are oxidized by chlorine species in the form of HOCl (E = 1.63 V), ClO- 

(E = 0.9 V), and Cl2 (E = 1.359 V).  

O3 can also be generated electrolytically (Eq. 22) but is disfavored because of the 

thermodynamic stability of O2 (Honda et al., 2013) (Eq. 23). It can be successfully formed using 

electrodes with high oxygen evolution overpotentials. O3-based water treatment is advantageous 

because of its high redox potential (E = 2.07 V) and benign byproduct, O2 (Marco & Giacomo, 

2009).  

 
3H2O → O3 + 6e− + 6H+        E0 = 1.51V      Vs   SHE                   (22) 

 

2H2O → O2 + 4e− + 4H+        E0 = 1.23V      Vs   SHE                   (23)  

 

At an optimum high applied potential of 2.5 V, water splitting occurs from 1.23 V where oxygen 

is formed, beyond that voltage, some oxygen molecules formed dissociate to form oxygen atoms 

which can subsequently react with oxygen molecules to form ozone (Marco & Giacomo, 2009). 

The O3 produced can then oxidize organic pollutants and decompose to O2 (Särkkä et al., 2015). 

Differential pulse voltammetry (DPV) was performed to identify the reactive species 

produced in the EFS, which yields current density peaks for the species at their oxidation 

potentials. Four experiments were performed to identify the reactive species and their influence 

(Fig. 28, Fig. 29, Fig. 30, Fig. 31, and Table 4), and samples were scanned from 0-3V. Each 

experiment contained NaCl (500 mM) electrolyte and consisted of either the blank, CuCl2 (200 
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µM), PNA (100 µM), or both. O2, Cl2, HOCl, and O3 were observed in each reaction mixture (and 

Cu2+ in Cu-containing reactions), but the HOCl and O3 peaks were significantly increased in the 

presence of Cu2+ only, and the Cl2 peak disappeared in both PNA-containing reactions. The PNA 

appeared to quench the more reactive species, Cl2 and O3, as it was degraded. Notably, the 

electrodes were visibly unstable beyond 2.5 V.  
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Fig. 28. Differential pulse voltammetry (DPV) Analysis of [NaCl] = 500 mM over 0-3 V scan. 
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Fig. 29. DPV Analysis of [NaCl] = 500 mM and [CuCl2] = 200 µM, over 0-3 V scan. 
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Fig. 30. DPV Analysis of [NaCl] = 500 mM and [PNA] = 100 µM, over 0-3 V scan. 
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Fig. 31. DPV Analysis of [NaCl] = 500 mM, [CuCl2] = 200 µM and [PNA] = 100 µM , 0-3 V 

scan. 

 

Table 4. Differential Pulse Voltammetry Analysis for Reactive Species Identification. 

Experiment 

Condition  

Current Intensity 

Peak O2 (mA cm- 2)  

Current Intensity 

Peak O3 (mA cm- 2)  

Current Intensity 

Peak HOCl (mA cm- 2)  

NaCl 0.23  0.51  0.35  

NaCl + CuCl2 0.27  0.62  0.58  

NaCl + PNA 0.23  0.4  0.31  

NaCl + CuCl2 

+ PNA 

0.26  0.58  0.49  
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3.3.3 Toluene Oxidation 

To evaluate the treatment scope of the EFS, 0.1% w/v Toluene contaminated water was 

treated under the optimized reaction conditions. Without applied voltage, 8.8% adsorption on the 

electrode was observed, while at optimized parameters, a TOC reduction of 578 mg L-1 

(pretreatment was 603.9 mg L-1  and post treatment was 52 mg L-1) was achieved (Fig. 32). The 

GC-MS analysis of the sample pre and post treatment showed complete removal of toluene with 

no residual volatile compounds (Fig. 33). 
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Fig. 32. Treatment of 0.1% Vol Toluene contaminated water by the EFS.  

Experiment performed at 2.5 V, [Cu2+] = 200 µM, [NaCl] = 500 mM, 5 mL min-1, glassy carbon 

electrode. (n=3, ±RSD). 
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Fig. 33. Gas Chromatogram of extracted toluene contaminated water pre and post treatment.  

Experiment performed at 2.5 V, [Cu2+] = 200 µM, [NaCl] = 500 mM, 5 mL min-1, glassy carbon 

electrode. 

 

 

3.3.4 Reduction of Heavy Metals 

In addition to oxidizing organic pollutants, in the EFS, heavy metals (i.e., Pb, Cd, and Cr) 

are simultaneously reduced when a wastewater sample is passed through. Prior to passing BH 

wastewater through the EFS, 50 mg L-1 concentration of Cr, Pb, and Ni were individually 

investigated as a model. The result showed metal concentrations reduced post-treatment. In a 

control experiment, the individual metals were passed through the CFR without applied voltage to 

evaluate for adsorption. Thus, of the reduction in metal concentration, 13% Pb, 21% Ni, and 16% 

Cr, were recovered via adsorption on the reactor walls and electrode surface when the voltage was 

not applied to the system (Table 5).  The remaining removal efficiency can be attributed to 
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electroreduction (i.e., gain of electrons by metallic atoms on the cathodic surface) when the voltage 

was applied (Fig. 34) (Issabayeva et al., 2006).  

 

Table 5. ICP-MS of Metal-contaminated Water. 

Treatment Pb Ni Cr 

Adsorption (%) 13 21 16 

Electroreduction (%) 24 44 70 
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Fig. 34. Treatment of metal-contaminated water by the EFS pre and post treatment.  

Experiment performed at 2.5 V, [Cu2+] = 200 µM, [NaCl] = 500 mM, 5 mL min-1, carbon felt 

electrode (n=3, ±RSD). 
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The order of reduction did not follow the increase in the reducing strength of the metals 

(i.e., Pb2+<Ni2+<Cr3+) (Table 6). This perhaps indicate that more of the metal reduction is 

attributable to adsorption rather than electro reduction (Liu et al., 2019). 

 

Table 6. Standard Reduction Potential of Metals. 

Reduction reaction E0 (V vs Standard Hydrogen Potential) 

Pb2 + +2e- →Pb -0.13 

Ni2 + +2e- →Ni -0.26 

Cr3 + +3e- →Cr -0.73 

 

3.4 Electrochemical Treatment of Environmental Wastewater from Boat Harbour 

We evaluated the effectiveness of the EFS for the real contaminated BH water sample. The 

EFS treatment of this real wastewater sample resulted in mineralization of 76 mg L-1 total organic 

carbon and the major contaminants were removed (Fig. 35 and Fig. 36). 
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Fig. 35. Treatment of Boat Harbour wastewater by the EFS, mineralization (n=3, ±RSD). 

Experiment performed at 2.5 V, [Cu2+] = 200 µM, [NaCl] = 500 mM, 5 mL min-1, natural pH, 

carbon felt electrode. 
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Fig. 36. Gas Chromatogram of contaminated water pre and post treatment.  

Experiment performed at 2.5 V, [Cu2+] = 200 µM, [NaCl] = 500 mM, 5 mL min-1, natural pH, 

carbon felt electrode. 

 

Simultaneously, a reduction in the metal concentration of the real wastewater from BH was 

observed, perhaps, via both adsorption and electroreduction. Adsorption of heavy metals can occur 

by movement of ions through binding sites on the cathodic surface; while electrodeposition can 

occur as a result of migration of ions to the cathodic surface thereby forming an electrical double 

layer and reduced to zerovalent metal form (Liu et al., 2019). After the treatment using the EFS, 

all five metals of concern including [As], [Cd], [Cr], [Ni], and [Pb]  were significantly reduced in 

concentration, with As, Cd, and Cr close to the WHO drinking water standards (W.H.O, 2018) and 

the Canadian Council of Ministers of the Environment (CCME) Protection for Freshwater Aquatic 

Guidelines (CCME, 2019) (Table 7). It is suspected that the competition among metal atoms for 

limited electrons on the cathodic surface limits electroreduction efficiency. This is because when 

more than two metal atoms are present in an electrolytic solution, they compete for electrons to be 

deposited on the cathode (Martínez‐Huitle & Brillas, 2008). The order of electrodeposition 
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depends on their reducing strength reflected by the position of the metals on the electrochemical 

series (Zheng et al., 2013). 

 

Table 7. Concentration of Metals Pre and Post EFS Treatment. 

Metals Pretreatment 

(mg/L) 

Posttreatment 

(mg/L) 

WHO Drinking 

Water Standards 

(mg/L) 

CCME 

Guidelines 

(mg/L) 

Cr 8.26 0.097 0.05 0.009 

Ni 8.4 0.85 0.07 NA 

As 21.38 0.036 0.01 0.005 

Cd 7.44 0.0073 0.003 NA 

Pb 8.11 0.49 0.01 NA 

 

3.5 Energy Efficiency 

In the EFS, as the applied potential difference increases, the energy consumed increases, 

however as flow rate increase the energy consumed decreases since less time is spent per unit 

volume (Fig. 37 and Fig. 38). Under the optimized conditions (i.e., 2.5 V and 5 mL min-1) 

the EFS consumes 23 kWh per kg of organic carbon removal. To make a comparison of energy 

consumption obtained in other projects or reports where variables such as real wastewater sample 

matrix, anode material, treatment time, and sample volumes are different, seems unreasonable. For 

instance, a study by a group revealed the energy consumption obtained after treating a leachate 

sample by electrochemical technique to be 90.1 kWh per kg (Annabel et al., 2013). In another 

study, where the group made use of boron-doped diamond (BDD) electrodes in the treatment of a 
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leachate sample, 140 kW/h per litre of the sample was reported as energy consumption (Panizza 

& Martinez-Huitle, 2013).  Also, in comparison to another group where a tubular electrochemical 

reactor was applied for industrial textile wastewater, a COD removal efficiency of 53% was 

achieved with an energy consumption of 193.1 kWh per kg (Körbahti & Tanyolaç, 2009). 

Further, we revealed that the energy consumed without electrolyte was high because of the 

absence of ions for conductivity. Also, when NaNO3 was used as the electrolyte, the energy 

consumption was high relative to NaCl, KCl, and NaBr, with NaCl being the most energy efficient 

electrolyte, perhaps due to relatively high ion mobility (Barry & Lynch, 1991) (Fig. 39). 
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Fig. 37. Energy Consumption (EC) as a function of applied potential. 
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Fig. 38. Energy Consumption (EC) as a function of flow rate. 
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Fig. 39. Energy Consumption (EC) as a function of supporting electrolyte.  

Unless specified [electrolyte] = 500 mM, 2.5 V, 5 mL min-1, pH 6.5 [Cu2+] = 200 µM, carbon 

felt electrode. 
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3.6 Economic Viability 

The practicability and feasibility of any technology are determined by the operational cost 

(i.e., materials and electricity, and capital cost) relative to alternative approaches. The laboratory-

grade copper chloride cost 4.8 USD kg-1 while the sodium chloride cost 1 USD kg-1. The electricity 

cost was calculated using the industrial tariff rate for Nova Scotia at 0.08 USD kWh-1 (Jane, 2019). 

Under optimum operating conditions, the environmental water samples from Boat Harbour 

at the optimal removal efficiency (i.e., simultaneous 76 mg L-1 organic carbon and significant 

heavy metal removal), would cost ~ 0.03 USD and ~0.02 USD L-1, for chemical and electricity 

inputs, respectively. This equates to 0.66 USD g-1 of carbon removed in addition to heavy metals 

removal (Table 8). Low energy usage and operational cost of 0.2 kWh L-1 and 0.05 USD L-1 were 

achieved, respectively. This seems inexpensive relative to another study where a similar technique 

was used to remediate pulp mill effluent at energy consumption and operational cost of 1.2 kWh 

L-1 and 0.29 USD L-1 obtained, respectively (Khansorthong & Hunsom, 2009). This implies with 

78 mg L-1 TOC removed, it would cost the group 3.7 USD to remove 1 g of TOC. This is relatively 

expensive compared to 0.66 USD required to remove the same amount of TOC if EFS were 

applied. 

Table 8. Cost Estimate- Boat Habour Bulk Water Remediation using the EFS. 

Item Cost (USD) 

Chemical (Electrolyte and catalyst) consumables per litre of sample 0.03 

Energy input (0.2 kWh L-1 ) per litre of sample 0.02 

Removal of 76 mg TOC, 8 mg Cr, 7.5 mg Ni, 21 mg As, 7.4 mg Cd, and 7.6 

mg Pb, per litre of sample treated 

0.05 

To remove 1 g TOC, 0.1 g Cr, 0.1 g Ni, 0.28 g As, 0.98 g Cd, and 0.1 g Pb, 

from wastewater sample 

0.66 
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In relation to the remedial option decision document proposed for the clean-up of BH by 

GHD water engineering company, which include the use of low technology system (i.e. coarse 

filtration, coagulation, clarification, and adsorption-based processes) to remove contaminants of 

concern from bulk water; the estimated cost of treatment proposed is 6 USD per m3 (1000 litres) 

(GHD, 2018), which is 5 times cheaper than the treatment cost using the EFS. This value represents 

only the chemicals and consumables cost, without the utility cost, using the low technology system 

mentioned earlier (GHD, 2018). Although the estimated cost using the EFS is 30 USD per m3, it 

is important to note that NaCl claims 99% of the cost , whereas if we used seawater, which contains 

35 g salts per litre (USGS, 2015), the chemical and consumable cost would drastically reduce. In 

addition, since the cost estimate does not include the utility cost, perhaps the usage of the EFS, 

whereby renewable energy such as solar panel could be applied, provides better efficient system 

with reduced utility cost than the alternative treatment technique by GHD. Further, it is important 

to consider sludge production and treatment cost after the BH water treatment using the proposed 

treatment methods by GHD, whereby significant associated sludge treatment cost will increase the 

overall operational cost. Another disadvantage of the proposed GHD remediation treatment design 

is the inability of the geotube filtration system to eliminate biologically active contaminants. This 

implies additional biological treatment would be required for complete wastewater treatment, 

hence, additional cost. 

 

3.7 Conclusions and Recommendations 

3.7.1 Conclusions 

The results obtained in this study lead to the following conclusions: 
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1. The EFS, applied in a continuous flow reactor was effectively applied to degrade PNA as 

a model contaminant, whereby various operational parameters were optimized. 

2. The optimized experimental condition was applied to degrade environmental wastewater 

from BH. 

3. Simultaneous organic pollutants and heavy metals removal from BH wastewater were 

achieved. 

4. The identification of reactive species in the EFS via DPV analysis indicated chlorine 

species and ozone were largely responsible for the organic pollutant mineralization via 

mediated electro-oxidation. 

5. The use of copper as a catalyst was found to activate more the influence of the reactive 

species (hypochlorous acid and ozone) indicated by the DPV analysis. 

6. The pH of the system was investigated, and it was revealed that there was no need for 

acidity or alkalinity adjustment of a sample, since the optimum condition which yielded 

the highest TOC mineralization was neutral. Hence, no cost incurred for pH adjustment. 

7. Heavy metal removal was achieved through adsorption on the electrode surface and 

electroreduction process. 

8. Energy consumption of the EFS was investigated and at 0.2 kWhr L-1 of a sample, it was 

found energy efficient relative to alternatives.  

9. The economic analysis which was carried out at optimum operating conditions shows that 

at 0.05 USD L-1, the EFS is relatively inexpensive compared to alternative treatment 

technique.  
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3.7.2 Recommendations 

In consequence of the obtained results, the following recommendations should be considered to 

further this research: 

1. The unidentified intermediates and products after the degradation of PNA via the EFS 

should be identified qualitatively to propose a reaction mechanism. 

2.  To evaluate the effect of the EFS on real wastewater samples and monitor toxic by-

products, for example, organo halides, toxicity study should be conducted. This 

determines the toxicity of the treated effluent, which is an important parameter to propose 

a wastewater treatment strategy and approach. 

3. In terms of electroreduction of metals, more research is needed to establish 

electrodeposition of metals on the surface of the cathode and formation of metallic oxides 

using energy dispersed x-ray spectroscopy (EDS). 

4. In terms of scaling up the continuous reactor flow, more experiments must be performed 

to evaluate the number of runs needed before electrode wear, since there will be constant 

electro generation of active chlorine species which attacks them. 

5. Finally, the biodegradability of the treated effluent should be evaluated to find the fit for 

EFS in a combined wastewater treatment strategy. 
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Chapter IV 

4.0 Effective Hybrid Treatment Technique for Landfill Leachate 

Abstract: Leachate, a liquid that has percolated through a landfill and extracted organic and 

inorganic compounds, is high strength wastewater which is difficult to treat by conventional 

treatment techniques and demand advanced methods to achieve environmental guidelines. Hybrid 

processes including deodorization using potassium permanganate (KMnO4), coagulation and 

flocculation using ferric chloride or Alum, chemical oxidation using hydrogen peroxide or 

persulfate, and electrochemical filtration system (EFS), were investigated to treat landfill leachate 

samples from the Guysborough Waste Management Facility, Nova Scotia (NS), Canada. The 

comparison of various coagulants and chemical oxidants used were studied on total organic carbon 

(TOC) removal for optimum efficiency. The results revealed a significant reduction in TOC 

removal achieved from 1520 to 131 mg L-1 (91.4% TOC removal) after applying the combined 

treatment processes. Additionally, application of the last stage of treatment, EFS, allowed for 

heavy metal removal including As, Cd, and Pb close to WHO drinking water guidelines. The 

financial and environmental costs of the integrated processes were evaluated. The result showed 

Ferric Chloride as coagulant was more effective than Alum. Also, results revealed that persulfate 

as oxidant degraded more organics in the leachate than hydrogen peroxide. Overall, the combined 

cost was calculated and equates to $0.06 g-1 of organic carbon removed. 

 

4.1 Introduction 

The eradication of solid urban waste is usually done through incineration, composting, or 

landfilling (Mussa et al., 2015). Studies have revealed that sanitary landfilling serves as the most 

common and inexpensive method of solid waste management (Lema et al., 1988). Landfilling 

allows for waste decomposition under controlled environmental conditions, which mitigates 

environmental problems associated with the dispersed waste (Lema et al., 1988). However, 

landfills generate leachate, a type of wastewater formed by water permeating through solid waste, 

which extracts organic and inorganic matter through hydrolytic and extractive processes. Further, 

depending on the characteristics and degree of deterioration of the debris, leachates can 

contaminate local surface and ground waters, thereby compromising local water quality. Leachates 

are complex solutions, containing high loads of dissolved organic matter, heavy metals, and 
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ammonia (Long et al., 2017). The toxicity of leachate samples depends on the waste composition 

and characteristics, hydrogeological factors, and age (young <5 years, intermediate 5–10 years, 

and mature >10 years old) of the landfill (Mandal et al., 2017). Various treatment techniques 

including biological processes (Trois et al., 2010), ozone oxidation (Leszczyński & Maria Jolanta, 

2018), Fenton reaction (Aftab et al., 2018), and photocatalysis (Hassan et al., 2016) have been 

investigated for leachate treatment. However, the huge total organic load and complex sample 

matrix of leachate has made it difficult for a single treatment method to meet discharge guidelines 

(Zhong et al., 2017). Hence, incorporation of other technologies in a combined strategy, which is 

a fundamental approach in wastewater treatment, is necessary to reduce the leachate toxicity load 

to meet discharge standards (Jaafarzadeh et al., 2017). For instance, biological processes followed 

by membrane technology (Fernandes et al., 2015), has been applied to treat leachate samples in 

the past. However, as the leachate samples age, biodegradability decreases and reduces the 

effectiveness of  biological treatment (Ahmed & Lan, 2012). Other combined treatment techniques 

such as ozonation and biological method (Svensson et al., 2015), coagulation-flocculation and 

oxidation (Wang et al., 2011), adsorption and chemical oxidation (Abdullah et al., 2014), have 

also been investigated in leachate treatment.  

This study demonstrates heavily contaminated landfill leachate samples, e.g., with a total 

organic carbon (TOC) content of >1000 mg L-1 and pharmaceutical pollutants, can be treated using 

a combination of chemical and electrochemical filtration processes. The objective of this research 

is to apply a combination of processes including deodorization, coagulation, and oxidation, to 

decontaminate heavily contaminated leachate samples. Pre-treatment of heavily contaminated 

leachate to remove odor-producing compounds can be achieved through chemical oxidation by 

oxidants such as KMnO4. KMnO4 has an oxidative potential of 1.7 V, capable of oxidizing organic 
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compounds via electron abstraction, hydrolysis, or hydroxylation (Xie et al., 2019). KMnO4, as an 

electrophile, oxidizes organic compounds by attracting electrons from their electron-rich 

functional group (e.g., carbon to carbon double bond) and forming MnO2, which easily precipitates 

out of the sample (Maxwell, 1986). 

The coagulation and flocculation method has been used in the past to treat leachate samples 

(Amokrane et al., 1997) and has also been used in this work. This process can be applied to remove 

some of the suspended particles from solution, by utilizing the addition of coagulants such as 

potassium aluminum sulfate (Alum or KAl(SO4)2.12H2O) or iron (III) chloride (FeCl3) to the 

leachate sample. The positively charged metal ions of the coagulants (i.e., Al3+ and Fe3+), attracts 

negatively charged organic compounds in the sample, allowing particulates to agglomerate and 

form flocs that settle to the bottom of the solution (Amokrane et al., 1997). Additional treatment 

technique (i.e., chemical oxidation), involves using strong oxidants, such as hydrogen peroxide 

(H2O2) or sodium persulfate (Na2S2O8) to further mineralize residual dissolved organic matter and 

reduce the toxicity load of the leachate. H2O2 is an oxidant with an oxidative potential of 1.8 V 

which has been used to oxidize organic pollutants in wastewater (Abdullah et al., 2014; Zhou et 

al., 2013). Also, H2O2 can generate hydroxyl radical (OH.), a powerful oxidant, when reacted with 

iron in a Fenton reaction (Blanco et al., 2012).  Furthermore, Na2S2O8 has been successfully 

investigated for organic compound oxidation in water remediation (Abu Amr et al., 2013). 

Na2S2O8 is a strong oxidant with an oxidative potential of 2.01 V, and capable of oxidizing organic 

substances. On activation, SO4.- with a redox potential 2.6 V, can be generated by persulfate and 

applied to degrade persistent organic substances (Zhong et al., 2017). Na2S2O8 is readily water-

soluble, safe to handle, and stable at room conditions (Alizadeh Fard & Barkdoll, 2018).    
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Finally, a new electrochemical filtration technique was introduced to further treat the 

leachate sample after coagulation and oxidation processes. The electrochemical filtration process 

involves the passage of the sample through a continuous flow reactor (CFR), whereby the organic 

pollutants in the sample are further oxidized on the anode by electrogenerated reactive species in 

the solution. Simultaneously, heavy metals including Pb and Cd, are reduced on the cathodic 

surface in the electrochemical process. The oxidation of pollutants occurs by the reactive species 

generated electrolytically, while the heavy metal removal is attributed to electroreduction on the 

cathode in the CFR. The influence of various dosages of coagulants and oxidants were investigated 

using the landfill leachate samples to maximize total organic carbon removal efficiency at 

optimum operational conditions. Additionally, comparisons of coagulants and chemical oxidants 

were studied in terms of financial and environmental costs. The economic viability of the 

combined treatment methods was also investigated in this research.  

This study is intended to develop a combination treatment method to effectively remove 

persistent organic pollutants and heavy metals, which are otherwise difficult to eliminate by 

conventional techniques, from leachate sample. 

 

4.2 Materials and Methods 

4.2.1 Leachate Sampling 

The landfill leachate treated in this report was obtained from the Guysborough Waste 

Management Facility, NS, Canada (The Municipality of the District of Guysborough, 151 Waste 

Management Rd., Boylston, NS). The leachate was collected in plastic containers and stored at 
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4°C before and during experiments, to reduce potential changes to the sample matrix. The 

characteristics of the leachate sample are shown in Table 9 and the pictorial representation in Fig. 

40. 

Table 9. Composition of Leachate. 

Parameter Leachate 

Appearance Dark 

pH 7-8 

TOC (mg L-1) 1520 

 

 

Fig. 40. Landfill leachate sample from the Guysborough Waste Management Facility, NS, 

Canada. 
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4.2.2 Chemical and Reagent 

All the chemicals used in this research project were of analytical grade and applied without 

further purification. The ferric chloride (FeCl3) used as a coagulant in this study was obtained from 

Sigma Aldrich with >97% grade. Potassium Aluminum sulfate (alum) was bought from Dollar 

Store, Canada. Potassium permanganate (KMnO4) and sodium persulfate (Na2S2O8), applied as 

oxidants, were purchased from Sigma Aldrich with 99% purity. Hydrogen peroxide (H2O2, 30% 

w/w), used as a chemical oxidant was bought from EMD Millipore, USA. Copper (II) Chloride 

(CuCl2) as a catalyst, and sodium chloride (NaCl) as an electrolyte, were obtained from Sigma 

Aldrich with >99.9% purity. The carbon felt electrodes used in this research were purchased from 

Fuel Cell Store and used as procured. Fresh nano water obtained daily from a Barnstead Nanopure 

water system was used to prepare solutions for all experiments. 

 

4.2.3 Sample Preparation: Solid-Phase Extraction (SPE) 

Solid-phase extraction (SPE) cartridges [6cc Oasis® HLB extraction cartridge (150 mg, 30 

µm)] were pre-conditioned with acetonitrile and nano pure water before extracting 1000 ml of 

leachate or treated leachate sample, then washed with water, dried, and eluted with 1.5 ml of 

acetonitrile. Samples were then transferred into 2 ml glass vials for Gas Chromatography-Mass 

Spectroscopy (GC-MS) analysis. In addition, samples were prepared for metal analysis by 

dissolving a 10% sample in 1% Nitric acid solution before analysis by Inductively Coupled Plasma 

Mass Spectroscopy (ICP-MS). 
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4.3 Experimental Setup 

The sequence of the integrated treatment processes applied to the leachate is shown in Fig. 41. 

 
 

Fig. 41. Schematic flowchart displaying the integrated treatment stages applied to the leachate 

sample. 

 

 

4.3.1 Deodorization 

This involves the addition of chemicals to eliminate odorous compounds such as sulfide 

from the leachate sample (Amokrane et al., 1997). KMnO4 is needed for sample pretreatment, to 

oxidize the chemicals generating offensive odor in the sample. The raw leachate samples were 

deodorized with KMnO4 (200 mg/L) to oxidize the compounds responsible for the offensive odor 

(e.g., amines and thiols). Then the samples were centrifuged at 4200 rpm to separate the slurry 

from the solution, and then the supernatant was decanted and further subjected to treatment 

methods including coagulation and oxidation. 
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4.3.2 Coagulation and Flocculation 

Various concentration of solid coagulant (i.e., FeCl3 or Alum) was added to the leachate 

sample while stirring at 500 rpm under ambient temperature (Fig. 42). Each solution was mixed 

for 1 h followed by a 1 h settling period before collecting the supernatant, which was then 

centrifuged, and the supernatant obtained for total organic carbon (TOC) analysis.  

 

Fig. 42. Coagulation Mechanism scheme for Leachate sample. 

 

4.3.3 Chemical Oxidation 

After choosing the appropriate coagulant based on TOC removal efficiency, various 

dosages of oxidants (H2O2 or Na2S2O8) were added to the sample immediately after coagulant 

addition. The solution was mixed at 500 rpm for 1 h and allowed to settle for 1 h. Supernatants 

were collected afterward for TOC analysis. 
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4.3.4 Electrochemical Filtration System (EFS) 

The details of the setup, the principle, and the instruments used for the continuous flow reactor 

(CFR) in the electrochemical filtration process has been described in chapter three of this thesis. 

Post coagulation and oxidation samples could alternatively be treated through the electrochemical 

filtration device where dissolved organic matter is oxidized on the anode with concurrent reduction 

of heavy metals on the cathode with the aid of an electrocatalyst. At 3 V, using CuCl2 as the 

catalyst, NaCl as the electrolyte, carbon felt as electrodes and stirring at 500 rpm, the post-oxidized 

sample is passed through the CFR with the aid of a peristaltic pump, for further treatment. 

 

4.4 Characterization and Analytical Techniques 

Quantitatively, a total organic carbon analyzer (TOC) was used to evaluate the overall 

removal of organic pollutants, and values before and after each treatment were compared. A 

MULTI N/C 3100 Analytikjena (Germany) analyzer was used to collect the TOC data. The TOC 

analyzer was used to measure samples collected before and after the experiment to compare their 

results, and the experiments were done in triplicates. The result from this analysis reflects the TOC 

removal achieved after each treatment stage (i.e., after coagulation, chemical oxidation, and EFS). 

The TOC removal efficiency was determined using the TOC equation (Eq. 12). 

The GC-MS analysis was performed with Aglient Technologies 6890N gas chromatograph 

coupled with a 5973-inert mass spectrum detector (Santa Clara, USA). An NSP-5 capillary column 

(15 m x 0.25 mm x 0.30 µm, J&K Scientific, Edwardsville Canada) was used for separation. The 
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GC-MS was used to qualitatively identify the type of compounds in the leachate before and after 

the combined treatment.  

ICP-MS was applied to evaluate the reduction in heavy metal concentration pre and post 

treatment. The ICP-MS analysis was performed with Perkin-Elmer inductively coupled plasma 

spectrometer coupled with NexION 300D with S10 Auto sampler, with detection limit at parts per 

billion levels. 

 

4.5 Results and Discussion 

4.5.1 Deodorization 

To carry out an experiment on the leachate sample, odor removal was necessary via 

oxidation. 200 mg L-1 KMnO4 was applied to the sample for deodorization. A yield of 22.5% TOC 

removal (Fig. 43) was observed and the elimination of the strong odor confirmed via nasal 

perception. It is suspected that the odor-causing organic substances in the leachate were oxidized 

by the permanganate radical by attracting electrons from the electron-rich organic pollutants and 

forming MnO2, which easily precipitates out of the sample (Eq. 29) (Maxwell, 1986).   

MnO4
− + 2H2O + 3e− → MnO2 + 4OH−                E0 = 1.7V                   (25) 

 



 

87 
 

Leachate Leachate+KMnO4

1100

1200

1300

1400

1500

 

 

 

T
O

C
 (

m
g

/L
)

 

Fig. 43. Leachate Pretreatment (Deodorization) with 1.3 mM KMnO4. 

 

4.5.2 Coagulation and Flocculation 

The effect of coagulants on the leachate sample was determined by varying [FeCl3] from 

10-200 mM. The TOC removal rate increased with increasing [FeCl3] with up to 68.8% of the 

suspended organic carbon removed through precipitation, as measured by TOC analysis at [FeCl3] 

= 50 mM (Fig. 26). However, a further increase beyond [FeCl3] = 50 mM results in a decrease in 

TOC removal efficiency (to be explained later). 

Similarly, alum was used to coagulate suspended organic particles also in the form of 

charge neutralization like iron (Fig. 27). Both coagulants (Alum and FeCl3) achieve optimum TOC 

removal at different concentrations, Alum at 100mM and FeCl3 at 50 mM when used individually 

as described before. Hence, FeCl3 was more effective at a lower concentration than Alum. 
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Further, an increase in both Alum and FeCl3 dosage beyond the concentration with the 

optimal effect resulted in a decrease in TOC removal efficiency (Fig. 45 and Fig. 47 ). This is also 

indicated in the decolorization of the sample. As the coagulant concentration increased toward the 

optimum dosage, the color of the leachate, after the settling down of the sludge, changed from dark 

brown to pale brown and then colorless, reflecting high TOC removal efficiency. Then, as the 

coagulant dosage increased the color turned darker brown again, indicating a reduction in the 

efficiency (Fig. 46 and Fig. 48). This can be related to the electrostatic imbalance in the solution 

after the optimal concentration is exceeded. Further increases in coagulant concentration beyond 

the optimal dose creates imbalance and leads to dissociation of the agglomerated flocs back into 

the solution, thereby increasing TOC values (Amokrane et al., 1997).  
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Fig. 44. Coagulant effect on leachate using FeCl3 (TOC removal).  

Experiments were performed at neutral pH. Stirring for 1 h at 500 rpm and 1 h settling period. 

Vertical bars denote the relative standard deviation (±RSD) (n=3). 
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Fig. 45. Coagulant effect on leachate using FeCl3 (Decolorization). 
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Fig. 46. Coagulant effect on leachate using Alum (TOC removal).  

Experiments were performed at neutral pH. Stirring for an hour at 500 rpm and 1 h settling 

period. (n=3, ±RSD). 
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Fig. 47. Coagulant effect on leachate using Alum (decolorization). 

 

 

4.5.3 Coagulant Comparison 

We compared the two coagulants in Table 10, and we show that FeCl3 was more effective 

at achieving higher TOC removal than Alum and at a less expensive rate per g of TOC removed 

from a liter of sample.  Further, in terms of environmental footprint, both coagulants generate high 

volumes of slurry as a secondary contaminant (Ratnayaka, 2017). This slurry must go through a 

dewatering process after coagulation, hence, additional cost is incurred for sludge treatment (Teh 

et al., 2016). Biologically, it has been advised that the presence of aluminum in drinking water 

may be related to neurological disorders and Alzheimer's disease and not good for renal dialysis 

users (Nandy et al., 2003). In brief, the advantages of using FeCl3 as coagulant supersedes that of 

Alum. 
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Table 10. Comparison of Coagulants. 

 
Alum 

KAl(SO4)2.12H2O) 

Iron (III) 

Chloride 

(FeCl3) 

Optimum TOC removal 

achieved (%) 

51.6 68.8 

Concentration required (mM) 100 50 

TOC Removed after Combined 

Treatment (mg L-1) 

784 1046 

Coagulant Quantity L-1 (g) 25 8.1 

Cost L-1 (¢) 1.25 0.5 

To remove 1g TOC L-1 Cost (¢) 1.59 0.48 

 

Therefore, FeCl3 was used as a coagulant for subsequent experiments. Collectively, a total TOC 

removal of 68.8% has been achieved using combined treatment (Fig. 48).  This implies that with 

the combined treatments, the TOC load value of the raw leachate sample was reduced from 1520 

mg L-1 to 474 mg L-1, similar to earlier studies on landfill leachate using similar combined 

treatment methods (Amokrane et al., 1997). 
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Fig. 48. % TOC removal from leachate sample after application of combined treatment 

(deodorization and coagulation). [KMnO4] = 1.3 mM, [FeCl3] = 50 mM (n=3, RSD). 

 

4.5.4 Chemical Oxidation 

A known amount of oxidant (H2O2 or Na2S2O8) was added to 50 ml of the leachate sample 

right after the addition of 50 mM FeCl3 (dosage of coagulant with optimal effect) and the solution 

stirred for an hour. The addition of H2O2 slightly oxidizes some of the dissolved organic matter 

with [H2O2] =100 mM, being the concentration with the optimal effect (Fig. 49). Hydrogen 

peroxide was able to mineralize 79% of the remaining TOC, most likely by undergoing a Fenton 

reaction (Eq. 26) with the remaining dissolved Fe3+ from the coagulation step, resulting in the 

generation of hydroxyl radical.  

Fe2+
+ H2O2 → Fe3+

+ OH− + OH.            (26) 



 

93 
 

0 50 100 150 200

0

20

40

60

80

100

 

 

T
O

C
 R

e
m

o
v
a
l 

(%
)

H
2
O

2
 (mM)

 

Fig. 49. Oxidation effect on leachate using H2O2 after coagulation with [FeCl3] = 50 mM.  

Experiments were performed at neutral pH. Stirring for an hour at 500 rpm and 1 h settling 

period. (n=3, RSD). 

 

Similarly, a varying concentration of Na2S2O8 (10-200 mM) was added to a 50 ml leachate 

sample right after coagulation with 50 mM FeCl3 (coagulant dosage with optimal effect). Na2S2O8 

further degraded  the residual sample with a 100 mM concentration yielding the optimal effect of 

85% TOC removal (Fig. 50). We suspect that chemical oxidation using Na2S2O8 was activated by 

the production of sulfate radicals of high oxidizing potential to degrade organic contaminants (Eq. 

27) (Abu Amr et al., 2013).  
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Fig. 50. Oxidation effect on leachate using Na2S2O8 after coagulation with [FeCl3] = 50 mM.  

Experiments were performed at neutral pH. Stirring for an hour at 500 rpm and a 1hour settling 

period. (n=3, RSD). 

 

S2O8
2−

+ 2H+ + 2e− → 2HSO4
−.             (27) 

Furthermore, it was observed that when Na2S2O8 was added to the sample alone, without 

coagulation by Ferric chloride, only 26% TOC removal was achieved (Fig. 51), we suspect this is 

because of the absence of iron to activate the persulfate to generate sulfate radicals (Anipsitakis & 

Dionysiou, 2003). Moreover, the improved performance of persulfate can be attributed to 

activation in the presence of Fe3+ according to the following equation (Eq. 28), similar to what has 

been proposed in another study (Abu Amr et al., 2013). 
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Fe3+
+ S2O8

2−
→ 2SO4

−. + Fe2+
             (28) 
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Fig. 51. Application of combined treatment with Na2S2O8 only and then, FeCl3 coagulant.  

[KMnO4] = 1.3 mM, [FeCl3] = 50 mM, [Na2S2O8] = 100 mM (n=3, RSD).  

 

4.5.5 Chemical Oxidant Comparison 

In comparison, chemical oxidation using Na2S2O8 was more efficient than H2O2 at the same 

concentration with optimal dosage (100 mM) added to the pre-treated leachate sample, perhaps 

because Na2S2O8 possesses a higher oxidative potential (2.1 V) compared to H2O2 (1.8 V), hence, 

a stronger oxidizing strength. Further, the TOC removal efficiency could have improved when 

H2O2 was used, if the pH of the solution was acidic since the Fenton reaction is more effective 

under such conditions (Mandal et al., 2017). However, adjusting the pH of the sample to an acidic 
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medium before treatment would be a disadvantage in terms of the amount of acid required, and 

the need to neutralize the wastewater post-treatment prior to discharge. Furthermore, Na2S2O8 is 

efficient across a broad range of pH values (Abu Amr et al., 2013). Finally, both oxidants are 

relatively inexpensive to remove 1 g of TOC per liter of leachate sample (Table 11).  

Table 11. Comparison of Chemical Oxidants. 

 
Hydrogen 

Peroxide 

Sodium 

Persulfate 

Optimum efficiency achieved (%) 78.8 85 

Oxidative Potential (V) 1.8 2.1 

Optimum concentration required (mM) 100 100 

Total TOC Removed after Combined Treatment 

(mg L-1) 

1198 1292 

Quantity of oxidant/L of Leachate sample 10ml 23.8g 

Cost L-1 (¢) 0.35 2.4 

To remove 1g TOC L-1 Cost (¢) 0.29 1.86 

Therefore, after combined treatment, a TOC removal efficiency of 85% has been achieved. 

That is, the TOC value of the raw leachate was reduced from 1520 mg L-1 to 228 mg L-1, after a 

series of combined treatment techniques (Fig. 52). 
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Fig. 52. Showing the % TOC removal from leachate sample after application of combined 

treatment (deodorization, coagulation, and chemical oxidation).  

[KMnO4] = 1.3 mM, [FeCl3] = 50 mM. [Na2S2O8] = 100 mM. (n=3, RSD). 

 

4.5.6 Electrochemical Filtration (EF) 

Post-coagulation samples could alternatively be treated through an electrochemical 

filtration device whereby dissolved organic matter is oxidized on the anode with concurrent 

reduction of heavy metals on the cathode with the aid of an electrocatalyst. It is important to note 

that the dissolved organic compounds which remained after the combined treatments (coagulation 

and oxidation) are the persistent and recalcitrant compounds that are, mostly, difficult to degrade. 

In the EFS, reactive species such as ozone and hypochlorite ions (as explained in chapter three) 

are generated to further degrade the leachate sample by oxidizing the refractory organic 



 

98 
 

substances. As a component of a complete water treatment process, applying the EFS after the 

other treatment 
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Fig. 53. Combined treatment result on leachate sample (TOC removal).  

Experiments were performed at neutral pH, KMnO4] = 1.3 mM, [FeCl3] = 50 mM. [Na2S2O8] = 

100 mM, [CuCl2] = 200 µM, [NaCl] = 500 mM. (n=3, ±RSD). 

 

Fig. 54. Decolorization pre and post combined treatment of Landfill Leachate Sample. 



 

99 
 

methods, the TOC of the leachate sample was reduced by up to 91.4% (Fig. 53). Further, the dark 

brown color of the raw leachate was completely turned colorless after the effective combined 

treatments (Fig. 54).  The GC-MS qualitative analysis of the leachate sample before treatment 

showed the presence of pharmaceutical and personal care compounds (i.e., acetaminophen and 

Diethyl-toluamide (DEET)). After the combined treatment, which leads to the degradation of 

dissolved organics into smaller fragments, partial mineralization, and removal of compounds of 

concern was observed (i.e., the big peak for DEET was significantly reduced while the peak for 

acetaminophen disappeared (Fig. 55). 

5 10 15 20 25

Acetaminophen

 

  

Retention Time (min)

 Post-treatment

 Pre-treatment

Diethyltoluamide

 

Fig. 55. Gas chromatogram of the leachate sample before and after combined treatment.  

Experiments were performed at neutral pH, 2.5 V, [KMnO4] = 1.3 mM, [FeCl3] = 50 mM. 

[Na2S2O8] = 100 mM, [CuCl2] = 200 µM, [NaCl] = 500 mM. 
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Furthermore, we observed a significant reduction in the metal concentration, perhaps via 

electroreduction (gain of electrons) and adsorption on the cathodic surface. The concentration of 

metals of interest such as [As], [Cd], [Cr], [Ni], and [Pb] were reduced in concentration close to 

the WHO drinking water standards (W.H.O, 2018) and the CCME Protection for Freshwater 

Aquatic Guidelines (CCME, 2019) (Table 12).  

In brief, after the combination treatment of the leachate sample, 91.4% TOC removal was 

achieved (Table 13), and toxic metals including As, Cd, Pb, Cr, and Ni were significantly reduced 

concurrently at the last stage of the hybrid process. 

 

Table 12. Metal concentration pre and post EFS stage of the combined treatment process. 

Metals Pretreatment 

(mg/L) 

Posttreatment 

(mg/L) 

WHO Drinking 

Water Standards 

(mg/L) 

CCME 

Guidelines 

(mg/L) 

Cr 1.13 0.64 0.05 0.009 

Ni 0.72 0.28 0.07 NA 

As 0.66 0.05 0.01 0.005 

Cd 0.42 0.009 0.003 NA 

Pb 0.57 0.04 0.01 NA 
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Table 13. TOC Removal Efficiency at each Treatment Stage. 

 
Average TOC 

Residual (mg L-1) 

Cumulative TOC Removal 

Efficiency (%) 

Raw Leachate Sample 1520 
 

Sample + KMnO4 1178 22.5 

Residual Sample + FeCl3 + 

Na2S2O8 

228 85 

Residual Sample + 

Electrochemical filtration 

131 91.4 

 

 

4.5.7. Combined Treatment Cost 

The economic viability of a wastewater treatment strategy is a significant factor to consider when 

determining its feasibility. This involves the total operational cost relative to other wastewater 

treatment alternatives (i.e., material and operative cost). The permanganate for deodorization cost 

0.8 USD kg-1and the rest of the chemicals have been mentioned earlier. At optimum operational 

condition, to remove TOC of 1389 mg L-1 from leachate sample will require deodorization at 

0.00016 USD, coagulation at 0.0044 USD, chemical oxidation at 0.024 USD, and electrochemical 

treatment at 0.05 USD (calculated in the previous chapter), per liter of leachate sample. This 

equates to 0.06 USD g-1 of organic carbon removed in addition to the heavy metals significantly 

reduced. 
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4.6 Conclusions and Recommendations 

4.6.1 Conclusions 

The results obtained in this study lead to the following conclusions: 

1.  The integrated coagulation/chemical oxidation/electrochemical treatment process 

displayed an interesting result for the treatment of heavily contaminated landfill leachate, 

whereby concurrent organic pollutant and heavy metal removal was achieved.  

2. In the combined treatment, permanganate was applied as an oxidant to oxidize odor-

causing organic substances in the sample. Ferric chloride was applied as a coagulant to 

remove a significant amount of suspended organic pollutants via flocculation. Sulfate 

radicals, from persulfate, was applied to further oxidize dissolved organic substances in the 

sample through activation by dissolved iron. Finally, reactive species including ozone and 

hypochlorite were generated in the EFS to further degrade the organic pollutant while 

heavy metals were simultaneously reduced on the cathode via electroreduction and 

adsorption. 

3. A TOC of 1389 mg L-1 was removed after the combined treatment of the leachate. In 

addition, the concentrations of metals of interest including Pb, As, Cr, Cd, and Ni were 

reduced via the EFS stage of the combined treatment. 

4. In terms of economic viability, it will cost 0.06 USD per g organic carbon removed, 

which implies a relatively inexpensive approach compared to alternatives. 

 

 

4.6.2 Recommendations 

The following recommendations were made to further this research: 
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1. The deodorization stage in the combined treatment can be optimized. 

2. Also, other iron compounds with less slurry potential than ferric chloride can be applied 

as a coagulant (e.g., poly ferric sulfate). 

3. The toxicity of the residual sample after the combined treatment should be evaluated. 

4. A pilot scale study should be done to understand the limitations in the field, modelling 

field conditions. 

5. The life cycle analysis of the treatment process should also be evaluated and integrated 

while upscaling the technology to minimize environmental footprint. 
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Chapter V 

5.0 Conclusions 

5.1 Potential Field Application  

The applied combined treatment method for the leachate sample in this study can be implemented 

onsite for field application. However, a thorough study is required for the design to factor in 

leachate characteristics and discharge options. Even though the combined cost for the landfill 

leachate treatment is relatively inexpensive; the coagulation and chemical oxidation treatment 

stages involve high consumption of chemicals and environmental cost for use in case of field 

application. Additionally, for field applications, a huge amount of slurry should be expected after 

the coagulation and flocculation stage. Hence, plans must be made for sludge treatment, either 

dewatering and landfilling or incineration (Ashrafi et al., 2015). Also, there is the risk of safety in 

handling while transporting reagents for coagulation and chemical oxidation processes.  

On the other hand, the electrochemical method offers an advantage; as the oxidants needed 

for pollutant degradation are generated in situ. Therefore, encouraged by the laboratory results, a 

continuous flow reactor for EFS application to treat a large volume of wastewater (~180 L-1 day) 

was built for scale-up and applied at the BH remediation site (Fig. 56).  The scaled-up reactor was 

applied to a treated BH wastewater sample, as a post-treatment method, after dewatering by 

Geotube filters. Geotube dewatering involves the treatment of raw BH wastewater using polymers 

inside a geotube textile (Alimohammadi, 2019). The treated water was further subjected to EFS to 

remove recalcitrant organic pollutants and heavy metals. Experiment conditions including, 

flowrate, electrode size, and treatment time, were scaled up accordingly on the Boat Harbour 

remediation site.   
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Fig. 56. Scaled-up Continuous Flow Reactor. 
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Fig. 57. Field treatment of Boat Harbour wastewater by the EFS at varying flow rate.  

Experiment performed at [NaCl] = 500 mM, [Cu2+] = 200 µM, pH 6.5, glassy carbon electrode 

(n=3, ±RSD). 
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The flow reactor applied at the BH site is a scaled-up replica, in components, to the reactor 

used in the laboratory, albeit with five counter electrodes (cathodes) of different distances from 

the working electrode, indicating varying hydraulic resident times of BH water samples during 

treatment. The result obtained on the field is similar to the laboratory yield in terms of TOC 

efficiency (Fig. 57). Organic compound removal efficiencies increased as the flow rate decreased, 

corresponding to what was obtained in the laboratory. Hence, the optimization of reaction 

parameters including applied  voltage potential, catalyst, and supporting electrolyte concentration, 

achieved in the laboratory are transferable to the scale-up of the EFS for field application. 

However, further experiments including more study of the metal removal property, toxicity test 

for treated sample, and electrochemical oxidation mechanism, must be carried out before full field 

application. 

 

5.2 Conclusions and Recommendations 

5.2.1 Conclusions 

Conclusively, the objectives of this research thesis (Section 1.2) was addressed, which are: 

• An experimental prototype EFS that concurrently oxidized organic pollutants and removed 

heavy metals from wastewater (synthetic or real) samples was developed. 

• A laboratory experiment was set up to evaluate the performance of the EFS using model 

organic (i.e., PNA) and inorganic (i.e., Pb, Cr, Ni) contaminants.  

• The system parameters including electrode material, nature of supporting electrolyte, pH, 

catalyst concentration, flow rate, and applied voltage potential differences, were optimized 

to achieve the experimental conditions for the high removal efficiency of contaminants. 
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• At the optimum conditions of 2.5 V, [Cu2+] = 200 µM, [NaCl] = 500 mM, 5 mL min-1, 

glassy carbon electrode, and natural pH, using TOC and UV-Vis analysis, 73% 

mineralization and 92% discoloration, respectively, of PNA was achieved. In addition, at 

optimum conditions, a TOC reduction of 578 mg L-1 (92% mineralization efficiency) of 

Toluene was achieved and the GC-MS analysis of the sample pre- and post-treatment 

showed complete removal of the compound with no residual volatile compounds.  

•  Although the electrochemical oxidation mechanism is complex using differential 

voltammetry analysis, reactive species (i.e., O3 and HOCl) were found to be the major ROS 

responsible for pollutant degradation. Additionally, the DPV analysis revealed the effect 

of the catalyst (Cu2+) on the activation of the reactive species. 

• Also, metal-contaminated water (i.e., 50 mg L-1 concentration of Cr, Pb, and Ni), as model 

inorganic pollutants were individually investigated using the EFS. Without applied voltage, 

13% Pb, 21% Ni, and 16% Cr, were recovered via adsorption on the reactor walls and 

electrode surface, while 24%, 44%, and 70% reduction, respectively, can be attributed to 

electroreduction when the voltage was applied. 

• Thereafter, a real contaminated water sample (i.e., Boat Harbour water) was evaluated and 

TOC mineralization of 76 mg L-1 (72.4% efficiency) of total organic carbon and the major 

contaminants were removed. The GC-MS analysis showed that cresol, a compound which 

can be found as waste during pulp digestion, which was detected before the treatment was 

not found post-analysis. Also, [As], [Cd], [Cr], [Ni], and [Pb]  were significantly reduced. 

• In another project, where the EFS was applied as a post-treatment in a hybrid process 

including deodorization using permanganate, coagulation and flocculation using ferric 

chloride or Alum, and chemical oxidation using hydrogen peroxide or persulfate, leachate 



 

108 
 

sample obtained from the Guysborough Waste Management Facility, Nova Scotia, Canada 

was treated. 

• After the combined treatment, in the order of deodorization-coagulation-chemical 

oxidation-EFS, a significant reduction in TOC removal from 1520 to 131 mg L-1 (91.4% 

efficiency) was achieved and compounds including acetaminophen and diethyltoluamide 

were mineralized, as revealed by the GC-MS analysis. Additionally, the application of the 

last stage of treatment, EFS, allowed for heavy metal removal including Pb and Cd close 

to discharge guidelines for protection of aquatic life. 

 

5.2.2 Recommendations 

Based on the results presented, the application of EFS as a wastewater treatment plan for 

contaminant removal shows some advantages including high TOC removal efficiency, relatively 

inexpensive financial cost, and high energy efficiency. Nevertheless, there are factors to consider 

before a scale-up for field applications. The EFS is designed to mineralize dissolved organic and 

reduce inorganic pollutants. Hence, it will be effective to apply EFS as a post-treatment plan in a 

hybrid strategy with another treatment technique for wastewater with high suspended solids. 

Furthermore, the high generation of chlorine species will result in non-selective oxidation thereby 

attacking the electrodes as observed in the laboratory scale experiments. The high production of 

chlorine species can also lead to the formation of adsorbable organic halides, which are difficult 

compounds to degrade further. These unwanted side reactions need to be factored in when 

developing the EFS for field applications. Additionally, further experiments need to be conducted 

to study the metal removal property of the system. Finally, the various operating parameters must 

be optimized for different wastewater content and concentration. 
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In conclusion, a relatively inexpensive and effective advanced electrochemical filtration system 

has been designed and conducted on a model and real wastewater in the laboratory. The EFS has 

been scaled-up and applied at the Boat Harbour remediation site with a capacity of treating 180 L-

1 day. The EFS is a promising potential future wastewater treatment technique, which can 

complement other methods to mineralize refractory dissolved organic pollutants. Finally, at <3 V 

applied voltage, EFS can be applied in remote areas for water treatment using solar power, thereby 

reducing environmental footprint. 
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Appendix A: Filtration System for the pretreatment of raw wastewater. 

 

 

Appendix B: Solid phase extraction (SPE) for the pretreatment of wastewater. 
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Appendix C: Carbon/Graphite felt electrode used in the CFR. 

 

 

 

Appendix D: Performing SPE of wastewater sample before Analysis. 
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Appendix E: Geotextile tube (a filtration system) for wastewater dewatering. 

 

 

 

Appendix F: Processing the electrolyte via blending at the BH site. 
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Appendix G: Scaled-up CFR for field application at the BH site. 

 

 


