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ABSTRACT 
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University of Guelph, 2020

                                        Advisor: 

                                        Dr. Bassim Abbassi 

 

Decentralized wastewater treatment systems (DWTS) are often insufficient in removing 

phosphorus from domestic wastewater, making these units primary contributors to eutrophication. 

The objective of this thesis was to develop a continuous electrocoagulation system based on a 

manifold design aimed at removing phosphorus from septic tank effluent. Using a current density 

of 2.0 mA/cm2, a hydraulic retention time (HRT) of 10 minutes and influent concentrations of 20 

mg/L, the removal rates of orthophosphate, polyphosphate and total phosphate were found to be 

99.9%, 86.0% and 88.1%, respectively. At these operating conditions, average effluent Al3+ 

concentration was found to be 1.0 mg/L with total suspended solids concentration of 51 mg/L. 

HRTs beyond 10 minutes had no effect on orthophosphate removal and minimal effect on 

polyphosphate removal. The reactor was successful in mitigating the risk of eutrophication and 

shows viability in being an option for DWTS owners looking for an enhanced phosphorus removal 

system. 
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1 Introduction 

Phosphorus and nitrogen are essential nutrients to all life on Earth and are key elements in a 

multitude of industrial and domestic development processes. However, excess nutrients emanating 

from inadequately treated wastewater is the leading cause of eutrophication in surface water 

systems. Eutrophication occurs when a water body receives a high nutrient load, where over-

enrichment of phosphorus and nitrogen promotes the growth of algae and cyanobacteria in 

proportions that can deplete the natural oxygen supply in a water body. The severe lack of oxygen 

that ensues can kill native aquatic life, reduce the biodiversity of local vegetation and inhibit the 

recreational potential of the water system. Eutrophication occurs naturally in lakes but has 

accelerated exponentially in recent years due to increased nutrient loading from wastewater of 

agricultural and urban development sources. Significant phosphorus sources include human and 

food waste, agricultural run-off, detergents and cleaning products. 

In Ontario, dwellings using on-site septic systems as their primary means of treating domestic 

wastewater are major contributors to eutrophication. This is primarily due to the lack of treatment 

mechanisms incorporated into on-site septic systems that directly target phosphorus removal. This 

can lead to high nutrient loads being released into the environment, even after treatment. Nutrient 

release can be exacerbated by improper system installation and by failing systems. Legislation set 

out by the Ontario Building Code (OBC) governing on-site septic system design includes 

acceptable discharge limits pertaining to biochemical oxygen demand (BOD), chemical oxygen 

demand (COD) and total suspended solids (TSS) but does not specifically limit phosphorus 

release. This allows residents to legally discharge water from their on-site septic systems that could 

lead to eutrophication downstream. It has generally been the consensus that phosphorus is the 

limiting nutrient when considering eutrophication of freshwater resources, therefore in Ontario, 

focus on phosphorus discharge is emphasized over that of nitrogen. 

The Federation of Ontario Cottager’s Associations estimates that there are approximately 1.2 

million residential on-site septic systems used in Ontario (US EPA, 2017). Up to 300,000 of these 

systems are located adjacent or in close proximity to surface water bodies, thus posing further risk 

of inadequately treated septic tank effluent (STE) entering waterways. A study conducted by 
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Environment and Climate Change Canada and the University of Waterloo found that 

approximately 13% of septic system effluent generated in Southern Ontario ends up in local 

streams (Spoelstra et al., 2020). Sensitive receptors, such as protected wetlands or marshland are 

especially susceptible and could experience potentially devastating eutrophication upon receiving 

even 0.015 mg/L of phosphorus from wastewater (Richardson et al., 2007).  

Current trends suggest that eutrophication will pose a bigger threat to aquatic ecosystems in 

Ontario in upcoming years, with warmer temperatures associated with climate change expediting 

the process. This could lead to an amendment of OBC legislation to incorporate a maximum 

acceptable discharge limit relating directly to phosphorus, aimed at limiting its release at the 

source. Similar legislation exists for wastewater treatment plants located in Ontario, who must 

reduce total phosphorus to no more than 1.0 mg/L prior to discharge (Government of Ontario, 

Water and Sewage Works Approvals, Guides and Resources). This is a concentration reduction 

that could not be achieved by a majority of existing on-site septic systems, should a similar law be 

enacted under the OBC. In such a situation, existing septic systems could have to be replaced or 

retrofitted with new technology that specifically targets phosphorus removal prior to final 

discharge through a leaching bed. Without government subsidy, the installation of a replacement 

septic system could cost well over $20,000. This cost may not be feasible for most families. In 

contrast, retrofitting an existing on-site septic system with a treatment mechanism tailored for 

phosphorus removal remains to be a viable alternative. Additionally, any new on-site septic system 

being installed would require a means of enhanced phosphorus removal. The treatment mechanism 

should not significantly increase the cost of the system while being inexpensive to operate and 

require infrequent maintenance to compliment the relatively hands-off nature of on-site septic 

systems. An electrocoagulation (EC) system that utilizes the principals of electrolysis to generate 

in-situ coagulants could be a viable treatment option to remove dissolved phosphorus. Abundant 

research suggests that EC can effectively remove phosphorus and a host of other dissolved 

contaminants from water streams in an effective and inexpensive manner. 

The purpose of this study is to help mitigate the effects of eutrophication in Ontario water systems 

by eliminating phosphorus discharge emanating from on-site septic systems. This thesis will 

explore the design, development and effectiveness of an EC treatment unit used to remove 
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phosphorus from STE, prior to its discharge into a leaching bed. System success will be evaluated 

based on removal performance. Additional considerations will include capital, operational and 

maintenance costs, as well as the reactors capability of being retrofitted into an existing or brand 

new on-site septic system. An additional criterion of success will be to investigate the system’s 

ability to treat a wide range of daily flowrates, as well as wastewater with various phosphorus 

strengths; thus, demonstrating system scalability and versatility. 

1.1 Research Objectives 

The primary objective of this research study is to design a continuous flow EC reactor that can 

remove dissolved phosphorus from STE to levels that won’t contribute to eutrophication. The 

investigation also aims to optimize the performance of this novel design by conducting tests using 

different operating parameters including current density, hydraulic retention time (HRT), initial 

concentration and phosphorus composition. The goal of the optimization process is to find 

parameters that remove phosphorus to levels that mitigate eutrophication while consuming the 

least energy. Another objective of this project is to analyze the final treated effluent Al3+ 

concentration to asses potential toxicity. A final research goal will be to perform a cost estimation 

pertaining to the construction, operation and maintenance of the developed system to provide a 

report of anticipated expenditures. Some key prototype design criteria will include developing a 

system that is scalable and versatile to suit specific on-site conditions and require infrequent user 

input to compliment the hands-off nature of on-site septic systems 

1.2 Layout of Thesis 

This dissertation will be presented in the form of a manuscript which will be divided into five 

chapters. The first chapter will outline information required to garner a broader picture of 

eutrophication and it’s causes and associated risks to the environment. A description of project 

goals, objectives and prototype criteria are also outlined in this chapter. The second chapter will 

comprise a literature review that focuses on the shortcomings of on-site septic systems with regards 

to removing dissolved phosphorus in a continuous fashion, along with information on typical 

phosphorus composition. A detailed discussion on electrocoagulation technology and the various 
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operating parameters that affect dissolved phosphorus removal will also be included. The third 

chapter will contain information relating to the design, development and construction of the 

prototype along with sampling procedures and associated equipment. The fourth chapter will 

address the results obtained during the testing phase of this project and will outline trends with 

appropriate discussions. An economic evaluation will be presented along with several future 

design considerations and logistics for manifold reactor implementation in a real-world scenario. 

Finally, the fifth chapter will include final conclusions pertaining to overall research findings and 

recommendations for future investigation. 
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2 Literature Review 

This literature review is designed to provide insight into the theory behind EC, including its 

fundamental principles, operating parameters and ability to remove dissolved phosphorus from 

wastewater. The literature review will also explore decentralized wastewater treatment systems 

(DWTS) to identify their inadequacies in removing phosphorus, thus pointing out the need for a 

wastewater polishing process. Finally, an investigation of scientific studies performed by other 

research teams will be presented to demonstrate evidence that EC is a viable technology for 

specific use in DWTS and domestic wastewater treatment. 

2.1 Decentralized Wastewater Treatment Systems 

Decentralized wastewater treatment comprises a series of collection, treatment, and dispersal 

processes used to treat wastewater emanating from domestic or industrial sources that are not 

directly connected to a centralized wastewater treatment plant (US EPA, 2012). In Ontario, DWTS 

are typically designed according to site-specific conditions in accordance with the OBC for design 

flows <10,000 L/d or the Ontario Ministry of Environment for design flows >10,000 L/d 

(Government of Ontario, 1990, 1992) . For the purpose of this thesis, the focus will reside on 

DWTS designed under OBC regulations who accept domestic wastewater from residential homes. 

2.1.1 Ontario Regulation 350/06, Division B, Part 8 

Under the OBC, Part 8-Division B of Ontario Regulation (O. Reg.) 350/06 outlines the constraints 

and criteria necessary to design and install onsite septic systems who receive <10,000 L/d of 

domestic wastewater. O. Reg. 350/06 encompasses guidelines ranging from Class 1 (earth pit 

privy) to Class 5 (holding tank) sewage systems. However, this dissertation will focus on Class IV 

septic systems, consisting of a septic tank in line with a leaching bed dispersal system, as shown 

in Figure 2-1. When using a typical Class IV septic system, wastewater exiting the home will enter 

a subsurface septic tank. The primary objective of a septic tank is to remove suspended solids (SS) 

from wastewater through an extended detention time (typically 24-72 hours) which facilitates 

gravity settling and anaerobic digestion of solid materials (Richards et al., 2016). During this time, 
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BOD, COD, kjeldahl nitrogen, phosphorus and some pathogen levels are reduced (Andreadakis & 

Christoulas, 2008; Nasr & Mikhaeil, 2013). The septic tank also acts as a storage tank for settled 

sludge, which must be pumped out every 3-5 years (US EPA, 2002a). It should be noted that some 

pre-treatment methods exist, such as grease interceptors and balancing tanks which can remove 

fats, oils and grease and control the daily flow of wastewater entering a septic tank, respectively. 

However, for domestic applications, these systems are often not necessary and will not be 

discussed further in this thesis. 

 

Figure 2-1: Diagram of a Class IV septic system consisting of a septic tank and leaching bed 

 

After the design retention time, water flows from the septic tank to a subsurface leaching bed 

dispersal system. A leaching bed consists of a series of perforated horizontal tubes which receive 

STE. A distribution box situated at the head of the leaching bed serves to initially receive STE, 

where it evenly distributes the treated water into the flow tubes. Water then exits through the 

perforations, where it percolates downward through underlying soil. The underlying soil is 

engineered with a specific T-time and soil depth in order to facilitate adsorption and precipitation 

of nutrients remaining in the STE after treatment (Toor et al., 2011). Hence, the leaching bed acts 

as a wastewater polishing unit prior to the STE final release back into the surrounding native soil. 

When designing a Class IV treatment system, the OBC outlines several distance guidelines that 

must be adhered to, particularly relating to septic tank and leaching bed installation distance from 

drinking water wells, dwellings and surface bodies of water. Distance requirements are provided 

in Tables 8.2.1.6.A/B of O. Reg. 350/06 for reference (Government of Ontario, 1992). These 

distances are in place to protect the structural integrity of dwellings and to allow for adequate time 
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for attenuation of remaining pathogens, nutrients and other wastewater constituents so that nearby 

water systems do not become contaminated. It is important to note that these distances do not take 

into consideration the land slope or native soil composition. Site conditions such as downhill 

sloping terrain and coarse soil may convey water faster, where proper attenuation of contaminants 

prior to their entry into nearby surface waters may not be achieved. 

2.1.2 Phosphorus Composition and Sources 

Dissolved phosphorus found in domestic wastewater can exists primarily as orthophosphate, 

polyphosphate or organic phosphorus. Orthophosphate is the simplest and most common form, 

consisting of single-chain, soluble molecules that plants can uptake directly as fuel (Loganathan 

et al., 2014). Polyphosphates are more complex linear polymers, consisting of several to hundreds 

of linked phosphate residues (Achbergerová & Nahálka, 2011). Poly and orthophosphates found 

in wastewater streams from domestic origin are usually derived from common detergents, cleaners 

and soaps (Toor et al., 2011). Organic phosphorus exists as a simple phosphate molecule that is 

bound with a carbon-based molecule, and is contained in organic material such as plant or animal 

tissue (Wasley, 2007). Sources primarily include human excreta and food waste (Toor et al., 2011). 

Plants do not have the ability to uptake poly or organic phosphates directly due to their lack of 

reactivity and solubility. However, these phosphate molecules are naturally converted to soluble 

orthophosphate through microbial degradation and hydrolysis (Weiner, 2012). 

Domestic wastewater entering a septic tank will contain a fraction of ortho, poly and organic 

phosphate, the combination of which is termed total phosphorus. Typically, orthophosphate will 

constitute the highest fraction, followed by poly and organic phosphate, respectively (Wilhelm et 

al., 1994). Gold & Sims (2000) estimated that on average, 85% of the total phosphorus 

concentration of STE is orthophosphate, although this value can vary depending on the wastewater 

source. Organic phosphate is typically trapped in the SS as settling occurs in the septic tank or 

hydrolyzed into orthophosphate and is often a negligible constituent of STE. Lowe (2015) 

suggested that residential wastewater entering a septic tank can range from 0.2-32 mg/L of total 

phosphorus. 
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2.1.3 Phosphorus Removal in Class IV Treatment Systems 

As mentioned in Section 2.1.1, the septic tank in a Class IV septic system helps to remove 

contaminants, primarily, BOD, COD, TSS and pathogens. However, in a septic tank, nutrient 

removal is constrained due to the occurrence of anaerobic digestion, which does not readily 

consume phosphorus or nitrogen (Mai et al., 2018). Rather, microorganisms help to convert 

organic and polyphosphates into soluble orthophosphates which are more reactive and are 

facilitators to the eutrophication process downstream (Richards et al., 2016). The percentage of 

phosphorus that is removed is likely due to the production of biomass, where phosphorus becomes 

trapped in the digested sludge (Nasr et al., 2009). This signifies that although some phosphorus is 

removed during septic tank treatment, the overall total phosphorus concentration does not reduce 

by much and the remaining total phosphorus becomes more soluble. Research suggests that a septic 

tank only removes 30-36% of the total phosphorus concentration, depending on the HRT (Nasr et 

al., 2009; Nasr & Mikhaeil, 2013; Wanasen, 2003). STE has been measured to contain 1-32 mg/L  

of total phosphorus, concentrations which could easily contribute to downstream eutrophication 

(Brandes, 1978b; Richards et al., 2016). Additional treatment is required for adequate wastewater 

treatment (Aiyuk et al., 2004).  

Attenuation of nutrients occurs in the soil below a leaching bed, with sorption and precipitation 

being the dominant removal reactions (Mechtensimer & Toor, 2017). In the vadose zone directly 

below a leaching bed, sorption occurs as phosphorus anions attract and stick to the surface of 

existing metal cations, including Al, Fe, Ca, and Mn (Nriagu & Dell, 1974; Schellenger & 

Hellweger, 2019). Additionally, as wastewater passes from anaerobic to aerobic conditions upon 

exiting the septic system, redox reactions occur in the soil that facilitate precipitation of 

phosphorus particles, thus effectively immobilizing them permanently (Zanini et al., 1998). These 

mechanisms can remove >95% of the remaining phosphorus exiting the leaching bed, however 

these results may not be consistent throughout the life of a septic system (Gilliom & Patmont, 

1983). Any leaching bed sub-soil will have a finite capacity to sorb phosphorus, which limits how 

much phosphorus will be stored in a given period. Factors including aluminum oxide, iron oxide 

and clay content of the soil will govern phosphorus adsorption capacity (Asomaning, 2020). 

Phosphorus adsorption capacity of various soil types has been measured to range from 80-1330 
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mg-P/kg but can diverge outside of this range depending on specific soil composition (Andersen 

et al., 2015; Idris & Sirelkhatim, 2012; Ige et al., 2005). If soil experiences high nutrient loading 

over many years, storage limits could be infringed upon, as sorption sites become taken faster than 

new sorption sites can be naturally produced (Kleinman, 2017). This would lead to dissolved 

phosphorus migrating downstream over time, where it could enter water systems (Whelan & 

Barrow, 1984). This phenomenon is particularly important, given the extended period of septic 

tank use (>20 years) and that minimum separation distances from leaching bed distribution piping 

is only 15 m from surface water bodies (Zanini et al., 1998). Moreover, phosphorus sorption is a 

reversible process. Phosphorus can desorb from soil particles through plant uptake or leaching, 

thus enabling phosphorus to re-enter underground wastewater flow towards susceptible water 

systems (Wang & Liang, 2014). Older septic systems could also encounter changing 

environmental conditions which could hinder the leaching bed subsoils ability to conduct sorption 

and precipitation of phosphorus. The subsoil is in place to ensure there is a deep enough vadose 

zone to facilitate redox reactions. If the natural water table rises, the vadose zone is diminished, 

which limits downward movement of wastewater, potentially leading to overland flow conditions 

in which nutrient removal would be almost negligible (Gilliom & Patmont, 1983). Older systems 

could also be installed with improper leaching bed subsoil material, leading to quicker percolation 

rates that do not provide proper contact times between wastewater and soil to conduct sorption 

reactions (Gilliom & Patmont, 1983). 

The outlined inadequacies regarding Class IV septic systems phosphorus removal abilities are 

clear. To properly remove nutrients to meet future potential discharge requirements and to mitigate 

the effects of downstream eutrophication, an advanced nutrient removal system must be used in 

conjunction with a Class IV septic system. 

2.2 Electrocoagulation 

EC is a prominent treatment technology that combines coagulation and flotation to remove 

dissolved contaminants from water streams, and is based on electrochemical principals (Moussa 

et al., 2017). EC was first investigated in 1889 (Vik et al., 1984), but has since been researched 

using bench, pilot and full-scale systems to successfully remove an array of contaminants from 
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water, including: nutrients, heavy metals, suspended solids, BOD and COD (Emamjomeh & 

Sivakumar, 2009). An attractive aspect of EC over its conventional chemical coagulation 

counterpart resides in ECs ability to produce metal ions that act as in-situ coagulants, rather than 

supplementary chemical coagulant addition (Chen, 2004). 

EC functions by passing direct current between two electrodes that are submerged in a water 

solution, where the generated electric field between the anode and cathode promotes ionic transfer 

(Eyvaz, 2016). When current is applied to electrodes in an EC system, three primary reactions take 

place simultaneously; one in the water solution and one at the anode and cathode surface, 

respectively. These reactions are highlighted in Figure 2-2.  

 

Figure 2-2: Diagram of electrolytic reactions in an EC reactor 

 

EC is based on the principal that colloid stability can be influenced by an electric charge, meaning 

that their surface charge can be altered or destabilized (İrdemez et al., 2006). According to 

literature, the EC process can be outlined fundamentally as follows (Liu et al., 2010; Mollah et al., 

2004; Samir Naje & Abbas, 2013): 
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1. Oxidation at the anode causes compression of the diffuse double layer surrounding charged 

particles existing in wastewater through the generation of cations. 

2. Charge neutralization of existing ionic species occurs once diffuse double layers have been 

compressed, creating the conditions for subsequent coagulation. 

3. Flocs are formed due to the principals of coagulation, which trap dissolved particles in a 

type of sludge blanket. 

As electrons flow from the cathode to the anode, they effectively neutralize the surface charge of 

dissolved particles existing in their path (Ukiwi et al., 2013). This deteriorates electrostatic inter-

particle repulsion between particles and allows van der Waals attraction to dominate, thus creating 

ideal conditions for subsequent coagulation (Mollah et al., 2004). At the anode surface, metal is 

oxidized into cations, according to Equation 2-1 (Hakizimana et al., 2017), where they freely enter 

the water solution. The dissociation of metal ions from the anode surface signifies that the anode 

is sacrificial in an EC process. 

𝑀 → 𝑀𝑍+ + 𝑍𝑒− (2-1) 

 

Where, 

M is the metal electrode material 

Z is the number of electrons transferred in the anodic dissolution process per mole of metal 

In chemical coagulation, aluminum and ferric sulphates are typically used as coagulants due to 

their positive valence and high reactivity with other molecules (Vieno et al., 2006). This facilitates 

rapid aggregation of particles for enhanced flocculation and settling. The same is true for EC 

systems, where aluminum and iron electrodes are the most common choice (Attour et al., 2014). 

Aluminum will be the material of focus for this project; therefore, iron will not be discussed further 

in this thesis. The chemical reactions for aluminum electrodes in different conditions take the form 

of those in Equations 2-2 to 2-4 (Chen, 2004). 
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Aluminum: General 𝐴𝑙 − 3𝑒 → 𝐴𝑙3+ (2-2) 

Aluminum: Alkaline conditions 𝐴𝑙3+ + 3𝑂𝐻− → 𝐴𝑙(𝑂𝐻)3 (2-3) 

Aluminum: Acidic conditions 𝐴𝑙3+ + 3𝐻2𝑂 → 𝐴𝑙(𝑂𝐻)3 + 3𝐻+ (2-4) 

In addition to the oxidization of metal, oxidation of water molecules occurs in a parallel reaction 

at the anode surface, following the reaction in Equation 2-5 (Lacasa et al., 2011). 

2𝐻2𝑂 → 𝑂2 + 4𝐻+ + 4𝑒− (2-5) 

At the cathode surface, water is reduced according to Equation 2-6 (Naje & Abbas, 2013), where 

water molecules are split into hydrogen gas and hydroxyl radicals (Hakizimana et al., 2017). The 

hydroxyl anions enter freely into the water solution and the hydrogen gas bubbles will rise to the 

water’s surface. 

2𝐻2𝑂 + 2𝑒 → 𝐻2 + 2𝑂𝐻− (2-6) 

Following the law of attraction, metal cations and hydroxyl anions attract to each other, which 

form solid precipitates, termed flocs, that entrap colloidal particles in their midst (Attour et al., 

2014). As coagulation progresses, floc size increases which boosts colloid entrapment, resulting 

in greater dissolved particle removal. Additionally, adsorption of soluble organics to the floc 

surface occurs, thus offering another degree of particle removal (Vasudevan et al., 2009). The 

phosphate ions will take part in ligand exchanges with hydroxide flocs OH- molecules, which 

facilitates adsorption of the ion to the floc surface (Omwene & Kobya, 2018). 

Newly formed flocs existing the water solution can be separated and removed using two primary 

methods, including (Lynn et al., 2019; Mahesh et al., 2006; Sahu et al., 2014): 

• Gravity settling: Flocs become heavy enough through coagulation to sink to the bottom of 

the EC reactor or independent settling tank, to form sludge. The sludge can then be 

removed through mechanical means. 
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• Flotation and filtration: Flocs can be pushed to the water surface with the help of the natural 

rising motion of the hydrogen gas bubbles being produced at the cathode and oxygen 

bubbles produced at the anode, through a process termed electroflotation (EF). The sludge 

layer can then be skimmed off through mechanical means. Additionally, the entire water 

stream can be run through a filtration device to remove all existing flocs prior to them being 

influenced by gravity or EF. Filtration devices could include a disk filter, plate and frame 

filter or rotary vacuum filter. 

A significant operational issue associated with EC wastewater treatment is electrode passivation. 

Electrode passivation is a detrimental occurrence during the EC process, where an oxide layer 

forms on the active electrode surface which inhibits metal dissolution and ion transfer (Liu et al., 

2010). Although some passivation can occur on the anode, the majority of concern results from 

passivation of the cathode. The formation of an oxide layer depends greatly on pH, conductivity, 

and current density, and its development can raise power consumption and therefore operational 

costs while reducing system efficiency (Xueming Chen et al., 2002; He et al., 2018). Mitigation 

of electrode passivation is a significant consideration when developing an EC system. Mitigation 

techniques include cyclic polarity reversal, periodic electrode cleaning (mechanical or 

hydromechanical methods) and addition of inhibiting agents such as chloride (He et al., 2018; Sahu 

et al., 2014). It is critical to mitigate passivation, because oxide layer thickness increases with 

operation time, thus treatment effectiveness is reduced continually throughout the treatment 

process (Holt et al., 1999). 

2.2.1 Advantages of Electrocoagulation 

When comparing EC to chemical coagulation, EC offers the following advantages: 

• No supplemental chemical coagulant addition is necessary with EC, as coagulant is 

produced in-situ (Liu et al., 2010; Mickley, 2008; Moussa et al., 2017; Yousuf et al., 2001). 

• EC equipment and set-up is straight forward, leading to minimal operational issues (Liu et 

al., 2010; Moussa et al., 2017). 
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• EC has the ability to remove the smallest range of dissolved particles as the passing of 

current through wastewater increases the mobility of these tiny colloids, which further 

encourages coagulation (Moussa et al., 2017; Yousuf et al., 2001). 

• EC produces cleaner effluent, which is clear, contains less SS and is odorless and colorless 

(Moussa et al., 2017; Yousuf et al., 2001). 

• Less sludge is produced through EC and the sludge that is produced is more settleable and 

contains less water (Mickley, 2008; Moussa et al., 2017; Yousuf et al., 2001). 

• Flocs produced by EC are bigger on average than the ones produced through chemical 

coagulation, and the flocs are more stable and entrap less water (Liu et al., 2010; Mickley, 

2008; Moussa et al., 2017; Yousuf et al., 2001). 

• Gas bubbles are produced during EC which helps with EF, a phenomenon that does not 

occur during conventional chemical coagulation processes (Moussa et al., 2017). 

 

2.2.2 Disadvantages of Electrocoagulation 

Although EC offers many advantages over chemical coagulation, some disadvantages are 

perceived, including: 

• Anodes are sacrificial and need periodic replacement (Moussa et al., 2017; Yousuf et al., 

2001). 

• Electrode passivation requires regular electrode maintenance to remove oxide layer 

(Moussa et al., 2017; Yousuf et al., 2001). 

• Electricity can be expensive in many areas of the world and not accessible in certain 

regions, thus not making EC a viable option in some situations (Moussa et al., 2017; 

Yousuf et al., 2001). 

• Wastewater must have high conductivity to facilitate current transfer during EC, as where 

conductivity is not a consideration for chemical coagulation (Abbas & Ali, 2018) 
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2.3 Parameters That Govern Electrocoagulation Effectiveness 

Many experimental parameters and conditions control the effectiveness of EC during wastewater 

treatment. There are no specific empirical approaches used to design EC reactors (Holt et al., 

1999). Rather, site specific factors such as contaminant of interest, strength of contaminants, 

removal objectives and volume to be treated are used with trial and error and literature values to 

determine the optimal reactor configuration. Key parameters are a combination of physical reactor 

properties as well as wastewater characteristics. Most notably, parameter variation can control 

power consumption, electrode decay rate, EF effectiveness and floc size. EC system optimization 

will vary, but typically include a combination of operational parameters that mitigate power 

consumption and treatment time while achieving removal goals (Sahu et al., 2014). Considering 

these three objectives, the optimized system would be able to achieve adequate wastewater 

treatment with the lowest possible operational costs while treating the most wastewater throughout 

a given time period. Sections 2.3.1-2.3.8 outline significant operational parameters and how they 

influence the effectiveness of an EC system; both independently and in conjunction with 

themselves. Table 2-1 summarizes the typical ranges of the various operating parameters that 

affect EC efficiency when targeting dissolved phosphorus removal. 

Table 2-1: Typical ranges of operational parameters used to target dissolved phosphorus removal using EC 

Parameter Typical Range 

Current Density 0.1-16 mA/cm2 

Treatment Time 5-225 min 

Electrode Spacing 0.2-6 cm 

Conductivity 0.25-0.5 gelectrolyte/L 

pH 4-9 
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Temperature 20-25 ºC 

Mixing Speed 150 RPM 

*References available in Sections 2.3.1 to 2.3.8 

2.3.1 Current Density 

Current density is arguably the most influential parameter in an EC system, as it controls coagulant 

dosage (anodic dissolution) and bubble formation at the electrodes (Liu et al., 2010). It is also 

governs the operational cost associated with EC. Current density can be described as the amount 

of current (mA) passing through a unit area (cm2) of the active surface of an electrode. The general 

consensus is that higher current density will generate more flocs which in turn will trap and remove 

more pollutants from wastewater (Kobya et al., 2010). The rate of anodic dissolution can be 

described using Faraday’s law of electrolysis, which relates applied current to the mass of metal 

that will be generated within the reactor, as shown in Equation 2-7 (Asselin et al., 2008). To 

calculate the concentration of metal coagulant in the system, divide the mass of metal generated 

by the working volume of the reactor (Mansouri et al., 2011). 

𝑚 =
𝐼𝑡𝑀

𝑧𝐹
 

(2-7) 

Where, 

m is the mass of metal generated (g) 

I is the current flow (A) 

t is the treatment time (s) 

M is the molar mass of the electrode material (g/mol) 

z is the valency of the produced cations 
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F is the Faraday constant (96500 C/mol)  

It should be noted that Faradays law does not account for electrode surface conditions, which could 

affect dissociation rates (Khemis et al., 2005). For example, new smooth electrodes may dissociate 

more evenly than used electrodes whose surfaces are pitted and more irregular. 

The ideal current density will be one that balances a high enough production of coagulant to 

achieve removal goals while not being in excess, which would redundantly increase power 

consumption. Excess applied current would result in decreased electrode lifespan and increased 

operational cost while providing no further contaminant removal. Additional care must be taken, 

because the application of high current can be counterproductive to the coagulation process. 

Excess coagulant dosing from high current can lead to colloid charge reversal, resulting in colloid 

dispersal rather than aggregation (Hakizimana et al., 2017). Moreover, Bayar et al. (2011) 

hypothesize that the increased bubble production that accompanies higher current density causes 

flocculant matter to rise quicker, which could shorten the duration that flocs are in contact with 

pollutants and therefore inhibit removal. 

The applied current density value relies on electrode size, so it is difficult to compare applied 

current densities between studies. Two studies could apply the same current to their reactors but 

have vastly different current density values due to differences in the number of electrodes and their 

respective size. Trial and error is typically the best way to determine a starting current density 

when beginning testing, starting with low applied current and working upwards. Current densities 

applied for the purpose of phosphorus removal have been experimented within the range of 0.1-

16 mA/cm2 (Bektaş et al., 2004; S. Chen et al., 2014; Đuričić, et al., 2016; Lacasa et al., 2011).  

2.3.2 Treatment Time 

Treatment time is synonymous with HRT and is defined as the duration that wastewater is in 

contact with the electrodes and the electrolytic reactions occurring between them. Treatment time 

directly affects EC effectiveness, as it controls the time span in which coagulant is injected into 

the wastewater from the electrodes (Abdel-Gawad et al., 2012). If current density remains constant, 

longer treatment time leads to more metal hydroxide formation in the wastewater solution which 
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creates more flocs and increases removal capacity (Khandegar & Saroha, 2013; Swain, 2019). This 

coincides with Faradays Law of Electrolysis. However, after the optimal treatment time has 

passed, an adequate number of flocs will exist to achieve treatment goals and any additional 

treatment time will result in redundant energy consumption. Studies focusing on phosphorus 

removal directly have investigated treatment times ranging from 5-225 minutes (Chen et al., 2014; 

Shalaby et al., 2014; Tibebe et al., 2019; Zhang et al., 2018) over a range of different current 

densities and wastewater strengths. 

2.3.3 Electrode material and spacing 

Electrode material controls the type of metal ions that will be input into the wastewater solution 

and therefore the type of coagulant used during treatment. Electrode material choice should be 

chosen primarily in conjunction with the wastewater characteristics. Particularly, the target 

contaminant should be considered, as some contaminants have higher affinities for specific cations  

(Llanos et al., 2014). As stated in Section 2.2, Attour et al. (2014) suggested that iron and 

aluminum electrodes are the most common choices due to their inexpensive and polyvalent nature, 

however other choices include titanium, zinc, and steel (Chen & Deng, 2012; Kobya et al., 2010; 

Yuksel et al., 2013). Dimensionally stable metals, such as SnO2 and boron-doped diamond which 

offer higher chemical resistance in the form of reduced corrosion rates have also been investigated 

(Sahu et al., 2014). In addition to electrode material, electrode shape affects the performance of an 

EC system (Khandegar & Saroha, 2016). The most commonly used electrode geometry is square 

plate electrodes which are used in most EC studies. Different electrode shapes, such as cylindrical 

rods, perforated plates and mesh have been investigated with varying results (Ahangarnokolaei et 

al., 2018; Aytac & Un, 2020; Khandegar & Saroha, 2016). Different electrode geometries will 

produce diverse electric fields, which affect ion flow, resulting in varying energy consumption, 

floc production and anode dissolution.  

Electrode spacing has a direct effect on removal efficiency of the target contaminant and therefore 

must be a consideration in the design process of an EC system. Electrical conductivity is inversely 

proportional to the gap between two electrodes which signifies that as distance increases, so does 

the resistivity of the of the wastewater solution (Attour et al., 2014). Ohmic resistance is a 
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characteristic of a water solution that is directly related to its conductivity (Logan et al., 2018). 

Ohmic resistance inhibits currents ability to flow from one electrode to the other. A larger electrode 

separation distance places more water between the electrodes and therefore increases resistance 

and reduces electron transfer, thus impeding EC performance (Nasrullah et al., 2019). 

Additionally, increasing the electrode gap raises cell voltage, causing a higher power consumption 

(Calvo et al., 2003). The expected ohmic drop between electrodes can be calculated using Equation 

2-8, which describes ion movement through solution based on difference in potential (Vik et al., 

1984). 

𝜂𝐼𝑅 =
𝐼𝑑

𝐴𝑘
 

(2-8) 

Where, 

I is applied current (A) 

d is distance between electrodes (m) 

A is the active anode surface area (m2) 

K is the specific conductivity of the water solution (103 mS/m) 

Interelectrode distance can also affect floc size, with decreased spacing in the range of 5-15 mm 

leading to larger flocs being produced than spacing of >20 mm (Nasrullah et al., 2019). Larger 

flocs could have the potential to trap and adsorb more contaminant particles, which could lead to 

enhanced removal efficiency. When determining the optimal electrode spacing, one strives to find 

a balance between mitigating energy consumption by decreasing the gap while ensuring gap is 

large enough to promote large floc formation and to reduce the occurrence of passivation (Sahu et 

al., 2014). 

When considering electrode spacing for phosphorus removal, there is no optimal distance. If one 

is using many electrodes connected in series, spacing should be in the millimeter range to 

effectively convey current through the wastewater. If only two electrodes are used, or multiple 

electrodes are connected in parallel, spacing can be larger in the range of centimeters while still 
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obtaining adequate treatment results. As phosphorus removal is more reliant on applied current 

density and HRT, spacing is less of a concern and any distance in the range of 0.2-6 cm can produce 

excellent removal (Irdemez et al., 2006; Nguyen et al., 2016; Shalaby et al., 2014; Zhang et al., 

2013). 

2.3.4 Conductivity 

Initial wastewater conductivity affects the resistance that current must overcome to pass from the 

cathode to the anode, which has a direct effect on power consumption and removal efficiency 

(Zhang et al., 2013). Moreover, conductivity is inversely proportional to electrode spacing, 

signifying that electrode gap and solution resistance increase in unison, with a parallel decrease in 

anode dissolution to be expected (Attour et al., 2014). To an extent, higher wastewater conductivity 

will conduct current more efficiently, thus reducing cell voltage and lowering energy consumption; 

the opposite occurring at lower conductivity (Kabdaşlı et al., 2012). Efficient current flow will 

also decrease the treatment time required to achieve removal objectives (Yildiz et al., 2008). 

Common practice when raising the conductivity of wastewater solutions for EC experimentation 

is to use sodium chloride (NaCl) due to its inexpensive and non-toxic nature (Hakizimana et al., 

2017). The use of NaCl also adds Cl- anions to the wastewater solution which can form strong 

oxidizing agents such as hypochlorite and hypochlorous acid, which are natural disinfectants 

(Kabdaşlı et al., 2012). These oxidizing agents promote indirect oxidation reactions in the bulk 

solution, following Equations 2-9 to 2-11 (Yildiz et al., 2008), which can enhance pollutant 

removal, particularly in the case of pathogens (Lai & Lin, 2003). Additionally, chlorine ions 

mitigate the negative effects of carbonate and sulfate molecules, which otherwise aide in the 

precipitation of Ca2+ and Mg2+ ions onto electrode surfaces, which would otherwise result in 

further passivation (Chen, 2004). 

2𝐶𝑙− → 𝐶𝑙2 + 2𝑒− (2-9) 

𝐶𝑙2 + 𝐻2𝑂 → 𝐻𝑂𝐶𝑙 + 𝐻𝐶𝑙 (2-10) 



 

 

21 

 

𝐻𝑂𝐶𝑙 + 𝐻2𝑂 ↔ 𝐻3𝑂+ + 𝑂𝐶𝑙− (2-11) 

Excess NaCl can be detrimental to the EC process as it can promote the overconsumption of 

electrodes, causing irregular pitting of the active electrode surface (Calvo et al., 2003). The result 

could be a change to the electric field shape, ion flow and therefore system removal efficiency.  

When targeting phosphorus removal, teams have added electrolytes, typically NaCl in the range 

of 0.25-0.5 g/L (Đuričić, et al., 2016; Shalaby et al., 2014) to achieve a high enough conductivity 

to convey current efficiently through the wastewater. In the case of STE, conductivity is typically 

high enough for efficient current transfer, thus not requiring any NaCl or alternative electrolyte 

addition, which would otherwise add undesirable complexity to the EC treatment process. 

Furthermore, this thesis focuses on dissolved phosphorus removal, which would not benefit from 

disinfection by-products being formed through the addition of NaCl. 

2.3.5 Initial pH 

Influent wastewater pH has a critical role in EC processes, primarily due to its effect on hydroxide 

speciation and on the zeta-potential of suspended colloids or dissolved particles (Sahu et al., 2014). 

pH can also affect solution conductivity and indirectly, electrode dissociation. As displayed in 

Section 2.2, dissociation reactions differ in alkaline versus acidic conditions, with different 

hydroxides being formed and their stability being influenced directly by pH. Certain contaminants 

are more susceptible to removal in the presence of different hydroxides, making pH a pollutant 

dependent parameter and a key considering during EC reactor design (Nasr et al., 2019). pH may 

be a more prominent consideration when using amphoteric electrode materials, particularly iron 

and aluminum, which can dissociate to form different hydroxides depending on the presence of 

alkaline or acidic conditions (Sasson et al., 2009). The difference in charge between the various 

hydroxides leads to contrasting oxidation potentials, which contributes to differing coagulative 

abilities.  

For aluminum electrodes, Al(OH)3(s) provides the best performance from a coagulation 

standpoint, as these precipitates offer the best adsorption surfaces for dissolved particle attraction. 
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The generic adsorption reaction between aluminum and phosphorus follows Equation 2-12 

(Omwene & Kobya, 2018). From review of Figure 2-3, the activity-pH diagram for Al(III) 

suggests that Al(OH)3 develops in its non-soluble form optimally around pH 6-8. Parsa et al. 

(2011) and Swain et al. (2020) suggest that the optimum pH for Al(OH)3(s) formation and therefore 

the optimal pH for EC using aluminum electrodes is 6.4 and 8.5, respectively, although pH 4-9 

remains adequate. This is true for any dissolved contaminant removal, including phosphorus. At 

low and high pH, Al(OH)2+ and Al(OH)4
- dominate, respectively, which are more soluble than 

Al(OH)3 molecules, thus providing no use for coagulation (Kim et al., 2002). 

𝑥𝐴𝑙3+ + 𝑃𝑂4
3+ + (3𝑥 − 3)𝑂𝐻− → 𝐴𝑙𝑥𝑃𝑂4(𝑂𝐻)3𝑥−3(𝑠) (2-12) 

  

 

Figure 2-3: Activity-pH diagram for Al(III). Adapted from (Parsa et al., 2011) 
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pH can also influence energy consumption. Wastewater with high or low pH will contain ample 

OH- or H+ ions, respectively, thus not requiring as much generation from inducing an electrical 

current through the electrodes (İrdemez et al., 2006). 

2.3.6 Temperature 

Wastewater temperature plays a more indirect role in the EC process and as such, has not been the 

focus of many research studies. Studies who investigated temperatures effect on EC efficiency 

have provided conflicting results. Vasudevan et al. (2009) experienced increasing removal 

percentages with increased temperature and claimed this was due to escalated anode dissolution 

which produced more metal hydroxides at 60 ºC versus 20 ºC. Yilmaz et al. (2008) observed the 

same results and attributed this to increased ion mobility with higher temperatures which increases 

collisions rates and enhances coagulation. Conversely, Katal & Pahlavanzadeh (2011) found that 

removal percentages decreased with increasing temperature from 20 to 60 ºC. Additionally, Liu et 

al. (2010) saw increasing removal efficiency up to a temperature of 60 ºC followed by a decrease 

with increasing temperature thereafter. Liu et al. (2010) and Katal & Pahlavanzadeh (2011) stated 

that aluminum ions increase in solubility with increasing temperature, therefore floc production 

past 60 ºC may be inhibited due to a lack of solid precipitates being formed. Too high of a 

temperature can also lead to the formation of dense hydroxides that are prone to deposition on 

electrode surfaces, resulting in passivation and decreased current efficiency (G. Chen, 2004). 

Tibebe et al. (2019) and Shalaby et al. (2014) conclude that increasing temperatures beyond 45 

and 50 ºC, respectively, was uneconomic, as little increase in removal was observed yet raising 

wastewater beyond these temperatures increased operational cost. Conclusions indicate that 

generally beneficial although some detrimental effects can be experienced when raising 

temperature and it is possible that removal mechanisms, target contaminant and electrode material 

will influence temperatures overall effect (Sahu et al., 2014). 

When dealing with STE, wastewater storage is below ground and will therefore not be susceptible 

to freezing or significant upwards temperature spikes. Additionally, wastewater entering the tank 

will remain for an HRT of 24-72 hours prior to its discharge, giving ample time for wastewater 

temperature to stabilize. STE will typically be 5.5-11 ºC higher than the ground temperature 
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(Heger, 2017), however this range is largely dependent on the time of year and local climate. 

Typical STE temperatures are therefore not a cause for concern regarding the use of EC for 

treatment in Canada. 

2.3.7 Mixing Intensity 

Adequate mixing in an EC reactor is critical to obtain sufficient contact between the dissolved 

contaminants and the coagulant, to ensure proper flocculation and subsequent coagulation 

(Arambarri et al., 2019). Mixing can be accomplished using a magnetic stirrer or similar device 

but can also be achieved by continuous flow through an EC reactor. Baffles in a continuous system 

can be added to further increase turbulence. Increasing the mixing rate leads to the production of 

more hydroxide flocs which can shorten treatment times and increase removal efficiency 

(Malakootian et al., 2010).  

While increasing the mixing rate can be beneficial, surpassing an optimal level can break flocs 

apart and inhibit settling, both of which would hinder contaminant removal efficiency (Eskibalci 

& Ozkan, 2018). The optimal mixing rate varies depending on the type of hydroxides being formed 

along with the target contaminant. Regarding phosphorus removal, Chen et al. (2014), İrdemez et 

al. (2006) and Nguyen et al. (2016) all used a mixing speed of 150 revolutions per minute (RPM) 

in their experiments and achieved favorable results. This suggests that the optimal stirring speed 

for phosphorus removal could be around 150 RPM. 

2.3.8 Phosphorus Composition and Concentration 

As revealed in Section 2.1.2, dissolved phosphorus is found primarily as orthophosphate, 

polyphosphate and organic phosphate in domestic wastewater. Due to their varying levels of 

reactivity, some are easier to remove through EC than others. Orthophosphate being soluble and 

very reactive is easily removed through adsorption to floc surfaces. Polyphosphate and organic 

phosphorus on the other hand must be broken down by hydrolysis or separated from organic matter 

before they will succumb to adsorption mechanisms. This may require larger coagulant doses, 

equating to longer retention times and the application of higher current to achieve treatment 

objectives (Smith et al., 1956). When considering other operational parameter values, a detailed 
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characterization of the wastewater should be conducted to verify the fractions of dissolved 

phosphate compositions. If higher concentrations of polyphosphates exist, it is expected that higher 

current densities and longer HRTs will be required for adequate treatment. The opposite being true 

for lower fractions of polyphosphates. 

Initial total phosphorus concentration directly affects removal efficiency. When maintaining 

constant current density and retention time, phosphorus removal efficiency has been seen to 

decrease linearly with increased initial concentration (Đuričić, et al., 2016). These results are 

consistent with studies performed by other teams (Chen et al., 2014; Lacasa et al., 2011; 

Vasudevan et al., 2009). The decrease in removal efficiency can be attributed to insufficient 

hydroxide production to accommodate the higher phosphorus concentration (Shalaby et al., 2014). 

A lack of hydroxides will not create enough sorption sites and therefore not enough coagulative 

power to removal all of the contaminants. Despite a reduction in removal percentage, a higher 

initial phosphate concentration will raise wastewater conductivity (İrdemez et al., 2006). This will 

facilitate efficient current transfer equating to a lower power consumption. This could partially 

offset the energy consumption increase from higher current density application. 

2.4 Electrocoagulation Reactor Configuration 

Independent of the operational parameters to be selected for EC related tests, the reactor itself has 

some variability in the way it can be constructed and operated. Reactor configuration includes 

mode of operation (flow type), electrode arrangement and electrode connection method. 

2.4.1 Mode of Operation 

EC systems are typically configured under one of two modes of operation, being batch or 

continuous flow. Batch systems perform all electrolytic reactions in a reactor tank, without flow 

through the system or pumps of any kind. Flocculation is promoted by a stirring device installed 

in the reactor and floc removal is often performed by settling or filtration subsequent to treatment. 

See Figure 2-4 for a schematic view of an EC batch reactor. Batch systems are simple to operate 

and are particularly important for investigation of time-dependent tests, as pollutant and coagulant 

concentration along with pH vary over time (Hakizimana et al., 2017). Alteration of parameters 
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over time makes the modelling process of batch systems very difficult and provides unreliable 

results (Sahu et al., 2014).  

 

Figure 2-4: Schematic of a simple EC batch reactor 

 

Continuous flow systems pass wastewater through an EC reactor at a constant flow rate throughout 

testing duration. Continuous reactors offer the advantage of steady state conditions, where 

coagulant dosing and removal are generally stable and consistent (Sahu et al., 2014). See Figure 

2-5 for a schematic view of a continuous EC reactor. Continuous reactors can be more complex to 

operate, as they require a pump to achieve desired flow rates. This could require additional control 

systems or more intensive manual input. Operation costs could be increased, as the pump will draw 

energy to function. However, flow through the system can provide adequate mixing for 

flocculation, thus diminishing the need for a stirring device. The lack of stirring device could offset 

the added operational cost incurred by the pump. 
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Figure 2-5: Schematic of a simple EC continuous flow reactor 

 

2.4.2 Monopolar versus Bipolar Electrode Connection 

A common variation seen in EC reactors is the way in which electrodes are arranged. Conventional 

electrode connections are described as follows, and depicted in Figure 2-6: 

1. Monopolar-parallel: All anodes and all cathodes, respectively, are wired together in 

parallel, which are then connected directly to the appropriate positive or negative terminal 

on the power supply (Espinoza-Cisternas, 2018). 

2. Monopolar-series: The outermost anode and cathode are connected directly to the positive 

and negative terminal of the power supply. Each inner electrode pair are wired together, 

respectively, but no connections are made to the outermost electrodes (Mollah et al., 

2004).  

3. Bipolar-series: The outermost anode and cathode are connected directly to the positive and 

negative terminals of the power supply. All inner electrodes remain disconnected from 

each other and from the outer anode and cathode (Espinoza-Cisternas, 2018). Here, the 

voltage drop through the electrodes equates to the combined values of the independent 

electrode pair voltages (Koparal & Öütveren, 2002). 
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Figure 2-6: a) Monopolar-parallel. b) Monopolar-series. c) Bipolar-series. 

 

Although each electrode connection type promotes EC, monopolar connection tends to reduce 

energy consumption values, as a direct connection to the power supply transfers current more 

efficiently (Asselin et al., 2008). This would lead to a reduction of operating cost (Sahu et al., 

2014). However, Golder et al. (2007) experienced a higher electrode passivation rate when using 

a monopolar connection versus a bipolar arrangement.  

When using a bipolar arrangement, removal percentages tend to be slightly higher for most 

contaminants (Alimohammadi et al., 2017; Asselin et al., 2008; Ghosh et al., 2008). The enhanced 

removal could be attributed to a typically smaller spacing between electrodes in a bipolar system 

which enables more efficient current transfer while reducing electrode passivation (Ghosh et al., 

2008). In addition, bipolar systems offer the benefit of being easier to design and install due to a 

simpler configuration of connections between the outer electrodes and power supply (Jiang et al., 

2002). 

2.5 Applications for Electrocoagulation in Domestic Wastewater Treatment 

The inadequacies of septic tanks in treating wastewater has been noted by several other research 

teams. Targeting different wastewater contaminants, researchers have developed an array of EC 

systems aimed at polishing STE prior to its release through a leaching bed. Daghrir & Drogui 
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(2013) developed an EC reactor designed to target COD, turbidity and TSS existing in STE and 

achieved 50, 71 and 90% removal, respectively. Zaveri & Flora (2002) constructed a scale septic 

tank and installed an EC system in the first chamber to view COD, orthophosphate and nitrogen 

removal over the span of several weeks in continuous operation mode. The team obtained marginal 

reductions in all targeted contaminant concentrations but state that the low removal percentages 

were due to elevated solids and COD content of the wastewater. 

Many studies have also focused on the treatment of domestic or synthetic-domestic wastewater 

prior to septic tank treatment. Ozyonar & Karagozoglu (2011) conducted a study to remediate 

domestic wastewater before it’s treatment in a septic tank that contained similar characteristics to 

typical STE. The team targeted COD, turbidity and phosphorus using a batch reactor, of which 

they obtained removal percentages of 63, 97 and 98 %, respectively (Ozyonar & Karagozoglu, 

2011). High applied current densities were required to achieve these results. Two studies were 

performed to remove orthophosphate from wastewater of domestic origin using synthetic 

wastewater and batch EC reactors with various electrode materials by Omwene and his research 

teams. Each study was able to produce phosphate removal percentages >99% (Omwene et al., 

2018; Omwene & Kobya, 2018). Finally, Koyuncu & Arıman (2020) conducted a study using a 

full-scale EC reactor in a wastewater treatment plant rated to treat 2400 m3/day. The team targeted 

SS, COD, BOD, total nitrogen and total phosphorus and they achieved average respective removal 

rates of 78, 73, 77, 37 and 38 %. 

It is clear from the results obtained from a multitude of studies that EC is a viable treatment option 

for domestic wastewater, as it can effectively remove a variety of dissolved contaminants, 

including phosphorus. Although phosphorus removal >99% has been achieved in multiple studies, 

several gaps exist in literature.  

One gap that exists is the lack of testing for phosphorus removal using continuous EC reactors. 

Although batch reactors produce viable results, continuous EC systems are necessary if full-scale 

systems are to be implemented in DWTS. Koyuncu & Arıman (2020) used a continuous EC 

system, but were only able to achieve total phosphorus removal of 38%. This removal rate would 

not be satisfactory in preventing downstream eutrophication in on-site systems. (Mores et al., 
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2016) used a continuous EC reactor and obtained 96 % total phosphorus removal. However, the 

team required high applied current density (27.8-37.9 mA/cm2) and slow flow rates (60-90min 

HRT) to achieve this removal. This is not an economically viable result and the lengthy detention 

times would not suit the flow rates emanating from a typical home. Zhang et al. (2013) also used 

a continuous flow reactor and achieved total phosphorus removal >90%. However, they used a 

small reactor (810 cm3) coupled with a very high current density. This shows viability in a 

continuous flow system. However, this system would not be economical when scaled up to the 

size required to compliment a Class IV septic system due to the elevated current density required 

for adequate phosphorus removal. 

Another significant gap is the lack of focus on polyphosphate removal, as most studies focus only 

on orthophosphates. Although orthophosphates are the primary phosphorus constituent in 

domestic wastewater, polyphosphates can still occupy a significant portion of the total phosphorus 

designation. Rabbani et al. (2012) studied polyphosphate removal and achieved 99.9% removal, 

however their influent strength was only 2 mg/L and they required an extensive 60 minutes of 

treatment. This influent strength is much lower than typical domestic wastewater strength and 

therefore cannot be indicative of adequate polyphosphate removal from STE. Additionally, a 60-

minute retention time would not compliment the continuous nature of a Class IV septic system. It 

is therefore crucial to understand the polyphosphate removal process further to confidently 

conclude that EC is a viable technology to adequately remove total phosphorus.  

A final gap in literature is a lack of data regarding sludge production as a result of total phosphorus 

removal from wastewater. Few studies analyze the volume and concentration of sludge that is 

produced as a result of floc production during EC, with the majority focusing on COD removal. 

Essentially no research directly pertaining to phosphorus removal exists. 

The conclusions from this literature review suggest that a continuous flow EC system that can 

reduce orthophosphate as well as polyphosphate from wastewater has not be extensively 

researched. Sludge production in the form of floc development from phosphorus removal has also 

not been presented. Additionally, continuous EC systems that can remove total phosphorus at an 

economical rate while treating a large flow rate have not been developed. The manifold reactor 
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aims to fill these literature gaps to add value to the field of EC as a means of removing dissolved 

phosphorus from domestic wastewater on a large-scale while being cheap and effective. 
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3 Methodology 

The goal of this research work is to design, develop and test a continuous flow manifold reactor 

that uses EC to remove dissolved phosphorus from wastewater. Accordingly, an EC prototype 

system has been fabricated based on a manifold design to treat synthetic wastewater containing 

dissolved phosphorus at different concentrations and compositions. The prototype was designed 

in order to provide reliable and simple operation while being easy to sample from to analyze 

treatment performance. Some criteria that were used in the prototype design process are as follows: 

• The developed system should operate in a continuous fashion to accommodate the 

continuous nature of on-site septic systems. 

• The developed system should be retrofittable into existing on-site septic systems or be 

easily installed in conjunction with a new on-site septic system installation. 

• The developed system should be scalable to accommodate a wide range of daily flowrates 

and wastewater contaminant strengths. 

• The developed system should require infrequent maintenance and user input to compliment 

the simplicity of on-site septic systems. 

• The designed system should not contaminate or alter the treated effluent or sludge (i.e. no 

drastic change in effluent pH or contamination of the effluent or sludge with unacceptable 

levels of coagulant). 

The testing plan involved investigating the removal of orthophosphate, polyphosphate, a 

combination thereof (total phosphorus), aluminum concentration in the treated effluent and sludge 

generation. All of the tests were conducted at a variety of operating parameters, including variable 

current density, HRT, conductivity, and initial concentration. 

3.1 Reactor Construction 

The prototype continuous flow manifold electrocoagulation reactor (referred to as “the reactor” or 

“the system”) is schematically presented in Figure 3-1 and in its physical form in Figure 3-2.  
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Figure 3-1: Schematic of the Continuous Flow Manifold Electrocoagulation Reactor 

 

Figure 3-2: Physical representation of the Continuous Flow Manifold Electrocoagulation Reactor 
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The reactor consists of three vertical treatment columns, where a majority of the electrolytic 

reactions take place. Treatment columns are made from Schedule 40 polyvinyl chloride (PVC) 

tubing and have the following dimensions: height of 45.75 cm, internal diameter of 5.08 cm and 

working volume of 0.93 L. This equates to an overall system working volume of 2.79 L. Treatment 

columns are connected with Schedule 40 PVC fittings, all of which accommodate 5.08 cm inner 

diameter PVC tubing. Elbow fittings are used for the bottom outer connections while cross fittings 

are used for the bottom central and top three connections. Horizontally, PVC fittings are connected 

with 7 cm sections of PVC tubing. Combined, all fittings and horizontal PVC sections can hold 

approximately 2 L of water, thus making the systems overall volume 4.79 L. However, no direct 

electrolytic reactions occur in the space where the fittings exist, therefore only the working volume 

is used in calculations. Cross fittings have appropriate threaded caps outfitted with Teflon tape to 

provide watertight seals. Brass nipples are installed in the bottom center and top right of the system 

to act as wastewater inlet and outlet, respectively. Each treatment column is outfitted with its own 

electrode pair. Electrodes are made from 6061 aluminum alloy (95.1-98.2% purity). Electrode 

dimensions are: length of 78.5 cm, width of 2.54 cm and thickness of 0.2 cm. 63.5 cm of the total 

electrode length is situated in the wastewater which provides an effective area of 161.3 cm2. When 

considering all three treatment columns, the overall effective electrode area becomes 483.9 cm2. 

For electrode installation, parallel slits are cut 3.5 cm apart in the top-most PVC caps for the 

electrodes to slide through. Electrodes are secured to the cap using tape and extend 1 cm above the 

cap to allow for the connection of electrical wires. Additionally, electrode pairs are fitted with two 

circular rubber stoppers as seen in Figure 3-3, who have a diameter of 5.1 cm and a thickness of 

0.3 cm. These are located at 78 cm and 34 cm from the top, respectively, and are in place to ensure 

consistent electrode spacing of 3.5 cm. Holes are cut in the center of the spacers to promote 

wastewater flow between the electrodes rather than behind them. Electrode pairs are each 

connected to a single breadboard Digilent Solderless Breadboard. The breadboard is powered 

directly by a B&K Precision 9111 180W Multirange 60V/8A Direct Current (DC) Power Supply. 
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Figure 3-3: Electrode pair inserted in a PVC cap with installed rubber spacers    

        

Flow through the reactor is supplied by a peristaltic pump (Fisherbrand™ Variable-Flow Pump 

3), which is fitted with vinyl tubing (Fisherbrand™ Traceable™ Silicone Pump Tubing). The 

reactor is held upright by a stand (Figure 3-2) constructed of stainless-steel T-Slotted framing rail. 

The stand was constructed to ensure that the reactor remains level for even wastewater distribution 

between treatment columns. 

3.2 Synthetic Wastewater 

Before each test, a vat of synthetic wastewater is prepared. First, a 1 L beaker is filled with 

deionized water using a volumetric flask. Next, orthophosphate and polyphosphates are introduced 

to the solution through addition of KH2PO4 (Fisher Chemical, Purity = 99.6 %) and (NaPO3)6 

(Fisher Chemical, Purity > 95 %), respectively. An analytic scale (Denver Instruments APX-100) 

is used to precisely measure out the desired chemical masses to be added to the wastewater 

solution. Depending on the testing objectives, either one or both of the granular phosphorus 
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sources are added. In addition to phosphorus, NaCl (Fischer Chemical, Purity = 99.9 %) is added 

to raise the conductivity of the solution to the desired level. Raising the conductivity of the solution 

is necessary, as deionized water has little to no conductivity, making current transfer inefficient if 

not impossible. The 1 L solution is then mixed (Cole-Parmer Compact Digital Mixer System, 50-

2500 rpm) for two minutes to ensure that all granules have completely dissolved. 

A 20 L holding tank is then thoroughly rinsed and sanitized to remove any residual wastewater 

from previous tests. The holding tank is filled with 18 L of deionized water, which acts as the base 

for the synthetic wastewater solution. The 1 L beaker containing dissolved phosphorus is then 

added to the holding tank, resulting in a total volume of 19 L. 0.25 g/L (4.75g/19L) of NaCl is 

added to each wastewater batch to achieve an approximate wastewater conductivity of 500 µS/cm2.  

A stir stick is used to vigorously agitate the solution in the holding tank for one minute to ensure 

homogeneity and complete dissolution of the NaCl. The solution is then tested for initial pH using 

a Thermo Scientific™ Orion Star™ portable pH/ISE meter and for initial conductivity using an 

Oakton TDS 6+ portable conductivity meter. Approximately 20 mL of the wastewater solution is 

retained in a 50 mL beaker for analysis of the initial phosphorus concentration. 

3.3 Reactor Setup 

The complete reactor setup for testing is shown in Figure 3-2. First, the wastewater storage tank is 

placed in close proximity to the pump and the system for easy access. Next, the peristaltic pump 

is fitted with appropriately sized vinyl tubing based on the HRT being investigated (Table 3-1). 

The pump outflow tube is connected to the inlet situated on the bottom of the reactor. The pump 

inflow tube is placed in the wastewater storage tank. The tube is secured to the tank bottom to 

ensure that all 19 L of wastewater can be pumped as the water level declines over time. Finally, 

the pump is powered on and the desired flowrate is selected, after which, the pump is powered off 

again to await the beginning of a test. The pump flowrate is chosen based on the desired treatment 

time being investigated in any particular test. During testing, the treatment time is represented as 

the timeframe in which wastewater travels from the base to the top of the treatment columns and 

does not include the time where PVC fittings are being filled, as no reactions are taking place in 

those areas. A list of the flowrates applied to obtain HRTs of 6.5, 10 and 15 minutes, respectively, 
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are available in Table 3-1. The Reynolds numbers relating to the fluid flow in the treatment 

columns at each flowrate signify that wastewater flow is laminar at all pump speeds. 

Table 3-1: Flowrates, tube diameters, pump speeds and flow regime used to test various HRTs 

HRT 

(min) 

Flowrate 

(mL/min) 

Vinyl Tube Inner 

Diameter (mm) 

Pump Speed 

(RPM) 

Reynolds Number  

6.5 437 6.35 75 89 

10 370 6.35 50 39 

15 247 4.76 75 26 

Once the pump has been fully connected to the reactor and the wastewater supply, the electrode 

pairs are inserted into their respective treatment columns. Prior to commencing the first test of the 

data collection phase of this project, one electrode in each pairing was designated as the initial 

anode, with the other being the initial cathode. Electrodes alternate polarity between each test, so 

that each electrode has approximately equal dissociation over time. This signifies that in the 

subsequent test to the initial test, the anode would be wired as a cathode and the cathode wired like 

an anode. The successive test would then be wired the same as the very initial test, and so forth. A 

copper wire with an alligator clip fastened to one end is attached to each electrode. A red wire is 

used for the anode and a black wire for the cathode. Each wire is connected by securely attaching 

the jaws of the alligator clip to the portion of the electrode surface that extends above the PVC 

cap, as seen in Figure 3-4.  
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Figure 3-4: Manifold reactor electrode connections 

 

The other end of each wire is stripped of its insulative casing to a length of approximately 0.5 cm 

so that it is easily insertable into the breadboard. Each electrode pair is then connected in a parallel 

loop (Figure 3-5). Parallel loops are used to ensure that the current being supplied to the circuit is 

split evenly between each electrode pair for consistent dissociation in each treatment column. 

 

Figure 3-5: Electrode connections in parallel loops using a Diligent Solderless Breadboard 
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Prior to connecting the breadboard to power, the desired power signature is programmed into the 

DC power supply. Table 3-2 provides the voltage and current settings used to obtain the applied 

current densities of 0.35, 0.7, 1.4, 2.0, 2.8 and 5.6 mA/cm2, which are used throughout testing. It 

should be noted that the power supply is set to constant current mode. This allows voltage 

fluctuation to ensure that the desired current is applied to the circuit throughout the entirety of each 

test. This is very important to achieve consistent anode dissociation over the testing duration. Once 

programmed, the power supply is switched off to avoid shock hazards and the bread board is 

connected directly to the power supplies outputs. 

Table 3-2: Current and voltage values applied to test various current densities 

Current Density (mA/cm2) Applied Current (mA) Applied Voltage (V) 

0.35 167 2.50 ± 0.268 

0.70 333 3.79 ± 0.0436 

1.4 655 6.67 ± 0.110 

2.0 982 9.86 ± 0.314 

2.8 1310 12.7 ± 0.537 

5.6 2709 20.78 ± 0.213 

Final preparations prior to the commencement of a test are to ensure that all sampling equipment 

is ready. This includes having a timer, two sampling containers on hand, and a vacuum pump 

(GAST D0A-P704-AA Diaphragm Vacuum/Pressure Pump) filtering apparatus set up for floc 

filtration (Figure 3-6). Two filter papers (Fisherbrand™ Water-Testing Membrane Filter, 0.45 m 

pore size) are required per test and are placed in an oven at 90 ºC for a minimum of 24 hours prior 

to testing to remove entrapped moisture. 1 hour before to each test, the filter papers are moved to 

a desecrator to remove any remaining moisture. Moisture removal is critical for subsequent TSS 

testing, where moisture existing in the filter paper could lead to inaccuracies during mass 

calculations. 
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Figure 3-6: Filtering apparatus used to remove flocs from treated effluent prior to further analysis 

 

3.4 Testing Conditions 

Table 3-3 presents the operational parameters used to conduct testing runs, using several initial 

phosphorus compositions and concentrations over a variety of current densities and HRTs. 

Replicates of each test were performed to ensure result accuracy and to evaluate system reliability 

through the analysis of error between results. 

Table 3-3: Operational parameters used in the test runs of orthophosphate, polyphosphate and total phosphate 

Test Runs HRT (min) Current 

Density 

(mA/cm2) 

Orthophosphate 

(mg/L) 

Polyphosphate 

(mg/L) 

RUN 1 6.5, 10, and 15 0.35 20 0 

RUN 2 6.5, 10, and 15 0.70 20 0 

RUN 3 6.5, 10, and 15 1.4 20 0 

RUN 4 10 and 15 0.7 0 20 
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RUN 5 10 and 15 1.4 0 20 

RUN 6 10 and 15 2.0 0 20 

RUN 7 10 and 15 2.8 0 20 

RUN 8 10 and 15 0.7 10 10 

RUN 9 10 and 15 1.4 10 10 

RUN 10 10 and 15 2.0 10 10 

RUN 11 10 and 15 2.8 10 10 

RUN 12 15 0.70, 1.4, 2.0, 

2.8, 5.6 

75 0 

3.5 Reactor Operation 

Once all preparation is complete, a test can be run. The first step is to power on the pump to begin 

filling the reactor. While this occurs, the power supply remains off. The purpose of pre-filling the 

reactor prior to the application of current is to ensure that current has a means of which to pass 

from the cathode to the anode to complete the circuit. If no wastewater exists between the 

electrodes, there will be no current transfer. This can cause short circuiting, which could cause 

damage to the breadboard and associated components. The pump is run to fill the reactor until the 

base of the electrodes are submerged by 2-5 mm. Now the power supply is switched on, and the 

programmed power signature is applied to the electrodes. 

From this point on, the pump supplies a consistent flowrate of wastewater into the reactor while 

treatment columns fill and electrolytic reactions occur. Once the treated water begins flowing 

through the outlet at the top right of the reactor, the reactor is said to work at its full capacity and 

steady state power supplied to the system has been achieved. At this point, the final voltage reading 

displayed on the power supply is recorded and a timer is set for 25 minutes, which will be when 

the first sample is taken. A 250 mL beaker is placed under the vinyl tube section attached to the 
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reactor outlet to collect approximately 150 mL of treated wastewater. Following this sampling 

procedure, another sample is taken 5 minutes after the first sample. Two independent samples are 

taken during each test to obtain average values for all testing parameters, with the goal of 

increasing result accuracy and mitigating the occurrence of outliers. It should be noted that each 

test was replicated at least one time, therefore a minimum of four readings was obtained for each 

set of testing conditions. Between the 25 and 30-minute samples, a clear graduated cylinder is 

filled to a volume of 1 L for analysis of the sludge volume index. At this point, a 30-minute timer 

is set, after which the floc settling in the graduated cylinder will be observed. 

3.6 Sample Analysis 

Once samples have been collected, each sample is analyzed for final phosphorus, TSS and 

aluminum concentration. Each sample is also tested for final conductivity and pH. For certain tests, 

a sludge volume index (SVI) analysis was performed to use in conjunction with TSS data to 

analyze sludge production. Finally, Faraday’s theoretical electrode dissociation rates were 

calculated according to Equation 2-7 to verify the dissociation mass during each test for use in 

subsequent calculations. 

To measure the TSS, filter paper that has been in an oven for 24 hours and subsequently placed in 

a desecrater for 1 hour is weighed using an analytical scale and installed in the filtration apparatus. 

Next, using a pipette, precisely 100 mL of treated wastewater is placed on the filter. The vacuum 

pump is then turned on to pull the wastewater through the filter, trapping any suspended flocs. The 

filters used in each test are then placed on individual trays and are put back into the oven for 24 

hours to remove all moisture. Once the 24-hour timeframe is complete, the filters are removed and 

placed in the desecrator for 1 hour. Filters are then individually weighed using the analytical scale. 

TSS calculations can then be undergone, following Equation 3-1.  
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𝑇𝑆𝑆 = (
𝑚𝑓𝑖𝑛𝑎𝑙 − 𝑚𝑖𝑛𝑖𝑡𝑖𝑎𝑙

𝑉𝑓𝑖𝑙𝑡𝑟𝑒𝑟𝑒𝑑
) ∗ 1000(

𝑚𝑔

𝑔
) 

(3-1) 

Where, 

minitial = initial dry mass of filter (g) 

mfinal = final dry mass of filter after filtration (g) 

Vfiltered = volume of wastewater filtered (L) 

The filtered wastewater can then be tested for final phosphorus concentration, as this would be the 

final effluent being dispersed through a leaching bed. To determine orthophosphate concentration, 

the HACH Test ‘N Tube 0-5 mg/L PO4
3- Reactive Phosphate test kit was used. To determine 

polyphosphate concentration, the HACH Test ‘N Tube 0-3.5 mg/L PO4
3- Total Phosphate test kit 

was used. HACH phosphorus testing kits were used in conjunction with a HACH DR3900 

spectrophotometer with internal calibration to obtain accurate concentration values. Once the final 

concentration values are obtained, the overall phosphorus removal efficiency calculation is 

performed, following Equation 3-2. 

𝑅𝑒𝑚𝑜𝑣𝑎𝑙 (%) =
𝐶𝑖𝑛 − 𝐶𝑜𝑢𝑡

𝐶𝑖𝑛
𝑥100 

(3-2) 

Where,  

Cin is the concentration of phosphorus in the influent (mg/L) 

Cout is the concentration of phosphorus in the effluent (mg/L) 

In addition to final phosphorus concentration, the filtered effluent is also tested for Al3+ 

concentration using the HACH Aluminum Reagent Set testing kit.  

As mentioned in Section 3.4, a 1 L graduated cylinder is filled with treated wastewater and a 30-

minute timer is set. Upon the culmination of the timer, the volume of flocs that have settled to the 



 

 

44 

 

bottom is recorded in units of mL/L, which is termed as the settled sludge volume. An SVI value 

can then be calculated using Equation 3-3. The SVI helps to determine how sludge will settle and 

compact in a septic tank and provides insight into anticipated sludge volumes. 

 

𝑆𝑉𝐼 =  
𝑆𝑆𝑉

𝑇𝑆𝑆
𝑥1000(

𝑚𝑔

𝑔
) 

(3-3) 

Where, 

SVI is the sludge volume index (mL/g) 

SSV is the settled sludge volume (mL/L) 

TSS is the total suspended solids concentration (mg/L) 

3.7 Reactor dismantling 

After each test, the reactor is thoroughly cleaned and prepared for future testing. First, the reactor 

is drained and the electrode pairs are rinsed and set aside. The wastewater storage tank and 

collection basin are emptied and mechanically cleaned using a soapy water solution and sponges. 

The reactor itself is then placed in a sink and each treatment column along with the outlet tube are 

sprayed down with a hose to remove any remaining wastewater and flocs. The reactor is then 

replaced on its stand to dry. The electrode pairs are similarly sprayed down with a hose to remove 

any loose residue and are subsequently dried. Next, 120 grit sandpaper is used to mechanically 

remove any passivation formed on the electrode surfaces. All four sides of the electrodes are 

sanded to ensure complete removal of oxides. Finally, a wet cloth is used to wipe down all sides 

of the electrodes, to ensure that no residue remains that will contaminate future wastewater 

samples. 
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4 Results and Discussion 

4.1 Effect of Conductivity 

Domestic wastewater emanating from multiple sources in a dwelling coupled with various waste 

constituents and an extended detention time inside the septic tank leads to varying electrical 

conductivity of STE. Richards et al. (2016) suggested that STE can range from roughly 100-1750 

S/cm. Investigation into the effect of initial synthetic wastewater conductivity on orthophosphate 

removal was conducted. Initial values of 500 ± 4.59 and 1000 ± 36.7 S/cm were tested 

individually at current density values of 0.35 and 0.70 mA/cm2, respectively.  

The data displayed in Figure 4-1 suggests that varying conductivity from 500 to 1000 S/cm 

provides very little effect on the removal rate of orthophosphate. At a current density of 0.35 

mA/cm2, the removal percentage differed by approximately 1% when varying the initial 

conductivity from 500 to 1000 S/cm. The same conductivity variation using 0.70 mA/cm2 

displayed a negligible difference in removal. Although removal was not significantly affected, 

initial conductivity did have an effect on the stabilized voltage during treatment. When using an 

initial conductivity of 1000 S/cm, tests at both 0.35 and 0.70 mA/cm2 showed a reduction in 

stabilized voltage of approximately 60% over the same tests at 500 S/cm. This equates to energy 

consumption of approximately 9.5x10-4 and 5.8x10-4 kWh using 500 and 1000 S/cm, 

respectively, at 0.35 mA/cm2, and 3.2x10-3 and 1.9x10-3 kWh using 500 and 1000 S/cm, 

respectively, at 0.70 mA/cm2. Conductivity increase directly relates to a reduction in operational 

cost, as less energy is required to achieve the same removal. It is well documented that higher 

conductivity allows ions to flow more effectively, making current transfer more efficient and 

requiring less voltage (Akbal & Camci, 2011). The purpose of this investigation was to ensure that 

adequate phosphorus removal could be achieved at different conductivity levels, regardless of 

energy consumption. This is particularly important, as the STE conductivity cannot be altered 

without chemical addition prior to treatment using a manifold reactor. It is therefore necessary for 

the electrolytic reactions to function as anticipated at varying conductivity levels, without 

performance discrepancies. Moreover, adding chemicals to raise or lower STE conductivity would 

add unnecessary complexity to the treatment process. 
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Figure 4-1: The effect of conductivity on orthophosphate removal at HRT of 10 minutes  

 

Given these results, it was decided to perform the remainder of testing at an initial conductivity of 

approximately 500 S/cm for consistency among tests.  

4.2 Phosphorus Removal Performance 

Testing was performed to investigate the manifold reactors ability to remove dissolved phosphorus 

from synthetic wastewater using a variety of phosphorus compositions. STE has been recorded to 

average around 15-20 mg/L of total phosphorus (Bicki et al., 1984; Brandes, 1978b). Of this total 

phosphorus designation, the percentage of orthophosphate versus polyphosphate varies from 

roughly equal portions to 85% orthophosphate with 15% polyphosphate (Gold & Sims, 2000; 

Magdoff et al., 1974). Organic phosphate also exists in the septic tank, however the majority of it 

will settle out as sludge and the remaining portion is mostly converted to polyphosphate. Organic 

phosphate was therefore not targeted directly during testing as it exists primarily as polyphosphate 

upon expulsion from the septic tank. For all phosphorus removal investigations, a conservative 
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influent concentration of 20 mg/L of the respective phosphorus type tested was maintained so as 

to obtain results that would emulate true values.  

4.2.1 Orthophosphate vs Polyphosphate Removal 

Tests were performed to investigate orthophosphate versus polyphosphate removal, 

independently. Figure 4-2 represents the removal rates obtained using an initial concentration of 

19.45 ± 0.838 mg/L orthophosphate (KH2PO4).  

 

Figure 4-2: Orthophosphate removal at various applied current densities and HRTs 

 

Barring the test with operating parameters of a 6.5-minute HRT and current density of 0.35 

mA/cm2, all tests were able to demonstrate removal of orthophosphate of > 90%, with almost 

100% removal in several tests. The low removal percentage of 66.1% can be attributed to 

inadequate contact time between the wastewater and the electrodes, coupled with a low applied 

current density. It can be deduced that a short HRT of 6.5 minutes is the leading factor that caused 

a lack of orthophosphate removal, as tests exposed to the same current density of 0.35 mA/cm2 but 

at HRTs of 10 and 15 minutes both obtained removal in excess of 90%. This signifies that the low 
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current density of 0.35 mA/cm2 can provide enough coagulant to adsorb and entrap >90% of the 

dissolved phosphorus given enough contact time. 

System reliability is demonstrated through low standard deviation values over multiple replicate 

sample analyses. The highest deviation is ±5.92% (current density = 0.35 mA/cm2, HRT = 6.5 

min) and one test had no deviation (current density = 0.70 mA/cm2, HRT = 10 min). A possible 

explanation for why higher error was observed during two tests that underwent 6.5-minute HRTs 

is that the rapid flow did not allow time for proper wastewater mixing in the treatment columns. 

This could have led to some short circuiting in the system, where untreated wastewater was able 

to avoid contact with metal cations and therefore not take part in coagulation before exiting the 

system. However, a maximum error of ± 5.92% is not significantly large enough to cause concern 

regarding the reliability of the manifold reactor in removing orthophosphate. 

Important trends to consider in Figure 4-2 are that removal percentage increases when using a 

higher current density and while using a longer HRT. This result coincides with values presented 

by Chen et al. (2014) and Shalaby et al. (2014). Data obtained at a current density of 1.4 mA/cm2 

shows that varying the HRT at this level provided no significant effect on removal. This could lead 

to the conclusion that for orthophosphate removal, current density is the primary factor that 

governs system efficiency over that of change in HRT. Optimal conditions for orthophosphate 

removal appear to be when using an HRT of 10 minutes with a current density of 0.70 mA/cm2. 

Although these conditions do not provide the highest removal percentage, the mid-range HRT of 

10 minutes would allow the manifold reactor to treat more wastewater during a day than a 15-

minute HRT, while still achieving removal nearing 100%. 

Figure 4-3 displays the results from a polyphosphate removal testing phase, in which a 21.35 ± 

1.88 mg/L influent concentration of (NaPO4)6 was tested.  
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Figure 4-3: Polyphosphate removal at various applied current densities and HRTs 

 

During polyphosphate testing, the low-end current density value of 0.35 mA/cm2 did not provide 

adequate treatment and therefore, higher current densities up to 2.8 mA/cm2 were investigated. 

The highest removal occurred using a current density of 2.8 mA/cm2 with an HRT of 15 minutes, 

which are the maximum operating parameters tested. It is clear when comparing Figures 4-2 and 

4-3 that polyphosphate removal is more difficult than orthophosphate removal. This is 

demonstrated by higher applied current densities producing lower average removal percentages 

over the results obtained during orthophosphate testing. A hypothesis as to why polyphosphates 

are harder to remove through EC than orthophosphate lies in the chemical structure of the two 

respective phosphate molecules. Orthophosphate molecules have three free electrons, which 

makes them reactive and readily available to adsorb to aluminum hydroxide flocs. Polyphosphates, 

such as (NaPO3)6, are chain-linked molecules that have no free electrons in their natural state. 

Hydrolysis must first breakdown the chains to form orthophosphate molecules, which can then 

bind to aluminum hydroxides. The potential hypothesis is that given the short HRTs of 6.5 – 15 

minutes, incomplete hydrolysis of the polyphosphate molecules is occurring, therefore some 

polyphosphates are not broken down into orthophosphates during treatment. These unbroken 
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polyphosphate molecules would not adsorb to aluminum hydroxides and would be expelled out of 

the reactor without being removed. This would ultimately lead to lower removal percentages. 

Rabbani et al. (2012) achieved 99.9% polyphosphate removal using a current density of 2.3 

mA/cm2 and an HRT of 60 minutes. This applied current density is in the same range as the 

parameters testing in this project. If testing using a manifold reactor were to include extended 

HRTs of 30-60 minutes, it is anticipated that complete hydrolysis of the polyphosphate molecules 

would occur, thus allowing almost complete removal of polyphosphates.  

Similar to the orthophosphate investigation, removal increases with increasing current density and 

longer HRT. However, each test that underwent the same applied current density did not show 

much variation in removal percentage with a change in HRT. Figure 4-3 shows that the only 

significant effect of HRT variation was experienced when using a current density of 0.70 mA/cm2, 

where removal varied from 72.1 to 76.9%. It can be seen that tests who underwent a current density 

of 1.4 and 2.0 mA/cm2 experienced slight decreases in removal percentage with increased HRT. 

However, analysis of the error bars associated with the three tests at each respective current density 

show that the standard deviations have significant overlap. This likely indicates that change in 

removal percentage between tests is insignificant and could simply been due to human sampling 

error and HACH test kit accuracy tolerances. The observed results once again suggest that the 

governing parameter relating to polyphosphate removal is current density, where the increased 

coagulant dose has more of an effect on removal than a longer contact time. 

System reliability is justified by relatively low variance between tested samples in the majority of 

tests. The test showing results from applied operating conditions of 1.4 mA/cm2 and a 10-minute 

HRT show higher error than the other tests (± 6%) which is likely due to human sampling error. 

Possible sources of human error could have been a slight discrepancy in the dilutions used when 

conducting HACH Total Phosphorus vial tests or incomplete mixing of the powder pillows used 

prior to vial analysis in the spectrophotometer. The remaining tests range from an error of ± 0.6-

3.6 and are not causes for concern regarding treatment consistency. 

When comparing orthophosphate and polyphosphate removal, there are several key takeaways. 

First, it is clear that dissolved orthophosphate is easier to remove from water than polyphosphate. 
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This is demonstrated by orthophosphate removal percentages nearing 100% being obtained at 

lower applied current densities across all tested HRTs. This is likely due to the unreactive nature 

of polyphosphate molecules and the requirement of hydrolysis to facilitate adsorption, as described 

earlier. Another point of comparison is the manifold reactors stability in treating orthophosphate, 

which is represented by smaller degrees of error on average throughout orthophosphate tests than 

the error obtained through polyphosphate tests. This shows that orthophosphate removal is very 

predictable and consistent under a wide variety of operating conditions. The reduced amount of 

error is likely due once again to orthophosphates reactivity, in that no reactions such as 

deterioration of chain bonds must occur prior to efficient coagulation. This creates a more 

consistent removal process. However, the error associated with polyphosphate removal is not 

significantly higher, meaning the manifold reactor is also consistent in removing polyphosphates. 

Optimal conditions for polyphosphate removal appear to be using an HRT of 15 minutes and an 

applied current density of 2.8 mA/cm2. However, results showed that removal rates continued to 

increase with increasing current density. This likely means that current density values in excess of 

2.8 mA/cm2 would provide higher removal percentages. Rabbani et al. (2012) obtained a 

polyphosphate removal of approximately 86% using an HRT of 10 minutes and a current density 

of approximately 2.3 mA/cm2, which coincides closely with the results presented in Figure 4-3. In 

the case of the manifold reactor, to obtain near 100% removal of polyphosphates, research must 

be conducted to determine methods to catalyze the hydrolysis process. This would allow for more 

complete polyphosphate removal during shorter HRTs. Longer HRTs (~60 minutes) would require 

much larger reactor treatment volumes to accommodate the extended detention time while still 

treating large volumes of wastewater daily. This would increase reactor size by a large degree, 

which is unattractive to the consumer and could also limit a reactors ability to be installed on sites 

with limited space. Therefore, extended HRTs cannot be considered as operating parameters for a 

manifold reactor. 

4.2.2 Mixed-Phosphate Removal 

To garner a clearer picture of the manifold reactors ability to treat real STE, synthetic wastewater 

containing a mixture of ortho and polyphosphate in proportions that would be typical of a domestic 
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septic tank was treated. Orthophosphate is easier to remove than polyphosphate, making 

polyphosphate removal the limiting factor in the prevention of eutrophication. It is therefore 

important to get an understanding of how polyphosphate removal is affected when its reactive 

counterpart exists alongside it in wastewater. The 20 mg/L influent concentration was maintained 

but comprised approximately 50% orthophosphate and 50% polyphosphate. As mentioned 

previously, phosphorus designation in STE is typically in the range of 85% orthophosphate and 

15% polyphosphate. However, to obtain conservative data, a 50/50 split was used to add more 

polyphosphates to the synthetic wastewater to rigorously test system effectiveness. Initial 

concentrations were 10.75 ± 0.419 mg/L KH2PO4 and 11.39 ± 0.817 (NaPO4)6. Figure 4-4 

represents the data obtained during the mixed phosphorus testing. In each set of tests, one can see 

the overall (total phosphorus) removal as well as the orthophosphate specific removal. 

Due to the presence of polyphosphate in the solution, the lower current density value of 0.35 

mA/cm2 was once again dismissed from the testing parameters in favor of higher values that 

achieve greater removal percentages. Similarly, the HRT of 6.5 minutes was not considered as 

polyphosphate removal at this contact time produced values that were significantly lower than 

HRTs of 10 and 15 minutes and was not worth revisiting. 

 

Figure 4-4: Mixed (total) phosphate removal at a variety of applied current densities and HRTs 
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An initial look at Figure 4-4 reveals that more than 90% of orthophosphate was removed across 

the board, with several tests achieving near 100% removal. These results coincide with tests poised 

to remove orthophosphate individually. In addition to orthophosphate removal, more than 85% of 

total phosphorus removal was achieved in all but two tests. This signifies that polyphosphate 

removal specifically was approximately 70-80%, depending on operational parameters. These are 

lower polyphosphate removal percentages than what was achieved when targeting polyphosphate 

alone. A potential hypothesis for these lower values could be that the reactive phosphate groups 

adsorbed to the aluminum hydroxide flocs before hydrolysis could occur to breakdown 

polyphosphate chains. As mentioned in Section 4.2.1, hydrolysis is required to separate the linked 

phosphate molecules to produce orthophosphate. Orthophosphates naturally have three free 

electrons and are therefore inclined to immediately adsorb to hydroxide flocs, before hydrolysis 

can break down polyphosphates. This would leave fewer sorption sites once chains were broken 

down, leading to lower polyphosphate removal over the same operating conditions as the 

polyphosphate-only testing. 

System reliability is proven through very low standard deviations relating to removal rates, the 

maximum of which is ± 0.55% (HRT = 15 min, current density = 0.70 mA/cm2) and ± 1.79% 

(HRT = 10 min, current density = 0.70 mA/cm2) for orthophosphate and total phosphate, 

respectively. Standard deviations specifically regarding orthophosphate removal coincide very 

closely with the standard deviations portrayed in Figure 4-2, even with the addition of 

polyphosphate into the synthetic wastewater. Additionally, standard deviations relating to total 

phosphorus removal during mixed phosphate testing are lower than standard deviations obtained 

from polyphosphate removal. This is likely due to the consistent orthophosphate removal in each 

test coupled with a lower concentration of polyphosphates in the range of 10 mg/L versus 20 mg/L 

used in the polyphosphate specific tests. The consistent orthophosphate removal and lower 

polyphosphate initial concentration therefore coupled together to improve system removal 

abilities. Additionally, more replicates of the mixed-phosphate tests were performed, which would 

further mitigate the effect of outlier data points, leading to reduced error. The low error 

experienced through replicative testing demonstrates the manifold reactors ability to provide 
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consistent and predictive removal of dissolved phosphorus over a wide range of operating 

conditions. The fact that mixed-phosphate testing produced the lowest degrees of error adds to the 

manifold reactors attractiveness, as this synthetic wastewater composition would be the closest 

match to true STE. 

For the majority of tests, near 100% of the dissolved orthophosphate was removed, signifying that 

the remaining total phosphorus concentration is predominantly polyphosphate. The maximum 

removal achieved was using a 10-minute HRT at an applied current density of 2.0 mA/cm2, which 

achieved 88.1% overall removal. The remaining 11.9% equals a concentration of approximately 

2.5 mg/L polyphosphate, which would exist in the treated effluent. As mentioned in Section 2.1.3, 

Gilliom & Patmont, (1983) estimate that redox reactions, sorption mechanisms and precipitation 

can remove up to 95% of the phosphorus that passes through leaching bed subsoil. This could 

further reduce the remaining phosphorus concentration that could potentially be released into 

natural water systems down to 0.13 mg/L. This value is well below the Ontario wastewater 

treatment plant maximum allowable discharge limit of 1 mg/L total phosphorus (Government of 

Ontario, 2016).  

Although a phosphorus concentration of 0.13 mg/L could still cause eutrophication in very 

sensitive areas, it must be considered that during the testing phase of this project, synthetic 

wastewater with roughly equal parts orthophosphate and polyphosphate were used. In reality, 

orthophosphate can constitute up to 85% of the total phosphorus designation (Gold & Sims, 2000; 

Magdoff et al., 1974). In keeping the consistent total phosphorus concentration of 20 mg/L, a more 

representative breakdown of orthophosphate and polyphosphate could be approximately 17 and 3 

mg/L, respectively. The results portrayed in Figure 4-4 suggests that nearly all the 17 mg/L 

orthophosphate concentration would be removed. Furthermore, under optimal conditions of a 10-

minute HRT and current density of 2.0 mA/cm2, the polyphosphate concentration was reduced by 

approximately 76 ± 6.1%. Keeping this polyphosphate removal rate, one could expect a total 

phosphorus concentration leaving the manifold reactor of approximately 0.75 mg/L. The leaching 

bed subsoil could further reduce this value to 0.04 mg/L total phosphorus or less entering natural 

water systems.  
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In a majority of regions in Southern Ontario, excess phosphorus concentrations of 0.04 mg/L 

would not be a significant contributor to eutrophication. Nonetheless, as previously stated, even 

concentrations of 0.015 mg/L could cause eutrophication in sensitive areas. In these regions, the 

application of higher current densities in the manifold reactor could be investigated to further 

reduce polyphosphate concentration to negligible levels at the cost of higher energy consumption. 

It should be considered that the removal parameters of 2.0 mA/cm2 and an HRT of 10 minutes 

achieved the highest total phosphate removal percentage and are deemed to be the observed 

optimal parameters over the testing range of this project. In reality, a wider range of current 

densities and HRTs should be investigated, coupled with statistical analysis to determine the true 

optimal parameters for total phosphorus removal using a manifold reactor. 

4.3 Investigation of pH  

During each test conducted throughout this research work, the wastewater pH was raised by 

roughly 1.5-2.5 from initial synthetic wastewater values to post treated effluent. This corresponds 

to pH values starting from 5-6 and ending at 7-8, which is in good agreement with the results 

produced by Hashim et al. (2019). This result was expected as initial synthetic wastewater pH is 

slightly acidic, the water can have a higher CO2 content which can be expelled from the solution 

due to the movement of H2 bubbles formed through EC (Xueming Chen et al., 2000). The release 

of CO2 raises solution pH. Additionally, in acidic conditions, the reaction outlined in Equation 2-

4 will shift to the left. This shift, coupled with the simultaneous reaction presented in Equation 2-

2 will both result in the consumption of H+, which further contributes to an increase in pH during 

EC treatment (Ge et al., 2004). 

The observed increase in pH did not have any significant effect on the removal of orthophosphate 

or polyphosphates. This is likely due to the fact that synthetic wastewater influent pH was 

consistent, therefore, each test during the project experienced the same conditions leading to 

roughly the same increase in pH. Typical STE has been measured to range from pH 6.37 to 8.5 

(Brandes, 1978b; Richards et al., 2016). This range coincides with the optimal range of pH 4-9 for 

EC using aluminum electrodes (Gharibi et al., 2010; Parsa et al., 2011). This means that no pH 

alteration is required to directly treat STE using a manifold reactor while obtaining optimal results. 
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An important aspect to consider is that the treated wastewater ranged from 7-8, signifying that the 

treated STE would be neutral or slightly basic and will match typical STE pH. From this analysis, 

in can be concluded that treatment with the manifold reactor would not produce highly acidic or 

basic effluent. There is therefore no inherent risk of downstream harm to the environment upon 

discharge of treated wastewater through a leaching bed.  

4.4 Sludge Production 

Sludge produced as a result of phosphorus removal using the manifold reactor is critical 

information, as a septic tank has finite space for sludge storage. Sludge volume produced on a 

yearly basis due to treatment with a manifold reactor must be considered so as not to overwhelm 

the septic tank if sludge recycling into the septic tank is implemented. The manifold reactor can 

be configured to dispose of sludge in a variety of ways depending on how much sludge is estimated 

to be produced (more on this in Section 4.7). It is important to garner data on sludge production at 

a variety of applied current densities and HRTs which correlate to various total phosphorus 

removal rates. This will help determine optimal parameters that will limit sludge production while 

achieving removal objectives. This data will also govern the optimal sludge disposal method used 

by the manifold reactor.  

To determine sludge production, TSS values must be used in conjunction with a measured SVI, as 

described in Section 3.5. TSS concentrations were obtained for a series of tests targeting mixed 

phosphorus removal, again under the operating conditions of an applied current density ranging 

from 0.70-2.8 mA/cm2 over HRTs of 10 and 15 minutes. The TSS concentrations are plotted 

alongside total phosphorus removal percentages in Figure 4-5. 
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Figure 4-5: TSS production associated with orthophosphate removal at a variety of applied current densities 

and HRTs 

 

There is some evidence of a relationship between TSS and total phosphorus removal percentage, 

which is seen by higher TSS values on average with applied current densities of 2.0 and 2.8 

mA/cm2. This trend is visible during tests of both 10 and 15-minute HRTs. However, when 

comparing tests using the same applied current density, there is little evidence of a relationship 

between higher TSS and a longer HRT. A look at tests who received 2.8 mA/cm2 shows that the 

TSS associated with the 15-minute HRT is higher than that of the 10-minute HRT, however the 

opposite is true from tests who underwent 0.70 and 2.0 mA/cm2. This could lead to the conclusion 

that current density has the most influence on TSS production in the manifold reactor.  

Analyzing TSS alone does not provide a comprehensive picture of the sludge production that 

would occur in a Class IV septic system. TSS is based on a dry weight, as where sludge entering 

a septic tank would be in wet form, with entrapped water. A SVI was developed for each test to 
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see how TSS would relate to the volume of sludge that would have to be disposed of on a daily 

and yearly basis. SVI data is presented in Table 4-1 and 4-2. 

Table 4-1: Sludge volume index and yearly sludge production values at different applied current densities over 

an HRT of 10 minutes 

Current 

Density 

(mA/cm2) 

TSS 

(mg/L) 

Dry Sludge 

Production 

(kg/year) 

Settled Sludge 

Volume (mL/L) 

Sludge Volume Index (L/kg) 

0.70 49 36 29 592 

1.4 38 28 32 842 

2.0 51 37 42 823 

2.8 47 34 49 1043 

 

Table 4-2: Sludge volume index and yearly sludge production values at different applied current densities over 

an HRT of 15 minutes 

Current 

Density 

(mA/cm2) 

TSS 

(mg/L) 

Dry Sludge 

Production 

(kg/year) 

Settled Sludge 

Volume (mL/L) 

Sludge Volume Index (L/kg) 

0.70 42 31 30 714 

1.4 38 28 30 789 

2.0 45 33 36 800 

2.8 60 44 50 833 

The SVI values range from 592-1043 L/kg, which are larger but on the same scale as SVI values 

produced from paper mill effluent using aluminum electrodes, which ranged from 207-310 L/kg 

(Lai & Lin, 2003). Based on SVI values, a manifold reactor treating a typical 2000 L/d of 

wastewater would produce anywhere from 600-1000L/d of wet sludge. However, this range is 



 

 

59 

 

extremely inflated, as SVI readings are based on a 30-minute settling time. One settled sludge 

sample was observed over 24 hours and was seen to reduce in volume by 33 %. It is anticipated 

that given more time, this volume would reduce further. Over extended settling periods, it is 

expected that the sludge produced by the manifold reactor would be closer in characteristics to the 

existing sludge in the septic tank. The flocs would disperse in the sludge and become much more 

compact, forcing the excess water to the surface where it would exit the tank. To garner a more 

accurate look at a manifold reactors sludge production, the dry sludge (TSS) should be evaluated. 

The sludge in a typical septic tank can range from a TSS concentration of 147-400 mg/L, with a 

median in that range of 275 mg/L (Brandes, 1978a; Nasr & Mikhaeil, 2015). Considering this 

value, a dwelling producing 2000 L/day of wastewater would offload approximately 200 kg/yr of 

suspended solids into the septic tank. Considering the optimal total phosphorus removal conditions 

(current density = 2.0 mA/cm2, HRT = 10 min), TSS production was measured to be 51 mg/L for 

a yearly production of 37 kg, based on treating 2000L/d. This signifies that, the addition of a 

manifold reactor for dissolved phosphorus removal would only increase the suspended solids 

content in the septic tank by approximately 16% per year. This equals a total of 237 kg/year 

entering the septic tank. From a retrofit perspective, a 16% increase in suspended solids per year 

would not overload an existing septic tank. Septic tank design typically imparts a factor of safety 

of 1.5-2 times the anticipated volume of sludge and wastewater production for contingency. 

Regarding the installation of a new septic tank, the design could incorporate the anticipated 16% 

increase in suspended solids production to provide ample storage space for the extra sludge. 

4.5 Al3+ Concentration 

Aluminum concentration in the final effluent entering a leaching bed is an important consideration 

and must be limited so as to not cause downstream contamination. It is key to balance the removal 

of dissolved phosphorus while limiting contamination of coagulant – in this case aluminum ions. 

To investigate the effluent aluminum concentration emitted by the manifold reactor, a series of 

tests were conducted at the same current density range of 0.35 – 2.8 mA/cm2 over HRTs of 10 and 

15 minutes. The results of the aluminum testing phase are visible in Figure 4-6. 
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Figure 4-6: Aluminum concentration in effluent with associated orthophosphate removal. a) Aluminum 

concentration values. b) Orthophosphate removal associated with each aluminum concentration 

 

As expected, Al3+ concentration increased with current density, as the application of higher current 

increases the dissociation of aluminum cations from the anode. This result matched the conclusions 

drawn by Sinha et al. (2015). Aluminum concentration also increases with a longer HRT and can 

be seen when comparing tests at the same current density but subjected to HRTs of 10 versus 15 

minutes. Aluminum concentrations are consistently higher at each applied current density during 

the 15 minutes tests, over their 10-minute counterpart. This makes sense considering Faraday’s 

Law of Electrolysis, where extended dissociation times input more metal cations into the 

wastewater, thus effectively raising coagulant concentration. 

 An important factor to consider when trying to limit the amount of excess aluminum expelled in 

effluent is aluminum concentration in relation to removal percentage achieved. In each test, 

synthetic wastewater containing 20 ± 1.10 mg/L of orthophosphate was produced and subjected to 

the various testing conditions outlined in Figure 4-6. In all tests whose orthophosphate removal 
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was below 98%, one sees a relatively low aluminum concentration, in the realm of 0.28-0.57 mg/L. 

In tests with more than 98% removal, a large jump in effluent aluminum concentration is seen, 

with ≥1.0 mg/L being observed. This increase can be attributed to the almost complete removal of 

dissolved phosphorus. With most available phosphate ions being entrapped in or adsorbed to flocs, 

the remaining aluminum ions being dissociated into the wastewater have no anions to bind with, 

leaving them suspended in the solution. On the contrary, in tests that did not obtain near 100% 

removal, most of the available aluminum ions took part in the coagulation process by linking with 

phosphorus molecules to create flocs. These flocs were then filtered out, thus removing the 

aluminum from the wastewater stream and providing a lower final effluent concentration. 

To minimize aluminum concentration, the operating parameters must be chosen to achieve 

removal goals using the lowest possible current density and HRT. This means to select a current 

density using the shortest feasible HRT that will only just obtain removal requirements. This will 

mitigate the admission of excess aluminum ions into the wastewater which will not form flocs and 

therefore will not be subsequently removed from the effluent stream. 

The error associated with orthophosphate removal was extremely low and coincided with previous 

tests whose aim was to remove orthophosphate at the same operating conditions. The error 

associated with aluminum concentration is slightly higher across the board. The highest error 

obtained was ± 0.19 mg/L (current density = 2.8 mA/cm2, HRT = 10 min), which is a variation of 

± 11.2% of the average aluminum concentration of 1.7 mg/L. As orthophosphate removal 

deviation was consistent across all of these tests, the increased error could be due to uneven mixing 

inside the reactor which leads to uneven distribution of aluminum ions during sampling. 

Additionally, this error could be associated with uneven corrosion occurring on the electrodes 

which could alter the anode dissociation between tests, resulting in varying aluminum 

concentrations being recorded. Finally, the HACH Aluminum reagent set used to test for aluminum 

concentration is accurate to 95%, signifying that analysis error of ± 5% could be experienced on 

any given test. These three potential sources of error could explain the higher variation in 

aluminum concentration values that were observed. 
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To achieve treatment goals while mitigating effluent aluminum concentration, Ontario standards 

must be consulted to garner information regarding maximum effluent discharge concentrations 

and human and environmental health risk associated with aluminum contamination. The 

Guidelines for Canadian Drinking Water Quality (Health Canada, 2019) state that in 1988, an 

operation guidance value pertaining to aluminum concentration was set at 0.1 mg/L for 

conventional treatment plants using aluminum based coagulants. This value was implemented to 

protect distribution pipes from aluminum coating, which can cause pressure losses which lead to 

increased pumping loads (Government of Canada, 2019). It is implicitly stated in the document 

that the operation guidance value was not implemented as a health-based guideline. They claim 

that no reliable evidence has been produced to link low-level consumption of aluminum in drinking 

water to direct health effects in humans, which is supported by several studies (Gauthier et al., 

2000; Martyn et al., 1997). Moreover, in 2019, the Government of Canada proposed setting a 

maximum acceptable concentration of aluminum in drinking water of 2.9 mg/L (Government of 

Canada, 2019). Based on studies performed on rats, this value was considered safe and did not 

cause any adverse neurological effects. 

When analyzing these proposed values, it is important to consider that the end treatment goal for 

a Class IV septic system is not for drinking water or water reuse. Therefore, the operation guidance 

value of 0.1 mg/L and the proposed maximum concentration of 2.9 mg/L does not pertain to a 

Class IV system that would use a manifold reactor for phosphorus removal. Currently, there is no 

available information provided by the Canadian or Ontario government that limits effluent 

aluminum concentration in wastewater that has been treated but is not for the purpose of drinking 

water. However, it is important to note that the observed final aluminum concentrations observed 

during each test were below the proposed value of 2.9 mg/L proposed by the Canadian 

Government. In light of this, treated effluent entering a leaching bed would not be considered as a 

human, animal or environmental concern. 

In Ontario, it is recommended to pump out a septic tank once every 2-3 years. Septic waste is 

typically brought to a wastewater treatment plant for treatment alongside regular domestic 

wastewater or is landfilled. Although not typically the case for domestic wastewater, septic waste 

containing high concentrations of metals may not be accepted at wastewater treatment plants. This 
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would result in the necessity of disposal at hazardous waste specific sites. This could incur high 

disposal costs to the consumer. It is therefore vital to analyze the flocs produced by the manifold 

reactor for aluminum concentration, as they will be reintroduced into the septic tank to mix with 

primary sludge and will be periodically pumped as such. Estimation using Faradays Law of 

Electrolysis coupled with the results presented in Figure 4-6 can provide a picture of the 

approximate aluminum concentration of the sludge. This is possible because Faradays Law 

(Equation 2-7) predicts the theoretical mass of dissociation from the anode over the duration of a 

test. Measurements were also taken to evaluate the aluminum concentration in the treated effluent. 

One could then multiply the theoretical dissociated mass by the total volume treated and subtract 

the final aluminum effluent concentration from this value to see how much aluminum was trapped 

in the sludge. This would provide the approximate aluminum concentration in the sludge. Table 

4-3 provides data relating to Faradays dissociation estimations and measured aluminum 

concentrations. 

Table 4-3: Theoretical aluminum concentration in sludge produced from orthophosphate removal at a variety 

of applied current densities and HRTs 

HRT 

(min) 

Current 

Density 

(mA/cm2) 

Volume 

Treated 

(L) 

Faradays 

Estimated 

Dissociation 

(mg/L) 

Measured Aluminum 

Concentration in 

Effluent (mg/L) 

Estimated Concentration of 

Aluminum in Sludge (mg/L) 

10 0.35 14.8 0.631 0.278 0.352 

10 0.70 14.8 1.26 0.513 0.744 

10 2.0 14.8 2.47 1.00 1.47 

10 2.8 14.8 4.95 1.66 3.29 

15 0.35 11.1 1.26 0.370 0.89 

15 0.70 11.1 2.51 0.574 1.93 

15 2.0 11.1 4.94 1.26 3.68 
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15 2.8 11.1 9.88 1.86 8.02 

At maximum operating conditions, the estimated aluminum concentration in the sludge produced 

by the manifold reactor is 8 mg/L, with values as low as 1.5 mg/L obtained at the optimal 

conditions (HRT = 10 minutes, current density = 2.0 mA/cm2). In comparison, Barakwan et al. 

(2019) characterized alum sludge from a wastewater treatment plant (WWTP) that uses chemical 

coagulation and found its aluminum concentration to be nearly 1200 mg/L. The treatment plant 

sludge aluminum concentration is almost 1000 times higher than the concentration observed under 

optimal treatment conditions using the manifold reactor. Taking the aluminum concentration of 

1.5 mg/L, the yearly production of aluminum entering the septic tank for a dwelling producing 

2000 L/d of wastewater would be 1.07 kg. When diluted with the yearly suspended solids 

production from the dwelling of 200kg, this would create a mass concentration in the septic tank 

of 0.0054 kgaluminum/kgsludge. The observed mass concentration is substantially lower than alum 

sludge from a WWTP characterized by Awab et al. (2012), who reported values of approximately 

0.0128 kgaluminum/kgsludge. It can be concluded that sludge produced by the manifold reactor does 

not contain high levels of aluminum in comparison to sludge produced through chemical 

coagulation. Alum sludge is typically landfilled or used in agricultural practices without treatment 

(Dassanayake et al., 2015). This signifies that manifold reactor sludge could be disposed of in a 

similar manner with no concerns. Additionally, the Schedule 4: Leachate Quality Criteria section 

in O. Reg. 347 does not provide a toxic limit pertaining to aluminum (Goverment of Ontario, 

1990). This signifies that aluminum concentration and therefore EC flocs are not a cause for 

concern regarding contamination. A toxic characteristic leachate procedure (TCLP) is therefore 

not necessary to asses sludge toxicity, as any aluminum concentration is permittable for disposal 

without further treatment or alteration. 

4.6 Scalability and Versatility 

The constraints and criteria considered when designing the manifold reactor state that the system 

must be versatile and scalable to accommodate site specific conditions. This includes being able 

to be retrofitted into an existing Class IV septic system as well as being implemented in line with 

a new septic system installation. This also includes the system’s ability to treat wastewater with 
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varying concentrations of dissolved phosphorus, including higher strength industrial effluent. A 

high strength investigation was conducted to see how the manifold reactor performed when 

treating wastewater with an influent orthophosphate strength of 75 ± 3.9 mg/L. The data is 

presented in Figure 4-7.  

 

Figure 4-7: Effect of initial concentration on orthophosphate removal at a variety of applied current densities 

over an HRT of 15 minutes 

 

One can see that 96.3% removal of orthophosphate was achieved using a high strength influent 

wastewater, thus adding a degree of versatility to the manifold reactor. Increasing phosphorus 

initial concentration decreases the removal effectiveness. This result was confirmed by El-Shazly 

& Daous (2013), who obtained removal percentages of roughly 99 and 80% using influent 

phosphorus concentrations of 25 and 100 mg/L, respectively. These removal percentages were 

obtained using identical HRTs and current densities. The result is likely due to a lack of available 

adsorption points on the aluminum hydroxides due to an increase in phosphorus molecules in the 

wastewater, resulting in deficient coagulation (Bektaş et al., 2004). 
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The removal rates provided in Figure 4-7 are expected to decrease with the addition of 

polyphosphates. Nonetheless, an extended HRT coupled with a very high current density could be 

investigated to effectively remove polyphosphates at high strength in addition to orthophosphate.  

Another aspect that needs to be considered is the manifold reactors ability to service dwellings that 

produce different daily volumes of wastewater. During testing and prototype development, the 

manifold reactor took the format of having three treatment columns, each having an inner diameter 

of 5.08 cm2 and a height of 45.75 cm. To increase the manifold reactors daily treatment volume 

capability, supplementary treatment columns can be installed. Additionally, each treatment 

column could be scaled up in diameter as well as in height. This would increase the specific volume 

of each column and therefore the overall reactor treatment volume. Table 4-4 provides two sizing 

examples of potential reactor configurations. Configuration 2 can treat double the amount of daily 

wastewater flow than configuration 1 by adding two columns and increasing all columns height 

by 0.3 m. In doing so, the reactor assembled as configuration 2 would function for less than one 

extra hour per day while still treated double the volume of configuration 1. This helps to display 

the design options available when considering the manifold reactor for site specific conditions. 

Table 4-4: Manifold reactor sizing examples to effectively service different daily wastewater volumes 

System 

Configuration 

Daily 

Flow 

(L/day) 

Number of 

Columns 

Column 

Dimensions 

(Inner 

Diameter x 

Height) (m) 

System 

Treatment 

Volume (L) 

(includes 20% 

contingency 

for PVC 

fitting 

volume) 

Daily 

treatment 

Duration 

Using an 

HRT of 10 

minutes 

(hours) 

Configuration 1 2000 10 0.10x0.92 87 3.83 

Configuration 2 4000 12 0.10x1.22 140 4.76 

The caveat with adding columns for increased daily treatment volumes is that system size also 

increases. This could pose issues for potential locations in which the manifold reactor could be 
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installed. Particularly, this could be a concern on sites with limited space for a Class IV septic 

system in the first place. This leads to another attractive aspect of the manifold reactor; in that it 

can be configured to be compact in size without hindering system treatment volume or removal 

efficiency. 

Figure 4-8 depicts three different top views of the manifold reactor according to Configuration 1, 

as outlined in Table 4-4. Figure 4-8a shows the manifold reactor in a linear format, with dimensions 

of approximately 2.3 x 0.11 m. The same system could be constructed according to Figure 4-8b, 

termed the rectangle layout, whose dimensions would be approximately 1.15 x 0.48 m. This reactor 

configuration offers the same treatment volume yet is much more compact thus allowing it to be 

installed in smaller areas. Finally, the same system could be configured in a circular layout, as 

depicted in Figure 4-8c. This orientation is even more compact than the square configuration, yet 

still provides the same treatment volume as the two previous layout options. The approximate areas 

and volumes that the reactor configurations would occupy are presented in Table 4-5. 

 

Figure 4-8: Different manifold reactor configurations including: a) Linear Orientation b) Rectangular 

orientation c) Circular orientation 
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Table 4-5: Approximate top area and volume occupied by each proposed reactor orientation 

Layout Approximate Top View 

Area (m2) 

Approximate Volume 

Occupied by System (m3) 

Linear 0.25 0.23 

Rectangular 0.55 0.50 

Circular 0.13 0.11 

The circular layout is deemed to be the optimal configuration. Shown in more detail in Figure 4-

9, the circular manifold reactor layout would have the same treatment volume as the linear and 

rectangular layouts, while occupying a fraction of the volume. This determines that it is the most 

compact and versatile option. The current setup depicted in Figure 4-9c has a top-circular area of 

0.13 m2, while each treatment column takes up only 0.0095 m2 for a total of 0.095 m2 when 

considering all 10 columns. This leaves 0.035 m2 of unused surface area on the base tray. It could 

therefore be feasible to fit an additional 1-2 treatment columns in the same cylindrical volume. 

This would increase the system treatment volume up to 16% over layouts in Figure 4-8a and 4-8b 

without increasing the overall system footprint.  

The circular manifold reactor configuration would use a circular tray base made of PVC, that all 

treatment columns would be installed into. A single inlet on the bottom center would provide even 

flow distribution to all treatment columns so long as the reactor is level when installed. All 

treatment columns would be fitted into a similar tray on the top end, where treated wastewater 

would congregate and mix to further enhance flocculation prior to exiting through a single outlet. 

The top tray would have a waterproof compartment where the top of the electrodes and their 

connections would be situated. This compartment would be fitted with a removable lid to allow 

for maintenance. The trays could be designed to accommodate standard schedule 40 PVC tubing. 

The trays could be pre-built to house any number of columns of any particular diameter to suit site 
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specific needs. The implementation of circular trays would negate the use of PVC fittings, which 

increase the size of the manifold reactor. Additionally, PVC fittings are not optimal for wastewater 

flow, as they create redundant spaces for wastewater to collect, where no reactions occur.  

 

Figure 4-9: Schematic views of a manifold reactor constructed according to the circular orientation 

 

4.7 Reactor Implementation 

It is beyond the scope of this research work to physically install a manifold reactor into a Class IV 

septic system to verify treatment performance in a real-world scenario. Nevertheless, it is 

important to conceptualize how the reactor would be installed and function to garner a better 

picture of the manifold reactors feasibility. The first issue that needs to be considered is how 

wastewater will travel from the septic tank to the manifold reactor and subsequently get treated 

and exit the reactor. Flow must be controlled to maintain the desired HRT inside the reactor to 

achieve adequate treatment. Additionally, the reactor must only receive power when water is 

flowing and not during low water use periods when septic tank levels are unchanging. A pump 

must be located between the septic tank and the manifold reactor to draw water at a consistent rate. 
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To achieve controlled flow, one option is to install a collection tank attached to the outlet of the 

septic tank, as depicted in Figure 4-10. The collection tank would be sized at the same volume as 

the manifold reactor, which relates to site specific conditions and treatment requirements. A factor 

of safety of 15-20% of the manifold reactor volume would be included in collection tank size for 

contingency. An outlet at the bottom of the collection tank would be attached to a pump, which is 

able to convey water from the tank directly to the manifold reactor inlet. A flow switch would be 

installed between the outlet of the collection tank and the inlet of the pump. A flow switch is a 

tube that does not obstruct fluid flow but can detect when water is flowing. A flow switch can be 

configured to send a signal to a control panel when it stops sensing fluid flow. The signal will 

notify the control panel to deactivate a system, such as a pump or power supply.  

 

Figure 4-10: Schematic of a manifold reactor installed in-line with a septic tank coupled with a collection tank 

and pump for controlled flow 

 

A float with an appropriate sensor would be installed inside the tank. The float would be located 

so that it trips the sensor when the tank becomes full. The sensor would then send a signal to a 

control panel which will activate the pump and the DC power supply simultaneously. This would 

activate the manifold reactor and facilitate EC. The pump would run at a pre-determined speed so 

that it delivers water to the manifold reactor at a flow rate that will achieve the desired HRT inside 

the system. Likewise, the DC power supply will apply a pre-determined amount of current to the 

electrodes to obtain the desired current density in the treatment columns.  
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Once the float has been tripped and the manifold reactor is running, the pump will completely 

drain the collection tank. While pumping, the flow switch will be detecting fluid flow towards the 

manifold reactor. Once the tank has been fully drained, the pump will begin to pull air through the 

conveyance tubing, at which point the flow switch will no longer detect flow. The moment that 

flow stops, the flow switch will send a signal to the control panel which will stop the pump and 

turn off the DC power supply. Fundamentally, the manifold reactor will activate once the float 

signals the control panel saying the collection tank is full. The reactor will then deactivate when 

the flow switch stops detecting flow, signifying that the tank is empty. Any water remaining in the 

reactor when the systems shut off will not receive treatment, as the DC supply will no longer be 

on. This water will remain in the reactor until the collection tank refills, at which point the float 

sensor will signal the control panel and treatment would resume. This signifies that any wastewater 

entering the manifold reactor will receive the desired HRT but could receive its full HRT over the 

span of two treatment cycles, depending on flow entering the septic tank. 

To ensure that a pause in treatment did not affect removal, a test was conducted using a HRT of 

10 minutes, current density of 0.70 mA/cm2 and influent orthophosphate concentration of 20 mg/L. 

The reactor was switched on and run for 5 minutes prior to being completely shut off for 20 minutes 

before it was switched on again and run for an additional 5 minutes. Sampling was then performed 

as normal. In total, the wastewater received 10 minutes of treatment time. Removal was 97.6%, 

which agrees with the removal of 98% presented in Figure 4-2, using the same operating 

conditions. 

During peak water use times, the collection tank will be continually filling, sometimes at rates 

equal to or faster than it is being pumped out. In these situations, the manifold reactor will continue 

running to keep up with demand until influent flow slows and eventually the tank drains. At that 

point, the flow switch will signal the control panel to stop treatment. It should be noted that the 

pump will be pumping at rates of approximately 8-20 L/min (480-1200 L/hour). Water levels in 

the septic tank will therefore not raise significantly for long periods of time, which could otherwise 

cause damage to the septic tank or hinder anaerobic treatment. 
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As described in Section 4.4, the lightweight nature of the produced flocs leads to a lack of 

settleability which creates a large volume of non-compact sludge. To deal with the sludge, flocs 

need to be either settled out over a detention time longer than 30 minutes or be directly filtered out 

of the treated effluent. Further, settled or filtered flocs must be disposed of properly and safely so 

that on-site contamination does not occur.  

Two options were developed as potential ways to install the manifold reactor in line with a Class 

IV septic system. Both options would be retrofittable into an existing system or compliment a new 

system installation to remain consistent with project constraints and criteria. 

4.7.1 Manifold Reactor with Sludge Settling  

One option is to incorporate a settling basin subsequent to the reactor but prior to the leaching bed. 

A diagram of the proposed system is shown in Figure 4-11. The settling basin would be able to 

collect the treated wastewater, where it would be allowed to settle for a pre-determined about of 

time to remove flocs. 

 

Figure 4-11: Flow diagram of a manifold reactor coupled with a settling basin for floc removal 

 

To accurately design the settling basin, further research regarding sludge settling flux as well as 

floc settling velocity using Stokes’ Law is necessary (Khelifa & Hill, 2006; Mahesh et al., 2006). 



 

 

73 

 

It is beyond the scope of this project to accurately design the settling basin. However, the logistics 

of how this system functions can still be outlined.  

The settling basin volume and detention time would be chosen in accordance with the peak daily 

flowrate coupled with the manifold reactor treatment volume and sludge characteristics. After the 

chosen detention time that allows the flocs to settle, a small pump attached to the bottom point of 

the settling basin would pump out the bottom 10-20% of the tank to remove the flocs, leaving 

treated wastewater that is free of sludge in the settling basin. The pump would be connected to the 

septic tank primary chamber. Flocs would be re-introduced to mingle with the existing sludge and 

compress further to release entrapped water. Once the pump shuts off, a valve will open near the 

base of the settling basin to let water flow towards the leaching bed where it will percolate back 

into the ground. 

The primary constraint associated the settling basin is that it must detain sludge long enough for 

flocs to settle. Yet, the detention time must be short enough to deliver the daily amount of produced 

wastewater to the leaching bed, so as not to back up the Class IV system. This configuration is 

complex, due to the need for additional commands to and from the control panel to recycle sludge 

back to the septic tank and to control the valve allowing water to enter the leaching bed. Moreover, 

advanced calculations and research is required to properly size the settling basin. 

4.7.2 Manifold Reactor with In-Line Filtration Device 

Another option in which to install the manifold reactor to ensure effective floc removal is to install 

a filtration device subsequent to the reactor outlet before the leaching bed. A potential system flow 

diagram is presented in Figure 4-12. 
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Figure 4-12: Flow diagram of a manifold reactor coupled with a disk filter for floc removal 

 

The ideal filtration device would be a disk filter. A disk filter comprises a tower of disks fitted 

with porous ridges. The pores are engineered to be a specific diameter, typically in the micron 

range, to trap the desired particle size existing in the wastewater to be filtered. Wastewater is pulled 

through the disks that are spinning at a high rate of speed. The particles get trapped in the disks 

pores and are removed from the water stream. The water is collected in a central tube inside the 

disk tower, where it flows out of the filter, free of particles that are bigger than the pores of the 

filter disks. Several disk filter manufacturers produce disk filters with a backwash option. Flow is 

diverted inside the filter to enter where the filtered water typically exits under regular operation. 

This causes the disks to spin in the opposite direction and in doing so, dislodge the entrapped 

particles from the disks. This water stream then exits through a third outlet in the disk filter, where 

the contaminated backwash water can be collected or disposed of.  

A small effluent tank would be installed subsequent to the manifold reactor outlet, which would 

collect treated effluent containing flocs. The effluent tank volume would be sized at 50-100% of 

the manifold reactor volume, depending on how often it is desired that the disk filter be operated. 

A float would be installed in the effluent tank, similar to that installed in the collection tank, which 

would send a signal to the control panel when the tank becomes full. The control panel would then 

signal to the pump to draw water for a specified duration from the tank through the disk filter. The 

duration would be set to not completely drain the effluent tank, so that the pump never draws in 
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air, which could cause pump damage. During regular operation, the water passing through the disk 

filter would then be diverted directly to the leaching bed, where it would percolate back into the 

ground. Periodically, depending on the size of the disk filter and the daily sludge volume, the disk 

filter would need to be backwashed to retain its filtration effectiveness. The control panel would 

be set to perform a system backwash, where the disk filter would divert the incoming water to flow 

reversely through the filter, thus dislodging the particles. This backwash water containing a high 

level of contamination would then be recycled back to the septic tank, where it will mix with the 

existing sludge and settle. The backwash frequency could be set on an hourly, daily or weekly 

basis. This system is complex due to the requirement of an additional effluent tank and float sensor 

to control filtration cycles. Additionally, research would be required to determine the proper 

backwash frequency. Finally, filter disks would periodically need to be replaced, which would add 

to the operation and maintenance cost of the system.  However, this option provides a thorough 

floc removal method which would likely be more effective than the implementation of a settling 

basin. 

4.7.3 Pump Sizing 

An appropriately sized pump is required to facilitate STE flow from the septic tank to the manifold 

reactor. A secondary pump is also required for the recycle flow to convey sludge back to the septic 

tank from the settling basin or disk filter backwash cycle. It is important to size the pumps so that 

they are able to accommodate the necessary flow rates, but not to oversize the pump, which would 

add unnecessary cost. An end-suction centrifugal pump would be ideal for the applications 

required by the manifold reactor setup, as it can be installed in-line with a septic tank outlet and is 

not required to be submerged to function. Specific pump sizing would differ in each system as 

flow rates are site-specific, leading to variable manifold reactor sizes and HRTs. Several things to 

note are that estimated flow rates to the manifold reactor in domestic applications are relatively 

low and would vary from approximately 5-50 L/minute. An important consideration is that the 

manifold reactor and pump can be installed in a manner that mitigates the formation of a pressure 

head that the pump would have to overcome during pumping. The pump could be installed at the 

level of the septic tank outlet. From there, it would pump water downwards a distance of roughly 
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0.9-1.8 m to the inlet of the manifold reactor, depending on reactor height. This would allow for 

the use of a weaker pump, which would reduce capital cost. 

To size a pump for any given system, one must determine the pressure head that will be exercised 

on the pump as well as the anticipated peak flow rate introduced by the dwelling. One will then 

want to acquire a pump that operates at maximum efficiency near the peak flow rate that is 

expected. From there, the theoretical location in which the pump and reactor are to be installed can 

be altered to increase or reduce pressure head to closer match the conditions of maximum 

efficiency outlined by the pump, to save energy costs. 

4.8 Economic Analysis 

4.8.1 Operation and Maintenance Cost 

The operating cost consists principally of the energy used to power the EC process and the energy 

used by the two pumps for their individual purposes. The maintenance cost is associated with 

periodic electrode replacement. 

To be able to calculate the daily energy consumption, one must first determine the time that the 

manifold reactor and pumps will be operating on a daily basis. This is determined using system 

treatment volume, system HRT and daily wastewater flowrate combined into Equation 4-1. 

𝑡 =  
𝑉𝑑𝑎𝑖𝑙𝑦

(
𝑉𝑠𝑦𝑠𝑡𝑒𝑚

𝐻𝑅𝑇
) ∗ 60(

ℎ𝑜𝑢𝑟
𝑚𝑖𝑛𝑢𝑡𝑒)

 
(4-1) 

Where, 

t is the daily manifold reactor operating time (hour) 

Vdaily is the amount of water that must be treated on a daily basis (L) 

Vsystem is the manifold reactor treatment volume (L) 

HRT is the desired system HRT (minute) 
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To determine the energy expenditure related directly to dissolved phosphorus removal using EC, 

the daily power consumption used by the DC power supply must be calculated using Equation       

4-2.  

𝑃𝑑𝑎𝑖𝑙𝑦 =  
𝐼 ∗ 𝑉 ∗ 𝑡

1000(
𝑘𝑖𝑙𝑜𝑤𝑎𝑡𝑡

𝑤𝑎𝑡𝑡 )
 

(4-2) 

 

Where, 

Pdaily is the daily power consumption (kWh) 

I is the applied current (A) 

V is the applied voltage (V) 

t is the daily manifold reactor operating time (hour) 

In addition to the energy used by the DC power supply, the other significant operating cost is the 

energy consumed by the pump conveying wastewater to the manifold reactor and the pump 

recycling flow back to the septic tank. Pump energy consumption, or hydraulic power, is calculated 

in its simplest form, thus ignoring frictional losses and pump efficiency using Equation 4-3. This 

calculation would provide a hydraulic power value that is slightly lower than expected, as pump 

efficiency would not be 100% and some minor frictional losses would exist in the distribution 

piping. However, without knowing the exact pump being used and the length, diameter and 

configuration of the distribution piping, it would be near impossible to accurately calculate the 

non-ideal hydraulic power. According to the pumping description outlined in Section 4.7, the first 

pump conveying wastewater from the septic tank to the manifold reactor would run for the same 

duration as the reactor itself. This would make t and tpump equal to each other for the main pump. 

Regarding the recycle pump, the associated tpump duration would depend on whether or not a 

settling basin or disk filter is being used and would have to be determined on a case by case basis. 
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𝑃ℎ =  
𝑄𝜌𝑔ℎ𝑡𝑝𝑢𝑚𝑝

3.6𝑥106
 

(4-3) 

Where, 

Ph is the hydraulic power of the pump (kWh) 

Q is flow rate (m3/hour) 

ρ is the fluid density (kg/m3) 

g is acceleration due to gravity (9.81 m/s2) 

h is the differential head (m) 

tpump is the daily pump operating time (hour) 

 

Overall, the operating cost of the manifold reactor on a daily basis can be summed up according 

to an equation adapted from Can et al. (2006) but modified for the application of the manifold 

reactor, displayed as Equation 4-4. 

𝐷𝑎𝑖𝑙𝑦 𝑂𝑝𝑒𝑟𝑎𝑡𝑖𝑛𝑔 𝐶𝑜𝑠𝑡 = 𝑎[𝑃𝑑𝑎𝑖𝑙𝑦 + (𝑃ℎ−𝑚𝑎𝑖𝑛 + 𝑃ℎ−𝑟𝑒𝑐𝑦𝑐𝑙𝑒)] (4-4) 

Where,  

a is the unit cost of electricity ($/kWh) 

Pdaily is the daily power consumption of the manifold reactor (kWh) 

Ph-main is the hydraulic power of the main flow pump (kWh) 

Ph-recycle is the hydraulic power of the recycle flow pump (kWh) 

 

An example operation and maintenance cost calculation can be performed using the system 

outlined as configuration 1 in Table 4-4. The parameters, values and calculations are available in 

Appendix A. 
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The estimated daily operating and maintenance cost for this manifold reactor would equate to 

approximately $0.31/day. On a yearly basis, this would cost the consumer approximately $114. 

A final cost consideration is periodic electrode replacement. To determine the maintenance cost 

relating to electrode replacement, it will be assumed conservatively that electrodes should be 

replaced when they reduce to 50% of their initial mass. Faraday’s daily theoretical dissociation of 

11.9 g (see Appendix A) applies to all 10 anodes in the system, signifying that each anode 

dissociates 1.19 g per day. It should be noted that this is a theoretical estimate made under ideal 

conditions without the consideration of passivation, which would affect dissociation over time. 

Considering polarity reversal, which determines that electrodes are the anode only half of the 

operating time, each electrode dissociates only 0.6 g per day. With initial electrode masses of 504.7 

g each, the electrodes would have to be replaced every 420 days for a total of approximately $303, 

based on 0.03$/g for aluminum sheet metal. It is more appropriate to say that electrodes should be 

replaced once per year. Overall, this manifold reactor would cost the consumer $0.31/day with an 

annual maintenance cost of $303 for electrode replacement. This brings the conservative total to 

$417/year.  

It should be noted that voltage and current values were extrapolated from testing data and cannot 

be deemed as more than an approximation. Additionally, values such as trecycle-pump, pressure head 

values and Qrecycle were assumed and could vary by a large margin should this system actually be 

designed. The provided operation and maintenance cost should only be used as an educated 

approximation of what a manifold reactor would actually cost to operate and maintain. 

4.8.2 Capital Cost 

To estimate the capital expenditure involved with constructing a complete manifold reactor 

system, unit prices will be used at retail pricing. Without further engineering calculations and 

specific quotes from suppliers, costs relating to pumps, collection tanks conveyance tubing, flow 

switches, floats and disk filters will be approximated according to initial calculations. Table 4-6 

provides approximate costs of required materials in Canadian Dollars. The materials and costs 

outlined are the estimated values required to construct the system outlined in table 4-4 as 

Configuration 1, whose estimated operational and maintenance costs were outlined in Section 
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4.8.1. The reactor itself will be constructed as it was built in lab, in accordance with Figure 4-8a. 

A disk filtration system will be used for floc removal, in accordance with the configuration outlined 

in Section 4.7.2. 

Table 4-6: Materials and associated costs of a manifold reactor with disk filter treating 2000 L/d of wastewater 

Material Application Unit Cost Total Cost ($) 

PVC Tubing Treatment Columns $7.50/m x 10.2m 76.5 

Aluminum Sheet Electrodes $165/m2 x 1.08 m2 178 

Rubber Spacers Electrodes $294/m2 x 0.0516 m2 15.2 

PVC Cross Reactor Body $45.7/cross x 11 503 

PVC Tee Reactor Body $9.54/tee x 7 66.8 

PVC Elbow Reactor Body $18.6/elbow x 2 37.2 

PVC Caps Reactor Body $15.8/cap x 12 190 

PVC Cement Reactor Body $8.07/unit 8.07 

Wire Electrical 

connections 

$1.77/m x 35 m 62.0 

DC Power Supply Current Application $620/unit 620 

Pump Wastewater 

Conveyance 

$413/unit x 2 826 

Polyethylene Collection Tank $86.0/tank 86 
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Polyethylene Effluent Tank $86.0/tank 86 

Disk Filter Floc removal $1080/unit 1080 

Flow Switch Collection Tank $117/unit 117 

Float (x2) Collection/Effluent 

Tank 

$84.0/unit x 2 168 

Arduino Control Panel $27.5/unit 27.5 

Flexible PVC tubing Water Conveyance $5.12/m x 15m 76.8 

Total 4224.0 

The total cost including tax to purchase the materials required to construct a manifold reactor in 

accordance with the dimensions outline as configuration 1 in table 4-4 with tax included would be 

approximately $4775. It should be noted that at a production level, wholesale prices would be 

available, which would drastically reduce the material costs. The construction would require 

approximately 6-10 hours labor at an estimated $50/hour. This timeframe would include the 

following tasks: 

• Cutting the PVC tubing to length 

• Cutting electrodes to length 

• Cutting rubber stoppers to the appropriate diameter 

• Attaching the PVC tubing to the PVC fittings 

• Cementing the PVC tubing and fittings 

• Installing the electrodes into the PVC caps 

• Cutting wire to appropriate length for electrical connections  

o DC Power supply to Main grid 

o DC power supply to electrodes 
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o Pumps to main grid 

o Floats to main grid 

o Flow switch to main grid 

o Disk filter to main grid 

o Control panel to main grid 

o Control panel to DC power supply, pumps, floats, flow switch, disk filter 

• Cutting flexible PVC conveyance pipe to length  

o Septic tank outlet to collection tank 

o Collection tank to pump 

o Pump to Manifold Reactor 

o Manifold reactor to effluent tank 

o Effluent tank to pump 

o Pump to disk filter 

o Disk filter to leaching bed 

o Disk Filter to septic tank (recycle flow) 

With labor cost related to the construction of all manifold reactor parts, the total cost could be 

estimated at approximately $5000-5200. This cost could range considerably based on the size of 

the system to construct, the material sources and worker efficiency. 

In comparison, the United States Environmental Protection Agency (US EPA) suggests the 

addition of a sequencing batch reactor aerobic biological treatment unit to reduce phosphorus from 

STE to 1-2 mg/L (US EPA, 2002b). This system however is estimated to have a capital cost of 

$12000-16000 in addition to a yearly operation and maintenance cost of $875-1100. They also 

suggest that the system be maintained four times per year to ensure effectiveness, as the system is 

complex and requires frequent calibration (US EPA, 2002b). The manifold reactor system 

therefore has a lower capital cost, lower operation and maintenance cost, requires less frequent 

maintenance and provides a higher phosphorus removal efficiency that the system recommended 

by the US EPA. 
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5 Conclusions and Recommendations 

5.1 Conclusion 

Eutrophication of surface water bodies in Ontario is a major problem caused by excess nutrients, 

namely phosphorus, entering water systems. When a water body is overly enriched with nutrients, 

the growth of algae and reproduction of cyanobacteria is vastly accelerated, which can deplete the 

waters natural oxygen supply. This can kill native aquatic life and reduce the biodiversity of local 

vegetation. Eutrophication is a natural process but is exacerbated by industrial runoff from 

agricultural practices and urban development, whose inadequately treated wastewater often 

contains a high nutrient load. A chief contributor to eutrophication are dwellings situated in close 

proximity to water bodies, who use Class IV on-site septic systems as their primary form of 

wastewater sanitation. Ontario legislation does not limit the maximum allowable phosphorus 

discharge concentration from these systems, which do not incorporate treatment mechanisms that 

directly target phosphorus removal. This leads to treated STE being expelled with phosphorus 

concentrations well above the levels that can cause downstream eutrophication. Should the Ontario 

Government amend legislation to incorporate a phosphorus discharge limit, many if not all existing 

Class IV system would not be able to meet requirements. 

The focus of this thesis was to design, develop and test a continuous flow manifold reactor that 

uses EC to remove dissolved phosphorus from STE, with the goal of mitigating downstream 

eutrophication.  System success was based on removal efficiency and system optimization through 

testing over a variety of current densities, HRTs and influent phosphorus compositions and 

concentrations. EC is a prominent wastewater treatment technology that uses electrochemical 

principals to generate coagulants in-situ using two or more electrodes who receive an applied 

current. The coagulants promote flocculation of dissolved contaminants and subsequent 

coagulation to form flocs, which can then be gravity settled or filtered out of the wastewater stream. 

The designed manifold reactor uses three treatment columns, each with its own electrode pair in a 

parallel-series electrode configuration. The system has a single wastewater inlet installed in the 

bottom and a single outlet at the top, signifying that the reactor creates an upward flow. 
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The manifold reactor was tested at a variety of system HRTs and applied current densities to see 

how dissolved phosphorus removal was affected. The system targeted the removal of reactive 

orthophosphate and less reactive polyphosphate. The manifold reactor was able to achieve a 99.9% 

removal of orthophosphate from an initial concentration of 20 mg/L using an HRT of 6.5 minutes 

and a current density of 1.4 mA/cm2. This proves that the reactor has the ability to remove 

essentially all orthophosphate from wastewater at concentrations that would be typical of STE. A 

further high strength test resulted in a 96.3% orthophosphate removal rate from an influent strength 

of 75 mg/L using an HRT of 15 minutes and a current density of 5.6 mA/cm2. This verified the 

systems ability to treat wastewater with varying strengths that could originate from industrial or 

domestic sources. A subsequent study was conducted on polyphosphate, using the same influent 

concentration of 20 mg/L. The system achieved 87.8% removal with an HRT of 15 minutes and a 

current density of 2.8 mA/cm2. This shows that polyphosphates are harder to remove than 

orthophosphate, yet the reactor still showed impressive removal capabilities. Finally, tests were 

performed using a 20 mg/L influent concentration consisting of 10 mg/L orthophosphate and 

polyphosphate, respectively. Total phosphate removal of 88.1% was achieved using a 10-minute 

HRT and a current density of 2.0 mA/cm2.  This produced an effluent STE concentration of 2.5 

mg/L, of which leaching bed fill would further reduce to <1 mg/L, a level not considered to 

contribute to eutrophication. Low error values associated with almost every test provides evidence 

of system reliability and consistency over time. 

A sludge analysis was conducted to evaluate the volume of sludge that would be produced by the 

manifold reactor that would have to be disposed of. It was observed that TSS concentration 

increased with current density, but no relationship between TSS concentration and HRT was 

apparent. For a dwelling discharging 2000 L/d of wastewater, it has been found that a manifold 

reactor would only contribute annually to approximately 37 kg of dry solids to the septic tank 

under optimal conditions, increasing the yearly solids input into the septic tank by only 16%. It 

was concluded that a settling or filtration device is required to remove excess water from the 

reactor sludge so that when recycled back into the septic tank, it would more closely match existing 

sludge to enhance settleability. 
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Aluminum concentration in the treated effluent was analysed to ensure that water entering back 

into the ground was not contaminated with aluminum. Aluminum concentration in the effluent was 

seen to increase with higher current density and a longer HRT. This was explained due to increased 

dissociation according to Faraday’s Law of Electrolysis through increasing both of these 

parameters. It was observed that tests which resulted in more than 99% phosphate removal showed 

higher effluent aluminum concentrations, due to an excess of Al3+ ions and a lack of pollutants to 

bind with to create flocs. No legislation exists to limit aluminum concentration in effluent not to 

be used as drinking water therefore manifold reactor effluent was not deemed to be a hazard to 

human, animal or environmental health. Sludge aluminum concentrations were estimated using 

Faraday’s theoretical electrode dissociation and measured effluent aluminum concentrations. 

Concentrations in the sludge ranged from 0.35-8 mg/L, with 1.5 mg/L being observed under ideal 

operating conditions. Once diluted with the existing septic tank sludge, concentrations would be 

reduced to negligible levels, thus not requiring the septic waste to be disposed of at hazardous 

waste facilities. 

Various reactor configurations were developed to optimize treatment volume and spacial 

requirements. These include the circular orientation, which provides a 16% increase in treatment 

volume while occupying half the special volume than the prototype developed for this project. 

Additionally, two flow diagrams were presented which show how the manifold reactor could 

realistically be integrated into a Class IV septic system to treat water while effectively handling 

sludge removal by settling or filtration. 

A cost analysis was performed to evaluate what the capital cost and associated operational and 

maintenance costs would be to construct and operate a manifold reactor system for one year. It 

was concluded that the system could cost approximately $5000 to construct at retail pricing but 

would cost only $417 per year to operate and maintain. 

Overall, the manifold reactor was deemed successful as it was able to reduce dissolved phosphorus 

concentrations from STE down to levels that would mitigate the occurrence of downstream 

eutrophication. Operating conditions were optimized to achieve almost 90% removal of total 

phosphorus while consuming minimal energy. The manifold reactor also proved its versatility and 
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scalability with more than 96% high and low strength phosphate removal coupled with designs 

and example calculations showing how the system could be adapted for varying flowrates. Finally, 

two potential configurations were provided, in which the manifold reactor could be integrated into 

an existing septic system or with a new system installation. These configurations suggest that the 

manifold reactor is retrofittable and also show that the system is relatively hands off due to the use 

of a control panel and infrequent maintenance requirements. These points considered, the manifold 

reactor achieved all pre-determined objectives, constraints and criteria set out at the beginning of 

this thesis project. 

5.2 Future testing 

To get a more accurate picture of the performance, cost and maintenance schedule of implementing 

a manifold reactor in-line with a Class IV septic system, future testing is required to garner more 

data. This data would help to optimize the system to reduce costs as much as possible while 

obtaining the highest level of dissolved phosphorus removal. The following are several tests that 

should be investigated in the future: 

• Tests should be conducted to evaluate long term passivation rates and how passivation 

affects removal performance over time. Longer tests without mechanical electrode cleaning 

and examination of pulsed power and rigorous polarity reversal should be investigated. 

• Construction of various prototypes having differing numbers of treatment columns and 

varying treatment column diameters and electrode sizes to further test system, versatility. 

A prototype should be constructed according to Figure 4-8c to test the effectiveness of a 

compact system. 

• Treatment of synthetic wastewater with other common contaminants such as BOD, COD, 

total nitrogen and TSS in concentrations typical of STE to view if phosphorus removal is 

impacted by the existence of these constituents. In addition to synthetic wastewater, real 

STE from a Class IV septic system should be treated to gain insight on how a manifold 

reactor would perform in a real-world scenario. 
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• Investigation of electrode performance over time as electrode decay progresses to evaluate 

appropriate electrode replacement frequency. This will garner a more accurate 

representation of maintenance related costs. 

• Statistical analysis should be performed on the mixed-phosphate testing data to gain a 

better estimate of true optimal parameters that would provide the best total phosphorus 

removal from STE. 
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APPENDIX A: SAMPLE CALCULATIONS 

Daily operation cost calculation for Section 4.8.1 

Vsystem = 87 L 

Vdaily = 2000 L 

HRT = 10 minutes 

I = 9.4 A* (Applied current density of 2.0 mA/cm2) 

V = 92 V* 

T = 3.8 

tmain-pump = 3.8 hours 

trecycle-pump = 0.75 hour 

hmain-pump = 0.50 m* 

hrecycle-pump = 0.30 m* 

Qmain = 0.52 m3/hour 

Qrecycle = 2.7 m3/hour* 

Pdaily = 3.3 kWh 

a = 0.095 $/kWh (mid-peak Ontario energy pricing)  

* Extrapolated values based on trends observed in testing data, however these values have not been verified in any actual 

experiments. 

** Estimated values 

To size the recycle pump, it was assumed that the pump would pull water from the effluent tank 

through the disk filter at 2.65 m3/hour, which would therefore service the 2000L/day of wastewater 

produced by the dwelling in 0.75 hours. 
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𝑡 =  
𝑉𝑑𝑎𝑖𝑙𝑦

(
𝑉𝑠𝑦𝑠𝑡𝑒𝑚

𝐻𝑅𝑇
) ∗ 60(

ℎ𝑜𝑢𝑟
𝑚𝑖𝑛𝑢𝑡𝑒)

=  
2000𝐿

87𝐿
10𝑚𝑖𝑛 ∗ 60

= 𝟑. 𝟖𝟑 𝒉𝒐𝒖𝒓𝒔 

 

𝑃𝑑𝑎𝑖𝑙𝑦 =  
𝐼 ∗ 𝑉 ∗ 𝑡

1000(
𝑘𝑖𝑙𝑜𝑤𝑎𝑡𝑡

𝑤𝑎𝑡𝑡 )
=

9.4𝐴 ∗ 92𝑉 ∗ 3.8ℎ𝑜𝑢𝑟𝑠

1000
= 𝟑. 𝟐𝟗 𝒌𝑾𝒉 

 

𝑃ℎ−𝑚𝑎𝑖𝑛 =  
𝑄𝜌𝑔ℎ𝑚𝑎𝑖𝑛−𝑝𝑢𝑚𝑝𝑡𝑚𝑎𝑖𝑛−𝑝𝑢𝑚𝑝

3.6𝑥106
=

0.52𝑚3

ℎ𝑜𝑢𝑟
∗ 997

𝑘𝑔
𝑚3 ∗ 9.81

𝑚
𝑠2 ∗ 0.5𝑚 ∗ 3.8ℎ𝑜𝑢𝑟

3.6𝑥106

= 𝟎. 𝟎𝟎𝟐𝟕 𝒌𝑾𝒉 

𝑃ℎ−𝑚𝑎𝑖𝑛 =  
𝑄𝜌𝑔ℎ𝑟𝑒𝑐𝑦𝑐𝑙𝑒−𝑝𝑢𝑚𝑝𝑡𝑟𝑒𝑐𝑦𝑐𝑙𝑒−𝑝𝑢𝑚𝑝

3.6𝑥106
=

2.7𝑚3

ℎ𝑜𝑢𝑟
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𝑘𝑔
𝑚3 ∗ 9.81

𝑚
𝑠2 ∗ 0.3𝑚 ∗ 0.75ℎ𝑜𝑢𝑟

3.6𝑥106

= 𝟎. 𝟎𝟎𝟏𝟕 𝒌𝑾𝒉 

𝐷𝑎𝑖𝑙𝑦 𝑂𝑝𝑒𝑟𝑎𝑡𝑖𝑛𝑔 𝐶𝑜𝑠𝑡 = 𝑎[𝑃𝑑𝑎𝑖𝑙𝑦 + (𝑃ℎ−𝑚𝑎𝑖𝑛 + 𝑃ℎ−𝑟𝑒𝑐𝑦𝑐𝑙𝑒)] 

𝐷𝑎𝑖𝑙𝑦 𝑂𝑝𝑒𝑟𝑎𝑡𝑖𝑛𝑔 𝐶𝑜𝑠𝑡 = 0.095
$

𝑘𝑊ℎ
[3.29 𝑘𝑊ℎ + (0.0027 + 0.0017)𝑘𝑊ℎ] = 𝟎. 𝟑𝟏

$

𝒅𝒂𝒚
 

𝑚 =
𝐼𝑡𝑀

𝑧𝐹
=

9.4𝐴 ∗ 13680𝑠𝑒𝑐𝑜𝑛𝑑 ∗ 26.9
𝑔

𝑚𝑜𝑙

3 ∗ 96500
𝐶

𝑚𝑜𝑙

= 𝟏𝟏. 𝟗𝒈 

 

 

 


