
 

Treatment of High-Strength Brewery Wastewater 

 
by 

 

 

Kimberly Swain 

 

 

 

 

 

 

 

A Thesis 

 

Presented to  

 

The University of Guelph 

 

 

 

In partial fulfilment of requirements 

 

for the degree of 

 

Master of Applied Science 

 

In 

 

Engineering 

 

 

 

 

 

 

 

 

 

Guelph, Ontario, Canada 

 

© Kimberly Swain, May, 2019 

 

 

 

 



 ii 

ABSTRACT 

 

TREATMENT OF HIGH-STRENGTH BREWERY WASTEWATER 

 

Kimberly Swain       Advisor and Co-advisor: 

University of Guelph, 2019      Bassim Abbassi 

         Chris Kinsley 

 

 The beer brewing industry generates substantial volumes of high organic strength 

wastewater. As a result, significant over-strength discharge fees (ODFs) can be imposed on 

breweries by municipalities. This thesis aims to investigate the performance of anaerobic-aerobic 

(A/O) and combined electrocoagulation and chemical coagulation (EC-CC) treatment in reducing 

the contaminant load of wastewater generated by a local brewery. Optimal operating parameters 

for both treatment methods were investigated to enhance removal performance while minimizing 

operating costs. A/O treatment with two anaerobic and two aerobic columns achieved COD, RP, 

TSS removal efficiencies of 93.2%, 99.4%, and 97.5%, respectively. Treatment by EC and post-

CC at 5W for 20 minutes using aluminum electrodes resulted in COD, RP, TP and TSS removal 

efficiencies of 26.4%, 74.2%, 75.9%, and 85.1%, respectively. These treatment methods were able 

to significantly reduce the contaminant load of brewery wastewater demonstrating their potential 

for ODF reduction and cost savings. 
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CHAPTER 1 - INTRODUCTION 

In recent years, technological advancements in the brewing industry have allowed for increased 

production and efficiency in the brewing process (IBISWorld, 2018). However, despite these 

advancements, the brewing industry still remains one of the largest industrial users of water 

(Olajire, 2012). From an environmental protection and sustainability perspective, wastewater 

disposal and by-product management often pose significant challenges for breweries (Russ & 

Schnappinger, 2006). The brewing process frequently results in substantial volumes of effluent 

with high organic content (Brito et al., 2006). Due to the high organic content of the brewery 

wastewater, proper wastewater management is crucial, as disposal of untreated or partially treated 

wastewater can result in eutrophication of receiving waters and severe environmental degradation 

(Eyvaz, 2016; Simate et al., 2011).  

The discharge of brewery effluent to sanitary sewers can also pose economic challenges for 

breweries. Large volumes of high-organic-strength brewery wastewater can result in substantial 

over-strength discharge fees (ODFs) imposed on breweries from municipalities (Stantec Ltd., 

2012). ODFs are calculated based on the type of pollutant and the concentration of that pollutant 

exceeding the bylaw sewer limits. These fees are used to recover costs incurred for the treatment 

of over-strength wastewater at a wastewater treatment plant (WWTP). Depending on the 

municipality, these ODFs vary in terms of cost and bylaw sewer concentration limits (Stantec Ltd., 

2012). However, the municipalities in Ontario have one main wastewater management strategy in 

common. Over the past 6 years, ODFs have increased per cubic meter discharged and bylaw sewer 

concentration limits have become more conservative. This wastewater management strategy aims 

to discourage the disposal of over-strength wastewater into sanitary sewers by imposing increased 

fees on offenders. As such, brewers are incentivised to investigate alternative wastewater treatment 

options in order to mitigate ODFs. Furthermore, as environmental protection legislation becomes 

more rigid, it is expected that ODFs across the province of Ontario will continue to increase. 

In recent years, social perception of environmentally friendly businesses has gained importance 

among consumers. To remain relevant and attractive to their consumers, breweries have 

increasingly adapted sustainable practices to reduce impacts on the environment. For this reason, 

a growing trend in the brewing industry involves the use of renewable energy within the brewing 

process (IBISWorld, 2018). For instance, in 2014, Beau’s All-Natural Brewing Company became 
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the first Canadian brewery to use 100% natural gas obtained from landfill emissions and biogas, 

to power their brewery operations (IBISWorld, 2018).   

Thus, from an environmental, economic and social perspective, the brewing industry should 

consider alternative environmental management practices and technology (Olajire, 2012). The 

treatment of brewery wastewater should aim to maximize removal efficiencies while additionally 

minimizing capital expenditures and operational costs (Brito et al., 2006). Depending on the 

ultimate purpose of the treated water and/or treatment requirements, there are several brewery 

wastewater reclamation alternatives available (Eyvaz, 2016). 

In the brewing industry, physical, chemical and/or biological methods have been applied in the 

treatment of brewery wastewater (Simate et al., 2011). Physical methods of treatment were among 

the first treatment methods applied with screening, sedimentation, floatation, flow equalization, 

etc., processes used for contaminant separation and removal (Simate et al., 2011). However, 

physical methods were generally found to be unsatisfactory and insufficient from a removal 

perspective, especially due to the high contaminant loads common in brewery wastewater (Simate 

et al., 2011). Chemical processes used in the treatment of brewery wastewater include chemical 

precipitation, adsorption, disinfection, chlorination, etc., and have achieved high removal 

efficiencies (Simate et al., 2011). Biological processes have also proven successful, where 

common methods include activated sludge (AS) processes, aerated lagoons, anaerobic digestion, 

pond stabilization, etc. (Simate et al., 2011). Comparing these processes and technologies can be 

difficult as each individual treatment method has both advantages and limitations in terms of 

performance and application.  Nonetheless, these methods in brewery wastewater treatment have 

been proven in terms of their energy and economic efficiency (Simate et al., 2011). 

This dissertation aims to evaluate the performance of two hybrid processes in the treatment of 

brewery wastewater; anaerobic-aerobic (A/O) treatment and combined electrocoagulation (EC) 

and chemical coagulation (CC) treatment. The feasibility and effectiveness of these integrated 

processes will be determined based on removal performance and ability to reduced ODF costs in 

comparison to the cost of treatment. 
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1.1 OBJECTIVES OF RESEARCH 

The goal of this research is to evaluate the efficiency of two wastewater treatment technologies for 

the treatment of high-strength brewery wastewater. Current applications for anaerobic-aerobic and 

electrocoagulation and chemical coagulation treatment technologies will be investigated by 

examining various operating conditions aimed at optimizing performance. Extending these 

treatment technologies to the brewery industry, this thesis will assess the feasibility of these 

technologies to reduce the strength of brewery wastewater. Recommendations for improved 

removal performance and reduced operating cost associated with each treatment will be identified. 

Additionally, the suitability of these treatment methods for reducing/avoiding legislated sewer 

discharge costs will be investigated. 

 

1.2 THESIS ORGANIZATION 

The findings from this research study will be presented in manuscript format and organized into 

five chapters. Chapter 1 will provide an introduction and identify the objectives and format of this 

thesis. Chapter 2 will be composed of a literature review focusing on relevant background 

information regarding the brewery industry, brewery wastewater and related treatment methods 

for brewery wastewater. Chapter 3 will address the layout of the experiments and a brief 

description of the research plans. An introduction to the pilot-scale anaerobic-aerobic treatment 

system will be identified in Chapter 4 with consideration to the operating parameters, kinetic 

coefficients, removal performance, and economic feasibility. An economic evaluation of treatment 

will be presented, which considers the discharge fees before and after treatment in comparison to 

the operating costs associated with EC and combined EC-CC. In Chapter 5, the treatment of high-

strength brewery wastewater by electrocoagulation (EC) and combined electrocoagulation and 

chemical coagulation (EC-CC) will be investigated. To facilitate a comparison between EC and 

combined EC-CC, pollutant removal, operating and recovered costs of treatment will be assessed 

with consideration to sewer discharge fees imposed on Wellington Brewery. Factors affecting the 

EC process and the kinetics of removal will also be investigated. Chapter 6 will provide 

conclusions for the research findings while additionally addressing recommendations for future 

investigations and applications. The references used in this thesis will be identified in Chapter 7. 
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CHAPTER 2 – LITERATURE REVIEW 

2.1 FOCUS OF LITERATURE REVIEW 

This literature review will identify relevant background information in four sections to support the 

research findings in this thesis. The first section will focus on the brewing industry with respect to 

growth, the importance of water and waste management and the characteristics of brewery 

wastewater. The second section will introduce the history of wastewater treatment in brewery 

applications, the principles behind treatment, typical anaerobic-aerobic systems and case studies 

involving the use of these systems. The third section will focus on the theory of EC, factors 

affecting EC, design consideration for EC processes and recent studies on electrocoagulation 

treatment. The fourth section will present recent studies on combined EC-CC treatment. 

 

2.2 THE BREWING INDUSTRY 

2.2.1 GROWTH OF INTERNATIONAL BREWING INDUSTRY 

The brewing industry has an important economic value in the agrofood sector worldwide (Brito et 

al., 2006). As of 2010, the brewing industry has experienced substantial growth as American and 

European markets have doubled in size (di Biase, Devlin, Kowalski, & Oleszkiewicz, 2018). The 

brewing industry holds a strategic position in the global market place with beer being the fifth 

most consumed beverage in the world, in populations above the age of 15 (Olajire, 2012). In 2017, 

worldwide beer production was estimated at 1.95 billion hL with China, the United States and 

Brazil being the top producers (Statista, 2018).  

 

2.2.2 GROWTH OF CANADIAN BREWING INDUSTRY 

In Canada, between 2016 and 2017, the number of breweries has increased by 17.6% from 695 to 

817, respectively (Beer Canada, 2018). It is clear that the majority of breweries in Canada are 

located in Ontario, with 276 operating breweries/brewpubs and an additional 75 in development 

(White, 2018).  Over the past five years, the popularity of small-scale breweries in Canada has 

experienced substantial growth with consumers moving away from beer industry giants that have 

primarily dominated the market (IBISWorld, 2018). To meet the rising popularity in craft beer, 

the majority of new enterprises in the Canadian brewing industry are small-scale breweries 

(IBISWorld, 2018).  
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2.2.3 WELLINGTON BREWERY 

Wellington Brewery, founded in 1985, is Canada’s oldest independently owned microbrewery. 

Originally, Wellington’s recipes aimed to mimic English-Style Real Ales in world renowned 

flavour and character. Over the past 30 years, Wellington Brewery, known for their award-winning 

and well-balanced brews, has continued to grow in popularity and brewing capacity. Following 

the addition of world class brewing equipment in 2015 and economies of scale, the brewery is now 

able to produce twice as much beer in half of the time, while reducing the brewery’s environmental 

impact (Wellington Brewery, 2019). Despite changes to the brewing equipment aimed at 

increasing production and becoming more environmentally friendly, high-strength effluent 

produced during the brewing and cleaning process is still discharged to the municipal sewer 

system. Following the increased popularity and brewing capacity, the municipality is beginning to 

put pressure on Wellington Brewery due to increased wastewater discharge and contamination 

loads. Figure 2.1 summarizes the relevant history of Wellington Brewery. 

 

Figure 2.1: Relevant history of Wellington Brewery (Wellington Brewery, 2019). 

 

2.2.4 THE BEER BREWING PROCESS 

The beer brewing process involves three primary steps; brewing, packaging and cleaning (Simate 

et al., 2011). During the brewing and cleaning steps, significant amounts of effluent are often 

created, which present a challenge for the brewing industry (Simate et al., 2011). During brewing, 

by-products composed of spent grain, spent hops, excess yeast, etc. are produced while, during 

cleaning processes, caustic soda, phosphorous acid, nitric acid are regularly introduced leading to 



 6 

highly polluted mixed effluent (Simate et al., 2011). The amount of brewery wastewater produced 

is dependent on several different factors including, the type of beer produced, the volume of the 

brews, bottle washing, packaging, pasteurizing processes, and the age and type of equipment and 

the cleaning processes (Olajire, 2012). Depending on the production practices, the brewing process 

can consume substantial quantities of water as the production of 1 litre of beer can result in 

approximately 3-10 litres of wastewater effluent (Simate et al., 2011).   

Wastewater created during the brewing process is often highly variable as a result of the mixture 

of effluent streams from different processes and stages (Simate et al., 2011). For instance, bottle 

washing often results in large volumes of effluent with low organics, while fermentation and 

filtering results in small volumes of effluents with high organics (Simate et al., 2011).  

Fillaudeau, Blanpain-Avet, and Daufin (2006) show the main waste streams created in the brewing 

process, shown in Figure 2.2. Excluding CIP (cleaning in place) processes, often the most 

important waste stream produced during the brewing and bottling process include spent grains, hot 

break, fermentation tank bottom, maturation tank bottom, kieselguhr sludge and waste label as 

shown in Figure 2.2 (Fillaudeau, Blanpain-Avet, & Daufin, 2006).  Brewing processes vary 

depending on a variety of different factors, including the specific brewery and the type of beer 

being brewed, thus, additional waste streams can be created in addition to those identified in Figure 

2.2 (Fillaudeau, Blanpain-Avet, & Daufin, 2006). 

 
Figure 2.2: Waste streams created duing the brewing process (Fillaudeau, Blanpain-Avet, & Daufin, 2006). 
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2.2.5 BREWERY WASTEWATER CHARACTERISTICS 

The organic components of brewery wastewater typically include sugars, soluble starch, ethanol 

and volatile fatty acids (VFAs) often leading to the effluent being easily biodegradable (Brito et 

al., 2006). The pH of brewery wastewater often depends on the individual cleaning processes and 

the chemicals used, but typically range in pH between 4.5 and 12 (Brito et al., 2006). The nitrogen 

and phosphorous present in brewery wastewater depend on the raw material used, the amount of 

spent yeast present in the wastewater and occasionally, the chemicals used during CIP processes 

(Brito et al., 2006). Primarily, nitrogen in brewery effluent is from malt and adjuncts, and nitric 

acid used in some cleaning agents. Elevated phosphorous concentrations in brewery effluent is 

often introduced from cleaning agents with the concentration depending on the type of cleaning 

agent used along with the water ratio (Olajire, 2012). The temperature of effluent often ranges 

between 18C to 38C, however, it can also be much higher depending on the specific brewing 

process used (Brito et al., 2006; Simate et al., 2011). The characteristics of typical brewery effluent 

are summarized by parameter in Table 2-1. 

 
Table 2-1: Characteristics of typical brewery effluent including Wellington Brewery. 

Parameter 
Brewery Effluent Composition 

Wellington Brewery Typicala Opaque Beera 

COD (mg/L) 3,700 – 30,000 2,000 – 6,000 8,240 – 20,000 

BOD (mg/L) N/A 1,200 – 3,600 N/A 

TSS (mg/L) 10 – 28,367 200 – 1,000 N/A 

Temperature (C) N/A 18-20 25 – 35 

pH 4.99 – 7.62 4.5-12 3.3 – 6.3 

Total Nitrogen (mg/L) 78.3 – 80.9 25-80 0.0196 – 0.0336 

Total Phosphorus (mg/L) 30 – 2335 10-50 16 – 24 

a Brito et al. (2006).    

As shown in Table 2-1, there are large variations in the parameters for brewery effluent and it 

depends on several factors including the type of beer being brewed. Due to these fluctuations, pre-

treatment prior to disposal to sanitary sewers is suggested to minimize disposal costs, particularly 

because of the increased organic matter and TP concentrations (Simate et al., 2011). Furthermore, 

treatment processes must be flexible with large fluctuations in organic loads while simultaneously 

minimizing costs associated with initial investment and operation (Brito et al., 2006). Table 2-1 
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also demonstrates the substantial variations in the characteristics of the wastewater obtained from 

Wellington Brewery. 

 

2.2.6 WATER AND WASTEWATER MANAGEMENT 

Water and wastewater management has increasingly become more important in brewery 

operations as governing authorities continue to impose more stringent legislation targeting water 

and wastewater disposal (Fillaudeau, Blanpain-Avet, & Daufin, 2006). In order to remain cost 

efficient in the brewery industry and avoid significant ODFs, wastewater often requires pre-

treatment to meet sewer bylaws for the maximum allowable limits of contaminants (di Biase, 

Devlin, Kowalski, & Oleszkiewicz, 2018).  

ODFs are often imposed on facilities that discharge wastewater that exceeds the allowable limits 

of certain parameters, including BOD, TSS, TP and TKN (Stantec Ltd., 2012). The concentration 

of these parameters in wastewater are frequently monitored due to their impact on receiving waters. 

Elevated concentrations of BOD, TP and TKN can result in eutrophication of receiving waters and 

subsequent algal blooms that disrupt aquatic ecosystems (Driessen & Vereijken, 2003). 

Typically, ODFs are defined by a municipality and calculated based on the specific parameter 

exceeding their limit and the corresponding concentration of that parameter exceeding the limit 

(Stantec Ltd., 2012).  ODF programs are used to recover costs associated with the treatment of 

over-strength wastewater and recover capital, administration, operating and maintenance costs for 

the WWTP (Stantec Ltd., 2012). In general, there are two ODF structures where the Type 1 

formula calculates fees depending on an individual compounded parameter weight basis and the 

Type 2 formula calculates fees on a total volume basis (Stantec Ltd., 2012). The Type 1 ODF 

formula is currently being used in York, Hamilton, Durham, Guelph, Waterloo and Ottawa 

(Stantec Ltd., 2012). Due to the fact that Wellington Brewery is located in Guelph, the Type 1 

formula to calculate ODFs will be considered in this dissertation (Stantec Ltd., 2012). The Type 1 

formula used to calculate the daily ODF for each parameter above the applicable sewer discharge 

limit is shown in equation 2-1 (Stantec Ltd., 2012). 

 

 𝐷𝑎𝑖𝑙𝑦 𝑂𝐷𝐹 = ∑(𝐶𝑎𝑣𝑔 − 𝐶𝐵𝑦𝑙𝑎𝑤) ×
𝑄

1000
× 𝑅𝑘𝑔

𝑁

𝑖=1

 (2-1) 
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Where, 

i = surchargeable parameter, 

N = number of surchargeable parameters, 

Cavg = measured average concentration in the effluent of the discharger (mg/L), 

CBylaw = Sewers Bylaw Concentration Limit (mg/L), 

Q = Total flowrate discharged into the sewer (m3/day), 

Rkg = Unit cost per kilogram of parameter being treated ($/kg). 

 

Based on a Type 1 formula approach, Table 2-2, shows ODFs for Ontario Municipalities in 2012 

and 2018.  

 
Table 2-2:  Increase in ODFs for Ontario municipalities between 2012 and 2018. 

  Toronto Ottawa York 

2012a 2018b Increase 2012c 2018d Increase 2012c 2018f Increase 

BOD or Phenolics 

(per kg) 
$0.62 $0.64 3% $1.44 $1.63 12% $0.42 $0.93 55% 

TSS (per kg) $0.60 $0.70 14% $0.77 $0.86 10% $0.42 $0.82 49% 

TP (per kg) $1.69 $2.24 25% $2.31 $2.60 11% $2.10 $2.89 27% 

TKN (per kg) $1.18 $1.43 17% $5.75 $6.47 11% $0.42 $1.07 61% 

a(City of Toronto, 2015), b(City of Toronto, 2018), c(Stantec Ltd., 2012), d(City of Ottawa - Public Works & Environmental 

Services Dept., 2017), f(The Regional Municipality of York, 2016) 
 

As shown in Table 2-2, ODFs have increased in Toronto, Ottawa and York between 2012 and 

2018 for each parameter. Increasing ODFs in Ontario municipalities introduces challenges for the 

brewing industry as effluent containing high concentrations of organic matter is common. For a 

microbrewery or brewery to remain economically feasible and avoid large fees owed to the 

municipality, reducing the amount of over-strength wastewater entering the sewer is important, 

especially with ODFs increasing. Breweries with on-site treatment systems can significantly lower 

costs associated with discharging over-strength wastewater by treating the effluent and reducing 

the concentration of surchargeable parameters. Furthermore, on-site treatment of effluent can 

improve the brewery’s public image by demonstrating the company’s continued commitment and 

engagement towards environmental sustainability. 
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2.3 ANAEROBIC-AEROBIC TREATMENT IN THE BREWING INDUSTRY 

In the brewing industry, the combination of anaerobic and aerobic processes is a common 

treatment method used to facilitate the removal of organics and nutrients in order to meet 

wastewater discharge requirements (Valta et al., 2015). In the treatment of brewery wastewater, 

the amount of energy needed for aerobic metabolism and the creation of sludge are two leading 

factors that contribute to increased cost of aerobic treatment (Brito et al., 2006). Due to high 

concentrations of organic matter in brewery effluent, aeration costs are often significant for aerobic 

digestion. Furthermore, significant volumes of sludge are regularly created during aerobic 

digestion that needs to be handled and disposed of (Brito et al., 2006). As shown in Figure 2.3, a 

modified illustration of anaerobic and aerobic processes is presented (Simate et al., 2011; Driessen 

& Vereijken, 2003).  

 
Figure 2.3: Aerobic and anaerobic processes (Simate et al., 2011; Driessen & Vereijken, 2003). 

Figure 2.3 demonstrates that by combining anaerobic-aerobic (A/O) processes, the advantages of 

both treatment methods can be achieved. The use of anaerobic treatment followed by aerobic 

treatment allows for the system to harness the benefits of both treatment methods resulting in less 

energy and space requirements, reduced sludge production, increased sludge dewaterability and 

quality, increased simplicity in operation and improved removal efficiencies (Kassab, Halalsheh, 

Klapwijk, Fayyad, & van Lier, 2010).  

Anaerobic and post-aerobic treatment processes are often used to meet COD reduction targets and 

discharge requirements (Chelliapan, Wilby, & Sallis, 2010). Anaerobic processes are often applied 

in commercial and industrial applications to reduce a significant portion of the COD load with 

sequential aerobic processes used to oxidize the residual COD. Furthermore, with anaerobic 

treatment prior to aerobic treatment, there are less easily biodegradable carbohydrates present 
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entering the aerobic reactor (Diressen & Vereijken, 2003). Thus, there is a significant reduction in 

the number of filamentous bacteria that can cause bulking sludge in the AS reactor (Diressen & 

Vereijken, 2003).  

Energy efficiency is a significant parameter when considering treatment in wastewater applications 

(Ashley, Mavinic, & Hall, 1992). In wastewater treatment plants, aeration often accounts for the 

largest fraction of energy costs ranging from 45% to 75% of a plant’s total energy expense (Rosso 

& Stenstrom, 2006). Submerged bubble aeration is a common technique used in wastewater 

treatment applications and depending on the bubble size, can be classified as either fine- or coarse-

bubble (Chen et al., 2013).  One of the most essential parameters in aeration is the oxygen mass 

transfer (OMT) efficiency. By improving OMT, the costs associated with treatment can be reduced 

(Chen et al., 2013). Recently, submerged fine-bubble aeration has become a popular method 

applied at WWTP due to the increased OMT efficiencies associated with the process (Chen et al., 

2013). In comparison to coarse-bubble aeration, fine-bubble aeration systems are more efficient in 

oxygen transfer while reducing energy costs associated with treatment (Ashley, Mavinic, & Hall, 

1992). However, fine-bubble aeration is often susceptible to media clogging which can ultimately 

result in increased maintenance costs (Ashley, Mavinic, & Hall, 1992). 

The impact of contamination on aeration performance has been observed repeatedly in wastewater 

treatment processes (Rosso & Stenstrom, 2006). Mass transfer depression can be related to the 

decrease of dynamic surface tension when contaminants are present, for example, surfactants used 

for cleaning (Rosso & Stenstrom, 2006). Cleaning additives are regularly introduced into brewery 

effluent during clean-in-place (CIP) methods due to their cleaning and solubilisation properties 

(Rodriguez, Villaseñor, & Fernandez, 2013). These additives are commonly composed of 

surfactants and secondary components (Rodriguez, Villaseñor, & Fernandez, 2013). Surfactants 

can be classified based on their dissociation in water: anionic, non-ionic, cationic and amphoteric 

(Rodriguez, Villaseñor, & Fernandez, 2013). In brewery applications, the most frequently used 

surfactants are non-ionic and easily biodegradable, in particular, ethoxylated alcohols and fatty 

acid esters (Rodriguez, Villaseñor, & Fernandez, 2013). The presence and concentration of 

surfactants can have a significant effect on the surface tension of brewery wastewater (George, 

Chidangil, & George, 2017). With increasing surfactant concentration, the surface tension of the 

wastewater is consequentially reduced (George, Chidangil, & George, 2017). This can have an 
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adverse effect on the aerobic portion of A/O treatment systems resulting in reduced removal 

performances.  

Anaerobic treatment within mesophilic (25-45C) or thermophilic (45-65C) temperatures is a 

proven technology used for the effective treatment of industrial wastewater (Connaughton, Collins, 

& O’Flaherty, 2006). In contrast, anaerobic digestion (AD) treatment in sub-ambient or 

psychrophilic (<20C) temperatures is often not suggested due to low microbial activity and poor 

biogas production (Connaughton, Collins, & O’Flaherty, 2006). However, the majority of 

industrial effluents are often discharged at sub-ambient temperatures (Connaughton, Collins, & 

O’Flaherty, 2006). If AD treatment within psychrophilic temperature ranges could achieve 

increased removal performances, the cost of treatment could be decreased, from the elimination of 

the need to heat influent wastewaters and/or anaerobic reactors (Connaughton, Collins, & 

O’Flaherty, 2006). Connaughton, Collins, and O’Flaherty (2006) performed a study comparing 

psychrophilic and mesophilic anaerobic digestion of brewery wastewaters using two laboratory 

scale expanded granular sludge bed-anaerobic filter (EGSB-AF) bioreactors. Performance was 

evaluated based on COD removal efficiency and biogas yield for a variety of hydraulic and organic 

loading rates (Connaughton, Collins, & O’Flaherty, 2006). The results obtained during this study 

showed that the EGSB-AF bioreactor operating at 15C achieved high COD removal rates and 

higher biogas methane content than the EGSB-AF bioreactor operating at 37C (Connaughton, 

Collins, & O’Flaherty, 2006). These results demonstrated that enhanced wastewater treatment 

performance can be achieved under similar conditions applied in the study conducted by 

Connaughton, Collins, and O’Flaherty (2006). Furthermore, the required start-up time was shorter 

for psychrophilic anaerobic digestion (PAD) than mesophilic anaerobic digestion (MAD) 

supportive with past studies that reported rapid bioreactor start-up periods at low temperatures 

(Connaughton, Collins, & O’Flaherty, 2006). Lower levels of biomass loss in the PAD bioreactor 

also indicate that the psychrophilic bioreactor was more robust in comparison to MAD, thus, it is 

possible that higher organic loads could be applied to the PAD in comparison to the equivalent for 

MAD (Connaughton, Collins, & O’Flaherty, 2006). From the discussion provided by 

Connaughton, Collins, and O’Flaherty (2006), potential applications of their design include 

treatment of wastewater with higher suspended solids concentrations. The use of PAD in the 

treatment of brewery wastewater could result in reduce costs associated with energy and increased 
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performance for COD removal and bioenergy generation (Connaughton, Collins, & O’Flaherty, 

2006). 

 

2.3.1 PRINCIPLES OF ANAEROBIC-AEROBIC TREATMENT 

2.3.1.1 ANAEROBIC TREATMENT 

Anaerobic treatment involves the use of anaerobic microorganisms to convert organic compounds 

in wastewater into biogas without the use of air or oxygen (Olajire, 2012). The four main 

microbiological degradation steps include hydrolysis, acidogenesis, acetogenesis and 

methanogenesis (Sen, 2014). Primarily, the biogas produced is composed of methane by 55-75 

vol%, carbon dioxide by 25-40 vol% and minimal amounts of hydrogen sulfide (Olajire, 2012). 

The overall basic reaction for anaerobic digestion is shown in equation 2-2 (Driessen & Vereijken, 

2003). 

 𝐶𝑂𝐷 → 𝐶𝐻4 + 𝐶𝑂2 + 𝑎𝑛𝑎𝑒𝑟𝑜𝑏𝑖𝑐 𝑏𝑖𝑜𝑚𝑎𝑠𝑠 (2-2) 

 

2.3.1.2 AEROBIC TREATMENT 

Aerobic treatment involves the use of aerobic microorganisms to metabolize organic matter in 

wastewater to produce more microorganisms and inorganic end-products (CO2, NH3, and H2O) in 

the presence of oxygen (Olajire, 2012). During aerobic treatment, microorganisms convert non-

settleable solids into settleable solids by biological processes (Olajire, 2012). Following aerobic 

treatment, sedimentation tanks are often used to allow for the settling of settable solids and biomass 

(Olajire, 2012). The overall basic reaction for aerobic digestion is shown in equation 2-3 (Driessen 

& Vereijken, 2003). 

 𝐶𝑂𝐷 + 𝑂2 → 𝐶𝑂2 + 𝐻2𝑂 + 𝑎𝑒𝑟𝑜𝑏𝑖𝑐 𝑏𝑖𝑜𝑚𝑎𝑠𝑠 (2-3) 

 

2.3.2 TYPICAL ANAEROBIC-AEROBIC SYSTEMS 

Primarily, there are three types of anaerobic-aerobic treatment processes in use; conventional 

anaerobic-aerobic systems, anaerobic-aerobic systems using high-rate bioreactors and integrated 

anaerobic-aerobic bioreactors, as shown in Figure 2.4 (Simate et al., 2011).  
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Figure 2.4: Current combined anaerobic-aerobic technology (Simate et al., 2011). 

Conventional anaerobic-aerobic systems can be characterized by increased hydraulic retention 

times (HRT), reduced organic loading rates (OLR) and large space requirements for ponds or 

digesters (Chan, Chong, Law, & Hassell, 2009). These systems include aerated stabilization ponds, 

aerated and non-aerated lagoons and natural and artificial wetlands, with aerobic treatment 

occurring near the surface of the system and anaerobic treatment occurring at the bottom (Chan, 

Chong, Law, & Hassell, 2009). Due to a variety of operational issues including substantial space 

requirements, poor treatment efficiencies, high energy consumption and increased sludge 

production, these systems are often less attractive than the other alternatives for wastewater 

treatment (Chan, Chong, Law, & Hassell, 2009). To overcome the deficiencies in treatment by 

conventional anaerobic-aerobic systems, new technologies were developed, including anaerobic-

aerobic systems using high rate bioreactors and integrated anaerobic-aerobic bioreactors. 

Predominantly, anaerobic-aerobic systems using high rate bioreactors were developed for resource 

recovery and discharge removal requirements (Chan, Chong, Law, & Hassell, 2009). These 

systems include up-flow anaerobic sludge blanket (UASB), filter bioreactor, fluidized bed reactor 

and membrane reactor systems. In integrated anaerobic-aerobic systems, biodegradation occurs in 

anaerobic and aerobic zones that are encompassed in a single reactor (Chan, Chong, Law, & 

Hassell, 2009). In comparison to the previous A/O technologies mentioned, the advantages of 

integrated anaerobic-aerobic systems include reduced cost, reduced footprint and increased overall 

degradation efficiency (Chan, Chong, & Law, 2012). As shown in Figure 2.4, typically there are 

four types of integrated anaerobic-aerobic systems: (1) integrated bioreactors with physical 

separation of anaerobic-aerobic zone, (2) integrated bioreactors without physical separation of 

anaerobic-aerobic zone, (3) anaerobic-aerobic sequencing batch reactors, and (4) combined 
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anaerobic-aerobic culture systems (Simate et al. 2011). The properties of most integrated 

bioreactors include: (1) 70-85% of COD is converted to biogas in the anaerobic reactor, and (2) 

98% removal efficiency for COD and nutrients in the anoxic/aerobic post-treatment stage (Jaiyeola 

& Bwapwa, 2016).  

Table 2-3 presents recent studies on combined A/O treatment for various types of wastewater with 

the type of reactor and associated removal efficiencies obtained. 

Table 2-3: Recent studies on combined A/O treatment systems. 

Type of Wastewater Type of A/O Reactor Removal Efficiency (%) Reference 

Swine Wastewater 
Trickling Filter packed with red volcanic 

rock (2.8m in depth) 

COD(96.2), TP(68), NH3-

N(98.6), TN (53.6) 
(Terán et al., 2017) 

Oily Wastewater 
A/O Activated Sludge (AS) Biofilm Reactor 

with 4.5 Reflux Ratio 
COD(93.24), TN(78.5) (Li et al., 2017) 

Food Waste and 

Wastewater 

Mesophilic Anaerobic and Ambient Aerobic 

Sequential System 
COD(94), VS(93) 

(Ghanimeh, Khalil, 

Mosleh, & Habchi, 

2018) 

Food Waste (Fruit 

and Vegetable Mix) 

Mesophilic Anaerobic and Psychrophilic 

Aerobic Sequential System 
TS(95), VS(97), COD(96) 

(Ghanimeh, Khalil, & 

Ibrahim, 2018) 

Palm Oil Mill 

Effluent 

Integrated A/O Bioreactor (fixed and 

suspended biomass in anaerobic filter 

region) 

COD(99), BOD(99) 
(Chan, Chong, & Law, 

2016) 

High-Organic-Load 

Domestic 

Wastewater 

Combined A/O Biofilter with coal cinder as 

medium (Backflow Ratio 2:1) 

COD(88.1), NH3-N(91.7), 

TN(69.9), TP(69.6), 

Turbidity(97.5) 

(Liu, Lei, Xi, Liao, & 

Zhang, 2018) 

Slaughterhouse 

Wastewater 

Anaerobic Baffled Reactor and Aerobic 

Activated Sludge Reactor 
TOC(85.03), TN(72.10) 

(Bustillo-Lecompte & 

Mehrvar, 2017) 

Brewery Wastewater 
Anaerobic Baffled-Anaerobic/Aerobic 

Membrane Bioreactor 
COD(73.87) (Liu, Tian et al., 2017) 

Domestic 

Wastewater 

Integrated Hybrid A/O System (Packed bed 

UASB reactor and biological aerated filter 

unit and inclined plate settler) 

TSS(95), COD(90), 

BOD(93), TKN(66), 

TP(71) 

(El-Senousy & Abou-

Elela, 2017) 

 

The high removal efficiencies of BOD and COD in Table 2-3 demonstrate the capacity of A/O 

treatment in reducing organic matter. Given the fact that brewery wastewater commonly has 

significant organic concentrations, A/O treatment is a suitable treatment alternative for breweries. 

However, post-treatment methods may still be required following A/O treatment given the strength 

of the brewery wastewater and conditional on the ultimate use for the effluent, whether for reuse 

or disposal (Jaiyeola & Bwapwa, 2016). 
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2.3.3 ADVANTAGES OF A/O TREATMENT 

The advantages of combined A/O treatment in addition to benefits previously discussed include: 

1. Potential for resource recovery: The conversion of organic pollutants into biogas by 

anaerobic digestion (Chan, Chong, Law & Hassel, 2009). 

2. Enhanced overall treatment efficiency by combining both treatment methods. Furthermore, 

post-treatment by aerobic digestion can result in more reliable and consistent removal 

performances (Chan, Chong, Law & Hassel, 2009). 

3. Reduced oxygen demand in comparison to only aerobic treatment (Chan, Chong, Law & 

Hassel, 2009). 

4. The removal and degradation of volatile organics during anaerobic treatment, thus, 

avoiding volatilization during post-aerobic treatment (Chan, Chong, Law & Hassel, 2009). 

 

2.3.4 DISADVANTAGES OF A/O TREATMENT 

The disadvantages of A/O treatment vary depending on the type of system. However, common 

and universal limitations of combined A/O treatment include: 

• Sensitivity to environmental conditions: The system can potentially be sensitive to 

environmental conditions (i.e. temperature) and depending on the situation, A/O treatment 

performance can be adversely affected (Chan, Chong, Law & Hassel, 2009).  

• Production of foam: Foaming has been attributed to the development and attachment of 

bacteria with hydrophobic cell surfaces to air bubbles in an aerobic reactor (Tchobanoglous 

et al., 2014). There are several different types of nuisance organisms that can cause foaming 

including Nocardia, Gordonia amarae (Mycolata morphytes) and Candidatus Microthrix 

parvicella (Tchobanoglous et al., 2014). Foaming can adversely affect A/O treatment 

performance. 

• Sludge Bulking: Sludge bulking can affect the performance of activated sludge aerobic 

treatment by unfavourably affecting liquid-solid separation and the settlability of the 

generated sludge (Tchobanoglous et al., 2014). Sludge bulking can develop based a variety 

of different factors including AS tank configuration, operating conditions and 

environmental factors (Tchobanoglous et al., 2014). Based on the cause of sludge bulking, 

different types of filamentous organisms are present (Haandel & Lubbe, 2012). 

Filamentous organisms can reduce the settlability of sludge by three main mechanisms; (1) 
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reducing the density of the floc thus, decreasing the apparent weight and subsequent 

settling velocity, (2) the formation of bridges between flocs making floc approximation 

difficult, and (3) if filamentous organism growth is insufficient, flocs can be weakened 

causing pin point flocs with a low settling velocity (Haandel & Lubbe, 2012). Operating 

conditions that may cause sludge bulking include low dissolved oxygen (DO) 

concentration, low F/M (food to microorganism) ratio, nitrogen removal configuration, 

grease/oil content, nutrient deficiencies and low pH values (Haandel & Lubbe, 2012). 

• Sensitivity to feed wastewater quality: The characteristics of the influent wastewater can 

affect A/O removal performance including, temperature, pH, OLR and the presence of 

surfactants (Tchobanoglous et al., 2014; George, Chidangil, & George, 2017). 

 

2.4 ELECTROCOAGGULATION TREATMENT 

2.4.1 THEORY OF ELECTROCOAGULATION 

In the EC process, electrodes are immersed in a solution to be treated and connected to a current 

source (Attour et al., 2014). The power supply promotes ionic transfer between the active surfaces 

of the electrodes in the electrolytic reactor by generating an electric field (Eyvaz, 2016). The 

efficiency of the EC process is strongly related to the electrooxidation of the sacrificial anode and 

the production of the coagulating agent, for (Al/Al) electrodes, a significant amount of aluminum 

metal ions (Brahmi et al., 2015).   

The main chemical reactions occurring in the batch EC unit for aluminum electrodes are shown in 

equations 2-4 to 2-8 (Eyvaz, 2016). On the anode, aluminum dissolution and oxygen evolution 

occur simultaneously and compete represented by equations 2-4 and 2-5 (Cañizares, Carmona, 

Lobato, Martínez, & Rodrigo, 2005). On the cathode, the primary reaction expected is hydrogen 

evolution represented by equation 2-6 (Cañizares et al., 2005). The oxidation of the aluminum 

electrodes and reduction of water to form hydrogen is shown in equation 2-8 (Cañizares et al., 

2005).  

 

Anode: 𝐴𝑙 → 𝐴𝑙3+(𝑎𝑞) + 3𝑒− (2-4) 

 2𝐻2𝑂 → 𝑂2(𝑔) + 4𝐻+ + 4𝑒− (2-5) 
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Cathode: 
𝐻2𝑂 + 𝑒− → 𝑂𝐻− +

1

2
𝐻2(𝑔) 

(2-6) 

 2𝐴𝑙 + 6𝐻2𝑂 + 2𝑂𝐻− → 2𝐴𝑙(𝑂𝐻)−4 + 3𝐻2(𝑔) (2-7) 

Overall: 𝐴𝑙3+ + 3𝐻2𝑂 → 𝐴𝑙(𝑂𝐻)3(𝑠) + 3𝐻+ (2-8) 

 

According to Attour et al. (2014), three consecutive steps can be used to summarize the EC 

process; (1) The interaction and generation of ions by the oxidation of the sacrificial anode 

resulting in compression of the diffuse double layer around the charged species, (2) Charge 

neutralization of the ionic species in the wastewater solution by counter ions. These counter ions 

produced from the electrochemical dissolution of the sacrificial anode, allow for the van der Waals 

attraction to predominate by reducing electrostatic inter-particle repulsion. The predominate van 

der Waals attraction causes coagulation and a zero net charge results, (3) The formation of flocs 

resulting from coagulation forms a sludge blanket that entraps and bridges colloidal particles 

remaining in suspension in the aqueous medium (Brahmi et al., 2015). Furthermore, these sweep 

flocs (amorphous Al(OH)3(s)) allow for the rapid adsorption of soluble organics (Attour et al., 

2014). The separation of these flocs from the liquid solution occurs either by flotation carried by 

hydrogen and oxygen gas bubbles or by settling due to their increased density (Attour et al., 2014). 

During electrolysis with aluminum electrodes, Al(aq)
3+ ions will spontaneously undergo hydrolysis 

reactions to form hydroxides and/or polyhydroxides with the formation of these complexes 

strongly dependant on the pH of solution (Akbal & Camci, 2010). Hydrolysis of Al(aq)
3+ ions may 

produce Al(H2O)6
3+, Al(H2O)5OH2+, Al(H2O)4(OH)2+ and hydrolysis products may produce 

monomeric and polymeric species in a wide pH range that include Al(OH)2+, Al2(OH)2
4+, Al(OH)4

-

, Al6(OH)15
3+, Al7(OH)17

4+, Al8(OH)20
4+, Al13O4(OH)24

7+, or Al13(OH)34
5+ (Akbal & Camci, 2010). 

These aluminum hydroxide flocs formed during the EC process act as adsorbents/traps for 

colloidal particles suspended in the solution promoting aggregation followed by 

flotation/sedimentation (Bazrafshan et al., 2012).  

 

2.4.1.1 POLLUTANT REMOVAL MECHANISMS 

The overall pollutant removal mechanism by EC is a combination of mechanisms that function 

synergistically (Sahu, Mazumdar, & Chaudhari, 2014). Throughout the dynamic process, the 
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dominant removal mechanism changes with operating parameters, pollutant types and pH (Sahu, 

Mazumdar, & Chaudhari, 2014; Holt, Barton, Wark, & Mitchell, 2002). 

The two primary mechanisms considered in the removal of phosphorous include direct 

precipitation (pH<6.5) and adsorption onto the metal (pH>6.5) (Omwene & Kobya, 2018; Lacasa 

et al., 2011). The formation of aluminum phosphate occurs in the low pH range (<6.5) where 

aluminum ions present in solution react with phosphate, shown in equation 2-9 (Omwene & 

Kobya, 2018). In solutions with pH higher than 6.5, formation of aluminum oxides and hydroxides 

is increased, shown in equation 2-10 (Omwene & Kobya, 2018).  

 

 𝐴𝑙3+ + 𝑃𝑂4
−3 → 𝐴𝑙𝑃𝑂4(𝑠) (2-9) 

 𝑥𝐴𝑙3+ + 𝑃𝑂4
−3 + (3𝑥 − 3)𝑂𝐻− → 𝐴𝑙𝑥𝑃𝑂4(𝑂𝐻)3𝑥−3(𝑠) (2-10) 

 

In order to achieve the maximum removal of phosphorous, optimum coagulant doses are required. 

Theoretically, the dose of coagulant should be optimized to a molar ratio of 1:1 Al3+ ions to 

phosphate according to equation 2-9. However, in practice, the removal of phosphate can be 

adversely affected due to contaminants and metal ions found in the wastewater resulting in 

competing reactions (Omwene & Kobya, 2018). In solution, phosphate ions have a strong affinity 

for aluminum oxides and hydroxides (Omwene & Kobya, 2018). Hence, in the EC, as the 

aluminum anode is electrochemically dissolved in the wastewater solution, phosphate is adsorbed 

on the generated metal hydroxides surface (Omwene & Kobya, 2018). Following adsorption, the 

production of H2 bubbles at the cathode float the metal hydroxide with absorbed P compounds to 

the surface resulting in phosphorous removal (El-Shazly, Al-Zahrani, & Alhamed, 2013). The 

main interactions between aluminum hydroxide and phosphorous include both electrostatic forces 

and hydrogen bonds formed with the orthophosphate ion (Omwene & Kobya, 2018). 

The type of compounds that contribute to COD generally include: biodegradable organic 

compounds, non-biodegradable compounds and inorganic oxidizable compounds (Moreno-

Casillas, 2007). The electrocoagulation mechanism for COD removal depends on the type of 

compound and the reaction product with Al3+. Primarily, high COD removal efficiency can be 

observed that when compounds react with Al3+ to form insoluble compounds, often this is observed 

in the removal of biodegradable compounds (dissolved/suspended solids, dissolved/suspended 

colloids and organic matter, etc.). The portion of COD that is not removed by EC, represent the 
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soluble and miscible portion that does not react with Al3+ ions to form insoluble compounds 

(Moreno-Casillas, 2007). Furthermore, compounds that significantly increase the pH of the 

wastewater solution can have an adverse effect on the COD removal mechanism due to the 

formation of hydroxides unsuitable for wastewater treatment (Moreno-Casillas, 2007). It should 

be noted that depending on the type of electrode material, the COD removal mechanisms vary 

(Moreno-Casillas, 2007). Thus, in order to achieve the maximum removal performance, the 

electrode material must be considered in terms of the contaminants in the wastewater along with 

the removal objectives (Moreno-Casillas, 2007). 

 

2.4.2 ADVANTAGES OF ELECTROCOAGULATION 

In comparison to traditional treatment processes, the advantages of ECT include: 

1. High efficiency in removal performance with even finitely small colloidal particles being 

removed from the increased collisions facilitated by the electric current (Moussa, El-Naas, 

Nasser, & Al-Marri, 2017; Nasrullah, Wahid, & Siddique, 2014). 

2. Reduced capital, operating and labour costs in comparison to most conventional 

technologies (Dizge et al., 2018). 

3. Ease in operation due to simplicity of equipment, thus complete automation of treatment 

process is possible (Dizge et al., 2018; Moussa, El-Naas, Nasser, & Al-Marri, 2007). 

4. In comparison to CC, flocs produced during EC are larger, contain less water, are acid 

resistant and more stable. During electrolysis, the upward momentum flux carries 

pollutants to the top of the water where pollutants can be conveniently concentrated and 

removed (Liu, Zhao, & Qu, 2010). 

5. The pH neutralization effect allows ECT to be effective over wide pH range (4 to 9) (Liu, 

Zhao, & Qu, 2010). No pH control is needed unless wastewater is extremely acidic or 

basic (Espinoza-Cisternas & Salazar, 2018). 

6. Rapid and efficient organic matter separation in comparison to CCT (Espinoza-Cisternas 

& Salazar, 2018). 

7. Sludge is composed mainly of metallic oxides/hydroxides and is easily settleable and de-

watered (Liu, Zhao, & Qu, 2010). Furthermore, less sludge is generated in comparison to 

CCT (Dizge et al., 2018). 
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8. Minimizes the adverse effects caused by reagents and chemicals employed in alternative 

treatment options due to the absence of additive chemicals (Eyvaz, 2016). Thus, improved 

quality of treated water without the need for neutralization through the addition of an 

acidic or basic solution (Lacasa et al., 2011). 

9. Compact instrumentation for EC process is common resulting in less space requirements 

for treatment (Arroyo, Pérez-Herranz, Montañés, García-Antón, & Guiñón, 2009). 

10. It has been found that electrochemical coagulation can be used to remove surfactants in 

wastewater (Liu, Zhao, & Qu, 2010). 

11. The generated sludge following EC can be vaporized into building material or harnessed 

as an energy source (Sahu, Mazumdar, & Chaudhari, 2014). 

 

2.4.3 DISADVANTAGES OF ELECTROCOAGULATION 

In comparison to traditional treatment processes, the disadvantages of ECT include: 

1. Passivation of the sacrificial anode and deposition of the cathode causing considerable 

overvoltage along with the need for periodic electrode replacement (Abbas & Ali, 2018). 

2. The high consumption of energy during EC (for some applications) resulting in increased 

operating costs (Abbas & Ali, 2018). 

3. The requirement of the wastewater to be highly conductive (Abbas, & Ali, 2018). 

4. Possibility of gelatinous hydroxide to solubilize in the wastewater solution (Marriaga-

Cabrales & Machuca-Martínez, 2014). 

5. Increased concentrations of coagulant doses in the treated effluent which may require 

removal (Marriaga-Cabrales & Machuca-Martínez, 2014). 

6. Inability to remove soluble contaminants including organic acids, solvents, phenols, etc. 

(Marriaga-Cabrales & Machuca-Martínez, 2014). 

 

2.4.4 DESIGN CONSIDERATIONS FOR ELECTROCOAGULATION 

For the treatment of wastewater by EC process, it is important to design the reactor for a specific 

application. Electrocoagulation reactors can be configured as a batch or continuous system (Liu, 

Zhao, & Qu, 2010). Batch studies have been conducted to investigate time-dependent behaviour 

in order to optimize parameters for treatment performance. Optimized parameters from the batch 

process are then incorporated into a continuous system configuration that is more efficient for the 
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treatment of large wastewater volumes (Sahu, Mazumdar, & Chaudhar, 2014). As presented by 

Sahu, Mazumdar, & Chaudhari (2014), the design considerations for treatment by EC is presented 

in Figure 2.5. 

 
Figure 2.5: Design Considerations for treatment by EC (Sahu, Mazumdar, & Chaudhari, 2014) 

2.4.4.1 EC REACTOR DESIGN 

The EC reactor design can have a significant effect on the operational parameters including bubble 

path, effectiveness of flotation, floc formation, fluid flow regime, and mixing/settling 

characteristics (Sahu, Mazumdar, & Chaudhari, 2014). The EC reactor design considerations 

include reactor scale-up and mixing speed. 

A considerable parameter affecting reactor scale-up is the surface area to volume ratio (S/V) (Sahu, 

Mazumdar, & Chaudhari, 2014). The surface area of the electrode influences the current density, 

rate and position of cation dosing, bubble production and length of bubble path (Sahu, Mazumdar, 

& Chaudhari, 2014). Furthermore, to ensure the proper sizing and proportion of reactors from 

laboratory to industrial size, the Reynolds number, Froude number, weber criteria, gas saturation 

and reactor geometry should be investigated and maintained. 

The mixing speed can also influence the EC performance by promoting the aggregation of flocs 

and subsequent removal performance by sedimentation. However, there is an optimal mixing 

speed for floc growth (Derayat, Motlagh, Pirsaheb, Sharafi, & Motlagh, 2015). If the mixing rate 

is too high, flocs formed in suspension can disintegrate reducing the efficiency of EC (Derayat, 

Motlagh, Pirsaheb, Sharafi, & Motlagh, 2015; Eskibalci & Ozkan, 2018). Eskibalci and Ozkan 
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(2018) investigated the effect of mixing speed on the treatment of coal preparation plant tailings 

by EC. It was determined that in order to maximize floc growth and EC performance, the optimum 

mixing speed was found to be 360 rpm (Eskibalci & Ozkan, 2018). 

 

2.4.4.2 EC PROCESS DESIGN 

The process design consideration for the EC include electrode material, electrode geometry, 

electrode arrangement, electrode spacing, and wastewater characteristics (Sahu, Mazumdar, & 

Chaudhari, 2014). 

Depending on the objectives and constraints of EC treatment, the type of electrode material chosen 

for a specific application should consider the objectives and constraints of EC treatment, as 

electrode material has an impact of EC performance (Sahu, Mazumdar, & Chaudhari, 2014). 

Typical electrode materials used in EC applications include Al, Ag, As, Ba, Ca, Cd, Cr, Cs, Fe, 

Mg, Na, Si, Sr and Zn (Sahu, Mazumdar, & Chaudhari, 2014).  

The geometry and shape of the electrodes can influence the performance of the EC process and 

thus, should be selected based on optimizing performance while reducing operating costs 

(Khandegar & Saroha, 2016). A study conducted by Khandegar & Saroha (2006) found that 

perforation of an electrode can improve removal performance, leading to a reduction in energy 

consumption and cost (Khandegar & Saroha, 2016). Likewise, Kobya et al. (2015) found that ball 

electrodes were effective in the treatment of groundwater by EC. It should be noted, that deviations 

from the planar electrode geometry can have unfavourable impacts on cleaning duration and 

procedure. 

Electrode arrangement can have an effect on the EC treatment performance (Espinoza-Cisternas 

& Salazar, 2018). In application, the electrodes can be arranged in a monopolar- parallel, 

monopolar- series or bipolar- series configuration; (1) Monopolar- parallel: all anodes are 

connected to each other and to the power supply, all cathodes are connected to each other and 

power supply, (2) Monopolar- series: two outermost electrodes are connected to external circuit 

while each pair of inner electrodes are connected to each other and remain unconnected from outer 

electrodes, or (3) Bipolar- series: the outermost electrodes are connected to the power supply while 

inner electrodes remain completely unconnected (Moussa, El-Naas, Nasser, & Al-Marri, 2017; 

Espinoza-Cisternas & Salazar, 2018). In application, it has been found that monopolar 

configurations have reduced operating costs while bipolar configurations have achieved high 
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removal efficiencies attributed to additional side reactions occurring between the electrodes (Sahu, 

Mazumdar, & Chaudhari, 2014). Thus, the appropriate choice of arrangement for treatment should 

be determined in accordance with treatment objectives and constraints (Moussa, El-Naas, Nasser, 

& Al-Marri, 2017) 

Electrode spacing has an effect on the performance of the electrocoagulation process by affecting 

the reactions occurring in the EC reactor (Sahu, Mazumdar, & Chaudhari, 2014). During 

electrolysis, cathodic reactions can result in an increased concentration of ions in close proximity 

to the cathode leading to increased electrical resistance, from the inter-electrode gap partially 

filling with gases (Sahu, Mazumdar, & Chaudhari, 2014). To optimize EC performance and avoid 

increasing electrical resistance, circulation (by gas lift) can be improved by inductive agitation of 

the contents of the reactor, favourable electrode geometry, verticality of electrodes and the 

perforation of electrodes (Sahu, Mazumdar, & Chaudhari, 2014). Electrode spacing has a 

controlling effect on the size and energy consumption of the EC reactor. The ohmic drop is 

proportional to the inter-electrode spacing as shown in equation 2-11 (Sahu, Mazumdar, & 

Chaudhari, 2014). Thus, to avoid an increase in the ohmic drop and an increase in the energy 

consumption, the inter-electrode gap should be minimized (Sahu, Mazumdar, & Chaudhari, 2014). 

 

 
𝜂𝐼𝑅 =

𝐼𝑑

𝐴𝑘
 

(2-11) 

Where, 

I is the current applied (A), 

d is the distance between the anode and cathode (m), 

A is the active surface area of the anode (m2), 

k is the specific conductivity (10 mS/m). 

 

To optimize the electrode spacing in application, the type of wastewater, treatment objectives and 

field conditions should be considered (Sahu, Mazumdar, & Chaudhari, 2014). For electrode 

spacing less than 10mm, electrode passivation can be promoted due to reduced turbulence resulting 

in floc deposits on the electrode (Sahu, Mazumdar, & Chaudhari, 2014). Thus, the optimal inter-

electrode gap should be large enough to provide sufficient turbulence while small enough to avoid 

increased cell voltage and energy consumption (Sahu, Mazumdar, & Chaudhari, 2014). 
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In comparison to studies on the removal of nutrients from synthetic wastewaters, real wastewater 

can contain significantly higher concentrations of organic phosphorous compounds. These 

compounds can be more difficult to remove and thus, have a detrimental effect on EC performance. 

Furthermore, compounds present in brewery effluent may adversely affect the EC nutrient removal 

mechanisms (Wysocka & Masalski, 2017). 

 

2.4.4.3 EC OPERATING DESIGN 

The operating design consideration for the EC process includes current density, initial pH, 

conductivity, temperature and electrode passivation (Sahu, Mazumdar, & Chaudhari, 2014). 

Current density is one of the most fundamental parameters in the EC process by controlling 

reaction rate (Nasrullah, Wahid, & Siddique, 2014). Current density governs both the coagulant 

dosage at the anode and the evolution of hydrogen gas at the cathode (Hakizimana et al., 2017). It 

can also significantly effect mixing in solution and mass transfer at electrodes (Holt, Barton, & 

Mitchell, 2005). The density of bubbles produced affects the overall system hydrodynamics by 

influencing pollutant mass transfer, coagulant and gas microbubbles and the rate of collision 

between coagulated particles and thus, floc formation (Hakizimana et al., 2017).  In the EC process, 

current governs the coagulation/flocculation mechanisms while supporting the electro-migration 

of ions and charged colloids (Hakizimana et al., 2017). This parameter can be adjusted by varying 

the applied current (Sahu, Mazumdar, & Chaudhari, 2014). In EC, the current density has a 

significant effect on the dominant removal path, whether flotation to the surface or settling to the 

base resulting in sludge production (Holt, Barton, Wark, & Mitchell, 2002). Low current densities 

favour sedimentation over floatation due to the reduced hydrogen bubble density resulting in low 

upward momentum flux and poor mixing (Holt, Barton, Wark, & Mitchell, 2002). As the current 

is increased, bubble density and mixing are increased, promoting pollutant removal by H2 flotation 

(Holt, Barton, Wark, & Mitchell, 2002). Depending on the concentration and type of pollutants 

being removed, the current density can vary significantly (Hakizimana et al., 2017). The optimal 

current density to increase EC removal performance should be determined with consideration to 

other operating parameters including operational costs, efficient use of solution, pH, temperature 

and water flowrate (Sahu, Mazumdar, & Chaudhari, 2014; Hakizimana et al., 2017).  If the current 

is too high, the efficiency of the EC process may be negatively affected due to the occurrence of 

secondary reactions resulting in overdosing of the charged colloids and redispersion (Hakizimana 
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et al., 2017). Therefore, to avoid reducing the coagulant efficiency and the lifetime of the electrode, 

it is suggested that current density should range between 20 and 25 A·m-2 (Hakizimana et al., 

2017). 

The initial pH of the solution plays a significant role in treatment by EC. It can affect the electrode 

dissolution, speciation of hydroxides, zeta-potential of colloidal particles, conductivity of solution 

and the prevailing removal mechanisms (Sahu, Mazumdar, & Chaudhari, 2014; Hakizimana et al., 

2017). Contingent on the pH of the solution, some ionic monomeric hydrolysis species can be 

formed once the aluminum is dissolved (Cañizares et al., 2005). The reactions involved are shown 

in equations 2-12 to 2-16 (Cañizares et al., 2005). 

 

 𝐴𝑙(𝑂𝐻)4
− + 𝐻+ ⇌ 𝐴𝑙(𝑂𝐻)3 + 𝐻2𝑂 (2-12) 

 𝐴𝑙(𝑂𝐻)3 + 𝐻+ ⇌ 𝐴𝑙(𝑂𝐻)2
+ + 𝐻2𝑂 (2-13) 

 𝐴𝑙(𝑂𝐻)2
+ + 𝐻+ ⇌ 𝐴𝑙(𝑂𝐻)+2 + 𝐻2𝑂 (2-14) 

 𝐴𝑙(𝑂𝐻)+2 + 𝐻+ ⇌ 𝐴𝑙3+ + 𝐻2𝑂 (2-15) 

 𝐴𝑙(𝑂𝐻)3 (𝑠) ⇌ 𝐴𝑙3+ + 3𝑂𝐻− (2-16) 

 

Lower pH values are preferable in the EC process from an efficiency and maintenance perspective 

(Attour et al., 2014). In solutions with higher pH, the formation of aluminum hydroxide on the 

surface of the anode is more prominent, resulting in an increasing ohmic drop and electricity 

consumption (Attour et al., 2014). At the cathode, the production of OH- increases progressively 

as the pH increases from 3 to 9 (Attour et al., 2014). 

 
Figure 2.6: Activity-pH diagram for Al(III) species in equilibrium with Al(OH)3 (amorphous) (Parsa, Vahidian, Soleymani, & 

Abbasi, 2011). 
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In Figure 2.6, the different forms of Al(OH)3 relative to pH and concentration of Al3+ ions in 

solution is shown. The inefficiency of EC at high or low pH is due to the increased presence of 

Al(OH)3 in its charged form and solubility in water (Para, Vahidian, Soleymani, & Abbasi, 2011). 

At neutral pH, Al(OH)3 is stable and insoluble in water thus, available for pollution adsorption 

(Para, Vahidian, Soleymani, & Abbasi, 2011). At approximately pH 6.3, the minimum solubility 

of Al(OH)3 occurs suggesting 6.3 is optimal for floc growth and pollutant removal (Harif, Khai, 

& Adin, 2012). 

Higher values of conductivity can result in increased production of coagulant, increased removal 

of organic matter and reduced energy consumption due to reduced voltages needed for treatment 

(Benazzi et al., 2016). At low solution conductivities, the current efficiency will decrease. To 

overcome low current efficiencies, additives can be used which can lead to increased passivation 

of the electrodes and additional treatment costs (Liu, Zhao, & Qu, 2010). 

The temperature of the wastewater has an influence on the Al current efficiency (Liu, Zhao, & Qu, 

2010). As the temperature of the wastewater increases from 2 to 60C, the rate of destruction of 

the oxide layer on the anode will increase, improving the current efficiency (Liu, Zhao, & Qu, 

2010). Conversely, at wastewater temperatures above 60C, the current efficiency will start to 

decrease (Liu, Zhao, & Qu, 2010). This can be attributed to the decreased volume of colloid 

Al(OH)3 and closing of pores on the anode (Liu, Zhao, & Qu, 2010). 

Electrode passivation is frequently observed during the EC process with aluminum electrodes (Liu, 

Zhao, & Qu, 2010). It involves the formation of an inhibiting layer on the electrode surface, 

commonly an oxide, that prevents metal dissolution and electron transfer (Liu, Zhao, & Qu, 2010). 

As a result of continued treatment, the thickness of the inhibiting layer increases thereby 

diminishing EC reactor performance (Liu, Zhao, & Qu, 2010). There are several strategies used in 

practice to avoid electrode passivation, including, the use of different materials for the electrodes, 

different electrode types/arrangements, electrode cleaning (hydromechanically and mechanically), 

additives acting as inhibiting agents and the reversal of electrode polarity (Liu, Zhao, & Qu, 2010; 

Sahu, Mazumdar, & Chaudhari, 2014). Additionally, Mechelhoff, Kelsall, and Graham (2013) 

found that by roughing up the electrode surface, spontaneous de-passivation of electrodes can 

occur. This can be attributed to the hydrolysis of dissolved Al3+ ions in close proximity to the 

electrode surface releasing protons resulting in the pre-existing passive layer dissolving and 

improving dissolution rates (Mechelhoff, Kelsall, & Graham, 2013). 
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2.4.5 CURRENT DEVELOPMENTS IN ELECTROCOAGULATION TREATMENT 

2.4.5.1 APPLICATIONS FOR ELECTROCOAGULATION 

EC has been successfully applied in the treatment of a variety of different wastewaters, including, 

restaurant wastewater (Chen, Chen, & Yue, 2000), textile wastewater (Can, Kobya, Demirbas, & 

Bayramoglu, 2006), dairy effluent (Bensadok, El Hanafi, & Lapicque, 2011), petrochemical 

wastewater (El-Ashtoukhy, El-Taweel, Abdelwahab, & Nassef, 2013), urban wastewater 

(Elazzouzi, El Kasmi, Haboubi, & Elyoubi, 2018; Bukhari, 2008), medical wastewater (Muharam, 

Yuningsih, & Rahmah, 2017), metal finishing wastewater (Odongo & McFarland, 2014), landfill 

leachate (Huda, Raman, Bello, & Ramesh, 2017), food industry wastewater (Tsioptsias et al., 

2015), and alcohol distillery wastewater (Yavuz, 2007). Table 2-4 summarizes recent studies on 

the use of EC with relevant operating parameters and removal performances identified. 

Table 2-4 demonstrates that EC can be used to treat diverse types of wastewater while achieving 

enhanced pollutant removals. Moreover, the studies identified in Table 2-4 validates that the EC 

process can remove a variety of contaminants including, BOD, COD, ammonia, colour, turbidity, 

SS, TOC, phosphate, total coliform, fecal coliform, polyaromatic hydrocarbons (PAHs), 

chromium, lead, arsenic and fluoride. 
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Table 2-4: Recent studies on ECT 

Type of 

Wastewater 

Anode - 

Cathode, 

Number of 

Electrodes 

Electrode 

Configuration, 

Operation Mode 

Inter-

electrode 

spacing 

(cm) 

Initial 

pH 

Treatment 

Time (min) 

Current 

Density 

(A/m2) 

Removal Efficiency (%) Reference 

Landfill 

Leachate 
Al-Al (2) 

Monopolar, Batch 

(Implied) 
5 4 20 200 

COD(60), Ammonia(37), 

Colour(94), Turbidity(88), 

SS(89) 

(Zailani, Amdan, & Zin, 

2018) 

Landfill 

Leachate 
Fe-Al (4) 

Monopolar- 

Parallel, Batch 
0.9 8.05 60 0.016 COD(72.13), Colour436(95) 

(Tanyol, Ogedey, & 

Oguz, 2018) 

Distillery 

Effluent (Rice 

grain based) 

Cu-Cu (4) 
Monopolar- 

Parallel, Batch 
2 3.5 120 89.3 COD(80), Colour(65) 

(Prajapati, Chaudhari, 

Pal, Chandrakar, & 

Choudhary, 2016) 

Industrial 

Wastewater 
Fe-Fe (4) 

Monopolar- Series, 

Batch 
1 7.75 30 400 TOC(38.7), PAH(86) 

(Gong, Shen, Huang, He, 

Zhang, & Ma, 2017) 

Dairy Effluent Al-Al (20) 

Bipolar- parallel 

(Electrodes tilted to 

7° horizontal angle), 

Continuous 

- 6 20 0.65 
COD(80), Phosphate(98), 

SS(100), Turbidity(100) 
(Bassala et al., 2017) 

Electroplating 

Effluent 
SST-SST (4) 

Monopolar- 

Parallel, Batch 
1 3.5 90 73.5 Cr(91.1), Pb(91.3) 

(Sharma, Chaudhari, & 

Prajapati, 2018) 

Palm Oil 

Effluent 
Steel-Steel (4) 

Monopolar- Series, 

Batch 
1 4 50 20 A COD(85), BOD(83), SS(84) (Nasrullah et al., 2019) 

Tannery 

Wastewater 
Al-Al (2) 

Monopolar- 

Parallel, Batch 
1 6.1 90 190.8 Turbidity(99), Cr(93) 

(Ziati, Khemmari, 

Aitbara, & Hazourli, 

2018) 

Anaerobically 

Treated 

Municipal 

Wastewater 

Al-Al (4) 
Monopolar- Series, 

Continuous 
1.5 7.5 5 2 

Total Coliform(99.81), Faecal 

Coliform(99.86) 

(Makwana & Ahammed, 

2016) 

Dyehouse 

Wastewater 
Al-Al (4) 

Monopolar- 

Parallel, Continuous 
2 5.5 80 65 COD(85) 

(Kobya, Gengec, & 

Demirbas, 2016) 

Dyehouse 

Wastewater 
Fe-Fe (4) 

Monopolar- 

Parallel, Continuous 
2 5.5 80 65 COD(77) 

(Kobya, Gengec, & 

Demirbas, 2016) 

Groundwater Al-Al (4) Monopolar, Batch 1 7 95 10 As(98.51), Fl(83.33) (Thakur & Mondal, 2017) 
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2.5 COMBINED ELECTRO- AND CHEMICAL-COAGULATION TREATMENT 

Several studies have been proposed and conducted regarding the integration of ECT with other 

technologies, including, biological reactors (Tejedor-Sanz, Ortiz, & Esteve-Núñez, 2017). 

Employing a hybrid process can result in potential cost and energy savings while simultaneously 

improving treatment performance (Shamaei, Khorshidi, Perdicakis, & Sadrzadeh, 2018). 

Combined EC-CC treatment allows for the advantages of both processes to be benefited from 

(Shamaei, Khorshidi, Perdicakis, & Sadrzadeh, 2018). The primary advantage of EC-CC treatment 

is the reduced separation time and water content of the generated sludge, simplifying the sludge 

dewatering process. Additionally, from the floatation of flocs, the removal of sludge is simplified 

which can significantly reduce operating costs in comparison to CC (Shamaei, Khorshidi, 

Perdicakis, & Sadrzadeh, 2018). Table 2-5 presents studies of combined EC-CC treatment with 

relevant operating parameters and removal efficiencies identified.  

 
Table 2-5: Studies on combined EC-CC Treatment 

Effluent Treated CC (Dosage) EC Operating Parameters 
Removal 

Efficiency (%) 
Reference 

Medical 

Wastewater 

Polyaluminium 

Chloride (1 g) 

Al-Al (Monopolar- Parallel, Batch) Time: 

180 mins, Applied Current: 3A 
COD(92.21) 

(Muharam, 

Yuningsih, & 

Rahmah, 2017) 

Slaughterhouse 

Wastewater 

Polyaluminium 

Chloride (100 

mg/L) 

Al-Al (Monopolar- Parallel, Batch) Time: 

60 mins, Applied Voltage: 40V 

COD(99.7), 

BOD(99.6), 

TSS(97.4), 

TKN(94.8) 

(Bazrafshan et al., 

2012) 

Oil Sands 

Wastewater 

Aluminum 

Chloride (200 

mg/L) 

Al-SST (Bipolar, Batch), Time: 90 mins, 

Applied Current: 0.34A 
TOC(39.8) 

(Shamaei, 

Khorshidi, 

Perdicakis, & 

Sadrzadeh, 2018) 

Textile Wastewater 

Polyaluminium 

Chloride (800 

mg/L) 

Al-Al (Monopolar- Parallel, Batch) Time: 

5 mins, Current Density: 100 A/m2 
COD(78) 

(Can, Kobya, 

Demirbas, & 

Bayramoglu, 

2006) 

Palm Oil Mill 

Effluent 

Polyaluminium 

Chloride (3000 

mg/L) 

Fe-Fe (Monopolar, Batch), Time: 240 

mins, Current Density: 400 A/m2 

 

COD(≈85) 
(Nasrullah et al., 

2017) 

 

In comparison to the removal efficiencies presented in Table 2-4, it is evident that the removal 

performance of combined EC-CC treatment is improved. 
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CHAPTER 3 – RESEARCH PLAN 

The research findings for this thesis are presented as two independent papers to be submitted for 

publication. In the first paper, the research aims to evaluate the performance of a pilot-scale 

anaerobic-aerobic wastewater treatment system in reducing the strength of contaminants in 

brewery effluent. The second paper aims to investigate the performance of EC and combined EC-

CC on the treatment of brewery wastewater while examining the effect of different operating 

conditions on removal efficiency. Both papers possess a common objective which is to reduce the 

strength of brewery wastewater in order to minimize ODFs imposed on breweries.  

 

3.1 ANAEROBIC-AEROBIC TREATMENT OF BREWERY WASTEWATER 

A laboratory scale A/O treatment process was developed and fed with brewery wastewater from 

Wellington Brewery in Guelph, Ontario. Over a total of 234 days, the treatment system ran 

continuously with the performance of the system being investigated in seven successive phases. 

Before the beginning of each phase, the operating conditions of the system were altered, followed 

by a minimum of three days for the system to calibrate and achieve steady-state conditions. During 

each phase, the system was sampled and tested semi-weekly for a minimum period of two weeks.  

Samples were extracted from seven locations including the influent feed, column #1, column #2, 

column #3, column #4, the clarifier, and sludge recycle line. The sample extracted from clarifier 

supernatant was considered to be the A/O treated effluent. These samples were then tested for pH, 

COD, TSS and RP. Occasionally, TP and TN were tested to determine the C:N:P ratio of the 

influent. Furthermore, readings for temperature and dissolved oxygen were obtained in the aerobic 

column during each sampling. Starting in phase 5 and continuing for the remainder of the study, 

surface tension was measured in the influent before and after the addition of anti-foam. The 

treatment performance during each phase was predominantly evaluated by COD, RP and TSS 

removal. The relationships between treatment performance and operating conditions were 

investigated. Furthermore, two kinetic models were applied (Monod and Haldane) based on an 

COD analysis of the AS column and determined from experimental results. ODFs were estimated 

prior and following treatment to determine the advantages of treatment prior to disposal by sanitary 

sewer. Table 3-1 provides a summary of the experiments completed in this study with the number 

of days and operation conditions presented. Supplementary information can be seen in Chapter 4. 
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Table 3-1: Summary of experiments completed in A/O research 

Phase # Days Operating Conditions Tested Parameters 

1 23 
Flowrate: 4 L/d, Recycle: 0.5 L/d 

Anaerobic: Column #1, #2, and #3, Aerobic: Column #4 (Fine) 
COD, TSS, RP, pH, DO 

2 18 
Flowrate: 2 L/d, Recycle: 1.8 L/d 

Anaerobic: Column #1, #2, and #3, Aerobic: Column #4 (Fine) 
COD, TSS, RP, pH, DO 

3 21 
Flowrate: 4 L/d, Recycle: 1.8 L/d 

Anaerobic: Column #1, #2, and #3, Aerobic: Column #4 (Coarse) 

COD, TSS, RP, pH, DO, 

TN, TP 

4 25 
Flowrate: 4 L/d, Recycle: 1.8 L/d, Urea added 

Anaerobic: Column #1, #2 and #3, Aerobic: Column #4 (Coarse) 

COD, TSS, RP, pH, DO, 

TN 

5 22 

Flowrate: 4 L/d, Recycle: 1.8 L/d, Urea added, 

Anaerobic: Column #1 and #2 Aerobic: Column #3 (Coarse) and #4 

(Coarse) 

COD, sCOD, TSS, RP, 

pH, DO, TN 

6 17 
Flowrate: 4 L/d, Recycle: 1.8 L/d, Urea added, Anti-Foam added 

Anaerobic: Column #1 and #2 Aerobic: Column #3 (Coarse) and #4 (Fine) 

COD, TSS, RP, pH, DO, 

TN, TP, Surface Tension 

7 14 
Flowrate: 4 L/d, Recycle: 1.8 L/d, Urea added, Anti-Foam added 

Anaerobic: Column #1 and #2 Aerobic: Column #3 (Fine) and #4 (Fine) 

COD, TSS, RP, pH, DO, 

TN, Surface Tension 

 

3.2 ELECTROCOAGGULATION TREATMENT OF BREWERY WASTEWATER 

The purpose of this research study was to investigate the performance of EC and combined EC-

CC in treating high-strength brewery wastewater. The effect of variations in applied power, 

treatment time, initial concentration and initial pH were investigated to obtain optimal operating 

parameters that maximize removal performance while minimizing operating costs. The optimal 

aluminum sulfate dosage was determined prior to the combined EC-CC experiments to enhance 

the treatment efficiency. A comparison between the performance of EC, EC-CC and CC-EC was 

presented in terms of RP, TP, COD, and TSS removal at optimal operating conditions. Using a 

first-order kinetic model, the removal rate of RP and TP was estimated at various applied powers. 

The experimental results were then evaluated from an economic standpoint where, the ODFs prior 

and following treatment were estimated. The recovered ODF costs following treatment was then 

compared to the cost of treatment to determine if the treatment of brewery wastewater by EC and 

EC-CC is economically feasible. Table 3-2 provides a summary of the main objectives and 

outcomes for this study. Additional details regarding the research is presented in Chapter 5. 
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Table 3-2: Summary of experiments completed for EC research. 

Objective Outcome 

EC at 1W, 5W and 10W for 2, 5, 

10, 20, and 30 minutes  

Compared removal performance at various applied power and treatment time to find 

optimal operating parameters. 

EC Replicate at 1W, 5W, 10W for 

2, 5, 10, 20, and 30 minutes 

Replicate of experiment to obtain average removal performance for EC at various 

applied power and treatment time. 

CC at various Alum dosages Determined the optimal Alum dosage for removal performance by CC. 

EC-CC at 1W, 5W, 10W for 2, 5, 

10, 20, and 30 minutes 

Compared EC and EC-CC in terms of removal performance at various applied power 

and treatment time. 

EC-CC Replicate at 1W, 5W, 10W 

for 2, 5, 10, 20, and 30 minutes 

Replicate of experiment to obtain average removal performance for EC-CC at various 

applied power and treatment time to compare with EC. 

CC-EC at 1W, 5W, 10W for 2, 5, 

10, 20, and 30 minutes 

Compared EC, EC-CC, and CC-EC in terms of removal performance at various 

applied power and treatment time. 

CC-EC Replicate at 1W, 5W, 10W 

for 2, 5, 10, 20, and 30 minutes 

Replicate of experiment to obtain average removal performance for CC-EC at various 

applied power and treatment time to compare with EC and EC-CC. 

EC at 5W for 20 minutes at 

different initial pH. 

Compared the removal performance at various pH to determine an optimal pH range 

for treatment. 

EC Replicate at 5W for 20 minutes 

at different initial pH. 

Replicate of experiment to obtain average removal performance for EC at various 

initial pH. 
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CHAPTER 4 – ANAEROBIC-AEROBIC TREATMENT SYSTEM 

4.1 ABSTRACT 

A pilot-scale anaerobic-aerobic (A/O) treatment system was proposed to treat high-strength 

brewery wastewater in order to reduce disposal costs.  Various operating conditions were 

investigated to determine the optimal conditions to enhance treatment performance. Two kinetic 

models were applied to obtain kinetic coefficients for the AS process; Monod’s model and 

Haldane’s model. Monod kinetic coefficients determined included 0.055-0.1593 mg VSS/mg 

COD (Y), 0.0147-0.1688 d-1 (kd), 1.527-7.862 d-1 (k), and 70.32-2240 mg COD/L (Ks). The 

Haldane kinetic coefficients determined were 0.07108-1.4835 hr-1 (max), 85-3962 mg COD/L (Ks) 

and 804.6-8066.4 mg COD/L (Ki). Haldane’s kinetic model provided a better fit than Monod’s 

kinetic model due to the presence of inhibitory behaviour. The maximum COD, RP, and TSS 

removal efficiencies over the experimental study were 93.2%, 99.4% and 97.5%, respectively. 

These removal efficiencies have the potential to recover significant costs that would otherwise be 

imposed on the brewery through over-strength discharge fees. 

 

Keywords: Anaerobic-aerobic treatment, Kinetics, Aeration, Brewery wastewater, 

Environmental sustainability. 
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4.2 INTRODUCTION 

The treatment of wastewater by biological methods is a promising technology that can achieve a 

high degree of treatment efficiency at a reduced cost (Chan, Chong, Law, & Hassel, 2009). By 

combining the concepts of resource recovery, resource utilization and pollution control, A/O 

treatment systems prove their merit in water and wastewater treatment (Chan, Chong, Law, & 

Hassel, 2009). In most applications, the treatment of industrial wastewaters introduces a challenge 

for WWTPs due to the high organic strength of the wastewater (Chan, Chong, Law, & Hassel, 

2009). Adopting A/O processes in wastewater treatment can improve treatment efficiency by 

combining different reaction environments to improve biodegradability conditions (Tomei, Rita, 

& Mininni, 2011). The reasoning behind this is that the residual organic fraction in the sludge 

following anaerobic digestion can be aerobically degraded during post-aerobic treatment 

(Ghanimeh, Khalil, Mosleh, & Habchi, 2018). Thus, A/O treatment can enhance the performance 

of conventional digestion methods in order to meet effluent discharge standards (Tomei, Rita, & 

Mininni, 2011). 

 

This chapter will investigate the efficiency and feasibility of a pilot-scale A/O treatment system 

for the treatment of high-strength wastewater. The effect of operating conditions on removal 

performance will be examined by altering the influent flowrate, recycle ratio, number of aerobic 

columns, method of aeration, the surface tension and TN concentration of the raw brewery 

wastewater.  

 

The specific objectives of this research include: 

1) To evaluate the treatment performance of a pilot-scale anaerobic-aerobic system fed with 

high-strength brewery wastewater. 

2) To examine the effect of various contaminant loads on the efficiency of treatment with 

respect to COD and nutrient removal. 

3) To investigate the efficiencies of oxygen transfer during aeration with the implementation 

of coarse-bubble and fine-bubble aeration. 

4) To analyze the effect of anti-foam additives into brewery wastewater with respect to 

treatment performance, foaming and surface tension. 
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5) To determine optimal operating conditions including influent flowrate, sludge recycle and 

wastewater characteristics to optimize the performance of the pilot-scale system with 

respect to effluent quality. 

6) To determine the biokinetic coefficients, Y, kd, µmax, Ks and Ki, using the anaerobic-aerobic 

system operation data while comparing the values to conventional AS processes. 

7) To investigate the feasibility of anaerobic-aerobic technology in future applications in the 

brewery industry in terms of cost-effectiveness. 

 

4.3 MATERIAL AND METHODS 

4.3.1 ANAEROBIC-AEROBIC SYSTEM 

 
Figure 4.1:  Pilot-scale A/O treatment system (left to right, column 1, column 2, column 3, column 4, clarifier). 

As shown in Figure 4.1, the pilot-scale A/O treatment system is comprised of four columns and a 

2 L clarifier. PVC columns with the following dimensions were used as the reactors: height 1.0 m, 

internal column diameter 7.62 cm, and column working volume 4.104 L. To prevent overflow, 10 

cm was allotted at the top of each column, resulting in the difference between the actual and 

working volume of the cylinders. Influent was fed to column 1, followed by column 2, then column 

3, then column 4 and lastly, the clarifier with the supernatant exiting the system as effluent and the 

sludge/biomass being pumped through the sludge return line and back into column 4. In column 
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4, air was introduced through direct contact with the liquid and the air, and by pumping air 

continuously through a PVC tube to a ceramic air stone diffuser. A continuous aeration scheme 

was chosen over cyclic aeration to ensure the availability of oxygen for the degradation of organic 

materials by microbial activity. Both submerged diffusers (coarse- and fine-bubble) were 

cylindrical in shape. Column 4 in the A/O system is configured as an AS process (Kassab, 

Halalsheh, Klapwijk, Fayyad, & van Lier, 2010). The AS process consists of a reactor where 

microorganisms responsible for treatment are kept in suspension and aerated, and a liquid solids 

separation unit (Kassab et al., 2010). In the liquid solids separation unit (clarifier), liquids are 

removed from the system while solids are recirculated into the aeration column to increase the 

concentration of microorganisms and improve treatment efficiency (Kassab et al., 2010). 

Two peristaltic pumps controlled by timers were used to pump the influent into the system and 

pump the sludge biomass into the aeration column (column 4), respectively. Both pumps were run 

for 10 minutes every hour at different rotations per minute (RPM) to achieve a desired flowrate. 

The influent pump was operated at a higher RPM to achieve a higher flowrate in comparison to 

the sludge return pump. The temperature of the influent was maintained at approximately 4°C 

using a portable lab refrigerator. The temperature in the A/O system was governed by the ambient 

temperature in the lab ranging between 19 to 25°C. Figure 4.2 shows the process configuration for 

the laboratory scale system. 

 
Figure 4.2: Process configuration for pilot system. 

Beginning in phase 5, column 3 was changed from anaerobic to aerobic. During this phase, air was 

introduced by coarse-bubble diffusion into both column 3 and 4. In phase 6, the method of aeration 

in column 4 was changed from coarse- to fine-bubble diffusion. In phase 7, both column 3 and 4 

used fine-bubble diffusion as the method of aeration.  
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4.3.2 CHARACTERISTICS OF WASTEWATER 

During this study, Wellington Brewery wastewater was fed to the A/O system. The wastewater 

was obtained every two weeks and stored for a maximum of two weeks in a refrigeration unit to 

ensure consistency in the composition of wastewater. Based on the brewing schedule at Wellington 

Brewery, the average daily volume of wastewater produced is 58,300 L with a peak daily volume 

of 96,000 L. 

 

4.3.3 REACTOR OPERATION 

The pilot-scale A/O system was fed with brewery wastewater for two months prior to the start of 

the study to allow for the growth and buildup of biomass and for the reactor to reach steady-state 

operation. Following the initial two-month period, the laboratory system began phase 1 with 

operating conditions and the start and end date outlined in Table 4-1. The research study was 

categorized into 7 phases and upon completion of each phase, a minimum period of three days was 

allotted for the system to operate according the operating conditions of the next phase allowing for 

calibration and steady-state operation. The operating conditions and schedule for the A/O system 

is presented in Table 4-1. 

Table 4-1: Pilot A/O system operating conditions. 

 Operating Conditions Start date, end date  

Phase 1 
Flowrate: 4 L/d, Recycle: 0.5 L/d 

Anaerobic: Column #1, #2, and #3, Aerobic: Column #4 (Fine) 

May 28 – June 20 (23 

days) 

Phase 2 
Flowrate: 2 L/d, Recycle: 1.8 L/d 

Anaerobic: Column #1, #2, and #3, Aerobic: Column #4 (Fine) 

July 5 – July 23 (18 

days) 

Phase 3 
Flowrate: 4 L/d, Recycle: 1.8 L/d 

Anaerobic: Column #1, #2, and #3, Aerobic: Column #4 (Coarse) 

July 26 – August 16 (21 

days) 

Phase 4 
Flowrate: 4 L/d, Recycle: 1.8 L/d, Urea added 

Anaerobic: Column #1, #2 and #3, Aerobic: Column #4 (Coarse) 

August 23 – September 

17 (25 days) 

Phase 5 
Flowrate: 4 L/d, Recycle: 1.8 L/d, Urea added, 

Anaerobic: Column #1 and #2 Aerobic: Column #3 (Coarse) and #4 (Coarse) 

September 24 – 

October 15 (22 days) 

Phase 6 
Flowrate: 4 L/d, Recycle: 1.8 L/d, Urea added, Anti-Foam added 

Anaerobic: Column #1 and #2 Aerobic: Column #3 (Coarse) and #4 (Fine) 

October 22 – 

November 8 (17 days) 

Phase 7 
Flowrate: 4 L/d, Recycle: 1.8 L/d, Urea added, Anti-Foam added 

Anaerobic: Column #1 and #2 Aerobic: Column #3 (Fine) and #4 (Fine) 

December 6 – 

December 20 (14 days) 

 

For the majority of this research study, the HRT of the anaerobic/aerobic columns were maintained 

at 1.03 d, respectively. The exception to this, was during phase 2 where the HRT was increased to 

2.05 d. The OLR varied throughout the experimental period as a result of large fluctuations in the 

characteristics of the raw brewery wastewater. 
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4.3.4 ANALYTICAL METHODS 

Samples from the A/O system were extracted and tested semi-weekly for analysis. According to 

the Water Analysis Guide (HACH, 2013), samples were measured for COD, reactive phosphate 

(RP), total phosphorous (TP) and total nitrogen (TN) by HACH vial tests and read using a DR 

3900™ Spectrometer (HACH, 2008). In order to measure soluble COD, samples were filtered 

through 0.45 mm filters prior to analysis. Samples were then measured for pH using a portable pH 

meter (Fisherbrand™ accumet™ AP125 portable pH/ION/mV/temperature meter). To facilitate 

the measurement of TSS, standard methods defined by APHA-AWWA-WEF were followed. The 

temperature and dissolved oxygen in the aeration column(s) were measured using a HACH 

HQ30D portable multi-meter. All experiments were conducted at ambient temperature, 

approximately 20C. 

Equation 4-1 was used to determine removal efficiencies for COD, reactive phosphate (RP), total 

phosphorous (TP) and total nitrogen (TN). 

 

 𝑅𝑒𝑚𝑜𝑣𝑎𝑙 𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦 (%) =  
𝐶𝐼𝑛𝑓𝑙𝑢𝑒𝑛𝑡 − 𝐶𝑒𝑓𝑓𝑙𝑢𝑒𝑛𝑡

𝐶𝑖𝑛𝑓𝑙𝑢𝑒𝑛𝑡
 𝑥 100 (4-1) 

   

Surface tension was measured using capillary surface tension apparatus (DWK Life Sciences 

Kimble 14818 Tensiometer). Using equation 4-2, surface tension was calculated with the 

acceleration due to gravity being corrected for latitude and altitude at the University of Guelph. 

 

 𝑦 =
1

2
(ℎ)(𝑟)(𝑑)(𝑔) (4-2) 

Where, 

y = surface tension (dynes/cm), 

h = distance between menisci (cm), 

r = radius of capillary (cm), 

d = density of sample (g/cm3 at measuring temperature), 

g = acceleration due to gravity (cm/s2). 

 

In AS treatment processes, the oxygen uptake rate (OUR) is parameter used to evaluate the rate of 

metabolic activity (Haandel & Lubbe, 2012). To determine the OUR, a series of DO measurements 
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were obtained over a function of time with the aeration in column 4 interrupted. The results were 

then reported in terms of mg O2/L • hr (Haandel & Lubbe, 2012). The OUR was determined by 

direct measurement in the treatment system and calculated using equation 4-3. 

 

𝑂𝑈𝑅 =
(𝐷𝑂𝑖𝑛𝑖𝑡𝑖𝑎𝑙 − 𝐷𝑂𝑓𝑖𝑛𝑎𝑙 )

(𝑡2 − 𝑡1)
 (4-3) 

Where, 

DOinitial, DOfinal = initial and final dissolved oxygen concentration (mg/L), respectively, 

t2-t1 = time interval (hr). 

 

Combined with the mixed liquor volatile suspended solids (MLVSS) in the aeration column, the 

OUR yields the specific oxygen uptake rate (SOUR) and was reported in terms of mg O2/MLVSS• 

h (Tchobanoglous et al., 2014). 

 

4.3.4.1 SAMPLING ORDER 

To protect the integrity of the sample and to avoid the uptake of wastewater into adjacent columns 

after each sample, samples were collected in the same order during each extraction. This extraction 

method allowed for consistency in each sample. Samples were extracted from the clarifier first, 

then the return sludge line, column 4, column 3, column 2, column 1 and lastly, the influent tank. 

 

4.3.5 MICROBIAL GROWTH KINETICS 

The determination of kinetic coefficients is important in accessing the degradation capacity of 

microorganisms and understanding the treatment process (Jain, 2005). Primarily, there are two 

types of behaviour for a single substrate observed in microbial growth kinetics that establish a 

functional relationship between specific growth rate and substrate concentration; non-inhibitory 

behaviour and inhibitory behaviour. Non-inhibitory behaviour is observed when the specific 

growth rate increases with increased substrate concentration. On the other hand, for inhibitory 

behaviour, as the substrate concentration increases, the specific growth rate will increase to a 

maximum and then diminish.  Depending on the type of behaviour, different models have been 

proposed in literature to define a relationship between specific growth rate and substrate 
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concentration. In this paper, two models will be considered: (1) Monod’s Model to describe non-

inhibitory behaviour and (2) Haldane’s Model to describe inhibitory behaviour. 

 

4.3.5.1 MONOD’S MODEL FOR NON-INHIBITORY GROWTH KINETICS 

Originally proposed in 1942 by Monod, the Monod equation provides an empirical relationship 

between the specific growth rate and the utilization of substrate, as shown in equation 4-4 

(Raghuvanshi & Babu, 2008). The maximum specific growth rate, max, in equation 4-4 is the 

maximum growth rate achievable. The half-velocity constant, Ks, is the concentration of substrate 

at which the specific growth rate reaches ½ of the maximum specific growth rate (Jain, 2005). 

 

 
𝜇 = 𝜇𝑚𝑎𝑥

𝑆

𝐾𝑠 + 𝑆
 (4-4) 

Where, 

 = Specific growth rate (d-1), 

max = Maximum specific growth rate (d-1), 

Ks = Half-velocity constant (mg/L), 

S = Concentration of substrate (mg/L). 

 

Kinetic coefficients, k, max, Ks, Kd, and Y, were determined by linearizing the Monod equation 

and plotting experimental results based on COD analysis in the aeration column.  

To determine the kinetic coefficients, k and Ks, a mass-balance for substrate utilization was 

considered and manipulated into a linear equation in the form of y = mx + b. It was assumed that 

the system had reached steady-state conditions (dS/dt=0). 

 

 𝑑𝑆

𝑑𝑡
∀= 𝑄𝑆𝑜 − 𝑄 ∗ 𝑆 − ∀

𝑑𝑠

𝑑𝑡
|

𝑢𝑡𝑖𝑙𝑖𝑧𝑎𝑡𝑖𝑜𝑛
 (4-5) 

 𝑑𝑆

𝑑𝑡
∀= 𝑄 ∗ 𝑆𝑜 − 𝑄 ∗ 𝑆 − ∀

𝜇𝑚𝑎𝑥𝑆𝑋

𝑌(𝐾𝑠 + 𝑆)
 (4-6) 

 
𝑄(𝑆𝑜 − 𝑆) = ∀ (

𝜇𝑚𝑎𝑥𝑆𝑋

𝑌(𝐾𝑠 + 𝑆)
) (4-7) 

 𝑆𝑜 − 𝑆

𝜃𝐻𝑅𝑇 ∗ 𝑋
=

𝑘 ∗ 𝑆

𝐾𝑠 + 𝑆
 (4-8) 
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Equation 4-8 was then rearranged into a linear equation in the form y = mx + b (equation 4-9) by 

taking its inverse to allow for the plotting of the data with the intercept of the trendline equal to 

1/k and the slope of the trendline equal to Ks/k. 

 

 𝜃𝐻𝑅𝑇 ∗ 𝑋

𝑆𝑜 − 𝑆
= (

𝐾𝑠

𝑘
∗

1

𝑆
) +

1

𝐾
 (4-9) 

 

Where, 

X = Concentration of biomass in the aeration column (mg/L), 

ΘHRT = Hydraulic retention time (d), 

So = Initial concentration of substrate (mg/L), 

S = Concentration of substrate at certain time (mg/L), 

Ks = Half-velocity constant (mg/L), 

k = Maximum rate of substrate utilization per unit mass of microorganisms (g substrate/g 

microorganism•d). 

 

To determine the remaining kinetic coefficients, Y and Kd, a mass-balance for the mass of 

microorganisms in the reactor was considered and manipulated into a linear equation in the form 

of y = mx + b. The following assumptions were made: (1) the concentration of microorganisms in 

the influent could be neglected (Xo=0), and (2) that steady-state conditions exist (dX/dt=0). 

 

𝑟𝑥 = 𝑌𝑟𝑠𝑢 − 𝐾𝑑𝑋 (4-10) 

𝑑𝑋

𝑑𝑡
= 𝑄𝑋𝑜 − [(𝑄 − 𝑄𝑤)𝑋𝑒] − (𝑄𝑤𝑋𝑅) + 𝑟𝑥𝑉 (4-11) 

 

With the assumptions applied, the mass-balance can be simplified to, 

 

(𝑄 − 𝑄𝑤)𝑋𝑒 + 𝑄𝑤𝑋𝑅 = 𝑟𝑥𝑉 (4-12) 

 

The combination of equations 4-12 and 4-10, resulted in equation 4-13. Then, recognizing the 

inverse term of the left-hand side of equation 4-13 is defined as the average solids retention time 

(SRT). 
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(𝑄 − 𝑄𝑤)𝑋𝑒 + 𝑄𝑤𝑋𝑅

𝑉𝑋
= 𝑌

𝑟𝑠𝑢

𝑋
− 𝐾𝑑 (4-13) 

1

𝜃𝑆𝑅𝑇
= 𝑌

𝑟𝑠𝑢

𝑋
− 𝐾𝑑 (4-14) 

𝑟𝑠𝑢 =
(𝑆𝑜 − 𝑆)

𝜃𝐻𝑅𝑇
 (4-15) 

 

Substituting equation 4-15 into 4-14, to obtain the linear equation 4-16 in the form y = mx + b. By 

plotting experimental data using equation 4-16, the y-intercept of the trendline gives Kd and the 

slope gives the maximum yield coefficient, Y. 

 

1

𝜃𝑆𝑅𝑇
= 𝑌

(𝑆𝑜 − 𝑆)

𝜃𝐻𝑅𝑇𝑋
− 𝐾𝑑 (4-16) 

 

Where, 

Y = Biomass yield coefficient (mg VSS/mg COD), 

Kd = Endogenous decay coefficient (d-1), 

SRT = Solids retention time (d). 

 

After determining Y and k, max could be determined using the following equation. 

 

𝜇𝑚𝑎𝑥 = 𝑘 ∗ 𝑌 (4-17) 

 

Recognizing that no sludge wasting occurred during treatment and that solids removed daily from 

the system was by effluent, the SRT equation was simplified to equation 4-18. HRT was calculated 

according to equation 4-19.  

 

𝑆𝑅𝑇 =
𝑉𝑋

𝑄𝑋𝑒
 (4-18) 

𝜃𝐻𝑅𝑇 =
𝑉

𝑄
 (4-19) 
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Where, 

Q = Flowrate (L/d), 

Xe = Concentration of biomass leaving reactor (mg/L), 

V = Reactor volume (L), 

X = Concentration of biomass in reactor (mg/L). 

 

4.3.5.2 HALDANE’S MODEL FOR INHIBITORY GROWTH KINETICS 

Several substrate inhibition models have been introduced in literature, however, Haldane’s kinetic 

model will be considered in this paper due to the widespread use of the model (Raghuvanshi & 

Babu, 2008). The Haldane kinetic model was proposed in 1968 with the specific growth rate given 

by equation 4-20. All terms in the equation 4-20 have been defined previously besides the 

inhibition constant, Ki (Raghuvanshi & Babu, 2008). 

 

𝜇 =
𝜇𝑚𝑎𝑥𝑆

𝐾𝑠 + 𝑆 + (
𝑆2

𝐾𝑖
)
 

(4-20) 

Where, 

Ki = Inhibition constant (mg/L). 

 

This model has been frequently applied to describe the inhibition of enzymatic reactions in the 

utilization of organic compounds. The Haldane model, also known as the substrate inhibition 

model, is based upon the fundamental hypothesis that the combination of substrate and enzyme-

substrate complexes result in the formation of multibranched complexes that can hinder substrate 

utilization (Cheng, 2017).  The coefficient of determination was calculated according to equation 

4-21. 

𝑅2 =
𝑆𝑆𝑅

𝑆𝑆𝑇
=

∑(�̂� − �̅�)2

∑(𝑦 − �̅�)2
 (4-21) 

 

Where, 

SSR is the measure of explained variation, 

SST is the measure of total variation in y. 
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4.4 RESULTS AND DISCUSSION 

4.4.1 BREWERY WASTEWATER CHARACTERISTICS 

During each sampling date, the wastewater obtained from Wellington Brewery was characterized 

for pH, TSS, COD, and RP and periodically TN and TP. All of the influent wastewater quality 

parameters obtained during sampling is shown in a raw data format presented in Appendix A. Over 

the operational period, the strength and characteristics of the wastewater varied significantly due 

to changes in brewing production and time of extraction. The influent wastewater was slightly 

acidic with an average pH of 5.81  0.5. Table 4-2 shows the characteristics of the feed wastewater 

with the mean and range of values identified. 

Table 4-2: Characteristics of feed wastewater. 

 

 

The C:N:P ratio of the initial raw brewery wastewater was found to be 150:0.6:1 in phase 3. 

However, the nutrient requirements (C:N:P ratio) for anaerobic and aerobic treatment have been 

reported in literature as approximately 250:5:1 and 100:5:1, respectively (Ammary, 2004). The 

initial C:N:P ratio of the raw brewery wastewater suggests that the TN content is lower than what 

is required for anaerobic and aerobic treatment. In A/O treatment, nitrogen and phosphorous are 

required for the growth and reproduction of microorganisms (Ammary, 2004). To ensure an 

optimal nutrient ratio for anaerobic and aerobic digestion, approximately 20 grams of Urea 

(Certified ACS, Fisher Scientific CAS 57-13-6) was added to each 20L influent container starting 

in phase 4 and continuing for the remainder of the study.  This resulted in an improved C:N:P ratio 

of 127:7:1. It should be noted that nutrient requirements can change depending on the extent of 

loading or the initial concentrations of COD in the influent (Ammary, 2004).  

 

4.4.2 REACTOR OBSERVATIONS 

4.4.2.1 FOAMING EVENTS 

In the brewery wastewater, the utilization of slowly degradable organics (i.e., lipids, proteins and 

fats) by filamentous microorganisms, specifically M.parvicella and G.amarae, is believed to have 

Parameters Mean Value Range of Values 

TSS (mg/L) 1849 10 - 28367 

pH 5.81 4.99 – 7.62 

COD (mg/L) 10023 3700 - 28800 

RP (mg/L) 149 21 - 614 

TN (mg/L) 72.8 65 – 80.9 

TP (mg/L) 397.5 132 - 163 
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contributed to foaming events (Pal, Khairnar, & Paunikar, 2014). The stabilization of bubbles 

yielding foam is believed to be a result of the filamentous microorganisms having mycolic acid 

containing hydrophobic cell surfaces and the production of extracellular polymers (Pal, Khairnar, 

& Paunikar, 2014). As suggested by Petrovski et al. (2011a), the stability of the foam is based 

upon the requirement of three components, air bubbles, surfactants and hydrophobic cells. With 

the presence of these components being provided by aeration, compounds in brewery wastewater 

and the production of surfactants by filamentous bacteria, the formation of stable foam produced 

in the aerobic column(s) throughout this study was predictable (Pal, Khairnar, & Paunikar, 2014). 

During operation, foaming from the aeration column introduced a major challenge for treatment.  

The large quantities of foam leaving the aeration column resulted in the treatment system short-

circuiting and occurred in phase 1, 2, 3 and 4. To limit this occurrence beginning in phase 3, the 

airflow rate entering the aeration column was reduced and the diffusion method was changed from 

fine- to coarse-bubble aeration. The oxygen transfer exchange was significantly reduced as a result 

of the reduced airflow rate and the change of diffusion method. It is expected that during these 

events, the reduced airflow and the change of diffusion method had an adverse impact on the 

treatment performance with less residual oxygen entering the system for digestion. During the 

course of investigation, foaming events were also believed to be caused by additives used during 

cleaning and disinfection in the brewing process. To control foaming, an anti-foaming agent 

(NALCO ® 305FG) was introduced into the influent prior to the start of phase 6. Approximately, 

4mL was added per 20L of influent to reduce foaming in both aeration columns. The addition of 

anti-foam allowed for the airflow rates to be increased in column 3 and 4 to ensure a sufficient 

dissolved oxygen concentration in the reactor. Following the addition of anti-foam, the aeration in 

column 4 was changed from coarse- to fine-bubble diffusion. During this phase, the performance 

of the aeration process was closely monitored to analyze removal performance. 

Table 4-3 shows the surface tension readings determined in phase 6 with and without the addition 

of anti-foam. The surface tension was calculated using equation 4-2. Supplemental data is 

presented in Appendix D. As shown, the surface tension of the brewery wastewater increased 

following the addition of anti-foam and resulted in no further foaming events. 
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Table 4-3: Surface tension readings in phase 6. 

Surface Tension (g/s2) Percent Increase in 

Surface Tension (%) Without Antifoam With Antifoam 

53.74274853 58.13371979 7.553226042 

53.81947492 55.56765701 3.146042471 

56.05980903 57.04238795 1.722541699 

 

The average DO and pH measurement in column 4 for each phase is shown in Figure 4.3.  

 
Figure 4.3: Average DO and pH in column 4 by phase. 

Figure 4.3 provides clarity towards the different operating conditions in the aerobic reactor 

(column 4) over the course of the study. As mentioned, during phase 3, the average DO 

concentration in the aerobic reactor was low in comparison to the other phases. In particular, the 

DO concentration was less than 1 mg/L during multiple sampling dates. Although the airflow was 

adjusted and increased following those readings, the airflow entering the aerobic reactor had to be 

limited to avoid excess production of foam. 

Throughout the experimental period, the average pH in the anaerobic and aerobic columns was 

5.36 +/- 0.879 and 7.57 +/- 1.46, respectively. Figure 4.4 shows the average pH in the anaerobic 

and aerobic columns during each phase with the standard deviation presented. 
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Figure 4.4: Average pH in aerobic and anaerobic columns. 

As shown in Figure 4.4, the average pH in the anaerobic columns was frequently below the 

suggested operating pH range of 6.8 and 7.8 for anaerobic digestion (Tchobanoglous et al., 2014). 

For pH values between 6.8 and 7.8, stable methanogenic activity occurs. In the anaerobic columns, 

reduced pH may have inhibited methanogenic activity resulting in poor COD removal 

performance. The poor performance in the anaerobic columns will be explained further in Section 

4.4.3.3. For carbonaceous removal in the aerobic columns, optimal performance occurs near 

neutral pH, however, a pH range of 6-9 was tolerable. In phase 3, the pH of the aerobic column 

was outside of the suggested operating range. This is believed to be a result of the high OLR during 

phase 3 and will be discussed in Section 4.4.2.2. 

 

4.4.2.2 BULKING SLUDGE 

The formation of bulking sludge occurred twice during the course of the A/O experiments. The 

first bulking sludge event occurred during phase 2, where the clarifier was full of a gel-like sludge 

resulting in poor liquid-solid separation. It is hypothesized that viscous bulking occurred, which is 

identifiable based on the slimy, jellylike consistency, reduced settling velocity and poor 

compaction (Tchobanoglous et al., 2014). The poor liquid-solid separation can be attributed to the 

hydrophilic biopolymers that are highly water-retentive (Tchobanoglous et al., 2014). Commonly, 

this type of bulking is found in nutrient deficient systems or with very high F/M loading with high 

concentration of rbCOD in the wastewater (Tchobanoglous et al., 2014). This is in agreement with 

the inadequate C:N:P ratio of the raw initial brewery wastewater in phase 2. Due to nutrient 

deficiencies in the aerobic reactor, viscous bulking occurred (Tchobanoglous et al., 2014). The 

effect of viscous bulking on nutrient and COD removal performance in phase 2 will be discussed 

in Section 4.4.3.1. 
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The second sludge bulking event occurred during phase 3, which was assumed to be caused by 

fungal sludge bulking. Commonly, this type of bulking is found in AS aerobic reactors with a high 

OLR resulting in oxygen deficiencies (Rezasoltani, Shayegan, & Jalali, 2015). The reduced 

oxygen content leads to the production of alcohols and organic acids within the reactor and thus, 

fermentative behaviour resulting in drop in pH within the reactor. As a result of the acidic 

conditions within the reactor, the growth of fungal filamentous organisms was observed 

(Rezasoltani, Shayegan, & Jalali, 2015). This behaviour can be observed in Figure 4.5 which 

presents the pH and OLR for the anaerobic column 1. 

 

Figure 4.5: Reactor pH and OLR for anaerobic column 1. 

As the OLR increased in phase 3, the reactor pH diminished as shown in Figure 4.5. Due to the 

presence of a proliferation of filamentous bacteria, poor settling was observed in the clarifier 

(Tchobanoglous et al., 2014). The bulking sludge also resulted in the clogging of tubes and the 

premature exit of wastewater out of the aerobic column, further impacting the removal 

performance of system. The effect of sludge bulking on nutrient and COD removal performance 

observed during phase 3 will be discussed further in Section 4.4.3.1. 

 

4.4.2.3 A/O SYSTEM ODOUR 

During the experimental period, operating the pilot A/O treatment system resulted in the release 

of odours on several occasions. These odours were believed to be caused by insufficient oxygen, 

high OLR, periodic sludge accumulation in the aerobic column(s) and reactor overflow during 
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foaming/sludge bulking events. Primarily, strong odours were detected during phase 1, 2 and 3. 

However, during phase 6, the odour returned as the airflow rate was increased. It should be noted 

that the pilot A/O treatment system was installed in a laboratory with limited ventilation which 

resulted in a perpetuated odour.  

 

 4.4.2.4 MLSS IN AEROBIC COLUMN 4 

The MLSS of aerobic column 4 is presented in Figure 4.6.  In Figure 4.6, each coloured section 

represents a different phase and is presented in chronological order. Over the experimental period, 

the MLSS concentration varied significantly by phase. However, within each phase following the 

change of operating conditions, the MLSS concentration approached steady-state behaviour 

frequently. Based on Figure 4.6 and the assumption of the system reaching steady-state in Section 

4.3.5 for the determination of biokinetic coefficients, it is believed that this assumption is still 

applicable and adequate. 

 
Figure 4.6: MLSS in AS column 4 over experimental period. 

Over the course of the experimental study, it is believed that variability in the characteristics of 

the brewery wastewater, foaming and bulking sludge events, the absence of sludge wasting and 

the inadequate design of the clarifier in terms of the wastewater being treated, lead to transient 

microbial behaviour during some phases. It is believed that if each study period was longer, the 

system would grow nearer to equilibrium and steady-state conditions. 
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4.4.3 COD REMOVAL PERFORMANCE 

4.4.3.1 OVERALL COD REMOVAL PERFORMANCE 

The COD removal efficiency and respective influent COD concentration over the experimental 

period is shown in Figure 4.7. In Figure 4.7, each coloured section represents a different phase and 

is presented in chronological order. 

 
Figure 4.7: Overall COD removal efficiency of A/O system. 

Figure 4.7 demonstrates that phase 6 resulted in the greatest overall COD removal performance. 

During phase 6, the maximum and minimum COD removal efficiencies were 93.2% and 71.4%, 

respectively. Over the course of this experimental study, the maximum COD removal efficiency 

occurred during phase 2 at 98.5%. This can be attributed to an increase in the HRT as the 

wastewater flowrate entering the system was reduced from 4 to 2 L/d and a reduction in the F/M 

ratio improving treatment efficiency and performance. Figure 4.8 presents the F/M ratio over the 

course of the experimental study. 

 

Figure 4.8: F/M ratio for aerobic column 4 over experimental period. 
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Despite improvements in COD removal performance in phase 2, the removal performance was 

also very erratic for phases 2 and 3. This can be attributed to the occurrence of bulking sludge, as 

mentioned previously. The poorest COD removal efficiency occurred during phase 3 at 10%. This 

was expected as bulking sludge was observed during phase 3 and resulted in poor settling and 

liquid-solid separation. The improved and more consistent performance during the later phases 

suggest that the addition of urea, antifoam and column 3 changing from anaerobic to aerobic 

improved the removal performance of the A/O system. 

 

4.4.3.2 ORGANIC LOADING RATE 

 Figure 4.9 presents the organic loading rate (OLR) for the A/O treatment system over the 

experimental period.  In Figure 4.9, each coloured section represents a different phase with the 

order of these phases in chronological order. 

 
Figure 4.9: Organic loading rate for A/O system over experimental period. 

During phase 3, the OLR increased significantly from 6.5 to 25 kg cod/m3•d, as shown in Figure 

4.9. In comparison to the COD removal performance during phase 3 presented in Figure 4.7, as 

the OLR increased, the COD removal performance was adversely affected. As reported in 

literature, treatment systems with high OLRs and low airflow rates (relative to the OLR), are more 

likely to foam (Mara & Horan, 2003). Therefore, during phase 3, foaming could also be attributed 

to the increased OLR in combination with the reduced DO concentration in the aerobic reactor. 
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4.4.3.3 EFFICIENCY OF ANAEROBIC AND AEROBIC TREATMENT 

In order to determine the efficiency of anaerobic and aerobic treatment individually, the COD 

removal performance of the anaerobic and aerobic columns are shown in Figure 4.10.  

 
Figure 4.10: Comparison of COD removal performance in the aerobic and anaerobic columns. 

Figure 4.10 demonstrates that the COD removal for the A/O system was predominantly due to 

aerobic treatment during phases 1, 2, 3 and 4. Following the addition of urea in phase 4 and an 

improvement in reactor pH, the anaerobic COD removal performance improved during phases 5, 

6, and 7. Similarly, the aerobic COD removal performance improved following the addition of 

urea and changing column 3 from anaerobic to aerobic. This confirms that the nutrient deficiencies 

in the raw initial wastewater did have an influence on the A/O removal performance, particularly 

for the aerobic portion of the system. Moreover, the aerobic COD removal performance improved 

following the addition of anti-foam during phase 6. This suggests that the aerobic columns were 

deficient in DO concentration due to a combination of the diffusion method and the airflow. 

 

4.4.3.4 EFFECT OF AERATION 

During the course of this study, the diffusion method in the aeration column(s) changed several 

times as shown in Table 4-4. Initially, fine-bubble diffusion was used for aeration due to studies 

performed showing the enhanced efficiency of aeration and performance in comparison to coarse-

bubble. However, foaming became a significant problem during phase 1 and 2 resulting in the 

diffusion method changing to coarse-bubble. 
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Table 4-4: Diffusion method in aeration column(s) for each phase. 

Phase # Diffusion Method 

Phase 1 Fine-Bubble Diffusion in Column 4 

Phase 2 Fine-Bubble Diffusion in Column 4 

Phase 3 Coarse-Bubble Diffusion in Column 4 

Phase 4 Coarse-Bubble Diffusion in Column 4 

Phase 5 Coarse-Bubble Diffusion in Column 3 and 4 

Phase 6 Coarse-Bubble Diffusion in Column 3 and Fine-Bubble Diffusion in Column 4 

Phase 7 Fine Bubble Diffusion in Column 3 and 4 

 

The foaming events was also attributed to the chemicals present in the wastewater from CIP 

methods, in particular, surfactants. These surfactants reduced the surface tension of the wastewater 

resulting in the creation of foam during aeration. A relevant study conducted by Rosso and 

Stenstrom (2006) can give important insight into the reason why coarse-bubble diffusion produced 

less foam in comparison to fine-bubble diffusion in the presence of surfactants. The study 

investigated the effects of surfactant contamination on gas-liquid interfaces for high and low 

interfacial velocities. As suggested by Rosso and Stenstrom (2006), coarse-bubble and surface 

aerators behave as high-flow regime interfaces and fine-bubble aerators behave as a low-flow 

regime interface. Their results suggested that coarse-bubble aerators behave more similar to 

surface aerators due to the increased turbulence associated with aeration (Rosso & Stenstrom, 

2006). As the Reynolds number increases into the turbulent regime, the surface renewal rate 

increases, resulting in the ability to shear off surfactants from the surface, lower interfacial 

surfactant contamination and a higher -factor (ratio of process water to clean water mass transfer 

coefficients) (Rosso & Stenstrom, 2006). In contrast, in the laminar regime (fine-bubble aerators), 

an increase in the Reynolds number results in increased surficial transport to the interface and a 

lower -factor (Rosso & Stenstrom, 2006). The findings of Rosso and Stenstrom (2006) proposes 

an explanation for the difference in performance between the fine-bubble diffuser and coarse-

bubble diffuser in this study. During phase 1 and 2, fine-bubble aeration resulted in extensive 

foaming events due to the inability of surfactants being sheared from fine-bubble interface and the 

accumulation surfactant molecules. Following phase 2, the method of aeration was changed to 

coarse-bubble and as a result allowed for the airflow rate to be increased while reducing foaming. 

The reduced foaming events with an increased airflow rate demonstrate that the higher turbulence 

associated with coarse-bubble was beneficial for wastewater containing surfactants.  Rosso and 

Stenstrom (2006) also concluded that the use of coarse-bubble aeration results in reduced aeration 

efficiency, consequentially, at the expense of additional energy, better transfer rates can be 
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achieved. Following the implementation of coarse-bubble aeration during phase 3, better transfer 

rates were achieved, with additional airflow, despite the presence of surfactant contaminants, in 

agreement with Rosso and Stenstrom (2006). 

Depending on the brewing/cleaning schedule at Wellington Brewery and when the wastewater was 

obtained, the characteristics of the wastewater varied significantly. Interestingly, the treatment of 

some batches of raw brewery wastewater did not result in foaming and it should be noted that, 

fine-bubble aeration achieved higher removal efficiencies during those times. However, foaming 

events were frequent, undesirable and had to be avoided, thus coarse-bubble diffusion was applied. 

This behaviour can be seen in Figure 4.11 that displays the COD removal efficiency in the aerobic 

column(s) based on method of aeration.  

 
Figure 4.11: Aerobic COD removal performance based on method of aeration. 

As shown in Figure 4.11, during the first 54 days, fine-bubble aeration often resulted in poor COD 

removal efficiencies. An exception was during non-foaming periods, shown by the increased COD 

removal efficiency. After the implementation of coarse-bubble aeration, the COD removal 

efficiencies improved and were more consistent, particularly after addition of urea on the 85th day. 

Following the addition of antifoam on the 147th day and the method of diffusion changing in 

column 4 from coarse- to fine-bubble aeration, the COD removal performance improved 

significantly. This agrees with the findings of Rosso and Stenstrom (2006) that state that aeration 

efficiency is improved with fine-bubble diffusion. The addition of anti-foam counteracted the 

production of foam in spite of the presence of surfactants, allowing for a more efficient aeration 
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method to be used (fine-bubble aeration). Thus, COD removal efficiency was improved and 

remained above 70%. 

Figure 4.12 presents the average COD and RP removal efficiencies in Column 3 for coarse-bubble 

diffusion (phase 6) and fine-bubble diffusion (phase 7). Figure 4.12 demonstrates that the average 

removal performance of coarse-bubble diffusion is superior to fine-bubble diffusion during the 

A/O experiments, at the expense of increased aeration costs. The average DO in column 3 during 

coarse-bubble and fine-bubble diffusion was 4.31 and 8.30 mg/L, respectively. An increased DO 

concentration during fine-bubble diffusion was expected as a result of the improved OMT 

associated with fine-bubble diffusion.  

 

Figure 4.12: Average COD and RP removal efficiency in column 3 based on method of aeration. 

4.4.4 RP REMOVAL PERFORMANCE 

The RP removal efficiency and respective influent RP concentration over the experimental period 

is shown in Figure 4.13. In Figure 4.13, each coloured section represents a different phase with the 

order of these phases in chronological order. 

 
Figure 4.13: Overall RP removal efficiency of A/O system. 
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Figure 4.13 demonstrates that the nutrient deficiencies of the raw influent wastewater had a 

substantial effect on the RP removal performance. Before the addition of urea during phase 4, the 

maximum RP removal achieved was below 70%. Contrastingly, after the addition of urea, the RP 

removal performance improved significantly. The RP removal performance additionally became 

more consistent following the addition of anti-foam, demonstrating that the DO concentration in 

the aerobic reactor had an impact on the aerobic RP removal efficiency. Throughout the 

experimental study, the maximum and minimum RP removal occurred during phase 6 at 99.3% 

and phase 3 at 12.0%, respectively. It should be noted that RP removal efficiencies below 0.00% 

were obtained in phase 1 and 3 and are supressed in Figure 4.13. This can be attributed to sludge 

bulking, nutrient deficiencies and reduced DO concentrations. 

 

4.4.5 TSS REMOVAL PERFORMANCE 

The TSS removal efficiency over the experimental period is shown in Figure 4.14. In Figure 4.14, 

each coloured section represents a different phase with the order of these phases in chronological 

order. Figure 4.14 demonstrates that the greatest TSS removal performance occurred during phase 

6 with all TSS removal efficiencies greater than 60%. Alternatively, the worst TSS removal 

performance occurred during phase 2 with several TSS removal efficiencies below 0% and a 

maximum TSS removal efficiency of 43.5%. Throughout the experimental study, the maximum 

and minimum TSS removal occurred during phase 6 at 99.3% and during phase 1 at 18.5%, 

respectively.  

 
Figure 4.14: Overall TSS removal efficiency of A/O system. 
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4.4.6 OXYGEN UPTAKE RATE 

The results of the OUR test procedure can be seen in graphical form in Appendix B. By applying 

equation 4-3 previously introduced in Section 4.3.4 with the experimental results obtained, the 

OUR in column 4 was determined to be 12.22 mg O2/L•hr. In combination with the MLVSS in 

column 4, the SOUR was determined to be 19309 mg O2/MLVSS•h. According to Haandel, and 

Lubbe (2012), the OUR ranges between 20 to 100 mg O2/L hr for most AS systems. Based on the 

values obtained for the A/O system, the OUR was relatively low in comparison to typical AS 

systems. A low OUR is an indication of low microbial activity and low organic matter content 

(U.S. EPA, 2001). 

 

4.4.7 KINETIC COEFFICIENTS 

For the determination of kinetic coefficients based on a COD analysis, it was assumed that the AS 

reactor (column 4) was completely mixed, at steady-state and the solids inventory in the clarifier 

is negligible in comparison to that of the aeration tank. Furthermore, that the portion of 

nonbiodegradable COD is minor in comparison to the biodegradable COD and thus, can be 

ignored. The kinetic coefficients for the AS column were determined using the pilot-scale 

experimental data obtained during this study at various SRTs and according to the procedure 

outlined in Section 4.3.5. The Monod kinetic coefficients obtained for the AS process are 

summarized in Table 4-5. Supplementary data regarding operational parameters used in the 

determination of kinetic coefficients is shown in Appendix C. It should be noted that some outlying 

experimental data was omitted as the results were highly variable. Excluded experimental data is 

identified in Appendix C. 

Table 4-5: Monod kinetic coefficients determined for AS reactor (column 4). 

 k (d-1) 
Y (mg VSS/mg 

COD) 
Kd (d-1) KS (mg sCOD/L) max (d-1) 

Phase 1 1.527 0.0555 0.0147 1205 0.0846 

Phase 2 1.599 0.1273 0.076 70.32 0.2036 

Phase 3, 4 and 5 7.862 0.1004 0.1688 2240 0.7893 

Phase 6 and 7 4.664 0.1593 0.0621 159.8 0.7423 

 

The plots used in the determination of the Monod kinetic coefficients are presented in Figures 4.15 

to 4.18 with the equation of the line of best fit and the coefficient of determination, R2, identified.  
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Figure 4.15: Determination of Monod kinetic coefficients for phase 1 (A) Determination of k and Ks, (B) Determination of Kd and 

Y. 

 
Figure 4.16: Determination of Monod kinetic coefficients for phase 2 (A) Determination of k and Ks, (B) Determination of Kd and 

Y. 

 
Figure 4.17: Determination of Monod kinetic coefficients for phase 3, 4 and 5 (A) Determination of k and Ks, (B) Determination 

of Kd and Y. 
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Figure 4.18: Determination of Monod kinetic coefficients for phase 6 and 7 (A) Determination of k and Ks, (B) Determination of 

Kd and Y. 

Table 4-6 presents a summary of Monod kinetic coefficients determined for the removal of COD 

by AS process in different types of wastewater.  

Table 4-6: Summary of Monod kinetic coefficients determined for AS process for the removal of COD in different types of 

wastewater, k (mg COD/mg VSS d-1), Y (mg VSS/mg COD), Kd (d-1), Ks (mg/L), max (d-1). 

Wastewater k Y Kd Ks max Reference 

Municipal 
Wastewater 

1.22 - 1.95 0.48 - 0.8 0.0189 - 0.026 311.7 - 508 0.95 - 0.98 
(Mardani, Mirbagheri, Amin, & 

Ghasemian, 2011) 

Tannery Wastewater 0.2 0.68 0.024 23.02 0.136 (Goswami & Mazumder, 2015) 

Dairy Wastewater 2.7 0.68 0.047 110.3 2.13 
(Emerald, Prasad, Ravindra, & 

Pushpadass, 2012) 

Sugarcane Industry 

Wastewater 
2.5 0.36 0.05 36.6 1.02 

(Mousavian, Takdastan, & 

Akhavani, 2016) 

Municipal 

Wastewater 
2 - 10 0.3 - 0.6 0.06 - 0.15 10 - 60 0.6 - 6 (Tchobanoglous et al., 2014) 

Anaerobically 
Digested Spentwash 

2 0.25 0.01 5000 0.5 (Patil, 2014) 

Brewery Wastewater 0.328 0.357 0.083 - 0.117 (Enitan & Adeyemo, 2014) 

 

The maximum specific substrate utilization rate (k) represents the rate at which substrate is utilized 

per unit mass of microorganisms (Mardani, Mirbagheri, Amin, & Ghasemian, 2011). In terms of 

the maximum rate of substrate utilization, k, the values obtained by using the Monod model are 

within typical ranges for that parameter for AS processes, shown in Table 4-6. The increase in the 

value of k for phases 3, 4, 5, 6 and 7 suggests that the addition of urea improved microbial cell 

synthesis and growth, as shown in Table 4-5 (Tchobanoglous et al., 2014). Due to restrictions in 

experimental data and expected substrate inhibition, poor R2 values were obtained for the 

determination of k and Ks coefficients for most phases excluding phase 2.  Thus, to improve the 

reliability of the model, more experimental data should be obtained at low substrate concentrations. 
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The endogenous decay coefficient (Kd) represents the rate at which biomass is lost due to 

endogenous respiration. Loss of biomass can be caused by a variety of different factors, including, 

cell maintenance energy requirements, cell lysis (death or environmental stress) and predation 

(Tchobanoglous et al., 2014). In comparison to Kd values obtained in previous studies shown in 

Table 4-6, the Kd values determined using the Monod model were typical ranges for that parameter, 

shown in Table 4-5. However, the Kd value obtained for phase 3, 4 and 5, was slightly high at 

0.1688 d-1. The elevated Kd value for phase 3, 4 and 5 was believed to be a result of the increased 

SRT during those phases and the lack of sludge wasting (Tchobanoglous et al., 2014). 

The biomass yield coefficient (Y) is used to predict the amount of biomass produced during 

substrate utilization by microorganisms (Emerald, Prasad, Ravindra, & Pushpadass, 2012). This 

kinetic parameter is useful in reactor design for estimating the total amount of sludge produced 

(Enitan & Adeyemo, 2014). The biomass yield coefficients determined from the experimental data 

are shown in Table 4-5. In comparison to Table 4-6, the obtained yield coefficients were 

significantly less than typical values reported in literature. The reduced yield coefficients obtained 

during this study suggests that only a small portion of substrate in the brewery wastewater was 

converted to biomass which could be attributed to the high-strength of the brewery wastewater 

resulting in substrate inhibition (Mardani, Mirbagheri, Amin, & Ghasemian, 2011).  

The magnitude of the half-velocity constant (Ks) is useful in indicating the affinity of 

microorganisms towards the substrate, the rate of biological cell growth and the influence of the 

concentration of organics in the wastewater on the rate of microorganism growth (Emerald, Prasad, 

Ravindra, & Pushpadass, 2012). Greater values of the half-velocity coefficient indicate reduced 

biological cell growth rates (Emerald, Prasad, Ravindra, & Pushpadass, 2012). In comparison to 

Ks values obtained in previous studies shown in Table 4-6, the values of Ks determined from 

experimental data in this study are within typical ranges as shown in Table 4-5.  However, the 

values of Ks for phase 1, 3, 4 and 5 exist towards the upper-end of typical values. For phase 1, an 

elevated Ks could be attributed to insufficient nutrients in the reactor required for microbial cell 

synthesis and growth (Tchobanoglous et al., 2014). The Ks value obtained for phase 2 suggests 

that increasing the HRT from 1.03 to 2.05 days improved microorganism growth and substrate 

utilization. Thus, it is recommended that for future work, the HRT is increased beyond 1.03 days 

to ensure adequate biological cell growth rates. The elevated Ks value for phase 3, 4, and 5 could 

be attributed to high OLR and nutrient deficiencies in phase 3. For phase 6 and 7, the value of Ks 



 62 

was reduced to 159.8 mg/L demonstrating that the rate of microorganism growth was improved at 

those operating conditions. Furthermore, in combination with the low endogenous decay 

coefficient for phase 6, it indicates improved operational stability by reducing the effect of 

variations in substrate concentration on microorganism growth (Emerald, Prasad, Ravindra, & 

Pushpadass, 2012). 

As shown in Tables 4-15 and 4-16, the maximum specific growth rates (max) obtained using the 

Monod model agree with typical values reported in literature. However, for phase 1, the value of 

max is significantly lower in comparison to other phases. This could be attributed to the fact that 

the determination of max is affected by the uncertainty of estimating the value of k. For phase 1, 

the poor R2 value for the line of best fit in the determination of k at 0.0877 would be reflected on 

the value of  max. 

Table 4-5 clearly demonstrates that the kinetic coefficients determined using the Monod model 

vary considerably. Furthermore, that the coefficients of determination presented in Figure 4.15 to 

4.18 demonstrate that applying the Monod model results in a poor fit. This can be attributed to the 

high substrate concentration and the resulting inhibition of the utilization of substrate (Cheng, 

2017). Figure 4.19 presents the biomass growth curve for phase 1 and clearly exhibits substrate 

inhibition behaviour. As the concentration of substrate increases beyond a certain concentration, 

the specific growth rate is reduced which suggests substrate inhibition (Mathur & Majumder, 

2010). In Figure 4.19, two behaviours can be identified at low and high substrate concentrations; 

non-inhibition behaviour and inhibition behaviour, respectively. 

 

Figure 4.19: Biomass growth curve for phase 1 (Inhibitory behaviour). 

Thus, the Monod based approach for the determination of kinetic coefficients may be insufficient 

to provide an accurate kinetic model given the high-strength of brewery wastewater. Experimental 
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data for the specific growth rate was fit to Haldane’s model using a non-linear regression method 

in MATLAB. The R2 values were calculated according to equation 4-21. The Haldane kinetic 

coefficients that resulted in the highest R2 value were chosen. It should be noted that some outlying 

experimental data was omitted as the results were highly variable. Table 4-7 presents a summary 

of Haldane kinetic coefficients determined for the removal of COD by AS process in different 

types of wastewater with the coefficient of determination identified.  

Table 4-7: Haldane kinetic coefficients determined for AS reactor (column 4). 

 max (hr-1) Ks (mg/L) Ki (mg/L) R2 

Phase 1 1.4835 1421 4046.9 0.2896 

Phase 2 0.07108 85 7651.6 0.8675 

Phase 3, 4, and 5 0.7623 3962 8066.4 0.3498 

Phase 6 and 7 0.9724 1280 804.6 0.8465 

 

Figure 4.20 shows the plots used to determine the Haldane kinetic coefficients, with the equation 

of the line of best fit and the coefficient of determination presented for each phase. 

 

Figure 4.20: Determination of Haldane's kinetic coefficients. 
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In comparison to the kinetic coefficients determined using the Monod model, the Haldane model 

provided a more consistent and accurate fit in terms of the coefficient of determination. The 

inhibition constant, Ki, is used to quantify inhibition resulting from the substrate. As the value of 

the inhibition constant increases, the degree of inhibition is reduced (Jain, 2005). Thus, substrate 

inhibition was the most severe during phases 6 and 7 and the least severe for phases 3, 4 and 5. 

Table 4-8 presents a summary of Haldane kinetic coefficients obtained in recent studies. 

Table 4-8: Summary of Haldane's kinetic coefficients determined in recent studies. 

Wastewater max (hr-1) Ks (mg/L) Ki (mg/L) Reference 

Petroleum Refinery Desalter Effluent 11.31 81,136.6 6.647 (Azimian, Bassi, & Mercer, 2019) 

Composite Chrome Tannery Wastewater 0.136 23.02 40 (Goswami & Mazumder, 2015) 

Olive-Mill Wastewater 0.47 61 1196 (Kučić, Domanovac, & Briški, 2017) 

 

As shown in Table 4-8, the values of Haldane kinetic coefficients determined in previous studies 

vary considerably. In comparison to the Haldane’s kinetic coefficients determined in this paper as 

shown in Table 4-7, the inhibition coefficients were significantly higher in all phases except 6 and 

7. This suggests that the inhibitory behaviour in phase 6 and 7 may have been caused by the 

addition of antifoam. Furthermore, that substrate inhibition behaviour was less severe in phases 1 

to 5. 

 

4.4.8 OPERATING COSTS OF PILOT A/O TREATMENT SYSTEM 

Identifying the cost of treatment was difficult for the A/O system due to the absence of a flow 

meter for the aeration column(s). However, because of the continuous airflow operation scheme, 

energy consumption and cost could be significant. Thus, in order to provide an estimate regarding 

the total operating cost for the pilot A/O treatment system per litre, the following assumptions 

were made: (1) The treatment system uses four pumps (one for influent, two for air and one for 

recycle), (2) the air pumps run 24 hours per day and the influent and recycle pumps run 4 hours 

per day, (3) all pumps operate at 120V and 3.8A, (4) the cost of electricity in Guelph, Ontario was 

estimated at $0.094 per kWh, which assumes a mid-peak time-of-use price period, (5) the cost of 

urea was estimated at $0.18 per gram, and (6) the influent wastewater flowrate is 4 L/d. Table 4-9 

presents the daily operating costs for the A/O treatment system. 
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Table 4-9: Operating costs for pilot-scale A/O treatment system. 

 Value Reference 

Energy Consumption (kWh/L) 6.38 (Orenco Systems Inc., 2014) 

Urea Consumption (g/L) 1.0  

Energy Cost ($/L) 0.60 (Ontario Energy Board, 2018) 

Urea Cost ($/L) 0.18 (Fisher-Scientific, 2019) 

Total Operating Cost ($/L) 0.78  

 

4.4.9 RECOVERED COSTS FOLLOWING ANAEROBIC-AEROBIC TREATMENT 

In practice, BOD values are commonly estimated from COD values by applying a previously 

established relationship between both parameters (Kobya, Hiz, Senturk, Aydiner, & Demirbas, 

2006). Due to the fact that the determination of COD during experiments was much faster and 

more accurate than BOD, a ratio determined in a previous study regarding brewery wastewater 

was used in this calculation (Kobya, Hiz, Senturk, Aydiner, & Demirbas, 2006). Choi (2016) found 

that the ratio of COD to BOD in brewery wastewater was approximately 1.78. Thus, to calculate 

the ODF for BOD concentration predicted for Wellington Brewery wastewater, a COD/BOD ratio 

of 1.78 was assumed. 

The ODFs were calculated according to the ODF Type 1 formula using the sewer bylaw 

concentration limits and surcharge rates for the sanitary sewer in the City of Hamilton (Stantec 

Ltd., 2012). The surcharge rates and bylaw concentration limits for surchargeable parameters used 

in the ODF calculation are shown in Table 4-10. The peak daily volume of wastewater produced 

at Wellington Brewery was used to approximate the daily ODFs imposed on Wellington Brewery 

(93 m3). Figure 4.21 presents a comparison of ODFs before and after treatment with the minimum, 

average and maximum removal performances considered. The minimum removal performance 

accounts for minimum removal over the experimental period while still achieving a positive 

removal. The average removal accounts for the average removal performance over the course of 

the study. The maximum removal accounts for the removal performance during phase 6. Figure 

4.21 (A), (B), and (C), show the ODFs imposed on Wellington Brewery before and following 

treatment for BOD, RP and TSS, respectively. Figure 4.21 (D) presents a comparison of the overall 

ODFs imposed on Wellington Brewery before and following treatment. 

Table 4-10: Surcharge rates and bylaw concentration limits for surchargeable parameters. 

  Surcharge Rates ($/kg) Bylaw Concentration Limit (mg/L) 

BOD 0.6656 300 

TSS 0.5323 300 

TP 1.426 10 
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Figure 4.21: Comparison of daily ODFs before and after anaerobic/aerobic treatment (A) BOD, (B) RP, (C) TSS, (D) Overall 

ODFs for all surchargeable parameters. 

Figure 4.21 (A), (B), and (C) can provide insight into the advantages of implementing A/O 

treatment at the brewery. Primarily, the reduction of BOD/COD by A/O treatment is the most 

beneficial in terms of recovered ODF costs. However, the removal of RP and TSS can still be cost 

efficient for the brewery. By considering the average removal performance for all parameters, the 

brewery could save an average $272 per day for what would have been imposed on the brewery 

through ODFs for disposal without treatment. Furthermore, these removal averages were based on 

the overall experimental period. If the optimal operating conditions were considered (4 L/d, urea 

and anti-foam addition, two anaerobic columns, two aerobic columns) which is represented as the 

maximum removal, the brewery could avoid paying ODFs to the municipality in general. In the 

case of the minimum removal performance, the brewery could save approximately $52 per day. 

Further removal performance can be enhanced by ensuring adequate oxygen to OLR ratio, optimal 

operating pH, adequate nutrient requirements and optimal reactor design (HRT, SRT, etc.). 
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4.5 RECOMMENDATIONS 

The recommendations for this chapter are separated into two categories; recommendations to 

improve performance/function of the A/O system and recommendations for future work. Based on 

experimental observations and results, the following recommendations are suggested to improve 

the performance/function of the pilot-scale A/O system: 

1) At low wastewater flowrates, the performance of the A/O treatment system was adversely 

affected due to the tubes clogging. To avoid this, an optimal influent flowrate should be 

further investigated and applied to the system. 

2) During the experimental period, a thick-film would develop on the surface of the 

submerged diffusers which impacted aeration performance. To maintain adequate air 

transfer, the coarse- and fine-bubble diffusers should be cleaned periodically. 

3) It is also recommended that the design of the A/O system is optimized for the specific 

influent brewery wastewater. The system was designed prior to determining the influent 

wastewater characterization data. This introduced problems in clogging of the tubes as the 

wastewater on occasions was more viscous than previously expected. Furthermore, this 

introduced a problem with the flow through the sludge return line. To avoid blockage of 

the sludge return line, a peristaltic pump was used, however, this added to the energy 

consumption required for treatment and could have been avoided. 

4) A forced airline was used to supply air to the aeration column during the experimental 

study. The airflow entering the aerobic column(s) was not measured due to equipment 

restrictions and the absence of a flow meter. As a result, it was difficult to control the 

airflow entering the column and obtain a reasonable cost of treatment. Additionally, during 

treatment, increasing the airflow required opening a valve. That made it difficult to 

determine how much airflow was being introduced aside from increased bubbling and DO 

concentration readings. Airflow rate is significant parameter in aerobic treatment, 

therefore, it is suggested that that a flow meter is used in further studies from a performance 

and cost perspective. 

5) The odour released by the A/O treatment system should be minimized. To manage and 

control the release of odours from the A/O treatment system, strategies include: (1) ensure 

reactor conditions are optimal to avoid foam, sludge bulking and overflow, (2) ensure 
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adequate ventilation near the system, (3) use of an air scrubber above system, and (4) 

installation of covers on aerobic column(s) and clarifier (Tchobanoglous et al., 2014). 

6) The variability of the Monod kinetic coefficients should be minimized by obtaining more 

experimental data points with the same operating conditions. Alternative models should 

also be investigated with an emphasis on substrate inhibition. Furthermore, the effect of 

anti-foam on the growth of microorganisms and substrate utilization should be examined. 

 

Based on this study, the recommendations for future work include: 

1) The quantity and composition of biogas generated during treatment should be determined. 

2) The optimum OLR to enhance A/O treatment performance should be investigated. 

3) Reactor scale-up should be considered to investigate the feasibility of A/O treatment in 

brewery application. 

 

4.6 CONCLUSIONS 

The results of this study demonstrate that a pilot-scale A/O treatment system is capable of handling 

various organic loads while achieving enhanced nutrient removal efficiencies. Furthermore, that 

A/O treatment in a brewery application can result in significant savings for the brewery in terms 

of reduced ODFs, especially because of the high organic content commonly present in brewery 

wastewater. 

 

The main conclusions of this study can be summarized as follows: 

• The removal performance of the A/O system was significantly affected by foaming and 

sludge bulking events. These events were mitigated by the addition of urea and anti-foam. 

Urea improved the C:N:P ratio to ensure sufficient nutrients in the A/O system thereby 

reducing the frequency of bulking sludge events and improving the removal performance. 

The addition of anti-foam allowed for the airflow rate to be increased resulting in an 

increased DO concentration in the aerobic column(s). Additionally, anti-foam allowed for 

the aeration method to be changed from coarse- to fine-bubble diffusion. This reduced the 

occurrence of sludge bulking resulting in improved oxygen mass transfer efficiencies. 

• From analyzing the performance of the anaerobic and aerobic columns individually, 

nutrient deficiencies had a significant influence on treatment in the anaerobic columns. 
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Furthermore, during the majority of the experimental study, the aerobic columns were 

deficient in DO concentration as a result of the diffusion method and/or airflow. 

• Prior to the addition of anti-foam, coarse-bubble aeration reduced foaming events in the 

aerobic column.  At the expense of additional energy, better oxygen transfer rates could be 

achieved with coarse-bubble aeration in the treatment of wastewater containing surfactants. 

Following the addition of anti-foam, both coarse- and fine-bubble aeration resulted in 

improved removal efficiencies in phase 6. Over the course of the experimental period, 

phase 6 resulted in the greatest overall RP, TSS and COD removal performance in terms 

of consistency.  

• The Monod kinetic coefficients determined for the AS reactor include the biomass yield 

coefficient (Y), endogenous decay coefficient (kd), maximum specific substrate utilization 

rate (k), and half-velocity constant (Ks) and were in the range of 0.055-0.1593 mg VSS/mg 

COD, 0.0147-0.1688 d-1, 1.527-7.862 d-1, and 70.32-2240 mg COD/L, respectively. The 

number of experimental data points available had a significant impact on the variability of 

the kinetic coefficients. 

• The Haldane kinetic coefficients determined for the AS reactor include the maximum 

specific growth rate (max), the half-velocity constant (Ks) and the inhibition constant (Ki) 

and were approximated to be 0.07108-1.4835 hr-1, 85-3962 mg COD/L and 804.6-8066.4 

mg COD/L, respectively. The Haldane kinetic coefficients suggested that inhibitory 

behaviour was the most severe during phases 6 and 7. This could be attributed to the 

addition of anti-foam and the effect on microorganism growth and substrate utilization. 

Haldane’s kinetic model provided a better fit than Monod’s kinetic model in terms of 

coefficient of determination. 

• The implementation of an A/O treatment system at Wellington Brewery could reduce ODF 

costs significantly, especially if the optimal operating conditions are applied to the system. 

By ensuring an adequate oxygen to OLR ratio, optimal operating pH, adequate nutrient 

requirements and an optimal reactor design, improved removal performance can be 

expected. 
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CHAPTER 5 – ELECTROCOAGULATION AND COMBINED ELECTRO- AND 

CHEMICAL- COAGULATION 

 

5.1 ABSTRACT 

Significant ODFs are often imposed on breweries for the disposal of high-strength effluent to 

sanitary sewers. In this paper, the removal performance of electrocoagulation (EC) and combined 

electrocoagulation and chemical coagulation (EC-CC) will be examined to determine the 

capability of treatment in reducing the strength of the wastewater. Optimal operating parameters 

regarding electrolysis time, initial pH, initial concentration and applied power were determined in 

conjunction with nutrient removal performance, electrode consumption and energy usage. 

Treatment by EC and post-CC at 5W for 20 minutes using aluminum electrodes resulted in 

enhanced and consistent COD, RP, TP and TSS removal efficiencies of 26.4%, 74.2%, 75.9%, and 

85.1%. Energy consumption was the main contributor to operating cost. However, by considering 

potential recovered ODF costs, EC-CC treatment is economically feasible and beneficial in a 

brewery wastewater application with recovered costs of over $200 per day for optimal operation. 

 

 

 

Keywords: Electrocoagulation; Brewery wastewater; Direct-current; Chemical coagulation; 

Aluminum electrodes. 
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5.2 INTRODUCTION 

In the 21st century, water resource preservation has become one of the most important 

environmental challenges facing the globe. As such, new treatment technologies and approaches 

are continuously being investigated to treat and manage wastewaters in a sustainable and 

environmentally-friendly manner (Hakizimana et al., 2017). The importance of investigating 

alternative treatment methods in the brewing industry is significant due to quantity and quality of 

effluent produced and as environmental legislation becomes more stringent. In order for brewing 

operation to remain economically and environmentally feasible, different methods of treatment 

must be investigated in terms of removal performance, treatment capacity and cost of treatment. 

Special consideration to ODFs imposed on breweries from the disposal of untreated wastewater 

should also be considered with respect to the cost of treatment and the recovered costs following 

treatment. The treatment of food and beverage wastewater by electrocoagulation (EC) has been 

proven successful in terms of removal performance in numerous past studies (Eyvaz, 2016). 

However, despite these optimistic results, studies on the treatment of brewery effluent by EC 

remains relatively untouched from a technical and economic standpoint (Eyvaz, 2016). 

Electrocoagulation as a water treatment technology has been around for a over a century and has 

been proven successful in the removal of a wide range of contaminants. The first emergence of EC 

as a treatment technology occurred in early 19th century London, England in a WWTP (Moreno-

Casillas, 2007; Naje & Abbas, 2013). The plant built and used electrochemical treatment in order 

to treat domestic sewage wastewater by mixing with seawater (Moreno-Casillas, 2007; Naje & 

Abbas, 2013). In 1906, the EC process was being used to treat bilge water from ships and was 

patented by A.E. Dietrich. By the beginning of the 20th century, EC wastewater treatment plants 

were in operation across the US (Hakizimana et al., 2017). In 1909, electrolysis with sacrificial 

aluminum and iron anodes was first patented by J.T. Harries for usage in wastewater treatment 

(Moreno-Casillas, 2007). Despite growing interest in the ability of EC to achieve enhanced 

removal performances, it began being replaced by other treatment methods including chemical 

coagulation (CC) and biological processes due to the high cost of electricity at the end of the 1930s. 

The re-emergence of EC technology as a feasible treatment process for water and wastewater 

began in the 1990s as energy costs were significantly decreasing and removal efficiencies were 

improving (Hakizimana et al., 2017; Moreno-Casillas et al., 2007). As the importance of 

environmentally friendly water and wastewater treatment grew, the EC process stood out as an 
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excellent alternative that generates minimal sludge and requires less space and no additive 

chemicals (Moussa, El-Naas, Nasser, & Al-Marri, 2017). 

 

The objectives of this study were to: 

1) Evaluate the performance of three alternative treatment methods while providing a 

comparison in terms of pollutant removal; (1) EC, (2) EC and post-CC, and (3) CC and 

post-EC. 

2)  Investigate the effect of initial pH, applied power, and electrolysis (treatment) time on 

RP, TP, COD and TSS removal performance. 

3) Determine the optimal operating parameters for the treatment of brewery wastewater in 

terms of removal performance and operating cost. 

4) According to a first-order kinetic model, determine the RP and TP removal rate by EC at 

1W, 5W, 10W applied power. 

5) Provide an economic analysis of operating costs relative to recovered costs in terms of 

ODFs following treatment. 

 

5.3 MATERIALS AND METHODS 

5.3.1 CHARACTERISTICS OF WASTEWATER 

The wastewater used in the EC and EC-CC experiments was obtained from Wellington Brewery. 

The brewery generates approximately 58.3 to 96 m3 of effluent per day. The characteristics of the 

brewery wastewater used for the EC and combined EC-CC experiments can be seen in Table 5-1. 

The high conductivity of the raw brewery wastewater was advantageous for ECT, as no addition 

of electrolyte was required to improve current efficacy. The wastewater obtained from Wellington 

Brewery was primarily acidic with an average pH of 4.83. The EC process results in the 

neutralization of acidic wastewater following treatment (Sahu, Mazumdar, & Chaudhari, 2014). 

Thus, the treated brewery wastewater became more neutral following treatment which is beneficial 

for discharge. Every two weeks, new brewery wastewater was obtained from the Wellington 

Brewery to be used in experiments. The wastewater was stored at 4C in a laboratory refrigerator. 
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Table 5-1: Characteristics of brewery wastewater used in EC and combined EC-CC experiments. 

Parameter Average Value Range 

COD (mg/L) 16,194 9100 – 30,000 

sCOD (%) 55 37 - 73 

RP (mg/L) 605 185 – 1930 

TP (mg/L) 802 217 – 2335 

TSS (mg/L) 1171 73.3 – 4247 

pH 4.83 4.59 – 5.22 

Conductivity (mS/cm) 2.52 1.481 – 3.82 

 

5.3.2 EC REACTOR DESIGN 

5.3.2.1 ELECTRODE MATERIAL 

Aluminum was chosen for the anode and cathode due to the low cost, reliability and accessibility 

of the material (Elazzouzi, Kasmi, Haboubi, & Elyoubi, 2018). Furthermore, the formation of 

aluminum hydroxides by precipitation were relatively non-toxic when compared to the 

alternatives, and their high valence results in efficient removal of pollutants (Hakizimana et al., 

2017). In comparison to iron electrodes, the benefits of using aluminum electrodes include: 

1) Settling, surface complexation and electrostatic attraction can be used to remove resulting 

coagulants more efficiently (Adamovic et al., 2016).  

2) Aluminum electrodes consume less electricity during the EC process than using iron 

electrodes (Lacasa, Cañizares, Sáez, Fernández, & Rodrigo, 2011).  

3) Aluminum electrodes do not give any color to the supernatant resulting in clear, colourless, 

and odorless final product (Zailani & Zin, 2018). 

4) Aluminum electrodes require less electrolysis time and change loading for phosphorous 

removal (Omwene & Kobya, 2018). 

 

1.3.2.2 ELECTRODE CONFIGURATION AND SPACING 

In consideration with previous studies, the electrodes were spaced 3.50 cm apart to ensure 

sufficient turbulence occurs within the reactor and to minimize energy consumption (Zailani, 

Amdan, & Zin, 2018; Sahu, Mazumdar, & Chaudhari, 2014).  A monopolar configuration was 

chosen to minimize operating costs and for simplicity in cleaning between experiments (Sahu, 

Mazumdar, & Chaudhari, 2014). Although bipolar configurations have achieved enhanced 

removal performance in wastewater treatment, a monopolar configuration provided insight into 

the performance of a basic electrocoagulation setup (Sahu, Mazumdar, & Chaudhari, 2014).   
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5.3.3 EXPERIMENTAL SETUP 

The EC reactor was composed of a 1L Pyrex beaker with brewery wastewater, a magnetic stirrer 

plate (Fisherbrand™ Isotemp™ Stirrer), a wooden electrode holster for the (Al/Al) electrodes and 

a 30V/5A GW Laboratory direct current (DC) power supply. Prior to being attached to the 

electrode holster, the electrodes were rubbed using sandpaper, submerged in 5M (35%) 

hydrochloric acid solution for 8 minutes, rinsed with distilled water, then dried and weighed 

(Brahmi et al., 2015). The purpose of cleaning the electrodes was to remove and avoid a 

passivation film forming on the electrodes (Brahmi et al., 2015). The pair of Al electrodes were 

spaced 3.50 cm apart and arranged in monopolar configuration.  The dimensions of the electrodes 

are 50 mm by 125 mm (width by height) with a thickness of 2mm, respectively. The approximate 

surface area of the anode and cathode is 68.30 cm2 and 69.79 cm2, respectively. During the 

experiments, five 1L beakers were used to represent the incremental treatment times of 2, 5, 10, 

20 and 30 minutes. The current densities applied ranged from 19.0 to 73.2 A/m2 and experiments 

were conducted galvanostatically. A PB-700 Philips & Bird Stirrer was used to stir the beakers 

following the addition of the dissolved aluminum sulfate (Al2(SO4)3•18H2O) during the EC and 

post-CC experiment. The pH of the solution was adjusted using 3N sodium hydroxide (NaOH) 

and 1N hydrochloric acid (HCl) when investigating the effect of initial pH on treatment 

performance. All chemical used were of analytical grade. The experimental batch setup is shown 

in Figure 5.1. 

 
Figure 5.1: Batch electrocoagulation experimental setup. 
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5.3.4 EXPERIMENTAL PROCEDURE 

Prior to each experiment, the untreated brewery wastewater was characterized in terms of TSS, 

COD, RP, TP, pH and conductivity. The electrodes were rinsed with distilled water and dried prior 

to them being weighed before and after each run. All experiments were conducted at ambient 

temperature, approximately 20 C. 

 

5.3.4.1 EC EXPERIMENTAL PROCEDURE 

During each run, 1L of raw brewery effluent was added to a beaker with the electrodes and holster 

fastened on top. Alligator clips were then attached to the electrodes in order to connect the DC 

power supply. The beaker was then placed on a magnetic stirrer plate with the speed held constant 

at 125 rpm during each run. The DC power supply was then turned on and adjusted according to 

the desired power applied (1W, 5W, and 10W). After each electrolysis time (2, 5, 10, 20 and 30 

minutes), the power supply was turned off. Following electrolysis, each beaker was kept 

undisturbed to allow for the flocs to settle for a period of 30 minutes. After the 30-minute settling 

time, samples of the supernatant and sludge were extracted from each beaker to perform TSS, 

COD, RP, and TP tests. For the COD, RP, and TP tests, the samples were diluted in order to be in 

the range of the HACH test and to be measured by the spectrometer (HACH DR 3900). After the 

samples were extracted, the pH and conductivity of the wastewater in each beaker was measured. 

The electrodes were then rinsed with deionized water to remove any residue on the surfaces, dried 

and reweighed. No pH adjustment to the raw brewery wastewater was carried out for the EC 

experiments, except when the effect of pH was being investigated.  When the effect of pH was 

being investigated, initial pH of the brewery wastewater was adjusted to 3, 6, 6.5, 7, 7.5, 8, 8.5, 9 

and 11 by adding 3N NaOH and 1N HCl with a precision of 0.2 pH units. 

 

5.3.4.2 EC AND POST-CC EXPERIMENTAL PROCEDURE 

During each run, 1L of raw brewery effluent was added to a beaker with the electrodes and holster 

fastened on top. Alligator clips were then attached to the electrodes in order to connect the DC 

power supply. The beaker was then placed on a magnetic stirrer plate with the speed held constant 

at 125 rpm during each run. The DC power supply was then turned on and adjusted according to 

the desired power applied (1W, 5W, and 10W). After the desired electrolysis time (2, 5, 10, 20 and 

30 minutes), the power supply was turned off. Following electrolysis, 30mL of dissolved 
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Aluminum Sulfate (alum) was added to the beaker to investigate the capacity of chemical 

coagulants to improve the settling performance. Immediately after the addition of Aluminum 

Sulfate to the beakers, the stirrers were turned on and operated according to the following 

procedure: 30 minutes of rapid mixing at 125 rpm, 2 minutes at 75 rpm, and 5 minutes at 25 rpm. 

Following mixing, the beaker was kept undisturbed to allow for the flocs to settle for a period of 

30 minutes. Following the 30-minute settling time, samples of the supernatant and sludge were 

extracted to perform TSS, COD, RP, and TP tests. For the COD, RP, and TP tests, the sample was 

diluted in order to be in the range of the HACH test and to be measured by the spectrometer 

(HACH DR 3900). After the samples were extracted, the pH and conductivity of the wastewater 

was measured. The electrodes were then rinsed with deionized water to remove any residue on the 

surfaces, dried and reweighed. A replicate of each experiment was conducted to determine the 

mean value and standard deviations. No pH adjustment to the raw brewery wastewater was carried 

out during the EC and post-CC experiments. 

 

5.3.4.3 CC AND POST-EC EXPERIMENTAL PROCEDURE 

The CC and post-EC experiments were conducted in the same manner as the procedure for EC 

experiments, shown in Section 5.3.4.1. The only deviation was the addition of 30mL of dissolved 

Aluminum Sulfate (alum) to the 1L beaker of raw brewery effluent at the start of each run. A 

replicate of each experiment was conducted to determine the mean value. 

 

5.3.5 ANALYTICAL METHODS 

All analytical measurements were performed in accordance with the Water Analysis Guide 

(HACH, 2013). To measure the pH of the solution a Thermo Scientific™ Orion™ Star A325 

pH/Conductivity Portable Meter was used. The conductivity of the solution was measured using 

an Oakton handheld conductivity meter. 

 

The removal efficiencies were calculated according to equation 5-1 for COD, reactive phosphate 

(RP), and total phosphorous (TP).  

 𝑅𝑒𝑚𝑜𝑣𝑎𝑙 𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦 (%) =  
𝐶𝐼𝑛𝑓𝑙𝑢𝑒𝑛𝑡 − 𝐶𝑒𝑓𝑓𝑙𝑢𝑒𝑛𝑡

𝐶𝑖𝑛𝑓𝑙𝑢𝑒𝑛𝑡
 𝑥 100 (5-1) 
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The energy and electrode consumption for the treatment of brewery wastewater was calculated 

using equations 5-2 and 5-3, respectively. 

 
𝐶𝑒𝑛𝑒𝑟𝑔𝑦 (

𝑘𝑊ℎ

𝑚3
) =

𝑉 ∗ 𝑖 ∗ 𝑡

∀
 

(5-2) 

 
𝐶𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑑𝑒 (

𝑘𝑔

𝑚3
) =

𝑀𝑊 ∗ 𝑖 ∗ 𝑡

𝐹 ∗ 𝑧 ∗ ∀
 

(5-3) 

 

Where, 

V = average cell voltage (volt) 

i = applied current (ampere) 

t = electrolysis time (hour) 

∀ = volume of wastewater in EC unit (L) 

MW = specific molecular weight of Al Electrode (26.98 g/mol) 

F = Faraday’s Constant (96485 C/mol) 

z = Number of electrons involved (3) 

 

Energy, sacrificial electrodes and coagulants costs were considered in the calculation of operating 

costs. Other costs were assumed fixed and were not included in the calculation, including, labour, 

maintenance, sludge dewatering and sludge disposal (Can, Kobya, Demirbas, & Bayramoglu, 

2006). The operating costs for the treatment of brewery wastewater was calculated according to 

equation 5-4 (Can, Kobya, Demirbas, & Bayramoglu, 2006). 

 

 𝑂𝑝𝑒𝑟𝑎𝑡𝑖𝑛𝑔 𝐶𝑜𝑠𝑡 = 𝑎𝐶𝑒𝑛𝑒𝑟𝑔𝑦 + 𝑏𝐶𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑑𝑒 + 𝑐𝐶𝑐𝑜𝑎𝑔𝑢𝑙𝑎𝑛𝑡  (5-4) 

Where, 

a = unit cost of electricity ($/kWh) 

b = electrode material price ($/kg) 

c = cost of coagulant, Alum ($/kg) 

Cenergy, Celectrode, Ccoagulant = experimental quantities consumed (per m3 of wastewater treated) 

 

In literature, phosphate removal by EC has successfully been modelled following a first order rate 

equation (El-Shazly, Al-Zahrani, & Alhamed, 2013). Thus, for kinetic study, the RP and TP 

removal rate by EC was assumed to take place according to a first-order model as shown in 
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equation 5-7 (Shalaby, Nassef, Mubark, & Hussein, 2014; El-Shazly, Al-Zahrani, & Alhamed, 

2013). 

 
−∀ (

𝑑𝐶

𝑑𝑡
) = 𝐾𝐴𝐶 

(5-5) 

Upon integration:  

 
∀𝑙𝑛 (

𝐶𝑜

𝐶𝑡
) = 𝐾𝐴𝑡 

(5-6) 

 
ln (

𝐶𝑜

𝐶𝑡
) = 𝐾𝑡 

(5-7) 

Where; 

Co is the initial RP or TP concentration (mg/L), 

Ct is the concentration of RP or TP at time t (mg/L), 

K is the rate constant (min-1), 

t is the treatment time (min), 

A is the anode surface area (cm2), 

∀ is the solution volume (cm3). 

 

5.4 RESULTS AND DISSCUSSION 

5.4.1 FACTORS AFFECTING THE EC PROCESS 

Based on previous literature on EC, the capacity and efficiency of the EC process depends largely 

on the nature and concentration of pollutants being targeted for removal and on the design of the 

EC reactor and flow conditions (Attour et al., 2014). The studies relative to effluent treatment by 

EC place significant emphasis on operating parameters and their influence on pollutant removal 

efficiencies (Attour et al., 2014). Optimal parameters considered to effect EC performance include 

initial pH, applied power, electrolysis(treatment) time, current density, initial conductivity and 

electrode material/spacing/surface (Hakizimana et al., 2017). These parameters are often 

optimized to improve pollutant removal performance while minimizing energy consumption 

required during treatment (Attour et al., 2014).   
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5.4.1.2 EFFECT OF INITIAL PH 

In order to investigate the effect of initial pH on EC performance, the brewery wastewater was 

adjusted to the desired pH by adding either 3N NaOH or 1N HCl.  Ten pH values (3.0, 5.0, 6.0, 

6.5, 7.0, 7.5, 8.0, 8.5, 9.0, 11.0) were selected to observe the optimum pH at which maximum 

removal efficiencies were observed at 5W applied power and 20 minutes electrolysis time. All 

parameter removals were averaged between two replicate experiments for each pH. The effect of 

initial pH on settling performance following 20 minutes of treatment at 5W is shown in Figure 5.2. 

As the initial pH increased from 6.5 to 9, increased settling was observed. 

 

Figure 5.2: Effect of initial pH on settling performance (20-minute treatment time at 5W). 

 
Figure 5.3: Effect of initial pH on removal efficiency (5W and 20-minutes treatment time). 

Figure 5.3 shows the effect of initial pH on the RP, TP, COD and TSS removal efficiency. The 

highest removal efficiencies for RP (65%), TP (62%), COD (47%) and TSS (90%) were observed 

at an initial pH of 9, 5, 7.5, and 7, respectively. As justified by Akbal and Camci (2010), more 

effective pollutant removal is expected when the initial pH of solution is between 4 to 8 due to the 

formation of polymeric species Al13O4(OH)24
7+ at the anode and the precipitation of Al(OH)3. The 

experimental results agree with Akbal and Camci (2010), where more effective removal 

efficiencies were observed in that initial pH range and slightly above it. 
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When the initial pH of the solution was highly acidic (pH=3) or basic (pH=11), the removal 

efficiencies for RP, TP, COD and TSS were significantly reduced, excluding the TSS removal at 

a pH of 3. At very acidic pH, poor removal can be attributed to the poor precipitation of aluminum 

hydroxide and the dominant Al3+ species which has no coagulation effect (El-Ashtoukhy, El-

Taweel, Abdelwahab, & Nassef, 2013; Liu, Zhao, & Qu, 2010). At highly basic pH, poor removal 

can be attributed to the formation of Al(OH)4
- which is soluble and inadequate for pollutant 

adsorption (El-Ashtoukhy, El-Taweel, Abdelwahab, & Nassef, 2013). 

The data shows that the percentage removal of RP and TP steadily increases from 31% to 59% and 

33% to 59% as the initial pH is increased from 6 to 9, respectively. Contrastingly, the COD and 

TSS removal performance was quite erratic as the initial pH increased. The initial pH range of 6.5 

to 7.5 resulted in the maximum and most consistent COD removal performance which agrees with 

previous studies that have found that the best COD removal performance occurs in the pH range 

of 6-8 (Moussa, El-Naas, Nasser, & Al-Marri, 2017; Kobya et al., 2006). For TSS removal, the 

initial pH range between 7 and 9 resulted in the maximum and most consistent removal 

performance. 

The final pH of the wastewater solution increased for all trials except at an initial pH of 11, as 

shown in Table 5-2. The increase of pH following EC agrees with the findings of previous studies 

that states hydrogen evolution occurring at the cathode results in an increase in the solution pH 

(Ozyonar & Karagozoglu, 2011). Furthermore, the release of CO2 in solution by the turbulence of 

H2 bubbles can increase solution pH (Kim et al., 2016). The stabilization of pH at an initial pH of 

11 can be attributed to the buffering effect of the Al(OH)3/Al(OH)4
- mixture which occurs at 

approximately pH 10 (Attour et al., 2014). 

Table 5-2: Comparison of average initial and final pH for EC (5W and 20 minutes of treatment). 

 

 

Initial pH Final pH 

3 3.375 

5 4.99 

6 6.11 

6.5 6.61 

7 7.12 

7.5 7.92 

8 8.76 

8.5 9.255 

9 9.635 

11 10.95 
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The experimental results show that the optimal initial pH of brewery effluent to achieve the 

maximum removal for RP, TP, COD and TSS in ECT is 9. However, if only RP and TP removal 

is preferred, an initial pH of 8.5 is suggested. At pH values higher than 8.5, the EC process can be 

negatively affected due to increased production of OH- ions that can chemically attack the 

electrodes and the increased formation of Al(OH)4
- which is ineffective in wastewater treatment 

(Dizge et al., 2018).  

 

5.4.1.3 EFFECT OF APPLIED POWER 

Figure 5.4 (A), (B), (C), and (D) presents the effect of variations in applied power on nutrient 

removal performance for various treatment times. The nutrient removal performance following 20 

minutes of EC at 1W, 5W and 10W applied power are shown in Figure 5.4 (E). The effect of 

variations of applied power on the pH of solution as a function of treatment time is presented in 

Figure 5.4 (F). 

 
Figure 5.4: Effect of applied power on EC performance. (A) RP concentration as a function of treatment time for 1W, 5W, and 

10W, (B) TP concentration as a function of treatment time for 1W, 5W, and 10W, (C) COD concentration as a function of 

treatment time for 1W, 5W, and 10W (20-minute treatment time). (F) pH of solution as a function of treatment time for 1W, 5W, 

and 10W. 
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Figure 5.4 (A), (B) and (C) clearly demonstrates that as applied power was increased from 1W to 

5W, RP and TP removal performances were enhanced, with COD removal increasing slightly. The 

reduced RP and TP removal performance at 1W can be attributed to the Al3+ dosage in the EC 

reactor. When charge loading is low, the Al3+ dosage may not be sufficient enough to destabilize 

all colloidal and suspended particles (Chen, Chen, & Yue, 2000). As treatment time increased 

beyond 10 minutes at 1W applied power, the RP and TP removal performance improved. This 

suggests that 10 minutes at 1W was the critical Al3+ dosage to facilitate pollutant removal. In 

agreement with previous studies, greater applied power resulted in greater RP and TP removal 

efficiencies (Franco, Lee, Arbelaez, Cohen, & Kim, 2017). 

As shown in Figure 5.4 (A), (B), and (C), the nutrient removal performance decreased slightly at 

30 minutes of treatment at 10W. Furthermore, as the applied power increased from 5W to 10W, 

the TP and COD removal performance decreased slightly.  In accordance with literature, longer 

treatment times at increased applied power has been described to adversely affect removal 

performance (Elazzouzi, El Kasmi, Haboubi, & Elyoubi, 2018). As suggested by Shamaei, 

Khorshidi, Perdicakis, and Sadrzadeh, (2018), the reduction of performance at higher applied 

power can be explained by the oversaturation of metal hydroxide ions in the solution. Excessive 

concentrations of metal cations can revert the net charge of suspended materials resulting in re-

stabilization in the wastewater solution (Shamaei, Khorshidi, Perdicakis, & Sadrzadeh, 2018). As 

well, with increased current and the rapid generation of hydrogen bubbles, faster floatation times 

can diminish the contact time between contaminants and coagulants negatively affecting treatment 

performance (Shamaei, Khorshidi, Perdicakis, & Sadrzadeh, 2018). Anodic passivation and 

cathodic polarization can also occur at higher applied power reducing treatment performance 

(Eyvaz, 2016). Thus, in order to optimize the EC process, the effect of variations in applied power 

and treatment time should be considered.  

Increasing the applied power from 5W to 10W for a 20-minute treatment time did not significantly 

improve the removal of nutrients and COD, indicating that at an applied power of 5W, the majority 

of the particulate matter was capable of being destabilized. Based on the experimental results 

obtained, the optimum applied power was chosen to be 5W for a 20-minute treatment time that 

resulted in RP, TP and COD removal percentages at 68.6%, 78.2% and 19.6%, respectively. 

The effect of applied power on settling performance is shown in Figure 5.5. Figure 5.5 

demonstrates that flotation and foam production was enhanced during the EC process at higher 
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applied power. This can be explained by the increased hydrogen bubble density at the cathode that 

promotes floatation by greater upward momentum flux (Holt, Barton, & Mitchell, 2005). 

 
Figure 5.5: Effect of applied power on settling performance (20-minute treatment time). 

A significant challenge with using Aluminum metal for the electrodes is the formation of a passive 

oxide film on the anode (Attour et al., 2014). In Figure 5.6 (A), electrode passivation is shown by 

the formation of a white layer on the anode following the 10W EC experiments. Pitting corrosion 

of the soluble aluminum anodes can be observed in Figure 5.6 (B) and (C). The rate of chemical 

corrosion is dependent on two primary mechanisms; (1) The formation and buildup of a passive 

aluminum-oxide layer as shown in Figure 5.6 (A), and (2) the resulting partial destruction of that 

layer through pitting corrosion shown in Figure 5.6 (B) and (C) (Hakizimana et al., 2017). 

 
Figure 5.6: Electrode observations. (A) Electrode passivation at 10W. (B) Electrode dissolution at pH 3, 10W. (C) Electrode 

dissolution at pH 11, 10W. 

The occurrence of pitting corrosion is strongly dependent on several factors including initial pH, 

the supporting electrolyte (nature and concentration) and the current density applied during EC 

(Hakizimana et al., 2017). 

A comparison between the experimental and theoretical passivation of the anode following 67 

minutes of EC is presented in Figure 5.7 (Marriaga-Cabrales & Machuca-Martinez, 2014).  
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Figure 5.7: Passivation of anode at 1W, 5W, and 10W applied power (experimental and theoretical). 

5.4.1.4 EFFECT OF ELECTROLYSIS TIME 

In the EC process, the electrolysis time is a significant parameter affecting treatment performance 

by determining the production of Al3+ ions from the anode and effecting the pH of solution 

(Elazzouzi, Kasmi, Haboubi, & Elyoubi, 2018; Sahu, Mazumdar, & Chaudhari, 2014). As 

electrolysis time is increased, removal efficiency can be enhanced due to the increased generation 

of flocs. However, beyond the optimal electrolysis time, the removal efficiency does not increase 

as there is already a sufficient number of flocs present in the EC reactor available for removal 

(Shalaby, Nassef, Mubark, & Hussein, 2014). These results are consistent with the findings of 

previous EC studies (Adamovic et al., 2016; Shalaby, Nassef, Mubark, & Hussein, 2014). Figure 

5.8 presents the pH of the wastewater solution following 10W EC as a function of treatment time. 

 
Figure 5.8: Effect of treatment time on pH (10W applied power). 

In agreement with previous studies, the pH of the solution increased as the EC time increased, with 

exception to the treatment time of 2-minutes (Ni’am, Othman, Sohaili, & Fauzia, 2007). The 

increasing pH following EC can be explained by the accumulation of the OH- ion in aqueous 
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solution during treatment (Ni’am, Othman, Sohaili, & Fauzia, 2007). As the treatment time 

increases, more OH- ions can be accumulated (Ni’am, Othman, Sohaili, & Fauzia, 2007). 

The RP, TP, COD and TSS removal efficiency at 10W applied power as a function of treatment 

time is shown in Figure 5.9.  

 
Figure 5.9: Effect of treatment time on RP, TP, COD and TSS removal (10W). 

Figure 5.9 demonstrates that treatment time has a significant effect on RP, TP and TSS removal. 

The poor removal efficiencies at reduced treatment times can be attributed to the inadequate time 

for ionic exchange. Limited time for ionic exchange can result in an insufficient Al3+ ion dosage 

incapable of destabilizing all colloidal and finely suspended particles (Ni’am, Othman, Sohaili, & 

Fauzia, 2007). As suggested by Harif, Khai, and Adin (2012), a higher dosage of Al(aq)
3+ has a 

significant effect on floc growth profiles at pH 6.5. As the operating time is increased, the Al(aq)
3+ 

dosage increases resulting in a faster floc growth rate and enlarged floc sizes (Harif, Khai, & Adin, 

2012). Accordingly, as the treatment time was increased from 2- to 20-minutes resulting in a higher 

coagulant dosage, the removal performance of RP, TP and TSS was enhanced. Interestingly, the 

COD removal efficiency remained quite stable at all treatment times with the removal below 16%. 

As suggested by Tejedor-Sanz, Ortiz, and Esteve-Núñez (2017), the poor COD removal of EC can 

be explained by the soluble COD fraction of the wastewater. As stated in Chapter 4, the soluble 

COD fraction of the brewery wastewater was approximately 73%. Under the assumption that 

coagulant conditions were non-limiting, the maximum COD removal of 15.01%, agrees with most 

of the particulate portion of COD being removed (Tejedor-Sanz, Ortiz, & Esteve-Núñez, 2017).  
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Similar to the experiments with increasing applied power, the removal performance does not 

necessarily increase with higher treatment times. As shown in Figure 5.9, at the longest treatment 

time of 30-minutes, the removal performance diminished for TP, COD and TSS, with RP slightly 

increasing. As explained by Eyvaz (2016), there are already sufficient readily available flocs in 

the EC reactor for the removal of pollutants at higher treatment times. Thus, the optimum treatment 

time should be investigated in order to improve nutrient removal performance and reduce operating 

costs (Eyvaz, 2016). Figure 5.9 demonstrates that the optimal treatment time of 20 minutes at 10W 

applied power resulted in the RP, TP, COD and TSS removal efficiencies of 78.14%, 73.95%, 

15.05%, and 51.11%, respectively.  

Figure 5.10 shows the effect of treatment time on sedimentation. As explained previously in this 

section, increased EC treatment time results in a higher coagulant dose and enhanced 

destabilization of colloidal and particulate particles. It is clear from Figure 5.10, that sedimentation 

was enhanced as the treatment time increased; with the particles in the 5-minute beaker remaining 

mainly in suspension in comparison the 30-minute beaker.  

The separation of these flocs from the liquid solution occurs either by flotation carried by hydrogen 

and oxygen gas bubbles or by settling due to their increased density (Attour et al., 2014). As shown 

in Figure 5.10, treatment time has a significant effect on the key settling mechanisms. As treatment 

time increased from 5 to 20-minutes, the separation of flocs from the liquid solution improved, 

primarily by flotation. However, at the longest treatment time of 30-minutes, floc-separation 

diminished as shown in Figure 5.10. This can be attributed to an excessive concentration of metal 

cations in solution resulting in the reverting of the net charge of suspended materials and re-

stabilization in the wastewater solution (Shamaei, Khorshidi, Perdicakis, & Sadrzadeh, 2018). 

 
Figure 5.10: Sedimentation following 30 minutes of settling for various treatment times (5W). 
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5.4.1.5 EFFECT OF INITIAL NUTRIENT CONCENTRATION 

The effect of initial nutrient concentration on the removal performance by ECT was investigated 

for a variation of treatment times at 5W applied power and an initial pH of 4.8. Variations of 

residual nutrient concentrations with respect to EC time at different initial concentrations is 

illustrated in Figure 5.11. 

 
Figure 5.11: Variation of residual nutrient concentration for low and high initial nutrient concentrations (5W). (A)Residual RP 

concentration. (B) Residual TP concentration. (C) Residual COD concentration.  

Figure 5.11 (A), (B) and (C) show a similar trend that the lower initial concentration trials achieve 

greater removal efficiencies in comparison to the higher initial concentration trials at constant 

treatment time and applied power. The reduced removal performance of the higher initial nutrient 

trials reinforces the findings of previous studies (Omwene & Kobya, 2018; Shalaby, Nassef, 

Mubark, & Hussein, 2014). With increased initial concentration, the generation of metal 

hydroxides may be inadequate to coagulate the increased number of nutrient molecules (Omwene 

& Kobya, 2018). Thus, in order to achieve higher removal performance greater treatment time or 

higher applied power is suggested. 

With increasing treatment time, the RP, TP and COD removal performance improved in the lower 

initial concentration trials (with exception of the COD removal at 30 minutes). Improved removal 

performance can be attributed to increased production of coagulant during longer treatment times 

and the resulting abundance of hydrous metal oxides generated (Omwene & Kobya, 2018).  

 

5.4.2 ECT KINETICS 

The effect of applied power on the kinetics of the reaction is shown in Figure 5.12. Using equation 

5-7 as defined in Section 5.3.5, the EC experimental data was fit with a trendline to determine the 

rate constants of each reaction. The calculated rate constants for the first-order reaction and 

respective coefficients of determination are shown in Table 5-3. 
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Figure 5.12: Effect of applied power on the kinetics of the reaction (A) Effect of applied power on RP removal (pH=5). (B) Effect 

of applied power on TP removal (pH=5). 

Table 5-3: Rate constants for first-order reaction (RP and TP removal). 

RP Removal 

Parameter Value K R2 

Applied Power 

1W 0.0155 0.8814 

5W 0.0736 0.9584 

10W 0.0636 0.9571 

TP Removal 

Parameter Value K R2 

Applied Power 

1W 0.0276 0.9805 

5W 0.074 0.967 

10W 0.0522 0.91 

 

The coefficient of determination (R2) was determined to measure the accuracy of the kinetic model 

(Singh & Mishra, 2017). For 1W, 5W and 10W applied power, the kinetic models for the RP and 

TP removal rate were all close to unity as shown in Table 5-3. The most accurate kinetic model 

was fit for the TP removal rate at the applied power of 1W with a coefficient of determination of 

0.9805. Contrastingly, the weakest kinetic model also occurred at 1W for the RP removal rate with 

a coefficient of determination of 0.8814 as shown in Table 5-3. The reaction rate for RP and TP 

removal of 5W was found to be the fastest, which agrees with 5W being chosen as the optimal 

applied power. 

 

5.4.3 CHEMICAL COAGULATION AND ELECTROCOAGULATION TREATMENT 

5.4.3.1 CHEMICAL COAGULATION DOSAGE 

Various dosages of dissolved alum were added to the wastewater to investigate the optimal dosage 

to enhance the settling process. The influent wastewater was unadjusted at pH of 5 with the 

coagulant doses varying between 4.7 to 29.1 mg/L. The optimum alum dose of 29.1 mg/L 

enhanced the maximum removal efficiencies for RP and TP to 6.3% and 11.1%, respectively. A 
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graphical version of the RP and TP removal efficiencies as a function of aluminum sulfate dosage 

can be seen in Appendix E. 

5.4.3.2 COMPARISON OF EC AND EC-CC TREATMENT PERFORMANCE 

Figure 5.13 and 5.14 provide relevant experimental data to facilitate a comparison between the 

removal performance of EC, EC and post-CC, CC and post-EC as a function of treatment time for 

5W and 10W, respectively. 

 
Figure 5.13: Comparison of removal performance of ECT, ECT and post CCT and CCT and post ECT (5W) (A) RP removal 

performance (B) TP removal performance (C) COD removal performance (D) TSS removal performance (supernatant). 

 
Figure 5.14: Comparison of removal performance of ECT, ECT and post CCT and CCT and post ECT (10W) (A)RP removal 

performance (B) TP removal performance (C) COD removal performance (D) TSS removal performance (supernatant). 
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EC and post-CC resulted in the best overall RP removal efficiency as shown in Figures 5.13 (A) 

and 5.14 (A). For the optimal treatment time of 20 minutes, the maximum RP removal at 5W was 

74.2% (EC and post-CC) and at 10W was 81.5% (EC and post-CC).  

Overall, EC and post-CC achieved the best TP removal efficiency, shown in Figures 5.13 (B) and 

5.14 (B), respectively. For the optimal treatment time of 20 minutes, the maximum TP removal at 

5W was 78.2% (EC) and at 10W 77.6% (EC and POST CC). 

The maximum overall COD removal performance at 5W resulted from the CC and post-EC trials 

and at 10W from the EC and post-CC trials as shown in Figures 5.13 (C), and 5.14 (C). For the 

optimal treatment time of 20 minutes, the maximum COD removal at 5W was 54.8% (CC and 

post-EC) and at 10W 21.8% (EC and post-CC). In the CC and post-EC experiments, the COD 

removal performance was significantly improved in comparison to previous experiment regarding 

EC and EC and post-CC. However, new brewery effluent was obtained for these experiments that 

had significantly more particulates in suspension. Thus, the enhanced COD removal performance 

in comparison to previous experiments can be rationalised by the reduced soluble COD fraction in 

the brewery wastewater from 73% to 37%. As the portion of particulate COD was increased, 

correspondingly, the COD removal performance was increased under the assumption of non-

limiting coagulant conditions (Tejedor-Sanz, Ortiz, & Esteve-Núñez, 2017). 

The maximum overall TSS (supernatant) removal at 5W occurred during the EC experiments and 

at 10W during the CC and post-EC experiments, shown in Figures 5.13(D) and 5.14(D). For the 

optimal treatment time of 20 minutes, the maximum TSS removal at 5W and 10W was 87% (EC 

and post-CC), and 85.1% (CC and post-EC), respectively. The improved TSS removal 

performance in the CC and post-EC experiments can be attributed to the increased turbidity of the 

wastewater. Similarly, to the COD removal performance by CC and post-EC, this removal 

performance should be interpreted as the ability of combined EC-CC to treat wastewater rather 

than a comparison between the EC and post-CC and the CC and post-EC TSS removal efficiencies. 

Overall, in terms of treatment performance and consistency, EC and post-CC was determined as 

the best treatment method for brewery wastewater. For the optimal operating parameters of 20 

minutes at 5W, EC and post-CC achieved COD, RP, TP and TSS removal efficiencies of 26.4%, 

74.2%, 75.9%, and 85.1%, respectively. 
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5.4.4 ECONOMIC EVALUATION 

5.4.4.1 OPERATING COSTS OF TREATMENT 

To calculate the operating costs of treatment, equation 5-4 defined in Section 5.3.5 was applied. 

The cost of aluminum sulfate was estimated at $0.53 per kg and for the consumed Al electrodes at 

$2.25 per kg (Akbal & Camci, 2010). The cost of electricity obtained from the Ontario Energy 

Board (2018) for Guelph, Ontario was estimated at $0.094 per kWh which assumes a mid-peak 

time-of-use price period. The dry sludge disposal cost was ignored due to the experiments being 

conducted at laboratory-scale (Murthy, Nancy, & Kant, 2007). The electrode and energy 

consumption were calculated using equations 5-2 and 5-3, as previously defined in Section 5.3.5. 

A comparison of operating costs for EC and EC-CC at 1W, 5W and 10W as a function of treatment 

time is shown in Figure 5.15. 

 
Figure 5.15: Comparison of operating cost for EC and EC-CC at 1W, 5W, and 10W as a function of treatment time. 

Figure 5.15 demonstrates that the operating cost for EC and EC-CC are relatively similar. As such, 

due to the enhanced performance of EC-CC for contaminant removal, treatment of brewery 

wastewater by EC-CC is preferred. 

Table 5-4 presents an in-depth analysis of electrode, energy and coagulant consumption and their 

respective costs for a treatment time of 20 minutes at 1W, 5W and 10W. It is important to note 

that the cost of electricity, material and chemicals are estimates, as these will change over time 

(Naje & Abbas, 2013).  Therefore, Figure 5.15 and Table 5-4, are only rough estimates for 

operating costs associated with EC and EC-CC treatment at laboratory-scale. 
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Table 5-4: Comparison of EC and EC-CC in terms of consumption and operating costs for a treatment time of 20 minutes at 1W, 

5W, and 10W. 

 
EC (20 minutes) EC-CC (20 minutes) 

1W 5W 10W 1W 5W 10W 

Electrode Consumption (kg/m3) 1.45407E-05 2.79629E-05 5.59258E-05 1.45407E-05 2.7963E-05 5.5926E-05 

Energy Consumption (kWh/m3) 0.346666667 1.666666667 3.36 0.346666667 1.66666667 3.36 

Coagulant Consumption (kg/m3) 0 0 0 0.02912 0.02912 0.02912 

Electrode Costs (kg/m3) $0.00 $0.00 $0.00 $0.00 $0.00 $0.00 

Energy Costs ($/m3) $0.03 $0.16 $0.32 $0.03 $0.16 $0.32 

Coagulant Costs ($/m3) $0.00 $0.00 $0.00 $0.02 $0.02 $0.02 

Total Operating Costs ($/m3) $0.03 $0.16 $0.32 $0.05 $0.17 $0.33 

 

Energy consumption remains a very important parameter in wastewater treatment, especially for 

ECT (Parsa, Vahidian, Soleymani, & Abbasi, 2011). As shown in Table 5-4, the cost of energy 

during EC and EC-CC treatment remains the main contributor to the overall operating cost. In 

order for ECT to be an economically feasible process, electric energy consumption should be 

minimized. Thus, in wastewater treatment applications by EC, operating parameters should be 

optimized to improve nutrient removal performance while minimizing energy consumption (Parsa, 

Vahidian, Soleymani, & Abbasi, 2011). 

 

5.4.4.2 RECOVERED COSTS FOLLOWING TREATMENT 

The relationship between COD and BOD used previously in Section 4.4.9, was applied in this 

section to estimate the ODF for BOD. Accordingly, a COD/BOD ratio of 1.78 was assumed for 

Wellington Brewery wastewater (Choi, 2016). In Table 5-5, a comparison between the projected 

daily ODFs imposed on Wellington Brewery before and after 30-minutes of EC is shown. The 

ODFs presented are estimated based on the City of Hamilton sewer bylaw limits for the disposal 

of untreated effluent for surchargeable parameters; BOD, TP, and TSS. The projected ODFs in 

Table 5-5 were calculated in the same manner as in Section 4.4.9 and estimated based on the peak 

daily wastewater generated at Wellington Brewery, 93 m3. To estimate the cost of electricity, the 

mid-peak time-of-use price period for Guelph was used for a 30-minute treatment time (Ontario 

Energy Board, 2018).  
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Table 5-5: Daily ODF before and following 30 minutes of treatment. 

 BOD ODF TSS ODF TP ODF Total Daily ODF 

Raw Wastewater $562.16 $44.46 $108.42 $715.03 

1W EC $419.44 $0.00 $47.59 $467.03 

5W EC $473.91 $0.00 $12.19 $486.10 

10W EC $505.88 $19.22 $28.16 $553.26 

5W EC + CC $422.29 $8.35 $11.44 $442.08 

10W EC + CC $415.49 $0.00 $23.30 $438.79 

CC + 5W EC $184.24 $0.00 $78.19 $262.42 

CC + 10W EC $323.17 $0.00 $43.27 $366.44 

 

Table 5-5 demonstrates that the BOD ODF is the main contributor to the overall total ODF imposed 

on Wellington Brewery. Although the ODF associated with BOD was reduced following EC and 

combined EC-CC, it still remains significantly high. In terms of TSS and TP, EC and combined 

EC-CC treatment were able to significantly reduce those costs by achieving high removal 

performances. 

A comparison between recovered ODF costs following treatment and the cost of treatment at 5W 

and 10W is shown in Figure 5.16 (A) and (B), respectively. Figure 5.16 demonstrates that EC and 

combined EC-CC can significantly recover costs that would otherwise be imposed on breweries 

with high-strength effluent through ODFs. In comparison to the estimated recovered costs, the 

operating costs of treatment are presented. 

 
Figure 5.16: Comparison of recovered ODF cost following treatment and cost of treatment (30-minute treatment time). (A) At 

5W applied power. (B) At 10W applied power. 

Figure 5.16 shows that the EC and combined EC-CC treatment can be economically feasible for 

brewery wastewater application from an energy consumption perspective due to the efficiency of 

nutrient removal and the reduction of sewer discharge costs. Furthermore, that 5W is the optimal 

applied power in terms of operating and recovered costs of treatment. 
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5.5 RECOMMENDATIONS 

Based on results of this study, the following recommendations are suggested: 

1) Further batch studies should be conducted on additional operating parameters to improve 

performance efficiency and reliability.  

2) An investigation into polarity reversal of the electrodes should be conducted with brewery 

wastewater. This can be accomplished by using an AC power supply or using a DC power 

supply equipped with an adjustable time relay (Eyvaz, Kirlaroglu, Aktas, & Yuksel, 2009). 

It is expected that this will also improve efficiency and reliability by avoiding electrode 

passivation and upholding mass transfer.  

3) A batch study should be performed on the use of more electrodes and/or different electrode 

configurations. This would ensure that an adequate rate of metal dilution would occur 

during EC for increased treatment volumes (Liu, Zhao, & Qu, 2010). 

4) The difference in sludge production during EC and combined EC-CC treatment should be 

investigated to determine the effect on operating cost. 

5) Optimized parameters from the batch studies should be used to conduct continuous studies. 

Design considerations for continuous studies presented in the Figure 2.5 should be explored 

to achieve enhanced removal efficiencies while minimizing operating costs for the 

treatment of high-strength wastewater. 

6) The mechanisms behind EC and combined EC-CC treatment should be investigated. A 

study conducted by Moreno-Casillas (2007) suggest that this lack of understanding is 

related to the deficiency in quantitative appreciation of key interactions and relationships 

between electrocoagulation, coagulation and floatation. In order for EC technology to play 

a larger and more dependable role in wastewater treatment, more studies should be 

conducted on the intersection of these three topics, rather than simply optimizing EC 

technology for a certain wastewater application (Moreno-Casillas, 2007). 

 

5.6 CONCLUSIONS 

The comparison between electrocoagulation and combined chemical- and electro-coagulation used 

for the treatment of high-strength brewery wastewater demonstrate the advantages of these 

treatment applications in terms of cost and effectiveness. Although the results of this study suggest 
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that both EC and combined EC-CC show high nutrient removal efficiencies, the effluent following 

treatment did not meet discharge standards. Thus, a supplemental treatment process should be 

applied to enhance effluent quality from high-strength brewery wastewaters. 

 

The main conclusions of this study can be summarized as follows: 

• The initial pH of the wastewater solution had an effect on the settling performance; as 

initial pH increased, increased sedimentation was observed. 

• The initial pH of the wastewater solution had an effect on the removal performance. 

Following EC of raw brewery wastewater (unadjusted pH), the RP, TP, COD and TSS 

removal efficiencies ranged from 54.1%, 61.9%, 11.2%, and 62.6%, respectively. This 

demonstrated that EC could still achieve suitable removal efficiencies without pH 

adjustment. However, to achieve a maximum removal for RP, TP, COD and TSS, the initial 

pH of wastewater solution should be adjusted to approximately 9. At highly acidic and 

basic pH, the removal efficiencies were significantly reduced. 

• The initial pH of the wastewater solution had an effect on the final pH of the treated 

wastewater. At acidic, neutral and basic pH, the final pH of the brewery wastewater 

increased. At highly basic pH, the final pH was reduced.  

• The applied power during EC had an effect on settling and removal performance. At higher 

applied power, flotation and foam production was increased. The applied power of 5W for 

20 minutes of EC was considered optimal for RP, TP and COD removal performance 

achieving 68.6%, 78.2% and 19.6%, respectively. At increased applied powers (10W), the 

removal performance diminished and increased electrode passivation. 

• The electrolysis time had an effect on final pH and removal performance. As the time of 

EC increased, the pH of solution increased. Removal performance was enhanced for longer 

treatment times, however, diminished after 20 minutes due to the destabilization of 

suspended particles and flocs in solution at 5W and 10W. 

• The effect of initial nutrient concentration had an effect on EC removal performance with 

lower initial concentrations achieving great removal performances at constant time and 

applied power. 
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• First-order kinetic models were determined for RP and TP removal at 1W, 5W, and 10W 

applied power. Considering the coefficient of determination was above 0.90 for all rate-

constants, the first-order kinetic models provided a good approximation of removal.  

• EC-CC treatment achieved the most consistent overall removal performance in comparison 

to EC and CC and post-EC with COD, RP, TP and TSS removal at 26.4%, 74.2%, 75.9%, 

and 85.1% for 20 minutes at 5W and an alum dose of 29.1 mg/L, respectively.  

• The enhanced COD and TSS removal performance obtained during the CC and post-EC 

experiments could be attributed to the increased portion of particulate COD and turbidity 

in the wastewater. 

• In terms of cost of treatment and recovered cost, EC and EC-CC treatment can significantly 

recover costs that would have otherwise been imposed through ODFs. This demonstrates 

that EC and combined EC-CC treatment can be economically beneficial for breweries in 

the treatment of high-strength wastewater. 
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CHAPTER 6 - CONCLUSION AND RECOMMENDATIONS 

6.1 OVERALL CONCLUSION AND RECOMMENDATIONS 

This thesis investigated the performance of A/O and combined EC-CC treatment in reducing the 

contaminant load in high-strength brewery wastewater. Both systems were fed with brewery 

wastewater obtained from a local brewery, Wellington Brewery and various operating conditions 

were applied.  

For the pilot-scale A/O treatment system, the ideal operating conditions were an influent flowrate 

of 4 L/d, the addition of 1 g/L urea and anti-foam, two anaerobic columns and two aerobic columns 

(coarse and fine aeration). This resulted in the enhanced COD, RP and TSS removal efficiencies 

of 93.2%, 99.3%, and 97.4%. The reduced strength of the treated brewery wastewater resulted in 

daily recovered costs of $272.12 based on average removal performance. The daily operating cost 

was approximated based on the cost of energy and urea. The Monod kinetic coefficients 

determined for the AS process include the biomass yield coefficient (Y), endogenous decay 

coefficient (kd), maximum specific substrate utilization rate (k), and half-velocity constant (Ks) 

and were in the range of 0.055-0.1593 mg VSS/mg COD, 0.0147-0.1688 d-1, 1.527-7.862 d-1, and 

70.32-2240 mg COD/L, respectively. The number of experimental data points available had a 

significant impact on the variability of the kinetic coefficients. Given evidence of substrate 

inhibition behaviour, Haldane’s model was applied to the experimental data. The Haldane kinetic 

coefficients determined for the AS reactor include the maximum specific growth rate (max), the 

half-velocity constant (Ks) and the inhibition constant (Ki) and were approximated to be 0.07108-

1.4835 hr-1, 85-3962 mg COD/L and 804.6-8066.4 mg COD/L, respectively. The Haldane kinetic 

coefficients suggested that inhibitory behaviour was the most severe during phases 6 and 7. This 

could be attributed to the addition of anti-foam and the effect on microorganism growth and 

substrate utilization. Haldane’s kinetic model provided a better fit than Monod’s kinetic model in 

terms of coefficient of determination. 

For the laboratory-scale EC treatment experiments, an applied power of 10W for 20 minutes of 

treatment resulted in a COD, RP, TP and TSS removal performance of 15.05%, 78.14%, 73.95%, 

and 51.11%, respectively. By determining the optimum operating conditions for EC, combined 

EC-CC treatments experiments were performed to determine if combining EC-CC treatment could 

enhance removal performance. Experiments for CC and post-EC, and EC and post-CC were 
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conducted with the initial pH of the wastewater unadjusted and at 5 and 10W. In comparison to 

CC and post EC, EC and post-EC achieved an enhanced and more consistent removal performance. 

EC and post-CC treatment resulted in COD, RP, TP and TSS removal efficiencies of 26.4%, 

74.2%, 75.9%, and 85.1% at 5W for an electrolysis time of 20 minutes and an alum dosage of 29.1 

mg/L. The daily recovered ODF cost following EC and post-CC at 5W for 30 minutes was 

estimated to be $272.95. The daily operating costs were estimated based on electrode, coagulant 

and energy consumption. First-order kinetic models were successfully applied to RP and TP 

removal at 1W, 5W and 10W applied power with the coefficient of determination above 0.90 for 

all rate-constants. It is recommended that for future work, kinetic models are extended to RP and 

TP removal for variations in pH. 

The advantages of A/O treatment include greater removal performance, improved removal 

performance over time and enhanced understanding of treatment process, in comparison to 

combined EC-CC treatment. Over the research period, A/O treatment achieved greater removal 

efficiencies for COD, RP, TP and TSS at optimal conditions. This resulted in the maximum 

potential cost savings for implementation due to minimizing the contaminant load for disposal and 

thus, ODFs. Furthermore, the performance of the A/O system improved throughout the 

experimental study and consistently achieved enhanced removal efficiencies at optimal operating 

conditions. This could be attributed to the growth and accumulation of microorganisms in the 

system improving A/O digestion. Contrastingly, combined EC-CC treatment performance is 

expected to be reduced over time due to electrode passivation and pitting corrosion. The overall 

understanding of the A/O treatment process is well documented in literature. Therefore, if the 

performance of treatment diminishes, there can be several readily available solutions and strategies 

to improve performance. For combined EC-CC, there is a deficiency in the overall understanding 

of key interactions and relationships between electrocoagulation, coagulation and floatation. 

Therefore, solutions and strategies addressing possible treatment complications are less accessible 

in literature. 

The advantages of combined EC-CC treatment include increased daily treatment capacity, the 

robustness to variations in influent wastewater characteristics. At laboratory scale, treatment 

capacity is improved for combined EC-CC treatment where 4L of wastewater can be treated in 3.3 

hours whereas the A/O system would treat 4L daily. From a brewery application perspective and 

given their daily production of wastewater, treatment time is extremely important. 
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Although both of these treatment methods have very clear advantages and limitations, it is difficult 

to determine which treatment method would be best for brewery application. Due to the fact that 

both of these treatment methods are conducted at laboratory scale, it is difficult to anticipate their 

performance following reactor scale-up and implementation at a brewery. 

This thesis demonstrates that through appropriate and sustainable wastewater management 

strategies, breweries can minimize costs and the environmental impact of beer brewing 

simultaneously. 

 

Recommendation for future work in A/O treatment include: 

1) Additional pilot-scale A/O experiments should be conducted at different operating 

conditions to investigate the effect on removal performance. 

2) Different reactor configurations should be examined to investigate the effect on removal 

performance. During the experiments, reactor configurations (columns, tubing) should be 

designed specific to brewery wastewater characteristics to improve the A/O treatment 

system operation and performance. 

3) The composition and volume of biogas created during anaerobic digestion should be 

determined for potential resource recovery opportunities. 

4) The required airflow rate should be determined and a flowmeter should be used to ensure 

an adequate airflow rate and avoid excessive energy consumption. 

5) Investigating alternative methods to reduce foaming events during aeration without the 

addition of anti-foam. 

 

Recommendations for future work in EC-CC treatment include: 

1) Additional batch studies should be conducted on different operating parameters to improve 

performance and reliability, including, electrode material, electrode configuration, number 

of electrodes, and changes to the power supply (i.e., AC current). 

2) Following batch studies, continuous studies should be conducted to evaluate the feasibility 

of EC-CC treatment in a brewery application. 

3) An investigation into the production of sludge during EC and combined EC-CC 

experiments should be conducted. 

  



 100 

CHAPTER 7 - REFERENCES 

 

Adamovic, S., Prica, M., Dalmacija, B., Rapajic, S., Novakovic, D., Pavlovic, Z., & Maletic, S. 

(2016). Feasibility of electrocoagulation/flotation treatment of waste offset printing developer 

based on the response surface analysis. Arabian Journal of Chemistry, 9, 152-162. doi: 

10.1016/j.arabjc.2015.03.018 

 

Akbal, F., & Camci, S. Comparison of electrocoagulation and chemical coagulation for heavy metal 

removal. Chemical Engineering & Technology, 33(10), 1655-1664. doi: 

10.1002/ceat.201000091 

 

Ammary, B.Y. (2004). Nutrients requirements in biological industrial wastewater treatment. African 

Journal of Biotechnology, 3(4), 236-238. 

 

APHA-AWWA-WEF, 2005. Standard Methods for the Examination of Water & Wastewater. 

American Public Health Association. 

 

Arroyo, M. G., Pérez-Herranz, V., Montañés, M. T., García-Antón, J., & Guiñón, J. L. (2009). 

Effect of pH and chloride concentration on the removal of hexavalent chromium in a 

batch electrocoagulation reactor. Journal of Hazardous Materials, 169(1-3), 1127-1133. 

doi: 10.1016/j.jhazmat.2009.04.089 

 

Ashley, K. I., Mavinic, D. S., & Hall, K. J. (1992). Bench-scale study of oxygen transfer in 

coarse bubble diffused aeration. Water Research, 26(10), 1289-1295. doi: 10.1016/0043-

1354(92)90123-L 

 

Attour, Al., Touati, M., Tlili, M., Amor, M. B., Lapicque, F., & Leclerc, J.-P. (2014). Influence 

of operating parameters on phosphate removal from water by electrocoagulation using 

aluminum electrodes. Separation and Purification Technology, 123, 124-129. doi: 

10.1016/j.seppur.2013.12.030 

 



 101 

Azimian, L., Bassi, A., & Mercer, S. M. (2019). Investigation of growth kinetics of 

Debaryomyces Hansenii (LAF-3 10U) in petroleum refinery desalter effluent. The 

Canadian Journal of Chemical Engineering, 97(-), 27-31. doi: 10.1002/cjce.23297 

 

Bassala, H. D., Dedzo, G. K., Bememba, C. B., Seumo, P. M. T., Dazie, J. D., Nanseu-Njiki, C. 

P., Ngameni, E. (2017). Investigation of the efficiency of a designed electrocoagulation 

reactor: Application for dairy effluent treatment. Process Safety and Environmental 

Protection, 111, 122-127. doi: 10.1016/j.psep.2017.07.002 

 

Bazrafshan, E., Mostafapour, F. K., Farzadkia, M., Ownagh, K. A., & Mahvi, A. H. (2012). 

Slaughterhouse wastewater treatment by combined coagulation and electrocoagulation 

process. PLoS One, 7, e40108. doi: 10.1371/journal.pone.0040108 

 

Beer Canada. (2018). National Overview. Retrieved October 12, 2018, from 

http://industry.beercanada.com/national-overview 

 

Benazzi, T. L., Luccio, M. D., Dallago, R. M., Steffens, J., Mores, R., Do Nascimento, M. S., 

Krebs, J., & Ceni, G. (2016). Continuous flow electrocoagulation in the treatment of 

wastewater from dairy industries. Water Science & Technology, 73(6), 1418-1425. doi: 

10.2166/wst.2015.620 

 

Bensadok, K., El Hanafi, N., & Lapicque, F. (2011). Electrochemical treatment of dairy effluent 

using combined Al and Ti/Pt electrodes system. Desalination, 280(1), 244-251. doi: 

10.1016/j.desal.2011.07.006 

 

Brahmi, K., Bouguerra, W., Hamrouni, B., Elaloui, E., Loungou, M., & Tlili, Z. (2015). 

Investigation of electrocoagulation reactor design parameters effect on the removal of 

cadmium from synthetic and phosphate industrial wastewater. Arabian Journal of 

Chemistry, ARABJC 1523. doi: 10.1016/j.arabjc.2014.12.012 

 



 102 

Brito, A. G., Peixoto, J., Oliveria, J. M., Oliveria, J. A., Costa, C., Nogueira, R., & Rodrigues, A. 

(2006). Brewery and winery wastewater treatment: some focal points of design and 

operation. In Utilization of by-products and treatment of waste in the food industry (pp 

109-131). New York, NY: Springer Science+Business Media. doi:10.1007/978-0-387-

35766-9 

 

Bukhari, A. A. (2008). Investigation of the electro-coagulation treatment process for the removal 

of total suspended solids and turbidity from municipal wastewater. Bioresource 

Technology, 99(5), 914-921. doi: 10.1016/j.biortech.2007.03.015 

 

Bustillo-Lecompte, C. F., & Mehrvar, M. (2017). Treatment of actual slaughterhouse wastewater 

by combined anaerobic-aerobic processes for biogas generation and removal of organics 

and nutrients: An optimization study towards a cleaner production in the meat processing 

industry. Journal of Cleaner Production, 141, 278-289. doi: 

10.1016/j.jclepro.2016.09.060 

 

Can, O. T., Kobya, M., Demirbas, E., & Bayramoglu, M. (2006). Treatment of the textile 

wastewater by combined electrocoagulation. Chemosphere, 62(2), 181-187. doi: 

10.1016/j.chemosphere.2005.05.022 

 

Cañizares, P., Carmona, M., Lobato, J., Martínez, F., & Rodrigo, M. A. (2005). 

Elecrodissolution of aluminum electrodes in electrocoagulation processes. Industrial & 

Engineering Chemistry Research, 44(12), 4178-4185. doi: 10.1021/ie048858a 

 

Chan, Y. J., Chong, M. F., & Law, C. L. (2012). An integrated anaerobic-aerobic bioreactor 

(IAAB) for the treatment of palm oil mill effluent (POME): Start-up and steady state 

performance. Process Biochemistry, 47(3), 485-495. doi: 10.1016/j.procbio.2011.12.005 

 

Chan, Y. J., Chong, M. F., & Law, C. L. (2016). Performance and kinetic evaluation of an 

integrated anaerobic-aerobic bioreactor in the treatment of palm oil mill effluent. 

Environmental Technology, 38(8), 1005-1021. doi: 10.1080/09593330.2016.1217053 



 103 

 

Chan, Y. J., Chong, M. F., Law, C. L., & Hassell, D.G. (2009). A review on anaerobic-aerobic 

treatment of industrial and municipal wastewater. Chemical Engineering Journal, 155(1-

2), 1-18. doi: 10.1016/j.cej.2009.06.041 

 

Chelliapan, S., Wilby, T., & Sallis, P. (2010). Treatment of pharmaceutical wastewater 

containing Tylosin in an anaerobic – aerobic reactor system. Water Practice and 

Technology, 5(1), 1-16. doi: 10.2166/wpt.2010.016 

 

Chen, G., Chen, X., & Yue, P. L. (2000). Electrocoagulation and electrofloatation of restaurant 

wastewater. Journal of Environmental Engineering, 126(9), 858-863. doi: 

10.1061/(ASCE)0733-9372(2000)126:9(858) 

 

Chen, X., Liu, G., Fan, H., Li, M., Luo, T., Qi, L., & Wang, H. (2013). Effects of surfactant 

contamination on oxygen mass transfer in fine bubble aeration process. Korean Journal 

of Chemical Engineering, 30(9), 1741-1746. doi: 10.1007/s11814-013-0092-x 

 

Choi, H.-J. (2016). Parametric study of brewery wastewater effluent treatment using Chlorella 

vulgaris microalgae. Environmental Engineering Research, 21(4), 401-408. doi: 

10.4491/eer.2016.024 

 

City of Ottawa - Public Works & Environmental Services Dept. (2017, March 09). Sewer Use 

Program. Retrieved October 19, 2018, from https://ottawa.ca/en/residents/water-and-

environment/wastewater-and-sewers/sewer-use-program 

 

City of Toronto. (2018). Appendix C - Schedule 2, Water Services (Rep.). Retrieved October 19, 

2018, from https://www.toronto.ca/legdocs/mmis/2017/bu/bgrd/backgroundfile-

108374.pdf 

 



 104 

City of Toronto. (2015, November 6). 2016 Water and Wastewater Consumption Rates and 

Service Fees (Rep. No. AFS #21972). Retrieved October 19, 2018, from 

https://www.toronto.ca/legdocs/mmis/2015/bu/bgrd/backgroundfile-85591.pdf 

 

Connaughton, S., Collins, G., & O’Flaherty, V. (2006). Psychrophilic and mesophilic anaerobic 

digestion of brewery effluent: A comparative study. Water Research, 40(13), 2503-2510. 

doi: 10.1016/j.watres.2006.04.044 

 

Derayat, J., Motlagh, Z. J., Pirsaheb, M., Sharafi, K., & Motlagh, J. (2015). Survey of 

electrocoagulation process performance (with iron-rod electrode) in treatment of drinking 

water- case study: Kermanshah Soleymanshah dam. International Research Journal of 

Applied Basic Sciences, 9(8), 1453-1459.  

 

di Biase, A., Devlin, T.R., Kowalski, M.S., & Oleszkiewicz, J.A. (2018). Performance and 

design considerations for an anaerobic moving bed biofilm reactor treating brewery 

wastewater: Impact of surface area loading rate and temperature. Journal of 

Environmental Management, 216, 392-398. doi: 10.1016/j.jenvman.2017.05.093 

 

Dizge, N., Akarsu, C., Ozay, Y., Gulsen, H. E., Adiguzel, S. K., & Mazmanci, M. A. (2018). 

Sono-assisted electrocoagulation and cross-flow membrane processes for brewery 

wastewater treatment. Journal of Water Process Engineering, 21, 52-60. doi: 

10.1016/j.jwpe.2017.11.016 

 

Driessen, W. & Vereijken, T. (2003). Recent developments in biological treatment of brewery 

effluent. The Institute and Guild of Brewing Convention, Livingstone, Zambia. 

 

El-Ashtoukhy, E. -S. Z., El-Taweel, Y. A., Abdelwahab, O., & Nassef, E. M. (2013). Treatment 

of petrochemical wastewater containing phenolic compounds by electrocoagulation using 

a fixed bed electrochemical reactor. International Journal of Electrochemical Science, 

8(1), 1534-1550. Retrieved from 

http://www.electrochemsci.org/papers/vol8/80101534.pdf 



 105 

 

El-Shazly, A. H., Al-Zahrani, A. A., & Alhamed, Y. A. (2013). Kinetics and performance 

analysis of batch electrocoagulation unit used for the removal of a mixture of phosphate 

and nitrate ions from industrial effluents. International Journal of Electrochemical 

Science, 8(3), 3176-3185. Retrieved from 

http://www.electrochemsci.org/papers/vol8/80303176.pdf 

 

El-Senousy, W. M., & Abou-Elela, S. I. (2017). Assessment and evaluation of an integrated 

hybrid anaerobic-aerobic sewage treatment system for the removal of enteric viruses. 

Food and Environmental Virology, 9(3), 287-303. doi: 10.1007/s12560-017-9286-4 

 

Elazzouzi, M., El Kasmi, A., Haboubi, K., & Elyoubi, M. S. (2018). A novel electrocoagulation 

process using insulated edges of Al electrodes for enhancement of urban wastewater 

treatment: Techno-economic study. Process Safety and Environmental Protection, 116, 

506-515. doi: 10.1016/j.psep.2018.03.006 

 

Emerald, F. M. E., Prasad, D. S. A., Ravindra, M. R., & Pushpadass, H. A. (2012). Performance 

and biomass kinetics of activated sludge system treating dairy wastewater. International 

Journal of Dairy Technology, 6(4), 609-615. doi: 10.1111/j.1471-0307.2012.00850.x 

 

Enitan, A. M., & Adeyemo, J. (2014). Estimation of bio-kinetic coefficients for treatment of 

brewery wastewater. International Journal of Environmental and Ecological 

Engineering, 8(6), 407-411. 

 

Enitan, A. M., Adeyemo, J., Kumari, S., Swalaha, F. M., & Bux, F. (2015). Characterization of 

brewery wastewater composition. International Journal of Environmental and Ecological 

Engineering, 9(9), 1073-1076. Retrieved from http://hdl.handle.net/10321/2992 

 

Eskibalci, M. F., & Ozkan, M. F. (2018). An investigation of the effect of NaCl concentation on 

the electrocoagulation of coal preparation plant tailings. Physiochemical Problems of 

Mineral Processing, 54(3), 934-943. doi: 10.5277/ppmp1895 



 106 

 

Espinoza-Cisternas, C., & Salazar, R. (2018). Chapter 15 - Application of Electrochemical 

Processes for Treating Effluents From Landfill Leachate as Well as the Agro and Food 

Industries, Editor(s): Carlos Alberto Martínez-Huitle, Manuel Andrés Rodrigo, Onofrio 

Scialdone, Electrochemical Water and Wastewater Treatment, Butterworth-Heinemann, 

393-419, ISBN 9780128131602, doi: 10.1016/B978-0-12-813160-2.00015-8. 

 

Eyvaz, M. (2016). Treatment of Brewery Wastewater with Electrocoagulation: Improving the 

process performance by using alternating pulse current. International Journal of 

Electrochemical Science, 11(6), 4988-5008. doi: 10.20964/2016.06.11 

 

Eyvaz, M., Kirlaroglu, M., Aktas, T. S., & Yuksel, E. (2009). The effects of alternating current 

electrocoagulation on dye removal from aqueous solutions. Chemical Engineering 

Journal, 153(1-3), 12-22. doi: 10.1016/j.cej.2009.05.028  

 

Fakoya, M. B. (2015). Adopting material flow cost accounting model for improved waste-

reduction decisions in a micro-brewery. Environment, Development and Sustainability, 

17(5), 1017-1030. doi: 10.1007/s10668-014-9586-x 

 

Fillaudeau, L., Blanpain-Avet, P., & Daufin, G. (2006). Water, wastewater and waste 

management in brewing industries. Journal of Cleaner Production, 14(5), 463-471. doi: 

10.1016/j.jclepro.2005.01.002 

 

Fisher-Scientific. (2019). Urea (Colorless-to-White Crystals or Crystalline Powder/Mol. Biol.), 

Fisher BioReagents. Retrieved March 4, 2019, from 

http://www.fishersci.ca/shop/products/urea-colorless-to-white-crystals-crystalline-

powder-mol-biol-fisher-bioreagents-3/bp169500 

 

Franco, D., Lee, J., Arbelaez, S., Cohen, N., & Kim, J.-Y. (2017). Removal of phosphate from 

surface and wastewater via electrocoagulation. Ecological Engineering, 108(B), 589-596. 

doi: 10.1016/j.ecoleng.2017.07.031 



 107 

 

George, J. E., Chidangil, S., & George, S. D. (2017). A study on air bubble wetting: Role of 

surface wettability, surface tension, and ionic surfactants. Applied Surface Science, 410, 

117-125. doi: 10.1016/j.apsusc.2017.03.071 

 

Ghanimeh, S., Khalil, C. A., & Ibrahim, E. (2018). Anaerobic digestion of food waste with 

aerobic post-treatment: Effect of fruit and vegetable content. Waste Management and 

Research, 36(10), 965-974. doi: 10.1177/0734242X18786397 

 

Ghanimeh, S., Khalil, C. A., Mosleh, C. B., & Habchi, C. (2018). Optimized anaerobic-aerobic 

sequential system for the food waste and wastewater. Waste Management, 71, 767-774. 

doi: 10.1016/j.wasman.2017.06.027 

 

Gong, C., Shen, G., Huang, H., He, P., Zhang, Z., & Ma, B. (2017). Removal and transformation 

of polycyclic aromatic hydrocarbons during electrocoagulation treatment of an industrial 

wastewater. Chemosphere, 168, 58-64. doi: 10.1016/j.chemosphere.2016.10.044 

 

Goswami, S., & Mazumder, D. (2015). Kinetic behaviour of the activated sludge process used 

for treating composite chrome tannery wastewater. Polish Journal of Environmental 

Studies, 24(6), 2405-2409. doi: 10.15244/pjoes/59214 

 

Haandel, A. C. van, & Lubbe, J. G. M. van der. (2012). Handbook of Biological Wastewater 

Treatment. London: IWA Publishing. Retrieved from 

http://search.ebscohost.com.subzero.lib.uoguelph.ca/login.aspx?direct=true&db=nlebk&

AN=605173&site=ehost-live&scope=site 

 

HACH. (2013). Water Analysis Guide (1st ed.). Retrieved January 30, 2019, from 

https://www.hach.com/asset-get.download-en.jsa?id=23548429769. 

 

HACH, 2008. Water Analysis Handbook, 5th ed. HACH Company, Loveland, Colorado, U.S.A. 

 



 108 

Hakizimana, J.N., Gourich, B., Chafi, M., Stiriba, Y., Vial, C., Drogui, P., & Naja, J. (2017). 

Electrocoagulation process in water treatment: A review of electrocoagulation modeling 

approaches. Desalination, 404, 1-21. doi: 10.1016/j.desal.2016.10.011 

 

Harif, T., Khai, M., & Adin, A. (2012). Electrocoagulation versus chemical coagulation: 

Coagulation/flocculation mechanisms and resulting floc characteristics. Water Resources, 

46(10), 3177-3188. doi: 10.1016/j.watres.2012.03.034 

 

Holt, P. K. (2002). Electrocoagulation: Unravelling and synthesising the mechanisms behind a 

water treatment process (Doctoral dissertation, University of Sydney, 2002). Sydney: 

University of Sydney, Chemical Engineering. Retrieved February 9, 2019, from 

http://hdl.handle.net/2123/624 

 

Holt, P. K., Barton, G. W., & Mitchell, C. A. (2005). The future for electrocoagulation as a 

localised water treatment technology. Chemosphere, 59(3), 355-367. doi: 

10.1016/j.chemosphere.2004.10.023 

 

Holt, P. K., Barton, G. W., Wark, M., & Mitchell, C. A. (2002). A quantitative comparison 

between chemical doing and electrocoagulation. Colloids and Surfaces A: 

Physiochemical and Engineering Aspects, 211(23), 233-248. doi: 10.1016/S0927-

7757(02)00285-6 

 

Huda, N., Raman, A. A. A., Bello, M. M., & Ramesh, S. (2017). Electrocoagulation treatment of 

raw landfill lachate using iron-based electrodes: Effect of process parameters and 

optimization. Journal of Environmental Management, 204(1), 75-81. doi: 

10.1016/j.jenvman.2017.08.028 

 

IBISWorld. (2018, October). Industry Report 31212CA Breweries in Canada. Retrieved from 

https://www.ibisworld.ca/reports/reportdownload.aspx?cid=124&rtid=101 

 



 109 

Jain, D. (2005). Development of economically and ecologically feasible treatment process for 

phenolic wastes. University of Baroda, Baroda, India. 

 

Jaiyeola, A. T., & Bwapwa, J. K. (2016). Treatment technology for brewery wastewater in a 

water-scarce country: A review. South African Journal of Science, 112(3-4), Art. #2015-

0069, 1-8. doi: 10.17159/ sajs.2016/20150069 

 

Kassab, G., Halalsheh, M., Klapwijk, A., Fayyad, M., & van Lier, J.B. (2010). Sequential 

anaerobic-aerobic treatment for domestic wastewater – A review. Bioresource 

Technology, 101(10), 3299-3310. doi: 10.1016/j.biortech.2009.12.039 

 

Khandegar, V., & Saroha, A. K. (2016). Effect of electrode shape and current source on 

performance of electrocoagulation. Journal of Hazardous, Toxic, and Radioactive Waste, 

20(1), 06015001. doi: 10.1061/(ASCE)HZ.2153-5515.0000278 

 

Kim, K.-J., Baek, K., Ji, S., Cheong, Y., Yim, G., & Jang, A. (2016). Study on 

electrocoagulation parameters (current density, pH, and electrode distance) for removal 

of fluoride from groundwater. Environmental Earth Sciences, 75(1), 1-8. doi: 

10.1007/s12665-015-4832-6 

 

Kobya, M., Gengec, E., & Demirbas, E. (2016). Operating parameters and costs assessments of a 

real dyehouse wastewater effluent treated by a continuous electrocoagulation process. 

Chemical Engineering and Processing, 101, 87-100. doi: 10.1016/j.cep.2015.11.012 

 

Kobya, M., Hiz, H., Senturk, E., Aydiner, C., & Demirbas, E. (2006). Treatment of potato chips 

manufacturing wastewater by electrocoagulation. Desalination, 190(1-3), 201-211. doi: 

10.1016/j.desal.2005.10.006 

 

Kobya, M., Ozyonar, F., Demirbas, E., Sik, E., & Oncel, M. S. (2015). Arsenic removal from 

groundwater of Sivas-Sarkisla Plain, Turkey by electrocoagulation process: Comparing 



 110 

with iron plate and ball electrodes. Journal of Environmental Chemical Engineering, 

3(2), 1096-1106. doi: 10.1016/j.jece.2015.04.014 

 

Kučić, D., Domanovac, M. V., & Briški, F. (2017). Kinetics of aerobic treatment of two-phase 

olive-mill waste by activated sludge in sequencing batch reactor. The Holistic Approach 

to Environment. 7(3), 139-155. 

 

Lacasa, E., Cañizares, P., Sáez, C., Fernández, F. J., & Rodrigo, M. A. (2011). Electrochemical 

phosphates removal using iron and aluminum electrodes. Chemical Engineering Journal, 

172(1), 137-143. doi: 10.1016/j.cej.2011.05.080 

 

Lech, S., Teresa, M. K., Boguslaw, P., & Marta, K. (2012). Electrocoagulation of model 

wastewater using aluminum electrodes. Polish Journal of Chemical Technology, 14(3), 

66-70. doi: 10.2478/v10026-012-0086-1 

 

Li, J., Sun, S., Yan, P., Fang, L., Yu, Y., Xiang, Y., ... Zhang, Z. (2017). Microbial communities 

in the functional areas of a biofilm reactor with anaeronic-aerobic process for oily 

wastewater treatment. Bioresource Technology, 238, 7-15. doi: 

10.1016/j.biortech.2017.04.033 

 

Liu H., Zhao, X., & Qu J. (2010). Electrocoagulation in Water Treatment. In: Comninellis C., 

Chen G. (eds) Electrochemistry for the Environment. Springer, New York, NY. doi: 

10.1007/978-0-387-68318-8_10 

 

Liu, J., Tian, C., Jia, X., Xiong, J., Dong, S., Wang, L., & Bo, L. (2017). The brewery 

wastewater treatment and membrane fouling mitigation strategies in anaerobic baffled 

anaerobic/aerobic membrane bioreactor. Biochemical Engineering Journal, 127, 53-59. 

doi: 10.1016/j.bej.2017.07.009 

 



 111 

Liu, Y., Lei, Y., Xi, Y., Liao, Z., & Zhang, X. (2017). High-load domestic wastewater treatment 

using a combined anaerobic-aerobic bio-filter with coal cinder as medium. 

Environmental Technology, 39(1), 102-108. doi: 10.1080/09593330.2017.1296496 

 

Makwana, A. R., & Ahammed, M. M. (2016). Continuous electrocoagulation process for the 

post-treatment of anaerobically treated municipal wastewater. Process Safety and 

Environmental Protection, 102, 724-733. doi: 10.1016/j.psep.2016.06.005 

 

Mara, D. D., & Horan, N. J. (2003). Handbook of Water and Wastewater Microbiology. London: 

Academic Press. Retrieved from 

http://search.ebscohost.com.subzero.lib.uoguelph.ca/login.aspx?direct=true&db=nlebk&

AN=141442&site=ehost-live&scope=site 

 

Mardani, Sh., Mirbagheri, A., Amin, M. M., & Ghasemian, M. (2011). Determination of 

biokinetic coefficients for activated sludge processes on municipal wastewater. Iranian 

Journal of Environmental Health Science & Engineering, 8(1), 25-34. 

 

Marriaga-Cabrales, N., & Machuca-Martinez, F. (2014). 1. Fundamentals of electrocoagulation. 

In Evaluation of Electrochemical Reactors as a New way to Environmental Protection 

(pp. 1-16). Cali: Research Signpost. ISBN: 978-81-308-0549-8 

 

Mathur, A. K., & Majumder, C. B. (2010). Kinetics modelling of the biodegradation of Benzene, 

Toulene, and Phenol as single substrate and mixed substrate by using Pseudomonas 

putida. Chemical and Biochemical Engineering Quarterly, 24(1), 101-109. 

 

Mechelhoff, M., Kelsall, G. H. & Graham, N. J. D. (2013). Electrochemical behaviour of 

aluminum in electrocoagulation processes. Chemical Engineering Sciences, 95, 301-312. 

doi: /10.1016/j.ces.2013.03.010 

 



 112 

Moreno-Casillas, H. A., Cocke, D. L., Gomes, J. A. G., Morkovsky, P., Parga, J. R., & Peterson, 

E. (2007). Electrocoagulation mechanism for COD removal. Separation and Purification 

Technology, 56(2), 204-211. doi: 10.1016/j.seppur.2007.01.031 

 

Moussa, D. T., El-Naas, M. H., Nasser, M., & Al-Marri, M. J. (2017). A comprehensive review 

of electrocoagulation for water treatment: potentials and challenges. Journal of 

Environmental Management, 186(1), 24-41. doi: 10.1016/j.jenvman.2016.10.032  

 

Muharam, S., Yuningsih, L. M., & Rahmah, C. I. (2017). Simultaneous combination of 

electrocoagulation and chemical coagulation methods for medical wastewater treatment. 

Makara Journal of Science, 21(3), 113-118. doi: 10.7454/mss.v21i3.7302 

 

Murthy, Z. V. P., Nancy, C., & Kant, A. (2007). Separation of pollutants from restaurant 

wastewater by electrocoagulation. Separation Science and Technology, 42(4), 819-833. 

doi: 10.1080/01496390601120557 

 

Naje, A. S., & Abbas, S. A. (2013). Electrocoagulation technology in wastewater treatment: A 

review of methods and applications. Civil and Environmental Research, 3(11), 29-42. 

 

Nasrullah, M., Singh, L., Mohamad, Z., Norsita, S., Krishnan, S., Wahida, N., Zularisam, A. W. 

(2017). Treatment of palm oil mill effluent by electrocoagulation with presence of 

hydrogen peroxide as oxidizing agent and polialuminum chloride as coagulant-aid. Water 

Resources and Industry, 17, 7-10. doi: 10.1016/j.wri.2016.11.001 

 

Nasrullah, M., Wahid, Z. A., & Siddique, M. N. (2014). Effect of high current density in 

electrocoagulation process for sewage treatment. Asian Journal of Chemistry, 26(14), 

4281-4285. doi: 10.14233/ajchem.2014.16134 

 

Nasrullah, M., Zularisam, A. W., Krishnan, S., Sakinah, M., Singh, L., & Fen, Y. W. (2019). 

High performance electrocoagulation process in treating palm oil mill effluent using high 



 113 

current intensity application. Chinese Journal of Chemical Engineering, 27(1), 208-217. 

doi: 10.1016/j.cjche.2018.07.021 

 

Ni’am, M.-F., Othman, F., Sohaili, J., & Fauzia, Z. (2007). Electrocoagulation technique in 

enhancing COD and suspended solids removal to improve wastewater quality. Water 

Science and Technology, 56(7), 47-53. doi: 10.2166/wst.2007.678 

 

Odongo, I. E., & McFarland, M. J. (2014). Electrocoagulation treatment of metal finishing 

wastewater. Water Environment Research, 86(7), 579-583. doi: 

10.2175/106143014X13975035525186 

 

Olajire, A. A. (2012). The brewing industry and environmental challenges. Journal of Cleaner 

Production, 1-21. doi :10.1016/j.jclepro.2012.03.003 

 

Omwene, P. I., & Kobya, M. (2018). Treatment of domestic wastewater phosphate by 

electrocoagulation using Fe and Al electrodes: a comparative study. Process Safety and 

Environmental Protection, 116(B), 34-51. doi: 10.1016/j.psep.2018.01.005 

 

Ontario Energy Board. (2018, November). Time-of-Use Rates for Electricity. Retrieved February 

9, 2019, from https://www.guelphhydro.com/en/rates-and-service-charges/time-of-use-

rates-for-electricity.aspx 

 

Orenco. (2014). Power Consumption Comparisons. Retrieved March 4, 2019, from 

https://static1.squarespace.com/static/526fd7f0e4b0b43cf8daf567/t/5a2806f8652dea2700

b94509/1512572665043/Power comparison Advantex versus.pdf 

 

Ozyonar, F., & Karagozoglu, B. (2011). Operating cost analysis and treatment of domestic 

wastewater by electrocoagulation using aluminum electrodes. Polish Journal of 

Environmental Studies, 20(1), 173-179. Retrieved from 

https://pdfs.semanticscholar.org/4b1d/159e1f64d7fcd8c22253a5691ee1544b8252.pdf 

 



 114 

Pal, P., Khairnar, K., & Paunikar, W. N. (2014). Causes and remedies for filamentous foaming in 

activated sludge treatment plant. Global NEST journal, 16(4), 762-772. 

 

Parsa, J. B., Vahidian, H. R., Soleymani, A. R., Abbasi, M. (2011) Removal of Acid Brown 14 in 

aqueous media by electrocoagulation: Optimization parameters and minimizing of energy 

consumption.  Desalination, 278(1-3), 295-302. doi: 10.1016/j.desal.2011.05.040 

 

Prajapati, A. K., Chaudhari, P. K., Pal, D., Chandrakar, A., & Choudhary, R. (2016). 

Electrocoagulation treatment of rice grain based distillery effluent using copper electrode. 

Journal of Water Process Engineering, 11, 1-7. doi: 10.1016/j.jwpe.2016.03.008 

 

Raghuvanshi, S., & Babu, B. V. (2008). Experimentation and Evaluation of Growth Kinetics 

Parameters for MEK Biodegradation. CHISA 2008 - 18th International Congress of 

Chemical and Process Engineering. 

 

Rezasoltani, S., Shayegan, J., & Jalali, S. (2015). Effect of pH on aerobic granulation and 

treatment performance in sequencing batch reactors. Chemical Engineering & 

Technology, 38(5), 851-858. doi: 10.1002/ceat.201400400 

 

Rodriguez, I., Villaseñor, J., & Fernandez, F.J. (2013). Influence of the cleaning additives on the 

methane production from brewery effluents. Chemical Engineering Journal, 215-216, 

685-690. doi: 10.1016/j.cej.2012.10.090 

 

Rosso, D., & Stenstrom, M. K. (2006). Surfactant effects on -factors in aeration systems. Water 

Research, 40(7), 1397-1404. doi: 10.1016/j.watres.2006.01.044 

 

Russ, W., & Schnappinger, M. (2006). Waste related to the food industry: A challenge in 

material loops. In Utilization of by-products and treatment of waste in the food industry 

(pp 1-13). New York, NY: Springer Science+Business Media. doi:10.1007/978-0-387-

35766-9 

 



 115 

Sahu, O., Mazumdar, B., & Chaudhari, P. K. (2014). Treatment of wastewater by 

electrocoagulation: a review. Environmental Science and Pollution Research, 21(4), 

2397-2413. doi: 10.1007/s11356-013-2208-6 

 

Sen, T. K. (2014). Physical Chemical and Biological Treatment Processes for Water and 

Wastewater. Hauppauge, New York: Nova Science Publishers, Inc. Retrieved from 

http://search.ebscohost.com.subzero.lib.uoguelph.ca/login.aspx?direct=true&db=nlebk&

AN=1084472&site=ehost-live&scope=site 

 

Shalaby, A., Nassef, E., Mubark, A., & Hussein, M. (2014). Phosphate removal from wastewater 

by electrocoagulation using aluminum electrodes. American Journal of Environmental 

Engineering and Science, 1(5), 90-98. Retrieved from 

http://www.openscienceonline.com/journal/ajees) 

 

Shamaei, L., Khorshidi, B., Perdicakis, B., & Sadrzadeh, M. (2018). Treatment of oil sands 

produced water using combined electrocoagulation and chemical coagulation techniques. 

Science of the Total Environment, 645, 560-572. doi: 10.1016/j.scitotenv.2018.06.387 

 

Sharma, D., Chaudhari, P. K., & Prajapati, A. K. (2018). Removal of chromium (VI) and lead 

from electroplating effluent using electrocoagulation. Separation Science and 

Technology. doi: 10.1080/01496395.2018.1563157 

 

Simate, G., Cluett, J., Iyuke, S., Musapatika, E., Ndlovu, S., Walubita, L., & Alvarez, A. (2011). 

The treatment of brewery wastewater for reuse: state of the art. Desalination, 273(2-3), 

235-247. doi: 10.1016/j.desal.2011.02.035 

 

Singh, H., & Mishra, B. K. (2017). Assessment of kinetics behaviour of electrocoagulation 

process for the removal of suspended solids and metals from synthetic wastewater. 

Environmental Engineering Research, 22(2), 141-148. doi: 10.4491/eer.2016.029 

 



 116 

Stantec Ltd. (2012, June). Over Strength Surcharge Review for Toronto Water, City of 

Toronto (Tech.). Retrieved October 19, 2018, from 

https://www.toronto.ca/legdocs/mmis/2012/pw/bgrd/backgroundfile-50669.pdf 

 

Statista. (2018, July). Beer production worldwide from 1998 to 2017 (in billion hectoliters). In 

Statista – The Statistics Portal. Retrieved October 12, 2018, from 

https://www.statista.com/statistics/270275/worldwide-beer-production/ 

 

Tanyol, M., Ogedey, A., & Oguz, E. (2018). COD removal from leachate by electrocoagulation 

process: treatment with monopolar electrodes in parallel connection. Water Science and 

Technology, 77(1), 177-186. doi: 10.2166/wst.2017.528 

 

Tchobanoglous, G., Stensel, H. D., Tsuchihashi, R., Burton, F., Abu-Orf, M., Bowden, G., & 

Pfrang, W. (2014). Wastewater Engineering Treatment and Resource Recovery. New 

York, NY: McGraw-Hill Education 

 

Tejedor-Sanz, S., Ortiz, J. M., Esteve-Núñez, A. (2017). Merging microbial electrochemical 

systems with electrocoagulation pretreatment for achieving a complete treatment of 

brewery wastewater. Chemical Engineering Journal, 330, 1068-1074. doi: 

10.1016/j.cej.2017.08.049 

 

Terán, R. A. S., Orozco, C. M., Acuña, I. J. G., Rosales, S. G., Araujo, G. D., & Arias, H. O. R. 

(2017). Removing organic matter and nutrients from swine wastewater after anaerobic-

aerobic treatment. Water, 9(10), 726. doi: 10.3390/w9100726 

 

Thakur, L. S., & Mondal, P. (2017). Simultaneous arsenic and fluoride removal from synthetic 

and real groundwater by electrocoagulation process: parametric and cost evaluation. 

Journal of Environmental Management, 190, 102-112. doi: 

10.1016/j.jenvman.2016.12.053 

 



 117 

The Regional Municipality of York. (2016, October 6). Sewer Use Bylaw Services Fees 

Update (Publication). Retrieved October 19, 2018, from 

https://eastgwillimbury.civicweb.net/document/89520 

 

Tomei, M. C., Rita, S., & Mininni, G. (2011). Performance of sequential anaerobic/aerobic 

digestion applied to municipal sewage sludge. Journal of Environmental Management, 

92(7), 1867-1873. doi: 0.1016/j.jenvman.2011.03.016 

 

Tsioptsias, C., Petridis, D., Athanasakis, N., Lemonidis, I., Deligiannis, A., & Samaras, P. 

(2015). Post-treatment of molasses wastewater by electrocoagulation and process 

optimization through response surface analysis. Journal of Environmental Management, 

164, 104-113. doi: 10.1016/j.jenvman.2015.09.007 

 

Ukiwe, L. N., Ibeneme, S. I., Duru, C. E., Okolue, B. N., Onyedika, G. O., & Nweze, C. A. 

(2015). Chemical and electro-coagulation techniques in coagulation-flocculation in water 

and wastewater treatment – A Review. Journal of Advances in Chemistry, 9(3), 1988-

1999. doi: 10.24297/jac.v9i3.1006 

 

U.S. EPA. (2001, January). Method 1683: Specific Oxygen Uptake Rate in Biosolids. Retrieved 

March 2, 2019, from https://www.epa.gov/sites/production/files/2015-

10/documents/method_1683_draft_2001.pdf 

 

Valta, K., Kosanovic, T., Malamis, D., Moustakas, K., & Loizidou, M. (2015). Overview of 

water usage and wastewater management in the food and beverage industry. Desalination 

and Water Treatment, 53(12), 3335-3347. doi: 10.1080/19443994.2014.934100 

 

Wellington Brewery. (2009). About. Retrieved May 4, 2019, from 

https://www.wellingtonbrewery.ca/about 

 



 118 

White, L. (2018, November 20). Craft breweries put communities on a map. Retrieved from 

https://torontosun.com/life/homes/new-homes-and-condos/craft-breweries-put-

communities-on-a-map 

 

Wysocka, I., & Masalski, W. (2017). A comparison between the electrocoagulation and the 

metal dissolution method in the process of phosphorous compounds removal from 

brewery wastewater. Environmental Progress & Sustainable Energy, 37(3), 975-979. doi: 

10.1002/ep.12758 

 

Yavuz, Y. (2007). EC and EF processes for the treatment of alcohol distillery wastewater. 

Separation and Purification Technology, 53(1), 135-140. doi: 

10.1016/j.seppur.2006.08.022 

 

Zailani, L. M., & Zin, N. (2018). Application of electrocoagulation in various wastewater and 

leachate treatment-a review. In: IOP Conference Series: Earth and Environmental 

Science. IOP Publishing, doi :10.1088/1755-1315/140/1/012052 

 

Zailani, L. W. M., Amdan, N. S. M., & Zin, N. S. M. (2018). Removal efficiency of 

electrocoagulation treatment using aluminum electrode for stabilized leachate. In: IOP 

Conference Series: Earth and Environmental Science. IOP Publishing, doi 

:10.1088/1755-1315/140/1/012049 

 

Ziati, M., Khemmari, F., Aitbara, A., & Hazourli, S. (2018). Reduction of turbidity and 

chromium content of tannery wastewater by electrocoagulation process. Water 

Environmental Research, 9(7), 598-603. doi: 10.2175/106143017X15131012152906 

 

 

 

 



 1 

APPENDICES 

APPENDIX A: PILOT-SCALE A/O SYSTEM OPERATIONAL DATA 

A/O PHASE 1 RAW DATA 

 
Water Quality Parameter Date of Sample Time of Sample I AN1 AN2 AN3 A1 E S Unit 

pH 28-May 10:00 AM 6.49 6.13 6.3 7.22 7.48 7.52 7.46 N/A 

COD 28-May 10:00 AM 9300 9900 8800 7300 6400 7100 7000 mg/L 

PO4 28-May 10:00 AM 369 383 367 307 305 305 309 mg/L 

DO 28-May 10:00 AM − − − − 4.24 −   mg/L 

TSS 28-May 10:00 AM 106.7 100 133.33 130 200 90 76.67 mg/L 

pH 31-May 9:00 AM 6.26 6.22 6.21 6.26 7.25 7.22 7.17 N/A 

COD 31-May 9:00 AM 7200 7700 6800 7000 5600 5900 8000 mg/L 

PO4 31-May 9:00 AM 343 340 356 349 321 345 337 mg/L 

DO 31-May 9:00 AM − − − − 0.78 − − mg/L 

TSS 31-May 9:00 AM 76.7 56.7 90 156.7 66.7 53.3 70 mg/L 

pH 04-Jun 12:00 PM 6.19 6.33 6.31 6.26 7.06 7.1 6.99 N/A 

COD 04-Jun 12:00 PM 5900 6400 6100 5800 4000 4100 4800 mg/L 

PO4 04-Jun 12:00 PM 229 369 433 437 346 316 363 mg/L 

DO 04-Jun 12:00 PM − − − − 1.19 − − mg/L 

TSS 04-Jun 12:00 PM 73.3 63.3 96.7 90 83.3 56.7 70 mg/L 

pH 06-Jun 10:00 AM 6.23 4.57 4.5 6.43 7.94 7.87 7.51 N/A 

COD 06-Jun 10:00 AM 7500 6400 6100 5300 4100 4300 − mg/L 

PO4 06-Jun 10:00 AM 193 191 226 161 218 255 315 mg/L 

DO 06-Jun 10:00 AM − − − − 8.49 − − mg/L 

TSS 06-Jun 10:00 AM 123.3 143.3 143.3 110 90 70 306.7 mg/L 

pH 11-Jun 2:00 PM 5.46 4.42 4.34 4.48 7.06 6.96 6.92 N/A 

COD 11-Jun 2:00 PM 5800 8100 7100 6900 2900 2700 − mg/L 

PO4 11-Jun 2:00 PM 232 221 222 242 114 127 140 mg/L 

DO 11-Jun 2:00 PM − − − − 8.63 − − mg/L 

TSS 11-Jun 2:00 PM 10 16.7 36.7 100 110 20 630 mg/L 

pH 14-Jun 10:00 AM 5.36 4.49 4.48 4.64 6.87 6.68 6.36 N/A 

COD 14-Jun 10:00 AM 7000 7800 7500 4900 2200 1600 − mg/L 

PO4 14-Jun 10:00 AM 241 218 216 228 70 137 180 mg/L 

DO 14-Jun 10:00 AM − − − − 7.34 − − mg/L 

TSS 14-Jun 10:00 AM 80 80 88 124 744 153.33 1633.33 mg/L 

pH 18-Jun 12:00 PM 5.23 4.62 4.58 4.69 6.75 6.67 5.8 N/A 

COD 18-Jun 12:00 PM 9500 7900 6600 6400 2500 1900 − mg/L 

PO4 18-Jun 12:00 PM 227 227 225 211 99 141 − mg/L 

DO 18-Jun 12:00 PM − − − − 6.47 − − mg/L 

TSS 18-Jun 12:00 PM 290 215 75 280 1006.66667 195 3970 mg/L 

pH 20-Jun 10:00 AM 4.99 4.68 4.63 4.95 6.88 6.68 5.9 N/A 

COD 20-Jun 10:00 AM 6500 7800 7300 7100 1600 2200 − mg/L 

PO4 20-Jun 10:00 AM 232 231 229 295 89 106 − mg/L 

DO 20-Jun 10:00 AM − − − − 7.97 − − mg/L 

TSS 20-Jun 10:00 AM 110 80 25 650 6200 110 6280 mg/L 
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A/O PHASE 2 RAW DATA 

 
Water Quality Parameter Date of Sample Time of Sample I ANI AN2 AN3 A1 E S Unit 

pH 05-Jul 11:00 AM 5.56 5.16 5.06 5.16 7.42 7.07 6.12 N/A 

COD 05-Jul 11:00 AM 7700 8000 7400 7100 1700 1200 − mg/L 

RP 05-Jul 11:00 AM 113 132 137 159 31 81 269 mg/L 

DO 05-Jul 11:00 AM − − − − 8.85 − − mg/L 

TSS 05-Jul 11:00 AM 126.7 506.7 610.0 320.0 1670.0 500.0 3580.0 mg/L 

pH 09-Jul 1:30 PM 5.57 5.26 5.16 5.38 7.05 7.31 6.07 N/A 

COD 09-Jul 1:30 PM 6200 7200 6800 4600 5800 100 − mg/L 

RP 09-Jul 1:30 PM 125 128 135 146 128 58 271 mg/L 

DO 09-Jul 1:30 PM − − − − 8.6 − − mg/L 

TSS 09-Jul 1:30 PM 90.0 510.0 200.0 160.0 2510.0 230.0 1070.0 mg/L 

pH 12-Jul 1:00 PM 5.54 5.37 5.29 5.31 7.36 7.43 6.46 N/A 

COD 12-Jul 1:00 PM 6300 7400 7000 5900 4400 800 − mg/L 

RP 12-Jul 1:00 PM 122 126 130 141 114 47 240 mg/L 

DO 12-Jul 1:00 PM − − − − 8.6 − − mg/L 

TSS 12-Jul 1:00 PM 230.0 190.0 130.0 120.0 2020.0 160.0 1290.0 mg/L 

pH 16-Jul 1:30 AM 5.41 5.46 5.38 5.54 7.3 7.75 6.42 N/A 

COD 16-Jul 1:30 AM 6600 7500 7200 6400 4900 100 − mg/L 

RP 16-Jul 1:30 AM 114 126 133 132 84 35 281 mg/L 

DO 16-Jul 1:30 AM − − − − 7.42 − − mg/L 

TSS 16-Jul 1:30 AM 120.0 350.0 810.0 1960.0 2960.0 280.0 2820.0 mg/L 

pH 19-Jul 11:00 AM 5.33 5.53 5.45 5.41 7.35 6.8 6.05 N/A 

COD 19-Jul 11:00 AM 7000 7400 7000 7200 5000 4600 − mg/L 

RP 19-Jul 11:00 AM 115 118 122 124 81 101 431 mg/L 

DO 19-Jul 11:00 AM − − − − 8.72 − − mg/L 

TSS 19-Jul 11:00 AM 430 350.0 150.0 360 1300 460 3160 mg/L 

pH 23-Jul 11:30 AM 5.26 5.31 5.34 5.6 7.61   6.82 N/A 

COD 23-Jul 11:30 AM 7400 7000 6600 6100 5400 360 − mg/L 

RP 23-Jul 11:30 AM 225 123 124 126 113 81 78 mg/L 

DO 23-Jul 11:30 AM − − − − 8.83 − − mg/L 

TSS 23-Jul 11:30 AM 620 400 250 160 2380 350 500 mg/L 
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A/O PHASE 3 RAW DATA 

 
Water Quality Parameter Date of Sample Time of Sample I ANI AN2 AN3 A1 E S Unit 

pH 26-Jul 11:00 AM 5.2 4.38 4.39 6.5 7.08 7.69 6.41 N/A 

COD 26-Jul 11:00 AM 28800 21000 21800 5700 8400 5200 − mg/L 

RP 26-Jul 11:00 AM 268 245 227 135 208 123 110 mg/L 

DO 26-Jul 11:00 AM − − − − 8.73 − − mg/L 

TSS 26-Jul 11:00 AM 870.0 860.0 400.0 − 5840.0 470.0 3900.0 mg/L 

pH 30-Jul 11:00 AM 5.15 4.08 4.04 4.07 4.15 4.18 4.23 N/A 

COD 30-Jul 11:00 AM 23800 22800 22000 21000 19800 18700 − mg/L 

RP 30-Jul 11:00 AM 270 268 262 282 388 441 458 mg/L 

DO 30-Jul 11:00 AM − − − − 4.82 − − mg/L 

TSS 30-Jul 11:00 AM 490.0 340.0 230.0 320.0 390.0 130.0 2780.0 mg/L 

pH 02-Aug 12:30 PM 5.22 4.06 3.99 3.99 3.86 3.85 3.86 N/A 

COD 02-Aug 12:30 PM 25400 24400 24000 23600 19600 19000 − mg/L 

RP 02-Aug 12:30 PM 282 260 276 274 308 308 308 mg/L 

DO 02-Aug 12:30 PM − − − − 4.59 − − mg/L 

TSS 02-Aug 12:30 PM 130.0 280.0 200.0 350.0 180.0 200.0 2120.0 mg/L 

pH 07-Aug 1:30 PM 5.18 4.15 4.04 4.01 3.82 3.79 3.81 N/A 

COD 07-Aug 1:30 PM 24800 25600 23800 23600 16400 16200 − mg/L 

RP 07-Aug 1:30 PM 316 292 292 296 274 278 286 mg/L 

DO 07-Aug 1:30 PM − − − − 1.25 − − mg/L 

TSS 07-Aug 1:30 PM 100.0 500.0 150.0 140.0 190.0 40.0 980.0 mg/L 

pH 09-Aug 1:00 PM 5.75 4.19 4.1 3.95 3.56 3.52 3.54 N/A 

COD 09-Aug 1:00 PM 13200 24200 24000 14800 14600 15000 − mg/L 

RP 09-Aug 1:00 PM 74 314 300 290 286 286 298 mg/L 

DO 09-Aug 1:00 PM − − − − 1.47 − − mg/L 

TSS 09-Aug 1:00 PM 220.0 290.0 100.0 460.0 170.0 150.0 2740.0 mg/L 

pH 13-Aug 1:45 PM 5.75 4.23 4.14 3.99 4.2 4.15 4.11 N/A 

COD 13-Aug 1:45 PM 11200 20000 21600 9600 7400 7600 − mg/L 

RP 13-Aug 1:45 PM 86 222 322 302 300 296 308 mg/L 

DO 13-Aug 1:45 PM − − − − 8.38 − − mg/L 

TSS 13-Aug 1:45 PM 200.0 380.0 230.0 360.0 270.0 210.0 1090.0 mg/L 

TN 13-Aug 1:45 PM 80.9 − − − − − − mg/L 

TP 13-Aug 1:45 PM 132 − − − − − − mg/L 

pH 16-Aug 12:00 PM 5.74 4.4 4.27 4.21 3.83 3.8 3.78 N/A 

COD 16-Aug 12:00 PM 11800 12200 11200 14000 10200 10600 − mg/L 

RP 16-Aug 12:00 PM 86 106 52 174 246 252 266 mg/L 

DO 16-Aug 12:00 PM − − − − 1.63 − − mg/L 

TSS 16-Aug 12:00 PM 110.0 150.0 110.0 360.0 330.0 310.0 1460.0 mg/L 

TN 16-Aug 12:00 PM 78.3 − − − − − − mg/L 
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A/O PHASE 4 RAW DATA 
 

Water Quality Parameter Date of Sample Time of Sample I AN1 AN2 AN3 A1 E S Unit 

pH 23-Aug 11:30 AM 5.46 5.13 5.10 4.78 4.78 4.71 4.67 N/A 

COD 23-Aug 11:30 AM 11000.00 11600.00 11600.00 10800.00 4800.00 4000.00 − mg/L 

RP 23-Aug 11:30 AM 98.00 106.00 98.00 114.00 66.00 94.00 100.00 mg/L 

DO 23-Aug 11:30 AM − − − − 6.20 − − mg/L 

TSS 23-Aug 11:30 AM 240.00 850.00 240.00 450.00 560.00 130.00 6020.00 mg/L 

TN 23-Aug 11:30 AM 114.00 − − − − − − mg/L 

pH 27-Aug 11:00 AM 5.46 4.8 4.74 4.85 8.16 8.18 7 N/A 

COD 27-Aug 11:00 AM 13200 11600 11200 10000 8400 4200 − mg/L 

RP 27-Aug 11:00 AM 104 118 112 108 4 6 66 mg/L 

DO 27-Aug 11:00 AM − − − − 5.23 − − mg/L 

TSS 27-Aug 11:00 AM 1630.00 960.00 260.00 390.00 1130.00 440.00 6860.00 mg/L 

TN 27-Aug 11:00 AM 279.00 − − − − − − mg/L 

pH 30-Aug 12:00 PM 5.76 5.04 4.9 4.9 7.86 8.09 6.67 N/A 

COD 30-Aug 12:00 PM 13200 11200 10800 10800 4600 4400 − mg/L 

RP 30-Aug 12:00 PM 96 108 126 112 16 18 10 mg/L 

DO 30-Aug 12:00 PM − − − − 6.10 − − mg/L 

TSS 30-Aug 12:00 PM 3270.0 550.0 230.0 480.0 630.0 280.0 32933.3 mg/L 

TN 30-Aug 12:00 PM 450.00 − − − − − − mg/L 

pH 04-Sep 12:00 AM 6.27 6.85 6.75 6.66 8.79 8.54 8.30 N/A 

COD 04-Sep 12:00 AM 4000 5000 3600 6800 1600 2000 − mg/L 

RP 04-Sep 12:00 AM 30 64 60 88 4 8 8 mg/L 

DO 04-Sep 12:00 AM − − − − 8.32 − − mg/L 

TSS 04-Sep 12:00 AM 530.0 220.0 130.0 3000.0 110.0 80.0 2233.3 mg/L 

pH 06-Sep 11:00 AM 6.34 6.85 7.05 6.87 8.63 8.58 8.4 N/A 

COD 06-Sep 11:00 AM 4500.00 5800.00 5400.00 8600.00 2000.00 2100.00 − mg/L 

RP 06-Sep 11:00 AM 33 47 55 80 3 4 6 mg/L 

DO 06-Sep 11:00 AM − − − − 7.17 − − mg/L 

TSS 06-Sep 11:00 AM 410.0 580.0 310.0 1885.7 450.0 270.0 670.0 mg/L 

TN 06-Sep 11:00 AM 691.00 − − − − − − mg/L 

pH 10-Sep 11:45 AM 6.2 6.7 6.43 6.7 8.9 8.71 8.69 N/A 

COD 10-Sep 11:45 AM 5100 5500 5400 4900 3000 1700 − mg/L 

RP 10-Sep 11:45 AM 38 35 74 57 1 5 5 mg/L 

DO 10-Sep 11:45 AM − − − − 8.64 − − mg/L 

TSS 10-Sep 11:45 AM 880.0 840.0 300.0 1380.0 2020.0 120.0 100.0 mg/L 

pH 13-Sep 11:30 AM 6.32 6.43 6.55 6.73 8.69 8.68 8.60 N/A 

COD 13-Sep 11:30 AM 4700.0 5800.0 7600.0 5000.0 2200.0 1500.0 − mg/L 

RP 13-Sep 11:30 AM 38.0 44.0 48.0 37.0 5.0 3.0 6.0 mg/L 

DO 13-Sep 11:30 AM − − − − 8.36 − − mg/L 

TSS 13-Sep 11:30 AM 450.0 820.0 820.0 1010.0 2900.0 360.0 2685.7 mg/L 

TN 13-Sep 11:30 AM 594.00 − − − − − − mg/L 

pH 17-Sep 11:45 AM 6.53 6.42 6.4 6.5 8.8 8.8 8.7 N/A 

COD 17-Sep 11:45 AM 4600 5100 5800.0 11200.0 4100.0 1200.0 − mg/L 

RP 17-Sep 11:45 AM 37 32 36.0 33.0 2.0 5.0 3.0 mg/L 

DO 17-Sep 11:45 AM − − − − 8.50 − − mg/L 

TSS 17-Sep 11:45 AM 3240.0 310.0 440.0 300.0 1662.5 110.0 1620.0 mg/L 
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A/O PHASE 5 RAW DATA 

 
Water Quality Parameter Date of Sample Time of Sample I AN1 AN2 AN3 A1 E S Unit 

pH 24-Sep 11:00 AM 6.00 4.86 4.77 7.55 8.62 8.60 8.48 N/A 

COD 24-Sep 11:00 AM 15300.00 10800.00 10700.00 10700.00 5900.00 800.00 − mg/L 

RP 24-Sep 11:00 AM 103.00 107.00 106.00 5.00 5.00 4.00 5.00 mg/L 

DO 24-Sep 11:00 AM − − − 1.76 9.03 − − mg/L 

TSS 24-Sep 11:00 AM 6670.00 330.00 440.00 160.00 400.00 50.00 662.50 mg/L 

sCOD 24-Sep 11:00 AM 11200.00 − − −   − − mg/L 

pH 27-Sep 12:30 PM 5.58 5.02 5.09 8.13 8.71 8.59 8.54 N/A 

COD 27-Sep 12:30 PM 11400.00 12200.00 12200.00 6500.00 3300.00 2010.00 − mg/L 

RP 27-Sep 12:30 PM 103.00 108.00 111.00 5.00 11.00 5.30 4.00 mg/L 

DO 27-Sep 12:30 PM − − − 1.56 8.95 − − mg/L 

TSS 27-Sep 12:30 PM 120.00 150.00 587.50 1850.00 1625.00 130.00 562.50 mg/L 

pH 01-Oct 11:30 AM 5.57 5.08 5.10 6.72 8.82 8.86 8.77 N/A 

COD 01-Oct 11:30 AM 13200.00 12300.00 11400.00 10200.00 3600.00 3000.00 − mg/L 

RP 01-Oct 11:30 AM 115.00 119.00 116.00 26.00 49.00 35.00 39.00 mg/L 

DO 01-Oct 11:30 AM − − − 2.71 9.49 − − mg/L 

TSS 01-Oct 11:30 AM 1880.00 1420.00 490.00 3400.00 1125.00 720.00 1375.00 mg/L 

pH 04-Oct 12:00 PM 5.69 5.39 5.35 7.03 8.17 8.04 7.39 N/A 

COD 04-Oct 12:00 PM 11200.00 10800.00 10100.00 8700.00 4700.00 4400.00 − mg/L 

RP 04-Oct 12:00 PM 117.00 117.00 119.00 4.00 4.00 5.00 6.00 mg/L 

DO 04-Oct 12:00 PM − − − 0.57 7.94 − − mg/L 

TSS 04-Oct 12:00 PM 1080.00 680.00 320.00 2450.00 2200.00 1200.00 5200.00 mg/L 

TN 09-Oct 12:30 PM 67.00 − − − − − − mg/L 

pH 09-Oct 12:30 PM 6.09 6.41 6.31 7.95 8.82 8.50 8.74 N/A 

COD 09-Oct 12:30 PM 8500.00 4600.00 4400.00 4400.00 2600.00 2200.00 − mg/L 

RP 09-Oct 12:30 PM 83.00 95.00 90.00 37.00 34.00 19.00 21.00 mg/L 

DO 09-Oct 12:30 PM − − − 6.38 8.77 − − mg/L 

TSS 09-Oct 12:30 PM 7750.00 360.00 160.00 1250.00 220.00 160.00 750.00 mg/L 

pH 11-Oct 10:30 AM 5.76 6.37 6.64 8.22 8.79 8.80 8.77 N/A 

COD 11-Oct 10:30 AM 8600.00 4300.00 3000.00 2700.00 1100.00 1800.00 − mg/L 

RP 11-Oct 10:30 AM 89.00 90.00 98.00 93.00 22.00 28.00 28.00 mg/L 

DO 11-Oct 10:30 AM − − − 0.53 8.48 − − mg/L 

TSS 11-Oct 10:30 AM 400.00 620.00 400.00 1140.00 200.00 800.00 240.00 mg/L 

pH 15-Oct 11:30 AM 5.94 6.13 6.25 8.38 8.83 8.79 8.80 N/A 

COD 15-Oct 11:30 AM 3700.00 3400.00 2300.00 1300.00 700.00 900.00 − mg/L 

RP 15-Oct 11:30 AM 85.00 82.00 90.00 41.00 28.00 19.00 22.00 mg/L 

DO 15-Oct 11:30 AM − − − 4.02 8.64 − − mg/L 

TSS 15-Oct 11:30 AM 960.00 380.00 280.00 2800.00 240.00 220.00 340.00 mg/L 
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A/O PHASE 6 RAW DATA 
 

Water Quality Parameter Date of Sample Time of Sample I ANI AN2 AN3 A1 E S Unit 

Surface Tension 16-Oct 2:30 53.74274 − − − − − − g/s^2 

pH 22-Oct 11:00 AM 5.99 6.16 6.24 8.53 8.85 8.82 8.69 N/A 

COD 22-Oct 11:00 AM 4400.00 2600.00 2300.00 1100.00 200.00 300.00 − mg/L 

RP 22-Oct 11:00 AM 81.00 85.00 37.00 38.00 15.00 11.00 468.00 mg/L 

DO 22-Oct 11:00 AM − − − 6.06 8.83 − − mg/L 

TSS 22-Oct 11:00 AM 2720.00 340.00 260.00 1140.00 260.00 140.00 4866.67 mg/L 

TN 22-Oct 11:00 AM N/A − − − − − − mg/L 

Surface Tension 22-Oct 11:00 AM 58.13 − − − − − − g/s^2 

pH 25-Oct 8:45 AM 6.26 5.42 5.53 8.46 8.78 8.76 8.73 N/A 

COD 25-Oct 8:45 AM 9200.00 12500.00 7900.00 2800.00 1000.00 1300.00 − mg/L 

RP 25-Oct 8:45 AM 128.00 120.00 120.00 38.00 11.00 12.00 14.00 mg/L 

DO 25-Oct 8:45 AM − − − 3.50 8.66 − − mg/L 

TSS 25-Oct 8:45 AM 1120.00 2360.00 1100.00 2040.00 180.00 100.00 500.00 mg/L 

TN 25-Oct 8:45 AM N/A − − − − − − mg/L 

Surface Tension 22-Oct 11:00 AM 53.82 − − − − − − g/s^2 

pH 29-Oct 11:00AM 6.03 5.83 5.86 8.25 8.75 8.74 8.66 N/A 

COD 29-Oct 11:00AM 7400.00 5600.00 5800.00 2300.00 2000.00 1500.00 − mg/L 

RP 29-Oct 11:00AM 84.00 73.00 69.00 20.00 11.00 11.00 22.00 mg/L 

DO 29-Oct 11:00AM − − − 5.76 8.56 − − mg/L 

TSS 29-Oct 11:00AM 11200.00 620.00 1700.00 1220.00 120.00 140.00 120.00 mg/L 

TN 29-Oct 11:00AM N/A − − − − − − mg/L 

Surface Tension 25-Oct 8:45 AM 55.57 − − − − − − g/s^2 

pH 02-Nov 11:45 AM 6.23 5.76 5.77 7.93 8.69 8.65 8.56 N/A 

COD 02-Nov 11:45 AM 7700.00 6300.00 6300.00 2800.00 1600.00 2200.00 − mg/L 

RP 02-Nov 11:45 AM 95.00 81.00 93.00 16.00 6.00 7.00 14.00 mg/L 

DO 02-Nov 11:45 AM − − − 4.92 8.48 − − mg/L 

TSS 02-Nov 11:45 AM 5520.00 240.00 1260.00 2040.00 120.00 140.00 140.00 mg/L 

TN 02-Nov 11:45 AM 65.00 − − − − − − mg/L 

Surface Tension 02-Nov 11:45 AM 56.06 − − − − − − g/s^2 

pH 05-Nov 10:30 AM 5.70 5.76 5.90 7.97 8.68 8.64 8.59 N/A 

COD 05-Nov 10:30 AM 6100.00 6400.00 5700.00 4100.00 1500.00 1200.00 − mg/L 

RP 05-Nov 10:30 AM 84.00 79.00 79.00 31.00 7.00 6.00 7.00 mg/L 

DO 05-Nov 10:30 AM − − − 2.38 8.52 − − mg/L 

TSS 05-Nov 10:30 AM 1060.00 780.00 1140.00 2720.00 400.00 380.00 400.00 mg/L 

TN 05-Nov 10:30 AM N/A − − − − − − mg/L 

Surface Tension 02-Nov 11:45 AM 57.04 − − − − − − g/s^2 

pH 08-Nov 12:30 PM 5.48 4.88 5.67 7.79 8.67 8.62 8.58 N/A 

COD 08-Nov 12:30 PM 18100.00 15200.00 10200.00 4600.00 1700.00 2100.00 − mg/L 

RP 08-Nov 12:30 PM 614.00 475.00 232.00 5.00 3.00 4.00 5.00 mg/L 

DO 08-Nov 12:30 PM − − − 3.21 8.66 − − mg/L 

TSS 08-Nov 12:30 PM 680 560 840 1740 100 100 120 mg/L 

TN 08-Nov 12:30 PM N/A − − − − − − mg/L 

Surface Tension 15-Nov 11:30 AM 49.74 − − − − − − g/s^2 

TP 15-Nov 11:30 AM 663.00             mg/L 
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A/O PHASE 7 RAW DATA 

 
Water Quality Parameter Date of Sample Time of Sample I AN1 AN2 AN3 A1 E S Unit 

pH 06-Dec 9:00 AM 6.81 5.72 5.86 8.70 8.80 8.77 8.70 N/A 

COD 06-Dec 9:00 AM 6200.00 8500.00 6200.00 3700.00 1700.00 1800.00 − mg/L 

RP 06-Dec 9:00 AM 130.00 152.00 114.00 13.00 30.00 32.00 115.00 mg/L 

DO 06-Dec 9:00 AM − − − 8.10 8.48 − − mg/L 

TSS 06-Dec 9:00 AM 160.00 860.00 660.00 640.00 320.00 220.00 1080.00 mg/L 

TN 06-Dec 9:00 AM N/A − − − − − − mg/L 

Surface Tension 06-Dec 9:00 AM N/A − − − − − − g/s^2 

pH 10-Dec 1:00 PM 6.22 5.52 5.56 8.15 8.58 8.57 8.57 N/A 

COD 10-Dec 1:00 PM 8800.00 14800.00 7200.00 4400.00 2800.00 2400.00 − mg/L 

RP 10-Dec 1:00 PM 141.00 133.00 128.00 97.00 43.00 40.00 40.00 mg/L 

DO 10-Dec 1:00 PM − − − 8.34 8.42 − − mg/L 

TSS 10-Dec 1:00 PM 1420.00 3833.33 1800.00 1700.00 500.00 260.00 1420.00 mg/L 

TN 10-Dec 1:00 PM N/A − − − − − − mg/L 

Surface Tension 10-Dec 1:00 PM 54.82 − − − − − − g/s^2 

pH 13-Dec 9:30 AM 5.68 5.31 5.60 8.10 8.41 8.23 8.24 N/A 

COD 13-Dec 9:30 AM 19800.00 19300.00 6700.00 4200.00 1500.00 1900.00 − mg/L 

RP 13-Dec 9:30 AM 158.00 139.00 114.00 76.00 19.00 18.00 72.00 mg/L 

DO 13-Dec 9:30 AM − − − 8.31 8.47 − − mg/L 

TSS 13-Dec 9:30 AM 28366.67 6400.00 920.00 740.00 140.00 200.00 60.00 mg/L 

TN 13-Dec 9:30 AM N/A − − − − − − mg/L 

Surface Tension 13-Dec 9:30 AM N/A − − − − − − g/s^2 

pH 18-Dec 11:30 AM 7.62 6.21 6.26 8.47 8.56 8.57 8.53 N/A 

COD 18-Dec 11:30 AM 7900.00 7100.00 4700.00 4000.00 2700.00 1800.00 − mg/L 

RP 18-Dec 11:30 AM 48.00 42.00 42.00 103.00 56.00 31.00 43.00 mg/L 

DO 18-Dec 11:30 AM − − − 8.49 8.56 − − mg/L 

TSS 18-Dec 11:30 AM 360.00 1400.00 1580.00 2180.00 740.00 280.00 3025.00 mg/L 

TN 18-Dec 11:30 AM N/A − − − − − − mg/L 

Surface Tension 18-Dec 11:30 AM 54.50 − − − − − − g/s^2 

pH 20-Dec 11:00 AM 5.41 6.08 6.46 8.64 8.76 8.76 8.74 N/A 

COD 20-Dec 11:00 AM 4400.00 4800.00 4900.00 2200.00 1300.00 1100.00 − mg/L 

RP 20-Dec 11:00 AM 21.00 28.00 30.00 11.00 13.00 16.00 45.00 mg/L 

DO 20-Dec 11:00 AM − − − 8.27 8.37 − − mg/L 

TSS 20-Dec 11:00 AM 160.00 820.00 1660.00 1580.00 180.00 120.00 840.00 mg/L 

TN 20-Dec 11:00 AM N/A − − − − − − mg/L 

Surface Tension 20-Dec 11:00 AM N/A − − − − − − g/s^2 
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APPENDIX B: OXYGEN UPTAKE RATE 

 

 
Oxygen uptake rate in aeration column (4). 

Thus, the OUR is given as: 

 

𝑶𝑼𝑹 (
𝒎𝒈 𝑶𝟐

𝑳 ∗ 𝒉𝒓
) =

𝟖. 𝟒𝟔 − 𝟒. 𝟓𝟗

𝟎. 𝟑𝟏𝟔𝟕
= 𝟏𝟐. 𝟐𝟐 
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APPENDIX C: KINETIC COEFFICIENTS - A/O TREATMENT SYSTEM 

DETERMINATION OF KINETIC COEFFICIENTS OPERATING CONDITIONS 

 
Phase # SRT HRT So S So-S X (X*HRT)/(So-S) 1/S 1/SRT (So-S)/X*HRT 

1 

2.2790277 1.02556247 7300 7100 200 200 1.025562465 0.000140845 0.43878361 0.97507469 

1.28195308 1.02556247 7000 5900 1100 67 0.062155301 0.000169492 0.78005975 16.0887323 

1.5081801 1.02556247 5800 4100 1700 83 0.05027267 0.000243902 0.66305079 19.8915236 

1.31858031 1.02556247 5300 4300 1000 90 0.092300622 0.000232558 0.75839142 10.8341632 

57.8044298 1.02556247 7100 2200 4900 6200 1.297650466 0.000454545 0.01729971 0.77062354 

5.64059356 1.02556247 6900 2700 4200 110 0.026859969 0.00037037 0.17728631 37.2301244 

4.97620744 1.02556247 4900 1600 3300 744 0.231217719 0.000625 0.20095625 4.32492805 

5.29435666 1.02556247 6400 1900 4500 1007 0.229422122 0.000526316 0.18888036 4.35877758 

2 

6.85075727 2.05112493 7100 1200 5900 1670 0.58057265 0.000833333 0.14596926 1.72243732 

22.3840155 2.05112493 4600 100 4500 2510 1.144071905 0.01 0.04467474 0.87407093 

 25.8954522 2.05112493 5900 800 5100 2020 0.812406345 0.00125 0.03861682  1.23091112 

21.6833207 2.05112493 6400 100 6300 2960 0.963703142 0.01 0.0461184 1.03766394 

5.79665741 2.05112493 7200 4600 2600 1300 1.025562465 0.000217391 0.17251321 0.97507469 

13.9476495 2.05112493 6100 360 5740 2380 0.850466434 0.002777778 0.07169667 1.17582536 

3 

12.7431591 1.02556247 5700 5200 500 5840 11.97856959 0.000192308 0.07847348 0.08348242 

3.0766874 1.02556247 21000 18700 2300 390 0.173899722 5.34759E-05 0.3250249 5.75044046 

1.31858031 1.02556247 9600 7600 2000 270 0.138450933 0.000131579 0.75839142 7.22277546 

1.09172779 1.02556247 14000 10600 3400 330 0.099539886 9.43396E-05 0.91597925 10.0462241 

4.87142171 1.02556247 23600 16200 7400 190 0.026332009 6.17284E-05 0.20527888 37.9765931 

1.16230413 1.02556247 14800 15000 -200 170 -0.871728095 6.66667E-05 0.86036002 -1.1471467 

0.92300622 1.02556247 23600 19000 4600 180 0.040130705 5.26316E-05 1.08341632 24.9185753 

4 

4.41780754 1.02556247 10800 4000 6800 560 0.084458085 0.00025 0.22635662 11.8401926 

2.63383088 1.02556247 10000 4200 5800 1130 0.19980786 0.000238095 0.3796751 5.00480813 

2.30751555 1.02556247 10800 4400 6400 630 0.100953805 0.000227273 0.43336653 9.90552063 

1.70927078 1.02556247 8600 2100 6500 450 0.071000478 0.00047619 0.58504481 14.0844122 

15.4999782 1.02556247 11200 1200 10000 1663 0.17049976 0.000833333 0.06451622 5.8651109 

17.2636348 1.02556247 4900 1700 3200 2020 0.647386306 0.000588235 0.05792523 1.54467277 

1.41014839 1.02556247 6800 2000 4800 110 0.023502473 0.0005 0.709145227 42.5487136 

8.26147541 1.02556247 5000 1500 3500 2900 0.849751756 0.000666667 0.121043754 1.176814278 

5 

8.20449972 1.02556247 10700 800 9900 400 0.0414368672 0.00125 0.121884336 24.13309851 

1.60244135 1.02556247 10200 3000 7200 1125 0.160244135 0.000333333 0.6240478 6.240478 

1.88019785 1.02556247 8700 4400 4300 2200 0.524706377 0.000227273 0.53185892 1.9058278 

1.41014839 1.02556247 4400 2200 2200 220 0.102556246 0.000454545 0.70914523 9.75074687 

0.256390616 1.02556247 2700 1800 900 200 0.22790277 0.000555556 3.90029875 4.38783609 

1.11879542 1.02556247 1300 900 400 240 0.615337479 0.001111111 0.89381846 1.62512448 

12.8195308 1.02556247 6500 2010 4490 1625 0.371166816 0.000497512 0.07800597 2.69420637 

6 

1.90461601 1.02556247 1100 300 800 260 0.333307801 0.003333333 0.52504022 3.00022981 

1.84601244 1.02556247 2800 1300 1500 180 0.123067496 0.000769231 0.54170816 8.1256224 

0.87905354 1.02556247 2300 1500 800 120 0.15383437 0.000666667 1.13758714 6.50049792 

1.07953944 1.02556247 4100 1200 2900 400 0.141456892 0.000833333 0.92632095 7.06929148 

1.02556247 1.02556247 4600 2100 2500 100 0.041022499 0.00047619 0.97507469 24.3768672 

0.87905354 1.02556247 2800 2200 600 120 0.205112493 0.000454545 1.13758714 4.87537344 

7 

1.491727222 1.02556247 3700 1800 1900 320 0.17272631 0.000555556 0.67036384 5.78950596 

0.717893725 1.02556247 4200 1900 2300 140 0.062425541 0.000526316 1.39296383 16.0190842 

2.710415086 1.02556247 4000 1800 2200 740 0.34496192 0.000555556 0.36894717 2.89887069 

1.538343697 1.02556247 2200 1100 1100 180 0.167819312 0.000909091 0.650049791 5.95878976 

1.972235509 1.02556247 4400 2400 2000 500 0.256390616 0.000416667 0.507038837 3.90029875 
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APPENDIX D:  SURFACE TENSION RAW DATA 
 

Surface tension supplementary data. 

Latitude Longitude Altitude Gravity Gravity correction 

43.544804 -80.248169 339 980.621 -0.092 

 

Surface tension raw results. 

Date 
Distance between 

menisci (cm) 

Radius of 

Capillary (cm) 

Density of Sample 

(g/cm3) 

Surface Tension 

(g/s2) 
Notes: 

16-Oct 4.5125 0.025 0.9717 53.74274853 Before adding anti-foam 

22-Oct 4.725 0.025 1.00382 58.13371979 After adding anti-foam 

22-Oct 4.375 0.025 1.00367 53.81947492 Before adding anti-foam 

25-Oct 4.525 0.025 1.00192 55.56765701 After adding anti-foam 

02-Nov 4.55 0.025 1.00524 56.05980903 Before adding anti-foam 

02-Nov 4.675 0.025 0.99551 57.04238795 After adding anti-foam 
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APPENDIX E: ELECTROCOAGULATION EXPERIMENTS RAW DATA 

1W ECT RAW DATA 

Date: January 23rd, 2019 

Power In (W) 1 

Current (Amp) 0.13 

Voltage (V) 8 

Initial pH 5.16 

Initial Conductivity (ms) 1.49 

Initial RP Conc. (mg/L) 198 

Initial TP Conc. (mg/L) 314 

Initial COD Conc. (mg/L) 11000 

Initial Mass of Al Plate 1 (g) 36.6058 

Initial Mass of Al Plate 2 (g) 38.5005 

Initial Mass of TSS Filter (g) 0.1699 

Final Mass of TSS Filter (g) 0.2239 

Volume for TSS Test (mL) 25 

TSS Initial (mg/L) 2160 

  2 min 5 min 10 min 20 min 30 min 

pH after EC 5.13 5.13 5.12 5.12 5.17 

Conductivity after EC (ms) 1.51 1.52 1.62 1.638 1.624 

Initial TSS after EC (g) 0.1709 0.1617 0.1631 0.1693 0.1609 

Final Mass of TSS after EC (g) 0.174 0.1643 0.1656 0.171 0.1624 

Volume for TSS Test (mL) 15 

TSS Final (mg/L) 206.7 173.3 166.7 113.3 100.0 

COD after EC (mg/L) 10500 9700 10100 9200 8300 

RP after EC (mg/L) 204 195 195 168 123 

TP after EC (mg/L) 310 289 222 187 140 

Final Mass of Al Plate 1 (g) 36.6463 

Final Mass of Al Plate 2 (g) 38.4345 
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1W ECT AND POST CCT RAW DATA 

 

Date: January 24th, 2019 

Power In (W) 1 

Current (Amp) 0.13 

Voltage (V) 8 

Initial pH 5.02 

Initial Conductivity (ms) 1.7 

Initial RP Conc. (mg/L) 196 

Initial TP Conc. (mg/L) 243 

Initial COD Conc. (mg/L) 11200 

Initial Mass of Al Plate 1 (g) 36.5503 

Initial Mass of Al Plate 2 (g) 38.3852 

Initial Mass of TSS Filter (g) 0.1561 

Final Mass of TSS Filter (g) 0.1609 

Volume for TSS Test (mL) 15 

Initial TSS (mg/L) 320 

  2 min 5 min 10 min 20 min 30 min 

Alum Sulfate Dosage (mL) 30 

pH after Alum 4.9 4.9 4.92 4.95 5 

Conductivity after Alum (ms) 1.565 1.55 1.312 1.458 1.563 

Initial Mass of TSS Filter Supernatant (g) 0.1673 0.1693 0.164 0.1618 0.1649 

Final Mass of TSS Filter Supernatant (g) 0.1675 0.1698 0.1645 0.1624 0.1653 

Volume for TSS Supernatant (mL) 15 

Final TSS Supernatant (mg/L) 13.3 33.3 33.3 40.0 26.7 

Initial Mass of TSS Filter Sludge (g) 0.167 0.1644 0.1702 0.1685 0.1606 

Final Mass of TSS Filter Sludge (g) 0.1913 0.2121 0.2371 0.2523 0.2389 

Volume for TSS Sludge (mL) 15 

Final TSS Sludge (mg/L) 1620.0 3180.0 4460.0 5586.7 5220.0 

COD after Alum (mg/L) 10200 10200 10300 9500 9800 

RP after Alum (mg/L) 186 191 165 131 112 

TP after Alum (mg/L) 226 211 187 143 138 

Final Mass of Al Plate 1 (g) 36.5773 

Final Mass of Al Plate 2 (g) 38.3245 
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1W ECT AND POST CCT REPLICATE RAW DATA 

 

Date: January 28th, 2019 

Power In (W) 1 

Current (Amp) 0.13 

Voltage (V) 8 

Initial pH 4.9 

Initial Conductivity (ms) 1.609 

Initial RP Conc. (mg/L) 201 

Initial TP Conc. (mg/L) 223 

Initial COD Conc. (mg/L) 9900 

Initial Mass of Al Plate 1 (g) 36.3786 

Initial Mass of Al Plate 2 (g) 37.7431 

Initial Mass of TSS Filter (g) 0.167 

Final Mass of TSS Filter (g) 0.1698 

Volume for TSS Test (mL) 15 

Initial TSS (mg/L) 186.7 

  2 min 5 min 10 min 20 min 30 min 

Alum Sulfate Dosage (mL) 30 

pH after Alum 4.84 4.84 4.84 4.9 4.85 

Conductivity after Alum (ms) 1.579 1.54 1.538 1.547 1.53 

Initial Mass of TSS Filter Supernatant (g) 0.156 0.1589 0.1572 0.1552 0.159 

Final Mass of TSS Filter Supernatant (g) 0.1564 0.1595 0.1574 0.1555 0.1592 

Volume for TSS Supernatant (mL) 15 

Final TSS Supernatant (mg/L) 26.667 40 13.333 20 13.333 

Initial Mass of TSS Filter Sludge (g) 0.1674 0.1685 0.1706 0.1684 0.1648 

Final Mass of TSS Filter Sludge (g) 0.1867 0.1953 0.2145 0.1929 0.1816 

Volume for TSS Sludge (mL) 10 

Final TSS Sludge (mg/L) 1930 2680 4390 2450 1680 

COD after Alum (mg/L) 8800 9400 9500 9000 10800 

RP after Alum (mg/L) 192 181 170 161 102 

TP after Alum (mg/L) 216 200 186 176 119 

Final Mass of Al Plate 1 (g) 36.4143 

Final Mass of Al Plate 2 (g) 37.6649 
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5W ECT RAW DATA 

 

Date: January 24th, 2019 

Power In (W) 5 

Current (Amp) 0.25 

Voltage (V) 20 

Initial pH 5.02 

Initial Conductivity (ms) 1.7 

Initial RP Conc. (mg/L) 207 

Initial TP Conc. (mg/L) 340 

Initial COD Conc. (mg/L) 11200 

Initial Mass of Al Plate 1 (g) 36.5503 

Initial Mass of Al Plate 2 (g) 38.3852 

Initial Mass of TSS Filter (g) 0.1561 

Final Mass of TSS Filter (g) 0.1609 

Volume for TSS Test (mL) 15 

TSS Initial (mg/L) 320 

  2 min 5 min 10 min 20 min 30 min 

pH after EC 4.92 4.97 4.99 5.09 5.28 

Conductivity after EC (ms) 1.549 1.57 1.521 1.461 1.439 

Initial TSS after EC (g) 0.1666 0.1587 0.1593 0.1694 0.1662 

Final Mass of TSS after EC (g) 0.1712 0.1576 0.1577 0.1668 0.1647 

Volume for TSS Test (mL) 15 

TSS Final 306.7 -73.3 -106.7 -173.3 -100.0 

COD after EC (mg/L) 10600 12200 9800 9000 9500 

RP after EC (mg/L) 201 203 154 65 24 

TP after EC (mg/L) 282 342 170 74 42 

Final Mass of Al Plate 1 (g) 36.606 

Final Mass of Al Plate 2 (g) 38.1537 
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5W ECT AND POST CCT RAW DATA 

 

Date: January 25th, 2019 

Power In (W) 5 

Current (Amp) 0..25 

Voltage (V) 20 

Initial pH 5.01 

Initial Conductivity (ms) 1.51 

Initial RP Conc. (mg/L) 207 

Initial TP Conc. (mg/L) 340 

Initial COD Conc. (mg/L) 12100 

Initial Mass of Al Plate 1 (g) 36.4695 

Initial Mass of Al Plate 2 (g) 38.1049 

Initial Mass of TSS Filter (g) 0.1615 

Final Mass of TSS Filter (g) 0.1879 

Volume for TSS Test (mL) 15 

Initial TSS (mg/L) 176 

  2 min 5 min 10 min 20 min 30 min 

Alum Sulfate Dosage (mL) 30 

pH after Alum 4.91 4.96 5.04 5.09 5.15 

Conductivity after Alum (ms) 1.655 1.591 1.681 1.514 1.668 

Initial Mass of TSS Filter Supernatant (g) 0.1652 0.1678 0.1711 0.169 0.1617 

Final Mass of TSS Filter Supernatant (g) 0.1662 0.168 0.1715 0.1695 0.1621 

Volume for TSS Supernatant (mL) 15 

Final TSS Supernatant (mg/L) 66.7 13.3 26.7 33.3 26.7 

Initial Mass of TSS Filter Sludge (g) 0.1573 0.1566 0.1688 0.1746 0.1757 

Final Mass of TSS Filter Sludge (g) 0.2389 0.2794 0.3136 0.3101 0.2873 

Volume for TSS Sludge (mL) 10 

Final TSS Sludge (mg/L) 8160 12280 14480 13550 11160 

COD after Alum (mg/L) 9400 9100 8700 8600 8800 

RP after Alum (mg/L) 183 159 110 53 16 

TP after Alum (mg/L) 242 176 122 68 37 

Final Mass of Al Plate 1 (g) 36.4546 

Final Mass of Al Plate 2 (g) 37.9623 

 

  



 16 

5W ECT AND POST CCT REPLICATE RAW DATA 

 

Date: January 25th, 2019 

Power In (W) 5 

Current (Amp) 0.25 

Voltage (V) 20 

Initial pH 5.06 

Initial Conductivity (ms) 1.481 

Initial RP Conc. (mg/L) 185 

Initial TP Conc. (mg/L) 217 

Initial COD Conc. (mg/L) 9100 

Initial Mass of Al Plate 1 (g) 36.4546 

Initial Mass of Al Plate 2 (g) 37.9623 

Initial Mass of TSS Filter (g) 0.1672 

Final Mass of TSS Filter (g) 0.1686 

Volume for TSS Test (mL) 15 

Initial TSS (mg/L) 93.3 

  2 min 5 min 10 min 20 min 30 min 

Alum Sulfate Dosage (mL) 30 

pH after Alum 4.94 4.97 5.02 5.18 5.15 

Conductivity after Alum (ms) 1.515 1.625 1.579 1.603 1.647 

Initial Mass of TSS Filter Supernatant (g) 0.0805 0.1619 0.1606 0.1595 0.1549 

Final Mass of TSS Filter Supernatant (g) 0.0809 0.162 0.1609 0.1596 0.1561 

Volume for TSS Supernatant (mL) 15 

Final TSS Supernatant (mg/L) 26.7 6.7 20.0 6.7 80.0 

Initial Mass of TSS Filter Sludge (g) 0.1642 0.1614 0.1565 0.1599 0.1594 

Final Mass of TSS Filter Sludge (g) 0.2559 0.2822 0.378 0.2915 0.2437 

Volume for TSS Sludge (mL) 10 

Final TSS Sludge (mg/L) 9170 12080 22150 13160 8430 

COD after Alum (mg/L) 7200 7000 7700 7000 7300 

RP after Alum (mg/L) 169 142 98 48 13 

TP after Alum (mg/L) 209 151 114 66 28 

Final Mass of Al Plate 1 (g) 36.4678 

Final Mass of Al Plate 2 (g) 37.8153 
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10W ECT RAW DATA 

 

Date: February 7th, 2019 

Power In (W) 10 

Current (Amp) 0.5 

Voltage (V) 21 

Initial pH 4.77 

Initial Conductivity (ms) 1.581 

Initial RP Conc. (mg/L) 215 

Initial TP Conc. (mg/L) 238 

Initial COD Conc. (mg/L) 9300 

Initial Mass of Al Plate 1 (g) 36.3124 

Initial Mass of Al Plate 2 (g) 37.6233 

Initial Mass of TSS Filter (g) 0.1637 

Final Mass of TSS Filter (g) 0.1682 

Volume for TSS Test (mL) 15 

TSS Initial (mg/L) 300 

  2 min 5 min 10 min 20 min 30 min 

pH after EC 4.73 4.81 4.86 4.98 5.04 

Conductivity after EC (ms) 1.491 1.47 1.463 1.682 1.497 

Initial TSS after EC (g) 0.1126 0.1125 0.1128 0.1622 0.1132 

Final Mass of TSS after EC (g) 0.119 0.1154 0.1152 0.1644 0.1158 

Volume for TSS Test (mL) 15 

TSS Final 426.7 193.3 160.0 146.7 173.3 

COD after EC (mg/L) 8400 8700 8600 7900 8400 

RP after EC (mg/L) 204 178 126 47 39 

TP after EC (mg/L) 239 215 153 62 64 

Final Mass of Al Plate 1 (g) 36.3642 

Final Mass of Al Plate 2 (g) 37.4582 
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10W ECT AND POST CCT RAW DATA 

 

Date: February 7th, 2019 

Power In (W) 10 

Current (Amp) 0.46 

Voltage (V) 22 

Initial pH 4.65 

Initial Conductivity (ms) 1.524 

Initial RP Conc. (mg/L) 208 

Initial TP Conc. (mg/L) 235 

Initial COD Conc. (mg/L) 9800 

Initial Mass of Al Plate 1 (g) 36.1642 

Initial Mass of Al Plate 2 (g) 37.4582 

Initial Mass of TSS Filter (g) 0.1714 

Final Mass of TSS Filter (g) 0.1725 

Volume for TSS Test (mL) 15 

Initial TSS (mg/L) 73.3 

 2 min 5 min 10 min 20 min 30 min 

pH after EC 4.7 4.72 4.73 4.86 4.95 

Alum Sulfate Dosage (mL) 30 

pH after Alum 4.58 4.62 4.71 4.8 4.89 

Conductivity after Alum (ms) 1.559 1.422 1.49 1.475 1.539 

Initial Mass of TSS Filter Supernatant (g) 0.1125 0.1125 0.1125 0.113 0.1127 

Final Mass of TSS Filter Supernatant (g) 0.114 0.1136 0.1138 0.1152 0.1159 

Volume for TSS Supernatant (mL) 15 

Final TSS Supernatant (mg/L) 100.0 73.3 86.7 146.7 213.3 

Initial Mass of TSS Filter Sludge (g) 0.1135 0.1135 0.113 0.1133 0.1121 

Final Mass of TSS Filter Sludge (g) 0.1222 0.1279 0.137 0.15 0.1303 

Volume for TSS Sludge (mL) 10 

Final TSS Sludge (mg/L) 870 1440 2400 3670 1820 

COD after Alum (mg/L) 9600 9000 8500 7900 7500 

RP after Alum (mg/L) 188 145 123 54 59 

TP after Alum (mg/L) 206 167 138 70  

Final Mass of Al Plate 1 (g) 36.1984 

Final Mass of Al Plate 2 (g) 37.1964 
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10W ECT AND POST CCT REPLICATE RAW DATA 

 

Date: February 8th, 2019 

Power In (W) 10 

Current (Amp) 0.48 

Voltage (V) 2 

Initial pH 4.75 

Initial Conductivity (ms) 1.591 

Initial RP Conc. (mg/L) 216 

Initial TP Conc. (mg/L) 348 

Initial COD Conc. (mg/L) 12000 

Initial Mass of Al Plate 1 (g) 36.0918 

Initial Mass of Al Plate 2 (g) 37.1234 

Initial Mass of TSS Filter (g) 0.1139 

Final Mass of TSS Filter (g) 0.1354 

Volume for TSS Test (mL) 15 

Initial TSS (mg/L) 1433.3 

  2 min 5 min 10 min 20 min 30 min 

Alum Sulfate Dosage (mL) 30 

pH after Alum 4.7 4.72 4.81 4.88 4.97 

Conductivity after Alum (ms) 1.53 1.515 1.517 1.517 1.494 

Initial Mass of TSS Filter Supernatant (g) 0.114 0.1141 0.1142 0.1132 0.1133 

Final Mass of TSS Filter Supernatant (g) 0.1197 0.1158 0.115 0.1144 0.1156 

Volume for TSS Supernatant (mL) 15 

Final TSS Supernatant (mg/L) 380.0 113.3 53.3 80.0 153.3 

Initial Mass of TSS Filter Sludge (g) 0.1131 0.1136 0.1133 0.1133 0.1125 

Final Mass of TSS Filter Sludge (g) 0.4296 0.3364 0.4243 0.3435 0.2748 

Volume for TSS Sludge (mL) 10 

Final TSS Sludge (mg/L) 31650 22280 31100 23020 16230 

COD after Alum (mg/L) 9600 9400 9000 9100 8800 

RP after Alum (mg/L) 182 151 95 24 36 

TP after Alum (mg/L) 228 174 117 52 54 

Final Mass of Al Plate 1 (g) 35.8699 

Final Mass of Al Plate 2 (g) 37.1258 
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5W CCT AND POST ECT RAW DATA 

 

Date: February 14th, 2019 

Power In (W) 5.17 

Current (Amp) 0.47 

Voltage (V) 11 

Initial pH 4.61 

Initial Conductivity (ms) 3.8 

Initial RP Conc (mg/L) 930 

Initial TP Conc (mg/L) 1125 

Initial COD Conc (mg/L) 30000 

Initial Mass of Al Plate 1 (g) 34.733 

Initial Mass of Al Plate 2 (g) 36.1565 

Initial Mass of TSS Filter (g) 0.1133 

Final Mass of TSS Filter (g) 0.1176 

Volume for TSS Test (mL) 15 

Initial TSS (mg/L) 286.7 

Alum Sulfate Dosage (mL) 30 

  2 min 5 min 10 min 20 min 30 min 

pH after ECT 4.62 4.63 4.66 4.68 4.83 

Conductivity after ECT (ms) 3.63 3.63 3.66 3.6 3.55 

Initial Mass of TSS Filter Supernatant (g) 0.1129 0.112 0.1132 0.1151 0.1128 

Final Mass of TSS Filter Supernatant (g) 0.1175 0.1169 0.1165 0.1169 0.1158 

Volume for TSS Supernatant (mL) 15 

Final TSS Supernatant (mg/L) 306.7 326.7 220.0 120.0 200.0 

Initial Mass of TSS Filter Sludge (g) 0.1127 0.1129 0.1133 0.1136 0.1149 

Final Mass of TSS Filter Sludge (g) 0.1154 0.124 0.1435 0.1285 0.1441 

Volume for TSS Sludge (mL) 10 

Final TSS Sludge (mg/L) 270 1110 3020 1490 2920 

COD after ECT (mg/L) 23000 7000 9000 9500 10000 

RP after ECT (mg/L) 985 920 890 675 565 

TP after ECT (mg/L) 1115 925 1165 1005 705 

Final Mass of Al Plate 1 (g) 34.4992 

Final Mass of Al Plate 2 (g) 36.1488 
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5W CCT AND POST ECT REPLICATE RAW DATA 

 

Date: February 14th, 2019 

Power In (W) 5.17 

Current (Amp) 0.47 

Voltage (V) 11 

Initial pH 4.66 

Initial Conductivity (ms) 3.82 

Initial RP Conc (mg/L) 930 

Initial TP Conc (mg/L) 1235 

Initial COD Conc (mg/L) 23000 

Initial Mass of Al Plate 1 (g) 34.4492 

Initial Mass of Al Plate 2 (g) 36.1488 

Initial Mass of TSS Filter (g) 0.1147 

Final Mass of TSS Filter (g) 0.1417 

Volume for TSS Test (mL) 15 

Initial TSS (mg/L) 1800.0 

Alum Sulfate Dosage (mL) 30 

  2 min 5 min 10 min 20 min 30 min 

pH after ECT 4.66 4.67 4.69 4.76 4.88 

Conductivity after ECT (ms) 3.62 3.6 3.55 3.53 3.61 

Initial Mass of TSS Filter Supernatant (g) 0.1125 0.1126 0.1137 0.1141 0.1124 

Final Mass of TSS Filter Supernatant (g) 0.1219 0.1223 0.1186 0.1161 0.1169 

Volume for TSS Supernatant (mL) 15 

Final TSS Supernatant (mg/L) 626.7 646.7 326.7 133.3 300.0 

Initial Mass of TSS Filter Sludge (g) 0.1137 0.1138 0.113 0.1136 0.1137 

Final Mass of TSS Filter Sludge (g) 0.1933 0.1666 0.1532 0.1698 0.1827 

Volume for TSS Sludge (mL) 10 

Final TSS Sludge (mg/L) 7960 5280 4020 5620 6900 

COD after ECT (mg/L) 8500 5500 17000 13500 8500 

RP after ECT (mg/L) 965 945 860 665 680 

TP after ECT (mg/L) 1235 1200 1195 1545 1005 

Final Mass of Al Plate 1 (g) 34.2573 

Final Mass of Al Plate 2 (g) 36.1394 
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10W CCT AND POST ECT 

 

Date: February 21st, 2019 

Power In (W) 10.5 

Current (Amp) 0.7 

Voltage (V) 15 

Initial pH 4.63 

Initial Conductivity (ms) 3.59 

Initial RP Conc (mg/L) 1140 

Initial TP Conc (mg/L) 1420 

Initial COD Conc (mg/L) 20000 

Initial Mass of Al Plate 1 (g) 34.1877 

Initial Mass of Al Plate 2 (g) 36.0033 

Initial Mass of TSS Filter (g) 0.1144 

Final Mass of TSS Filter (g) 0.1657 

Volume for TSS Test (mL) 15 

Initial TSS (mg/L) 3420.0 

Alum Sulfate Dosage (mL) 30 

  2 min 5 min 10 min 20 min 30 min 

pH after ECT 4.71 4.72 4.76 4.7 4.94 

Conductivity after ECT (ms) 3.49 3.6 3.56 3.46 3.49 

Initial Mass of TSS Filter Supernatant (g) 0.1144 0.113 0.1148 0.1144 0.1138 

Final Mass of TSS Filter Supernatant (g) 0.1251 0.1188 0.121 0.1186 0.1168 

Volume for TSS Supernatant (mL) 15 

Final TSS Supernatant (mg/L) 713.3 386.7 413.3 280.0 200.0 

Initial Mass of TSS Filter Sludge (g) 0.1147 0.1143 0.1145 0.114 0.1142 

Final Mass of TSS Filter Sludge (g) 0.3896 0.1712 0.2184 0.1711 0.1733 

Volume for TSS Sludge (mL) 10 

Final TSS Sludge (mg/L) 27490 5690 10390 5710 5910 

COD after ECT (mg/L) 13500 10000 5500 3500 5000 

RP after ECT (mg/L) 960 880 690 550 405 

TP after ECT (mg/L) 1205 1115 960 865 835 

Final Mass of Al Plate 1 (g) 33.8561 

Final Mass of Al Plate 2 (g) 35.9675 
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10W CCT AND POST ECT REPLICATE 

 

Date: February 21st, 2019 

Power In (W) 10.5 

Current (Amp) 0.7 

Voltage (V) 15 

Initial pH 4.62 

Initial Conductivity (ms) 3.63 

Initial RP Conc (mg/L) 1930 

Initial TP Conc (mg/L) 2335 

Initial COD Conc (mg/L) 25500 

Initial Mass of Al Plate 1 (g) 33.8561 

Initial Mass of Al Plate 2 (g) 35.9675 

Initial Mass of TSS Filter (g) 0.114 

Final Mass of TSS Filter (g) 0.1367 

Volume for TSS Test (mL) 15 

Initial TSS (mg/L) 1513.3 

Alum Sulfate Dosage (mL) 30 

  2 min 5 min 10 min 20 min 30 min 

pH after ECT 4.68 4.72 4.74 4.83 4.95 

Conductivity after ECT (ms) 3.54 3.56 3.52 3.46 3.39 

Initial Mass of TSS Filter Supernatant (g) 0.1127 0.1125 0.1137 0.115 0.1146 

Final Mass of TSS Filter Supernatant (g) 0.1218 0.118 0.1171 0.1199 0.1181 

Volume for TSS Supernatant (mL) 15 

Final TSS Supernatant (mg/L) 606.7 366.7 226.7 326.7 233.3 

Initial Mass of TSS Filter Sludge (g) 0.1137 0.1137 0.1134 0.1141 0.1133 

Final Mass of TSS Filter Sludge (g) 0.1588 0.1801 0.1708 0.1552 0.1677 

Volume for TSS Sludge (mL) 10 

Final TSS Sludge (mg/L) 4510 6640 5740 4110 5440 

COD after ECT (mg/L) 31000 29000 33500 41500 21500 

RP after ECT (mg/L) 1695 920 820 680 425 

TP after ECT (mg/L) 1970 1130 1025 910 690 

Final Mass of Al Plate 1 (g) 33.5306 

Final Mass of Al Plate 2 (g) 35.9466 
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EC UNADJUSTED PH (5W) 

 

Date:  Monday, February 11, 2019 
    

Power In (W) 5.22 
    

Current (Amp) 0.58 
    

Voltage (V) 9 
    

Amount of NaOH (mL) 0 
    

Initial pH 4.49 
    

Initial Conductivity (ms) 3.82 
    

Initial RP Conc (mg/L) 800 
    

Initial TP Conc (mg/L) 1060 
    

Initial COD Conc (mg/L) 18500 
    

Initial Mass of Al Plate 1 (g) 35.8127 
    

Initial Mass of Al Plate 2 (g) 37.0354 
    

Initial Mass of TSS Filter (g) 0.1141 
    

Final Mass of TSS Filter (g) 0.1459 
    

Volume for TSS Test (mL) 15 
    

Initial TSS (mg/L) 2120.0 
    

 
     

  2 min 5 min 10 min 20 min 30 min 

Final pH 4.63 4.65 4.75 4.89 5 

Final Conductivity 3.82 3.8 3.8 3.86 3.69 

Initial Mass of TSS Filter Supernatant (g) 0.114 0.1137 0.1135 0.1132 0.1133 

Final Mass of TSS Filter Supernatant (g) 0.1153 0.1188 0.1155 0.1251 0.1154 

Volume for TSS Supernatant (mL) 15 

Final TSS Supernatant (mg/L) 86.7 340.0 133.3 793.3 140.0 

COD Final (mg/L) 18450 17750 21250 18000 17500 

RP Final (mg/L) 837.5 745 615 482.5 337.5 

TP Final (mg/L) 937.5 835 810 577.5 470 

Final Mass of Al Plate 1 (g) 35.5692 

Final Mass of Al Plate 2 (g) 36.9218 
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EC ADJUSTED TO PH 6 (5W) 

 

Date: Monday, February 11, 2019 
    

Power In (W) 5.22 
    

Current (Amp) 0.58 
    

Voltage (V) 9 
    

Amount of NaOH (mL) 11.5-12 
    

Initial pH 6.05 
    

Initial Conductivity (ms) 4.55 
    

Initial RP Conc (mg/L) 800 
    

Initial TP Conc (mg/L) 1060 
    

Initial COD Conc (mg/L) 18500 
    

Initial Mass of Al Plate 1 (g) 35.5692 
    

Initial Mass of Al Plate 2 (g) 36.9218 
    

Initial Mass of TSS Filter (g) 0.1141 
    

Final Mass of TSS Filter (g) 0.1459 
    

Volume for TSS Test (mL) 15 
    

Initial TSS (mg/L) 2120.0 
    

      

  2 min 5 min 10 min 20 min 30 min 

Final pH 6.01 6.01 6.12 6.14 6.46 

Final Conductivity 4.53 4.53 4.49 4.42 4.32 

Initial Mass of TSS Filter Supernatant (g) 0.1142 0.1127 0.1119 0.1124 0.1132 

Final Mass of TSS Filter Supernatant (g) 0.1321 0.1261 0.1245 0.1213 0.1189 

Volume for TSS Supernatant (mL) 15 

Final TSS Supernatant (mg/L) 1193.3 893.3 840.0 593.3 380.0 

COD Final (mg/L) 19250 16000 23250 17000 16250 

RP Final (mg/L) 892.5 675 670 477.5 265 

TP Final (mg/L) 992.5 787.5 782.5 577.5 327.5 

Final Mass of Al Plate 1 (g) 35.4087 

Final Mass of Al Plate 2 (g) 36.646 
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EC VARIATIONS IN PH (5W, 20-MINUTES) 

 

Date: February 13th, 2019 
       

Power In (W) 5 W 
       

Current (Amp) 0.54 
       

Voltage (V) 9.5 
       

Initial pH 4.59 
       

Initial Conductivity (ms) 3.77 
       

Initial RP Conc (mg/L) 1180 
       

Initial TP Conc (mg/L) 1855 
       

Initial COD Conc (mg/L) 27000 
       

Initial Mass of TSS Filter (g) 0.113 
       

Final Mass of TSS Filter (g) 0.1767 
       

Volume for TSS Test (mL) 15 
       

Initial TSS (mg/L) 4246.7 
       

Initial Mass of Al Plate 1 (g) 35.3053 
       

Initial Mass of Al Plate 2 (g) 36.5172 
       

  20 minutes 

 Initial Adjusted pH 6.5 7 7.5 8 8.5 9 11 3 

Amount of NaOH/HCl (mL) 5 5.5 6.5 7.3 8.8 9.2 13 13.5 

Initial Conductivity after NaOH (ms) 4.82 5.09 5.15 5.18 5.21 5.26 N/A N/A 

Final pH 6.76 7.16 7.85 9.02 9.15 9.56 10.81 3.4 

Final Conductivity (ms) 4.63 4.86 4.97 5.02 4.96 5.06 5.7 4.15 

Initial Mass of TSS Filter Supernatant (g) 0.1135 0.1136 0.1139 0.1134 0.1146 0.1126 0.0805 0.0808 

Final Mass of TSS Filter Supernatant (g) 0.1183 0.1178 0.1202 0.1175 0.1193 0.1165 0.0843 0.0871 

Volume for TSS Supernatant (mL) 15 

Final TSS Supernatant (mg/L) 320.0 280.0 420.0 273.3 313.3 260.0 253.3 420.0 

COD Final (mg/L) 11500 12000 11000 8000 10500 11000 27500 14000 

RP Final (mg/L) 480 505 445 310 295 295 575 775 

TP Final (mg/L) 920 870 1015 820 465 475 915 900 

Final Mass of Al Plate 1 (g) 34.8219 

Final Mass of Al Plate 2 (g) 36.2924 
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EC VARIATIONS IN PH REPLICATE (5W, 20-MINUTES) 

 

Date: February 22nd, 2019 
        

Power In (W) 5 W 
        

Current (Amp) 0.5 
        

Voltage (V) 10 
        

Initial pH 4.63 
        

Initial Conductivity (ms) 3.72 
        

Initial RP Conc (mg/L) 935 
        

Initial TP Conc (mg/L) 1305 
        

Initial COD Conc (mg/L) 19500 
        

Initial Mass of TSS Filter (g) 0.1143 
        

Final Mass of TSS Filter (g) 0.1394 
        

Volume for TSS Test (mL) 15 
        

Initial TSS (mg/L) 1673.3 
        

Initial Mass of Al Plate 1 (g) 33.4535 
        

Initial Mass of Al Plate 2 (g) 35.8142 
        

 20 minutes 

Initial Adjusted pH 6.0 6.5 7.0 7.5 8.0 8.5 9.0 11.0 3.0 

Amount of NaOH/HCl (mL) 2.4 5.5 6.8 8.5 9.2 9.7 10.2 12.4 14 

Final pH 6.08 6.46 7.08 7.99 8.5 9.36 9.71 11.09 3.35 

Final Conductivity (ms) 4.33 4.51 4.75 4.88 4.94 5.05 5.13 5.89 4.28 

Initial Mass of TSS Filter Supernatant (g) 0.1135 0.1133 0.1133 0.1138 0.1127 0.0811 0.0806 0.0804 0.0806 

Final Mass of TSS Filter Supernatant (g) 0.1192 0.1205 0.1166 0.1176 0.118 0.0867 0.0852 0.0867 0.0872 

Volume for TSS Supernatant (mL) 15 

Final TSS Supernatant (mg/L) 380 480 220 253.3 353.3 373.3 306.7 420 440 

COD Final (mg/L) 16000 13500 17500 12500 27500 20500 13000 18500 33500 

RP Final (mg/L) 725 675 545 540 535 425 420 580 755 

TP Final (mg/L) 1045 1010 870 780 705 740 745 780 900 

Final Mass of Al Plate 1 (g) 32.5156 

Final Mass of Al Plate 2 (g) 35.6381 
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CHEMICAL COAGULATION ALUM DOSAGE 

 

 
Optimum dosage of dissolved alum. 
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