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ABSTRACT 

THE EFFECT OF PHYSICOCHEMICAL PROPERTIES OF  

WASTEWATER FLOCS ON UV DISINFECTION FOLLOWING  

HYDRODYNAMIC PARTICLE BREAKAGE 

 

Robert Best     Co-Advisors: Professor Marc Habash 

University of Guelph, 2012     Professor Steven Liss 

 

This study showed that hydrodynamic particle breakage had potential as a method to help 

improve the disinfection of wastewater effluents. The physicochemical properties of flocs 

from four distinct effluents sources (combined sewer overflow, settled combined sewer 

overflow, primary effluent, and final effluent) were compared before and after 

hydrodynamic treatment. The use of hydrodynamic force to cause floc breakage was 

shown to be effective, though variable, across all source types. This variation in floc 

breakage did not have a significant impact on the UV disinfection achieved, as the UV 

dose kinetics were similar across samples from the same source type. The results of this 

study demonstrate how the physicochemical properties of floc are affected when exposed 

to shear force. These observations further the understanding of floc composition and 

behaviour when shear forces are applied while also providing evidence to indicate this 

process improves the performance of UV disinfection technology.
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CHAPTER 1: LITERATURE REVIEW 

1.1 Introduction 

Across Canada a large proportion of communities are served by wastewater collection 

and treatment systems, designed to enhance the health and safety of residents and the 

environment (Environment Canada, 2010). The level of treatment can range from none to 

sophisticated methods meant to clean and disinfect the wastewater as thoroughly as 

possible prior to discharge. After collection and treatment, wastewater is discharged to a 

variety of environments, such as lakes, ponds, rivers, streams, and oceans (Environment 

Canada, 2010). Even after treatment, wastewater can still contain pollutants and 

chemicals that could not be removed. In addition to the discharge of recalcitrant 

contaminants, there are occasions when heavy storm events may cause the collection 

system to become overloaded and allow the discharge of partially treated or untreated 

wastewater into the environment. This is of concern due to the potential negative health 

effects associated with some bacteria found in untreated wastewater, such as Escherichia 

coli (Edge & Hill, 2005; Auer & Niehaus, 1993). 

 

Previous research has been undertaken to identify opportunities to improve the efficiency 

of older technologies, such as chlorination, ozonation, and UV disinfection. While this 

research has been ongoing, funding has also been secured by organizations interested in 

investigating potentially new technologies, such as hydrodynamic particle breakage. 

Ultraviolet light (UV) disinfection is widely used in the wastewater industry, though, 

unlike chemical disinfectants, UV produces little, if any, harmful by-products. Pathogens 
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and indicator organisms that resist disinfection often tend to be associated with complex 

structures such as biofilms, aggregates and wastewater flocs that shield pathogens from 

UV photons preventing complete disinfection (Oliver & Cosgrove, 1975; Qualls & 

Johnson 1985; Emerick et al. 1999; Lodge et al. 2002).  New technologies are required to 

help minimize the impacts of pathogenic organisms on the aquatic environment and 

public health. The goal of this research is to investigate the capability of hydrodynamic 

particle breakage to improve the disinfection efficiency of current UV technology across 

a broad range of wastewater effluent sources. The investigation of four distinct 

wastewater sources, specifically combined sewer overflow, settled combined sewer 

overflow, primary effluent, and final effluent, is crucial to understanding the relationship 

between the varying physicochemical properties of wastewater and resulting disinfection 

efficiency. 

 

1.2 Wastewater Systems 

1.2.1 Combined Sewer Overflow 

A combined sewer system is when a city’s stormwater and sanitary sewers are joined into 

a single pipe (City of Toronto, 2009). The benefits of combined sewers are that all 

stormwater and residential/commercial sewage produced is treated at a wastewater 

treatment plant. However, in the case of large precipitation events, combined sewers may 

transport such high volumes of wastewater that if delivered to a wastewater treatment 

plant in full, it could cause damage to the facility. This damage could lead to flooding at 

treatment plants, households, or businesses resulting in possibly millions of dollars in 
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repairs. To prevent this type of damage, combined sewers are designed with overflows 

that allow excess untreated sewage to be discharged into lakes, ponds, rivers, streams, or 

oceans, as illustrated in Figure 1.1. For example, in the City of Toronto there are an 

average of 50-60 combined sewer overflow (CSO) events per year (City of Toronto, 

2009). Some cities have attempted to mitigate the potential for CSO events, and reduce 

the frequency and volume of CSO to local water bodies, by constructing large holding 

tanks. For example, the City of Hamilton currently has 9 storage tanks either built or 

under construction and have an average storage capacity of 33,000 m
3
 (City of Hamilton, 

2011b). Once the heavy storm events pass, the collected CSO is pumped back into the 

combined sewer and transported to the wastewater treatment plant for processing. 

 

 

 

 

 

 

 

 

Figure 1.1 Diagram of a typical combined sewer system that is representative of the 

North Toronto Wastewater Treatment Plant where experimental samples were collected  

(US EPA, 2004) 
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1.2.2 Wastewater Treatment Plants 

Wastewater treatment plants (WWTP) are not all designed the same due to a variety of 

reasons, such as; financial limitations, available space, difference in regulatory 

requirements, environmental conditions, design preference, etc. Though WWTP may be 

designed differently, the inherent function of a plant remains the same: to clean the 

wastewater as thoroughly as possible. The most commonly used stages in wastewater 

treatment are described below. 

 

Preliminary Treatment 

Pre-treatment of influent to a WWTP typically consists of the removal of material that 

can be easily collected from raw influent (sewage and/or stormwater) before damage can 

be caused to the pumps and sewage lines of primary treatment clarifiers. This often 

includes tree debris and trash. Screening is an effective technique where the raw influent 

is passed through a bar screen and large objects are removed. Bar screens in large WWTP 

are often automated due to the volumes processed, while in smaller WWTP bar screens 

and often manually cleared. The rate of clearing of the screens is often determined by the 

rate of flow of the raw influent or by the rate of accumulation. Similarly, the diameter of 

holes is often adjusted to allow for maximal efficiency in different WWTP. Another 

technique used to protect equipment from build up or damage is grit removal. Some 

WWTP are designed with traps built into influent pipes, whereby the flow is decreased to 

a rate that allows grit to settle into the collection chamber and out of the water column. 
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Primary Treatment 

In the primary treatment stage, sewage (often consisting of both sanitary sewage and 

storm water) is pumped into large tanks, often referred to as “primary clarifiers”. The 

purpose of these tanks is to settle as much sludge as possible, while also using skimmers 

to remove grease, fats, and oils from the surface of the clarifiers. Most WWTP are 

designed with mechanical arms used to scrape the settled sludge into a hopper, which is 

located at the base of the tank. The settled sludge is then transported to a sludge treatment 

facility (either on-site or elsewhere) where anaerobic bacteria degrade the material to a 

level permitted for the safe application of biosolids in the environment. An optimally run 

primary clarifier should be able to remove 90-95% of settleable solids, 40-60% of 

suspended solids, and 25-35% of biological oxygen demand (BOD) (Spellman, 2004). 

 

Secondary Treatment 

Secondary treatment is designed to significantly degrade the biological component of the 

sewage, which is primarily derived from human and pet waste, food scraps, soaps, and 

detergents. Though municipalities have many options for secondary treatment, the 

majority still treats their settled sewage liquor with aerobic biological processes. For this 

type of process to be effective, the biota needs both food and oxygen to flourish. The 

various bacteria and protozoa consume the biodegradable soluble organic components, 

while also binding the less soluble components into floc. Secondary treatment systems 

are often classified as either fixed-film or suspended-growth systems. 
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Fixed-film systems can include trickling filters (general example shown in Figure 1.2), 

biotowers (Figure 1.3), and rotating biological contactors (Figure 1.4), where the biomass 

is typically grown on media with sewage passing over it (Fitch, Pearson, Richards, & 

Burken, 1998). Improvements with this type of system have led to the development of 

moving bed biofilm reactors (MBBR) and integrated fixed-film activated sludge (IFAS) 

methods, which are summarized in Table 1.1. 
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Figure 1.2 A schematic diagram detailing the 

components of a fixed-film trickle filter 

wastewater treatment system (Beychok, 2012a). 

Figure 1.3 A schematic diagram detailing the 

components of a fixed-film biotower wastewater 

treatment system (Brentwood Industries, 2010). 

 

Figure 1.4 A schematic diagram detailing the components of a fixed-film trickle filter 

wastewater treatment system (Beychok, 2012b). 
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Table 1.1 A summary of two fixed-film secondary treatment systems; moving bed 

biofilm reactors (MBBR) and integrated fixed-film activated sludge. 

 

 

Fixed-Film System Features  

Moving Bed Biofilm 

Reactors (MBBR) 

- Utilizes thousands of small polyethylene biofilm carriers 

operating in mixed motion, which encourages the growth 

of heterotrophic and autotrophic bacteria 

- Biocarriers can provide up to 680 m
2
/m

3
 of protected 

surface area for bacterial growth 

- This high-density bacterial population results in a high-

rate of biodegradation in this treatment system 

- Cost-effective with minimal maintenance required 

Integrated Fixed-Film 

Activated Sludge 

(IFAS) 

- Similar use of polyethylene biofilm carriers as in MBBR, 

but employed in conventional activated sludge models 

- Hybrid process allows retrofitting of existing activated 

sludge systems to achieve large gains in volumetric 

productivity, without an increase in MLSS (Headworks, 

2012a) 

- High-density bacterial communities promote nitrification, 

denitrification, and phosphorous removal 

- Low maintenance required 
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Suspended-growth systems include activated sludge, where the biomass is mixed with 

incoming sewage and can be operated within a smaller footprint than that of trickling 

filters that handle approximately the same capacity. Suspended-growth systems are 

designed to be able to handle relatively consistent conditions, whereas the fixed-film 

systems are better able to cope with drastic changes in the amount of biological material 

they are receiving.  

 

Many smaller municipalities opt for surface-aerated basins (lagoons), as the cost for 

operating and building these treatment bays is not as prohibitive. Lagoons vary in size 

(from 1.5 to 5m in depth), but can achieve a reduction of between 80-90% biological 

oxygen demand with a retention time of 1-10 days (Beychok, 1971). Motor driven 

aerators float on the surface of the lagoon and perform two functions: 1) they transfer air 

into the basins that are required in the biological oxidation reactions, and 2) they provide 

the mixing required to allow air to come into contact with the other reactants (wastewater 

and microbes). Lagoons, due to a variety of reasons (including environmental exposure 

and mixing efficiency) do not achieve the same performance level as typical activated 

sludge units. 

 

The activated sludge process always consists of two liquid stream processing units: the 

aeration basin (biological reactor) and a secondary clarifier. The aeration basin introduces 

oxygen into a mixture of primary treated wastewater combined with organisms, which 

helps to increase the removal and transformation of organic matter into carbon dioxide 

and cell materials through biological oxidation. The secondary clarifier allows the 
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incorporation of suspended particles into settleable solids by flocculation and gravity 

sedimentation and therefore separation from treated wastewater. Activated sludge, when 

healthy, typically consists largely of saprotrophic bacteria, but has also been found to 

contain important protozoan species such as; amoebae, Spirotrichs, Peritrichs, and a 

variety of other filter feeders (Snaidr et al., 1997).  

 

In activated sludge plants, it is necessary to maintain the components of the wastewater 

within specific parameters, which often requires the management of sludge levels. Some 

sludge will be removed from the clarifier tanks and placed at the beginning aeration stage 

to help seed the new wastewater entering the system; this sludge is commonly referred to 

as return activated sludge (RAS). Surplus activated sludge (SAS) must also be 

periodically removed from the system to keep the ratio of biomass to food supplied 

within acceptable levels. The SAS is typically stored in tanks and further treated by 

aerobic or anaerobic processes prior to disposal. In poorly managed activated sludge 

systems mucilaginous filamentous bacteria can develop (Madan & Madan, 2009), which 

produces a sludge that has poor settleability and can result in the fouling of equipment 

and/or the contamination of secondary effluent.  

 

Tertiary Treatment 

The purpose of this last stage of wastewater treatment is to improve the quality of 

effluent, prior to discharge into the environment. Filtration is a practice employed by 

some treatment facilities and can make use of sand (removes much of the residual 

suspended material) or activated carbon (removes residual toxins). Disinfection of 
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WWTP effluent always occurs during the last stage of treatment and can be accomplished 

through a variety of techniques, such as; chlorination, ozonation, or ultraviolet radiation. 

 

Chlorination 

Chlorination is a well-established disinfection method and currently the most cost 

efficient technology available, though improvements in ozonation and UV disinfection 

are shrinking that gap. In Canada, the addition of chlorine gas [Cl2(g)], hypochlorite salts 

[NaOCl or Ca(OCl)2], and chlorine dioxide (ClO2) are the most common chemical 

control methods used in wastewater disinfection (Supply and Services Canada, 1987; 

Bunce, 1990; Jafvert & Valentine, 1992; Health Canada, 2007). Inorganic 

monochloramine (NH2Cl) was used extensively in the past but has been nearly removed 

from use in present day disinfection procedures, due to its slow oxidant reaction time 

compared to other substances, along with concerns over the risk to human health (Bunce, 

1990). When chlorine gas is added to water it hydrolyzes quickly to form a 0.4 to 0.5% 

aqueous solution of hypochlorous acid, as shown in the following equations (Neumüller, 

1979; Petrucci, 1989; Jafvert & Valentine, 1992): 

C12(g) + H 2O(l) → HOCl(aq) + H
+
(aq) + Cl -

(aq) 

HOC1(aq) → H
+
(aq) + OCl 

-
(aq) when pH >7.5 

HOC1(aq) ← H
+
(aq) + OCl 

-
(aq) when pH <7.5 

The HOCl and OCl
-
 species are considered to be free residual chlorine and are strong 

oxidizing agents that have the ability to react with organic substances through 

electrophilic substitution, addition, or oxidation reactions (Petrucci, 1989). Hypochlorite 

salts added to water will also create aqueous solutions of hypochlorous acid. This is of 
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interest because a variety of substances in wastewater influent can interact with 

hypochlorous acid or, to a lesser degree, with chlorine dioxide to form hazardous 

chlorinated by-products (e.g. trihalomethanes [THMs]) (Johnson & Jensen, 1986). It has 

also been determined through toxicity testing that even at very low concentrations 

chlorine residuals are very toxic to aquatic life. Due to the resistance of some parasitic 

species to low doses of chlorine (e.g. oocysts of Cryptosporidium parvum, cysts of 

Endamoeba histolytica and Giardia lamblia, and eggs of parasitic worms) (US EPA, 

1999a), it may be necessary to increase the required dose to ensure complete disinfection 

of wastewater prior to discharge to the environment. This is not necessarily cost 

prohibitive, but the long-term effects of discharging chlorinated and dechlorinated 

compounds into the environment is not well known. Due to the toxic nature of chlorine 

residuals on the aquatic environment, there are often regulations requiring the 

dechlorination of effluent prior to discharge. This process removes the free and combined 

chlorine residuals to reduce residual toxicity after chlorination and prior to discharge. 

Sulphur dioxide, sodium bisulphite, and sodium metabisulphite are commonly used 

dechlorinating chemicals (US EPA, 1999a). Use of dechlorinating chemicals or filters are 

an effective way to reduce the level of chlorine residuals to a concentration that is not 

toxic to aquatic life, though, this increases operating costs of the WWTP.  

 

Ozonation 

Ozone (O3) is created when oxygen (O2) molecules are disassociated by a high voltage 

energy source, into oxygen atoms. These oxygen atoms then collide with oxygen 

molecules to form an unstable gas, called ozone, which is used to disinfect wastewater. 
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Most wastewater treatment plants that use ozone as a disinfectant generate ozone by 

running high voltage alternating current (6 to 20 kilovolts) across a dielectric discharge 

gap that contains oxygen-bearing gas (US EPA, 1999b). Ozone is a very strong oxidant 

and typically disinfects through: 1) direct oxidation or destruction of the cell wall, which 

causes cellular constituents to leak outside of the cell; 2) organic reactions with by-

products of ozone decomposition; 3) damage to the constituents of the nucleic acids 

(purines and pyrimidines); 4) breakage of carbon-nitrogen bonds, which promotes 

depolymerization (US EPA, 1999b). The resulting effectiveness of ozone disinfection is 

based, like other methods discussed above, on the susceptibility of target 

microorganisms, the contact time, and the concentration of ozone. A typical ozone 

disinfection setup is shown in Figure 1.5.  

 

Figure 1.5 A schematic diagram detailing the components of an ozone disinfection 

system used for the treatment of wastewater (US EPA, 1999b) 

 

There are various advantages of using ozone as a treatment method for wastewater 

disinfection. One distinct advantage is that ozone has been found to be more effective 
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than chlorine in destroying viruses and bacteria, while leaving no residuals after 

ozonation because it decomposes rapidly (US EPA, 1999b). Ozonation, like most 

chemical disinfection methods, requires that sufficient contact time and dose is achieved 

or inactivation of some viruses, spores, and cysts may not occur. The use of ozone 

requires more complex technology than chlorine or UV disinfection, thus requiring more 

complicated equipment and highly skilled operators, both of which are cost prohibitive. 

Another key factor in determining whether ozone is an appropriate technology for a 

WWTP to utilize is the composition of the wastewater to be treated. Ozonation is not 

economical for wastewater with high levels of suspended solids, biochemical oxygen 

demand, chemical oxygen demand, or total organic carbon (US EPA, 1999b). 

 

Ultraviolet light 

Ultraviolet (UV) light can be used in place of chlorine or other chemicals (such as iodine) 

to disinfect wastewater effluent. Since there are no chemicals being used, the treated 

water has no adverse effects on organisms that might ingest it downstream, as might be 

the case with chemical forms of disinfection. The antimicrobial effects of UV light were 

discovered in the 1900’s, and there are four regions that make up the electromagnetic 

spectrum of UV light; UVA (315 to 400nm), UVB (280 to 315nm), UVC (200 to 

280nm), and vacuum UV (<200nm) (Droppo et al., 2005a). Of the four regions described, 

it is the high-energy UVC photons that are the key component of the germicidal action of 

the light (Droppo et al., 2005a). An ultraviolet disinfection system is considered to be a 

photochemical process that functions by transferring electromagnetic energy from a 

mercury arc lamp to the genetic structure (DNA and RNA) of bacteria, viruses, and other 
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waterborne pathogens (US EPA, 1999c; Jagger, 1977). When the UV radiation passes 

through the cell wall of the organism, it essentially destroys the cell’s ability to 

reproduce. UV radiation generated via the electrical discharge through mercury vapour is 

able to penetrate the genetic material of microorganisms and disable their ability to 

reproduce (US EPA, 1999c) through what is believed to be the creation of pyrimidine 

dimers (or thymine dimers in the case of DNA) (Droppo et al., 2005a). The effectiveness 

of a given UV disinfection system is often based on the quality of effluent passing 

through the WWTP, the intensity of UV radiation, the amount of time the 

microorganisms are exposed to the radiation, and the reactor configuration of the UV 

system. Additionally, the US EPA has found that the effectiveness of a UV disinfection 

system is directly related to the concentration of colloidal and particulate constituents in 

the wastewater (US EPA, 1999c). Insufficient irradiation can result in partial damage to 

the nucleic acid of microorganisms, which may be either repaired by cellular mechanisms 

or cause mutations in future progeny (US EPA, 1996). 

 

It has been determined that the peak germicidal effectiveness for the inactivation of 

pathogens is around 264nm, as indicated in Figure 1.6. It has also been found that both 

protein and DNA absorb strongly in the UVC region (Philips, 1983; Calvert & Pitts, 

1966). This then indicates that the disinfection of pathogens found in a floc matrix could 

be adversely affected by a ‘shielding effect’ from particles in close proximity, or the 

absorption of UV light by the EPS (Droppo et al., 2005a). 
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Figure 1.6 Action spectrum of E. coli and DNA absorbance (Harm, 1980) 

 

1.3 Microbial Floc Structure 

The process of flocculation is a naturally occurring aggregation of inorganic and organic 

cohesive particles and is commonly observed in both aquatic ecosystems and in 

engineered systems (such as wastewater treatment plants) (Droppo et al., 2005a). Typical 

flocs size can range from 10 – 1000 μm, with the growth largely regulated by unicellular 

or multicellular organisms that excrete extracellular polymeric substances (Li & 

Ganczarczyk 1990; Frølund et al., 1995; Jorand et al., 1995; Liss et al., 1996). The 

components of EPS are exported from the cell and then hydrated to form a fibrillar matrix 
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(Decho, 1990; Leppard, 1995), which then proceeds to encapsulate water, organics, and 

inorganics, contributing to the growth of the microbial floc. 

 

Freshwater systems often contain flocs that can be classified into four categories based on 

their location of origin: 1) formed within the water column (Droppo, Nackaerts, Walling, 

& Williams, 2005), 2) eroded from the bed (Droppo & Amos, 2001), 3) derived from the 

terrestrial environment and washed into the system by overland or subsurface flow, and 

4) decaying organic matter (Droppo et al., 2005a). Though researchers are aware of the 

different types of flocs that exist, due to our understanding of soils, microbiology, 

hydraulics, and flocculation theory, it is difficult to distinguish among the flocs in a 

single sample (Droppo et al., 2005a). What this highlights is the lack of existing methods 

to differentiate among flocs using direct and discriminative sediment analysis 

instruments.  

 

The flocculation process is an effective stage in wastewater treatment because as floc 

particles grow in size they become heavier than water and sink to the bottom of the tank. 

This settling removes potentially harmful bacteria that adhere to the flocs as well as 

reducing the total organic load from the original effluent (WHO, 2012). However, during 

CSO events the effluent is not treated and is released directly into water bodies causing 

pathogen and organic contamination. Since floc structure greatly influences floc activity 

and behaviour this can lead to the evolution of more complex floc structures, which in 

turn can lead to changes in microbial habitat or environmental processes (Droppo et al., 

2005a). Over the past few decades the importance of flocculation processes has become 
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much more apparent. For example, flocs in freshwater river systems have been shown to 

be an integral part of interstitial pores within gravelbed rivers, with observable effects on 

salmonid egg survival (Krein, Petticrew, & Udelhoven, 2003; Petticrew & Arocena, 

2003;). Organic matter loading in streams increases the probability of gravel bed storage 

of sediments, and this storage can promote the fusing of the organic components with 

fine inorganic sediments to form flocs with modified settling rates (Droppo, 2001). This 

increased aggregate floc loading in the interstitial pores physically impedes pore flow, 

while also increasing the biological oxygen demand (Petticrew & Arocena, 2003). This 

modification of aquatic habitat due to the increased organic and inorganic loading can be 

detrimental to benthic organisms, while also being problematic for the incubation and 

successful hatching of fish eggs (Petticrew & Arocena, 2003). Urban engineering projects 

such as storm, sanitary and combined sewer systems, stormwater detention ponds, inline 

detention basins, and artificial marsh lands (among others) are now taking into 

consideration the role flocculation has on sediment deposition and contaminant transport 

(Droppo et al., 2005a). Reservoir infilling, fisheries habitat destruction, and contaminant 

transport facilitated by flocculation pose a significant financial burden on those tasked 

with the restoration and remediation effort (Guo & He, 2011; DEQ, 2012; Lick, 2009; 

Islam, Bonner, Fuller, Kirkey, & Ojo, 2011).  

 

There have been several mechanisms suggested that play a role in the formation of flocs, 

both in wastewater and in natural systems. Surface properties have been accepted by most 

models to be a very important component of flocculation. The two main flocculation 

models are: 1) the polymer bridging model (Busch & Stumm, 1968; Eriksson, Steen, & 
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Tendaj, 1992; Pavoni, Tenney, & Echelberger Jr, 1972), and 2) the colloidal interaction 

or DLVO model (Zita & Hermansson, 1994). While these two models are the most 

accepted, it is still unknown which model contributes to particular stages during floc 

development. It is believed though that the various models interact simultaneously 

throughout floc formation, making it exceedingly difficult to determine which 

mechanism is the most important at a given stage of aggregation (Wilen, Jin, & Lant, 

2003). In the polymer bridging model, divalent and/or trivalent cations bind together the 

various negatively charged groups within the EPS (Eriksson, Steen, & Tendaj, 1992; 

Bruus, Nielsen, & Keiding, 1992; Higgins & Novak, 1997; Keiding & Nielsen, 1997; 

Nielsen & Keiding, 1998). This binding results in the formation of a large network, 

where different constituents of the floc such as single bacteria or bacterial colonies may 

be embedded (Wilen, Jin, & Lant, 2003). The general principles of this theory have been 

supported by various studies where it has been shown that when divalent and trivalent 

cations are removed from the floc it leads to deflocculation and desorption of 

macromolecules (Bruus et al., 1992; Higgins & Novak, 1997; Keiding & Nielsen, 1997; 

Nielsen & Keiding, 1998; Higgins & Novak, 1997). The colloidal interaction model 

relies on the DLVO theory (Derjaguin & Landau, 1941; Verwey & Overbeek, 1948) to 

help describe the interactions between the floc components, which imparts colloidal 

stability. van der Waal’s forces and the electrostatic repulsive forces, caused by 

interpenetration of electrical double layers, are combined to describe the interparticle 

interactions (Wilen, Jin, & Lant, 2003). There are other interactions besides DLVO or 

polymer bridging that have been suggested to assist in floc formation. Hydrophobic 

interactions, steric interactions, and polymer entanglement have been proposed as an 
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important component for the flocculation of wastewater particles and other bacterial 

aggregates (Gregory, 1989; Hermansson, 1999; Mikkelsen & Keiding 2001). The 

importance of floc structure to wastewater treatment is becoming clearer as knowledge 

gaps in microscopic techniques shrink, allowing for more in-depth study of the flocs in 

various systems. 

 

1.4 Microbial Floc Surface Properties 

1.4.1 Extracellular Polymeric Substances 

Extracellular polymeric substances (EPS) are the base materials for the formation of 

microbial aggregates such as biofilms, flocs, and sludge (Flemming & Wingender, 2001; 

2010). They typically come from natural secretions of bacteria, cell lysis, and hydrolysis 

products (Zhang & Bishop, 2002). In aquatic environments, bacteria have been found to 

invest a substantial amount (>70%) of their energy and carbon resources in the 

production of extracellular polymeric substances (Droppo et al., 2005a). This energy 

investment reveals the important role of EPS in the functioning of microbial communities 

and the structures they form. EPS can be categorized as capsular EPS (bound) and slime 

EPS (soluble) (Droppo et al., 2005a). The bound EPS is attached firmly to the exterior of 

the cell wall and the soluble EPS is loosely attached or unattached material that can be 

easily washed away during centrifugation (Droppo et al., 2005a). To fully analyze the 

composition of the EPS without causing cell lysis, a variety of extraction methods have 

been developed, each with their own benefits and drawbacks. In 1980, Brown and Lester 

compared bacterial EPS extraction methods from various sources including chemical 
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methods such as ammonium hydroxide, sodium hydroxide, EDTA, sulfuric acid, and 

boiling benzene. Along with chemical extractions, Brown and Lester also compared 

mechanical extraction methods such as high-speed centrifugation, ultra sonication, and 

boiling or autoclaving (Brown & Lester, 1980). Liu and Fang (2003) examined the 

influence each separation and extraction method had on the constituents and quantities of 

EPS being extracted. Additionally, they completed a comparison of the analytical 

measures in common use across the various techniques (Liu & Fang, 2003). 

 

Cation exchange resin (CER), which uses both mechanical and chemical treatments 

during the extraction process has been found to be cause minimal cell lysis and has non-

disruptive effects on the EPS (Droppo et al., 2005a). During this extraction procedure, 

divalent cations such as Ca
2+

 and Mg
2+

 are removed from the EPS matrix and replaced 

with monovalent cations (Droppo et al., 2005a). When divalent cations are removed from 

the matrix, the EPS devolves into a less stable bond structure, therefore allowing the EPS 

to detach from the cellular material. The EPS matrix that is present in wastewater floc is 

heterogeneous, often consisting of a variety of polymeric materials. Once capsular 

(bound) EPS is extracted, proteins, carbohydrates, acidic polysaccharides, and humic 

acids can be quantified (Lowry, Rosebrough, Farr, & Randall, 1951; Gaudy, 1962; 

Filisetti-Cozzi & Carpita, 1991; Bura et al., 1998). 

 

EPS composition is important to study because it may help explain potential differences 

in physical structure observed in floc across different wastewater systems. Since EPS are 

the ‘glue’ that binds floc together, changes in the ratios (e.g. protein : carbohydrate) or 
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concentrations may have an impact on their resistance to breakup when exposed to 

hydrodynamic forces. By comparing floc from distinctive wastewater systems, scientists 

can begin to understand the general relationships between EPS composition, breakage, 

and therefore UV disinfection efficiency. 

 

EPS, as it has been illustrated, is a major structural component of flocs, which 

incorporates charged functional groups into its makeup. It would therefore be a logical to 

assume that EPS contributes to the net surface properties of flocs, and would have either 

an indirect or direct impact on the flocculation process. Some studies have found that 

EPS contributes to the overall negative surface charge of sludge flocs (Mikkelsen & 

Keiding, 2001; Liao, Allen, Droppo, Leppard, & Liss, 2001; Jia, Fang, & Furumai, 

1996a), while other studies have indicated that protein is the most important EPS 

component for flocculation (Higgins & Novak, 1997; Jorand, Boue-Bigne, Block, & 

Urbain, 1998).  

 

Higgins and Novak (1997) have suggested that most of the functional groups found in 

EPS can bind by hydrophobic interaction, protein-polysaccharide interaction, hydrogen 

bonding, and ionic interactions. This illustrates that the heterogeneous mixture of 

functional groups found in EPS prevents one from speculating as to the precise 

mechanism of aggregation in a particular wastewater system. A variety of actions can 

either assist or resist the formation of useful flocs to allow for more thorough treatments. 

Improving the level of understanding of how EPS composition influences flocculation 

properties will go a long way to improving the efficiency in wastewater treatment. 
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1.4.2 Relative Hydrophobicity 

Bacterial cell surface hydrophobicity is considered to be one of the more important 

factors that controls bacterial adhesion to a variety of surfaces, such as activated sludge 

(Zita & Hermansson 1997). Previous research into this surface property has found 

evidence to suggest that the overall hydrophobic nature of microbial floc is in part due to 

the concentration of proteins and carbohydrates within the particles of the EPS matrix 

(Bura et al., 1998). In floc from aquatic systems, overall net hydrophobicity is often more 

affected by the protein content than the carbohydrates, as they are often more than double 

the concentration. Carbohydrates typically contribute negatively to the hydrophobicity of 

a floc particle (Liao et al., 2001). Studies have also shown that proteins and 

carbohydrates can have the opposite effect on the observed hydrophobicity of a particle 

when polysaccharides are linked with either methyl or acetyl groups or when proteins 

have hydrophilic functional groups (Arabi & Nakhla, 2008; Jorand, Guicherd, Urbain, 

Manem, & Block, 1994). 

 

Bura et al. (1998) also found that there was a strong correlation between the bound water 

content of the floc and the relative hydrophobicity observed through the contact angle. 

This was likely related in part to the dual nature of the EPS matrix. EPS has been found 

to demonstrate both an external region with hydrophilic functional groups that interacts 

directly with other water molecules, while the hydrophobic functional groups are 

typically bound internally to chemical components through physical bonds. This provides 

the opportunity to mechanically separate hydrophilic or “free” water through 
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centrifugation, while the bound water must be separated using other methods, such as the 

microbial adhesion to hydrocarbon method as described by Rosenberg et al. (1980).  

 

Considering the influence of chemical and physical properties of floc on the hydrophobic 

interactions found within the EPS matrix (discussed above), it is reasonable to assume 

that relative hydrophobicity plays an important role in the bioflocculation process 

(Urbain et al., 1993, Liao et al., 2001).   

 

1.4.3 Surface Charge 

Another crucial interaction governing floc formation and the overall stability of fine 

particle suspensions is the surface charge of these particles (Liao et al., 2001). There are a 

variety of theories available in the literature that has attempted to explain the sources and 

impact of charged particles. The most frequently cited research detailing the impact of 

surface charge on flocculation is according to the DLVO theory developed by Derjaugin 

& Landau (1941) and Verwey & Overbeek (1948). This theory was presented to further 

describe the mechanisms by which colloidal particles interact and form floc. To better 

understand their mechanisms, charged particles were characterized based on their origin, 

and it is postulated that these particles have a double layer of counterions surrounding 

them. The first layer is commonly referred to a diffuse layer, which encompasses loosely 

associated ions and is quite mobile when compared to the inner layers. The second layer 

is tightly bound and immobile and is identified as the Stern layer, as described by the 

DLVO theory. These charged particles are believed to originate through secretions from 

microorganisms as a part of the complex EPS matrix and were also recognized as coming 
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from suspended particles that are captured by microbes, which are then integrated into the 

floc (Yu, He, Shao, & He, 2008). It is believed that the interaction of the charged 

particles within the diffuse layer contribute to the overall surface charge of the floc and 

this may assist in the growing of the particle by microbial and/or particle adhesion (Yu et 

al., 2008).  

 

Extracellular polymeric substances, hydrophilic or hydrophobic functional groups, and a 

variety of other interactions, both chemical and physical, impact the flocculation process. 

It has been described previously that an increase in the surface charge of fine particles 

was expected to cause increasing dispersion, thereby reducing the flocculation potential 

(Sobeck & Higgins, 2002). There then must be a mechanism to prevent dispersal and 

allow the growth of microbial floc. This mechanism is simply the net negative charge of 

most proteins found within the EPS matrix, along with the variety of other reactions 

between the additional organic and inorganic components. This full complement of 

reactions provides the net negative surface charge observed within a floc’s structure, 

which for activated sludge is usually between -10mV to -20mV (Horan & Eccles, 1986). 

 

1.5 Water-Borne Pathogens 

It is important to be able to identify and understand the potential sources of pathogens in 

the aquatic environment, as this will enable us to better protect the public from outbreaks 

such as occurred in May of 2000 in the town of Walkerton, Ontario. The contamination 

of the municipal water system with Escherichia coli O157:H7 and Campylobacter jejuni 
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resulted in need for 2300 people to seek medical attention, of which, 7 people died. The 

population of the community was only 5000 and the total cost attributable to the water 

crisis in Walkerton was estimated at US$ 64.5 million (Livernois, 2002). 

 

Pathogens can enter water systems through a variety of sources, from agricultural storage 

facilities to pasturing runoff (Unc & Goss, 2004), as well as from the discharge of 

effluent from municipal wastewater treatment facilities (Gerardi & Zimmerman, 2005; 

Kadam et al., 2008; Liss et al., 1996; Manti et al., 2008; Molleda et al., 2008). Table 1.2 

identifies some infectious agents potentially present in untreated domestic wastewater. 

 

The literature available on water-borne pathogens offers a wide range of studies, which 

documents the effects, characteristics, sources, viability, and other life-cycle information. 

This unfortunately does not prevent the release or contamination of all pathogens. There 

are relationships, such as that between the composition of EPS in wastewater flocs and 

the survival of infectious pathogens, that make it difficult to settle on a single type of 

treatment. Often, floc composition enables the particle to absorb disinfection treatments, 

decreasing the effect on the target pathogens. This impact has been studied in part by Liss 

et al. (1996), where it was suggested that the complex matrices of EPS have been the 

dominant physical bridging mechanism between the organic and inorganic components of 

the flocs.  This relationship would then likely play an important role in preventing floc 

breakup and therefore minimize the exposure of bacteria to disinfection techniques. 

Utilizing a system to effectively break up flocculated particles may create a more 

advantageous environment with a greater potential for disinfection. 
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Table 1.2 Infectious pathogens potentially present in untreated domestic wastewater and 

the diseases associated with each. (US EPA, 1999a, 1999b, 1999c; originally adapted 

from Crites and Tchobanoglous, 1998) 

Organism Disease Caused 

Bacteria  

Escherichia coli Gastroenteritis 

Leptospira (spp.) Leptospirosis 

Salmonella typhi Typhoid fever 

Salmonella (=2100 serotypes) Salmonellosis 

Shigella (4 spp.) Shigellosis (bacillary dysentery) 

Vibrio cholerae Cholera 

Protozoa  

Balantidium coli Balantidiasis 

Cryptosporidium parvum Cryptosporidiosis 

Entamoeba histolytica Amebiasis (amoebic dysentery) 

Giardia lamblia Giardiasis 

Helminths  

Ascaris lumbricoides Ascariasis 

T. solium Taeiasis 

Trichuris trichiura Trichuriasis 

Viruses  

Enteroviruses (72 types) 

e.g., polio echo and coxsackie viruses 

Gastroenteritis, heart anomalies, 

meningitis 

Hepatitis A virus Infectious hepatitis 

Norwalk agent Gastroenteritis 

Rotavirus gastroenteritis 

 

1.6 Hydrodynamic Particle Breakage 

Biological aggregates in wastewater can be removed via filtration or membrane 

separation. However, those particular technologies often require significant capital 

investments, which can limit their use in remote or small communities. Continuous 

disruption of biological aggregates can represent a low-cost alternative and it has been 

shown that the disrupted particles are less resistant to UV disinfection (Environment 

Canada, 2011). Recent research by Environment Canada (2011) has indicated that 
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suspended aggregates in wastewater can be effectively disrupted under hydrodynamic 

stress (J. Gibson, personal communication, January 25, 2011). This hydrodynamic 

particle disruption has the potential to be a cost-effective alternative to filtration or 

membrane separation, with lower capital costs, smaller footprint, no sludge generation, 

and easier retrofitting (Environment Canada, 2011; S.N. Liss, personal communication, 

May 12, 2011).  

 

Particle associated coliform (PAC) bacteria in wastewater effluents are known to be able 

to resist UV disinfection because the floc matrix in which they are imbedded, shield or 

shade them from radiation (Oliver & Cosgrove, 1975; Qualls & Johnson, 1985; Emerick 

et al., 1999; Loge et al., 2002), while other techniques, such as chlorination, have also 

experienced similar issues related to the disinfection of PAC (Narkis, Armon, Offer, 

Orshansky, & Friedland, 1995; Tchobanoglous et al., 2003). Freely suspended cells, with 

wastewater flocs absent can be destroyed or deactivated by increasing the dose of a 

disinfectant and observing a logarithmic decrease in pathogen survival (LeChevallier, 

Cawthon, & Lee, 1988; Gibson et al., 2012). This is not the case when PAC are present, 

as there is a change from the exponential decrease in survival, which results in a “tailing 

effect” in the dose response curve (Berman, Rice, & Hoff, 1988; Narkis et al., 1995; 

Gibson et al., 2012). Gehr and Wright (1998) report that this tailing effect essentially 

prevents further disinfection from occurring in scenarios with PAC shading or shielding. 

 

The use of ultrasound technology to disrupt wastewater flocs and reduce the effects of 

tailing has been conducted by Neis and Blume (2003), while Yong et al. (2008) has 
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produced results that indicates the improvement in disinfection performance is 

proportional to the percent of wastewater flocs broken apart. In their study, which 

included primary, activated sludge, and trickling filter effluent, Yong et al. (2008) 

observed a decrease in the concentration of large particles as an effluent source 

underwent additional treatment processes. As the number of large particles decrease, so 

too does the energy required to achieve the same level of disinfection using UV radiation 

(Yong et al. 2008). Another observation that supports the importance of particle 

breakage, as a preliminary stage in disinfection is the impact pre-filtering has on the 

disinfection achieved. If the effluent being tested was filtered to remove large particles 

prior to the application of ultrasound, no decrease in coliform concentration is found. 

This finding would indicate that ultrasound alone did not achieve any measureable 

disinfection, but instead, it shows that the observed improvement in UV disinfection is 

directly related to the breakage of large floc particles (Yong, 2007; Yong et al., 2008). 

Due to the energy costs associated with the operation of large-scale ultrasound 

technology, most interest is not necessarily in the use of that technology to break apart 

the wastewater floc, but the mechanism by which this occurs. The creation of shear forces 

through sonication literally tears the larger particles apart. Ultrasound works by passing 

pressure waves through a medium and releasing large quantities of energy. This release 

of energy induces the formation and collapse of bubbles, which increases the temperature 

of the medium, while producing turbulent conditions that create the shearing forces (Chu, 

Chang, Liao, Jean, & Lee, 2001; Jarvis, Jefferson, Gregory, & Parsons, 2005). During the 

experimentation conducted by Jarvis et al. (2005) it was found that the temperature of a 

sample could increase from 20 to 56°C in as little as 1 minute, which could have dramatic 
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impacts on receiving waters and modify the bacterial communities of treatment plants 

that are used to degrade organic components of waste. This shear force or strain rate that 

is applied, as found by Gibson et al. (2012) and Yong et al. (2008), has been partially 

correlated to the level of floc breakage observed in a system (Ömerci and Linden, 2005). 

Yong et al. (2008) has focused on ultrasound technology to impart the shear force on 

flocculated particles to study the impact of particle breakage on disinfection, while 

Gibson et al. (2012) has focused on the use of hydrodynamic technology to apply these 

same shear forces. Due to the limitations (cost) of ultrasound and the byproducts 

(temperature) of that process more focus needs to be placed on hydrodynamic particle 

breakage.  

 

Various hydrodynamic studies have been conducted in the past which have helped 

determined relative floc strength (Hannah et al., 1967) and that when strain rate increases 

through an orifice the average number of surface fragments, such as organic and 

inorganic particles, in a floc decreases (Sonntag & Russel, 1987). This strain rate 

relationship has been given the equation 

E =
Q

p r3
 

where Q is the flow rate and r is the orifice radius (Gibson et al., 2012). Simulation work 

later performed by Higashitani and Imura (1998) supported this strain rate relationship. 

As further evidence of this correlation, Gibson et al. (2012) presents additional articles 

whose authors have observed the break up of flocs under converging flows or flows 

through sudden restriction (Blaser, 2000a; 2000b; James et al., 2003, Kobayashi, 2004). 
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Blaser (2000a, 2000b) observed through digital image analysis that under a simple shear 

flow, flocs would rotate in a manner similar to a solid ellipsoid. It was in the extensional 

flow that no continuous rotation occurred, which led to flocs being broken apart along the 

axis of straining (Blaser, 2000a). Kobayashi confirmed the findings of Blaser in 2004, 

when the strength of a latex floc was found to be 1-2 orders smaller than that of floc 

enhanced with polymer flocculants. This result was reasonable because flocculants are 

designed to increase floc strength in water or wastewater treatments (Kobayashi, 2004). 

 

The use of hydrodynamic force has the potential to replace ultrasound as the primary 

technique for particle breakage as Patil and Pandit (2007) have estimated that the energy 

used per kg of solids disrupted was four orders of magnitude lower for hydrodynamic 

treatment when compared to ultrasound. Previous studies by He (2009) showed that 

hydrodynamic forces generated at 1,000 to 2,400 psi could effectively reduce tailing 

found in UV disinfection. This study along with those of other authors surmised that this 

pressure, coupled with cavitation (based on the equation described below) created when 

fluids are passed through an orifice was the main cause of particle disruption (Save et al., 

1994; Patil & Pandit, 2007). The Cavitation Number (Cv) is the parameter used to 

determine the likelihood for hydrodynamic cavitation, as indicated in the equation below.  

Cv =
P2 -Pv
1

2
r v2

 

where P2 is the pressure downstream of the orifice, Pv is the vapour pressure of the liquid,

r  is the density, and v is the orifice velocity. As the cavitation number decreases below a 

value of 1, the likelihood for cavitation is increased (Gibson et al., 2012). Gibson et al. 
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(2012) used bench scale hydrodynamic forces generated by an orifice plate under low 

pressure to examine whether it was an effective way to disrupt flocs, which would help 

improve the disinfection of wastewater effluents. In contrast to the general cavitation 

effect discussed above, Gibson et al. (2012) found that changes in the cavitation 

conditions had little impact on the extent of particle breakage in their experimental setup. 

Instead, it was found that the rate of strain was the best predictor of floc breakage 

(Gibson et al., 2012). In addition, it was found that flocs collected from different sources 

demonstrated varying levels of floc breakage, while changes in floc concentration had 

little to no effect on breakage levels achieved. Flocs from different sources expectedly 

had different mean diameters and after treatment with hydrodynamic disruption larger 

flocs (90 - 106 μm) displayed greater breakage when compared to smaller flocs (53 – 63 

μm) (Gibson et al., 2012). The use of hydrodynamic treatment decreased bacterial 

viability and increased the UV dose response by about a factor of ten, or one log unit 

(Gibson et al., 2012). 

 

Coupling this novel aggregate disruption system with existing UV disinfection 

technology could reduce the required UV dose. This in turn could help decrease both the 

size of the UV system, its electrical energy usage, and greenhouse gas emissions 

(Environment Canada, 2011). By examining, in detail, floc composition from distinctly 

different wastewater systems researchers can begin to understand whether the physical 

and chemical characteristics of the floc influence particle breakage and in turn UV 

disinfection.  
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1.7 Objectives 

1.7.1 Hypothesis 

The physical structure and chemical properties of floc influence the level of particle 

breakage observed by hydrodynamic shear force and subsequent disinfection by UV 

radiation. Additionally, hydrodynamic particle breakage generates new types of particles 

with differing physicochemical properties compared to that of the untreated samples. 

 

To address this hypothesis two questions were examined: 

1) Is there an effect from hydrodynamic shear force on the break-up of microbial floc in 

combined sewer overflow and final effluent and therefore no significant difference in UV 

disinfection rates? 

2) Is there a relationship between the observed chemical and physical characteristics of 

the various wastewater sources tested and their respective level of floc breakage? 

 

1.7.2 Objectives 

A series of tasks were identified at the inception of this project to ensure that both 

logistical and experimental aspects of the project were maintained within the parameters 

of my hypotheses; they are presented below: 

 

1: Investigate floc size distributions from pre and post-treated samples of effluent from 

WWTP’s and CSO’s.  

 

2: Culture and analyze samples of wastewater from WWTP’s and CSO’s (pre and post 

treatment) to identify the level of bacterial disinfection achieved by hydrodynamic shear 



 

 

34 

force and UV irradiation. 

 

3: Extract extracellular polymeric substances from pre and post-treated WWTP and CSO 

and run chemical analyses to determine protein, carbohydrate, humic acid and acidic 

polysaccharide content. 

 

4: Measure floc surface characteristics such as relative hydrophobicity and surface charge 

of all pre and post-treated wastewater samples.  

 

5: Through the use of statistical analysis, determine if 1) floc from CSO sources are 

easier to break apart than processed effluent from WWTP’s, 2) there is a relationship 

between the varying levels of chemical components in the EPS and the level of floc 

breakage observed. 
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CHAPTER 2: MATERIALS AND METHODS 

2.1 Sample Collection 

Four different wastewater sample types were collected: 

Raw Combined Sewer Overflow 

Samples were collected from the North Toronto WWTP between the combined sewer 

overflow and the retention tanks, which are built inline, prior to discharge into the Don 

River. When a heavy rain event triggered a combined sewer overflow as measured by an 

in-sewer Sigma 930 area velocity flow meter (Hach Canada), an automatic notification 

that a sample had been collected within a Sigma 900 autosampler was sent via e-mail.  

The autosampler collected a calibrated 60L sample. Technicians from Environment 

Canada would collect the sample and return to the Wastewater Technology Centre in 

Burlington, ON to proceed with the experiment. 

 

Settled Combined Sewer Overflow 

After a heavy rain event occurred, the volume in excess of wastewater treatment plant 

capacity was directed into storage tanks built in-line to the combined sewer overflow. 

Approximately ~100L was transferred from the North Toronto WWTP combined sewer 

overflow storage tanks to a 1000 L Nalgene container mounted into the bed of a pickup 

truck and then transported back to the Wastewater Technology Centre in Burlington, ON 

to proceed with the experiments. 
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Primary Effluent 

These samples were collected from the Skyway WWTP located in Burlington, Ontario. 

The wastewater collected had been passed from the municipal sewers through a pump in 

the WWTP passing through mechanical bar screens to remove large inorganic solids, 

whereby the wastewater entered the primary clarifier to settle and remove smaller 

suspended solids. All primary effluent samples collected for my research came from the 

effluent exiting the primary clarifier, prior to entering the aeration basin. The effluent was 

transferred through a discharge outlet on the primary clarifier into a 1000 L Nalgene 

container that was mounted onto a pickup truck. A minimum of 100L was collected each 

time a sample was required and then transported back to the Wastewater Technology 

Centre in Burlington, Ontario to proceed with the experiments. 

 

Pre-disinfected Tertiary Effluent 

Woodward Avenue WWTP located in Hamilton, Ontario was the source of what I refer 

to as “final effluent”. This wastewater enters the WWTP and passes through a variety of 

treatment processes prior to collection for the experiments. These processes include; 

mechanical bar screens, vortex separators, primary clarifiers, aerobic digesters, and 

secondary clarifiers. The only difference between the samples and effluent discharged to 

the environment at Woodward Ave WWTP, is that my samples had not undergone the 

chlorine disinfection process. A minimum of 100L was transferred from a discharge 

outlet on the secondary clarifier to a 1000 L Nalgene container mounted in a pickup truck 

and then transported back to the Wastewater Technology Centre, Burlington, Ontario to 

proceed with the experiments. 
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2.2 Hydrodynamic Treatment 

An illustrated, schematic design of the experimental setup used to apply hydrodynamic 

particle breakage to all four sample types described above is presented in Figure 2.1. A 

positive displacement progressive cavity pump was used to pump the 20L – 40L (samples 

with lower total suspended solids concentrations required greater sample volumes to 

process for extraction of EPS) suspension through the orifice plate. Back pressure and 

flow control valves controlled the pressure and flow rate, respectively. Samples were 

collected in 20L clean stainless steel wastewater canisters both before and after the 

orifice plate, using the valves described above. The flow rate of the apparatus was 

determined using a 2L graduated cylinder and a stopwatch. A plate with 8 round orifices, 

each with a diameter of 1.6 mm (1/16”) was used throughout the duration of this 

experiment. The apparatus was operated at a maximum pressure of 92 psi and achieved a 

strain rate of 36,000 s
-1

. 

 

 

 

 

 

 

 

 

Figure 2.1 Schematic diagram of experimental setup. The pipe downstream of the orifice plate 

is clear plastic and illuminated for the detection of cavitation bubbles. (Gibson et al., 2012) 
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2.3 Particle Counting 

To quantify the breakage of suspended particles, 400 mL of sample was collected both 

before and after treatment with the hydrodynamic apparatus, using the valves described 

in the previous section (Gibson et al., 2012). These samples were immediately analyzed 

using a Beckman Coulter RapidVUE (Mississauga, ON) particle size analyzer. The 

particle size analyzer uses digital imaging to determine the equivalent area circular 

diameter and aspect ratios of flocs from 20 to 250 μm in diameter (Gibson et al., 2012). A 

total of 100 images were captured both before and after treatment and analyzed to 

quantity the number of floc, the size distribution, and the standard deviation. The percent 

particle breakage, b, was determined by calculating the percent reduction in the 

concentration of flocs larger than the threshold particle size of 52 μm (diameter) as 

described by Gibson et al. (2012) (Yong et al., 2008; Gibson et al., 2009): 

)1(100
0P

Pt

N

N
b   

where NPo and NPt represent the total number of flocs larger than the mode of the original 

sample before and after treatment respectively. Floc breakage was one of the sample 

parameters measured to help quantify the difference between the four source types and 

was contrasted against the other physicochemical properties measured to identify any 

correlations. 
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2.4 Ultraviolet Radiation Disinfection 

A collimated beam apparatus was used to apply the UV dose and was built and operated 

by Environment Canada at the Wastewater Technology Centre, in Burlington, Ontario. 

The device consists of a low-pressure UV bulb (Trojan Technologies, UVMax Model A., 

London, ON) inside a vented, UV-absorbing, enclosure and a steel collimating tube that 

was painted flat black and secured to the enclosure which was 21 cm in length and 6.8 cm 

in diameter (Gibson et al., 2012). Test samples of 100 mL were added to the containers to 

create a liquid depth of 3.2 cm. Samples were placed under the collimating tube for a 

prescribed time and were continuously mixed using small magnetic stir bars with no 

vortex (Gibson et al., 2012). 

 

Incident UV irradiance was measured using an International Light IL1400A radiometer 

(Peabody, MA). UV transmission (UVT) was measured using a Shimadzu UV1700 

spectrophotometer (Columbia, MD) with a 1 cm quartz vial. The UVT was used to 

calculate the average UV irradiation (Iave) according to the Morowitz (1950) equation 

described below (Gibson et al., 2012): 
























)
1
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1
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1
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0

UVT
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where Io is the irradiance measured at the surface of the sample in (mW/cm
2
), UVT  is 

UV transmittance of the sample, and d  is liquid depth. The collimated UV fluence was 

determined using the equation shown below (Gibson et al., 2012): 

Fluence  = Iave  F1  F2 t 
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where F1 is the surface reflectance factor (equal to 0.975);  F2 is the Petri factor (equal to 

0.95) and t is the irradiation time in seconds (Bolton & Linden, 2003). 

 

Culture Method 

Irradiated samples were analyzed for fecal coliform colony forming units by the 

membrane filtration method (Standard Methods 9222) using Difco mFC media 

(Lawrence, KS). Samples were placed in an incubator for 24 +/- 2 hours in 47mm petri 

dishes at 44.5 °C and counted manually (Gibson et al., 2012). 

 

2.5  Sample Preparation and Extraction Protocol 

2.5.1 Concentration Protocol for Samples 

Samples with a total suspended solids content (mg/L) of less than 100 mg/L required 

concentration prior to the extraction of extracellular polymeric substances. 

 

The full sample volume (approx. 40 L in most cases) was transferred from the stainless 

steel receiving canisters into two 20 L polycarbonate Nalgene carboys. The sample 

volume remained undisturbed in an ice bath for 30-60 minutes, depending on the settling 

velocity of the flocs. Once flocculated material was apparent on the bottom of the 

carboys, the upper 10 L from each container was decanted into an additional container for 

collection of settled floc, as this floc type (smaller, less dense) often required additional 

settling time. Carboys were gently shaken to resuspend flocculated material, then, using 

twenty 50 mL conical tubes (maximum that the centrifuge can accommodate at once), the 
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remaining 20 L of sample in the carboys were centrifuged at 2000g at 4°C, for 5 minutes 

using a swing bucket centrifuge. The supernatant from each round of centrifuging was 

decanted (discarded) and the concentrated floc was collected in a bottle until the effluent 

sample was concentrated though centrifuging. The original 20 L that had been decanted 

was centrifuged and the flocculated material was added to sample bottle. A sample 

volume of approximately 150-250 mL was required to complete the full physicochemical 

analysis. Extraction of the EPS occurred within 24 hours of sample reception and the 

concentrated wastewater effluent was stored at a temperature of 4°C. 

 

2.5.2 Extraction of Extracellular Polymeric Substances 

Extracellular polymeric substances from bulk water had to be removed from the sample, 

as EPS from suspended solids was of primary interest. The protocol used for the 

extraction of extracellular polymeric substances in this project was based on a 

methodology demonstrated by Frolund, Palmgren, Keiding, and Nielsen (1996), using 

cation exchange resin. Their method has been scaled down due to the considerably 

smaller sample volumes received.  

 

The thickened sludge samples were centrifuged at 2000g for 5 minutes at 4°C. The 

supernatant was discarded and the pellet re-suspended to its original volume in a buffer 

solution {4L ddH2O; Na3PO4 (3.0412g); NaH2PO4 (2.2078g); NaCl (2.1040g); KCl 

(0.2982g)}. This washing procedure was repeated 3 times. The solids content of the 

washed sludge samples was found by i) weighing the tray and filter paper; ii) filtering 2 

or 3mL of sludge (Nalgene Vacuum flask); iii) oven drying for at least one hour at 103-
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105°C; iv) weighing the tray and filter paper; v) calculating the total suspended solids 

content by dividing the weight of the dried sludge (g) by volume of sludge used (L). 

 

The appropriate amount (g) of cation exchange resin (Dowex Marathon C, Na+ form, 

strongly acidic [Sigma Aldrich]) for EPS extraction was determined by multiplying the 

TSS (g/L) by the volume of sludge used (L), and finally multiplying by 80. This cation 

exchange resin (CER) was washed previously using the same EPS buffer solution as was 

used when washing sludge. The CER was appropriately washed when the EPS buffer 

solution was clear in colour. 

 

A 1 mL aliquot of the sample was placed in a 2 mL centrifuge tube. The amount of CER 

(often between 10-150 mg) was calculated from the formula provided above and added to 

the tube. This mixture along with up to 24 replicates was shaken for 60 minutes at 4°C at 

speed 6.5 using a vortexer with a shaker attachment (Mo Bio VA09G8-24). After shaking, 

the tubes were centrifuged at 9000g for 10 minutes at 4°C. The supernatant was decanted 

into 1 mL tubes and stored in the -20°C freezer for future analysis within a maximum of 

7 days. 
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2.6 Analysis of Extracellular Polymeric Substances 

2.6.1 Protein Measurement 

Protein concentration of the extracted EPS was measured using the colourimetric method 

of Lowry et al. (1951), using the Folin reaction.  

 

Assuming a well size of 300 µL on a 96 well plate (Costar 3598, Corning), a total 

working volume of 200 µL was selected. First, EPS samples were removed from the 

freezer and allowed to thaw. Two replicates of the protein standard were prepared using 

bovine serum albumin, with a total volume of 30.77 µL. A standard curve from 0-200 

mg/L was found to be appropriate when counting in intervals of 20 mg/L. To the 

microplate, 30.77 µL of each sample was added. In a beaker, 0.25g CuSO4•5H2O was 

dissolved in 50 mL of 1% (w/v) aqueous solution of sodium tartrate. In a separate beaker, 

20g Na2CO3 was mixed in 0.1N NaOH to make an alkali buffer. These two beakers were 

combined in a ratio of 25 alkali buffer to 1 Cu reagent. To each well of the microplate, 

153.85 µL of the combined reagents was added and mixed thoroughly. The mixture was 

allowed to stand for 10 minutes at room temperature. 15.38 µL of diluted Folin and 

Ciocalteau’s phenol reagent (1:1 with Nanopure water) was added to each well and 

mixed thoroughly. The mixture was allowed to stand for 30 minutes. Microplate appeared 

various shades of blue. Samples were measure with a spectrophotometer at 750nm. 
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2.6.2 Carbohydrate Measurement 

Carbohydrate content of the extracted EPS was measured using Gaudy’s method (1962), 

although modified to be conducted on a micro-scale. This reaction can be done in either a 

large scale (15 mL test tube) or micro-scale (300 µL well, microplate) setup. For the 

purpose of this thesis the micro-scale process was selected. 

 

Assuming a well size of 300 µL on a 96 well plate, I chose a total working volume of 200 

µL. EPS samples were removed from the freezer and allowed to thaw. Two replicates of 

the carbohydrate standard (using D-glucose) were prepared, with a total volume of 57.14 

µL. A standard curve from 0-100 mg/L was found to be appropriate when counting in 

intervals of 10 mg/L. To the microplate, 57.14 µL of each EPS sample was added. The 

microplate was placed in an ice bath while continuing to the next step. In a beaker, 0.2g 

Anthrone was dissolved in 100 mL 95% H2SO4 (stored in freezer until ice cold). Next, 

142.86 µL of the Anthrone reagent was added to each well, making sure it was mix 

thoroughly. The microplate was placed in a near boiling water bath for 15 minutes. Once 

the time had elapsed, the microplate was placed into an ice bath to cool quickly to room 

temperature. Spectrophotometric readings were taken at 625nm. 

 

2.6.3 Acidic Polysaccharide Measurement 

Uronic acids were measured using the modified m-hydroxydiphenyl sulphuric acid 

method of Filisetti-Cozzi and Carpita (1991), though micro-scaled for use in a 300 µL 

96-well microplate. Assuming a well size of 300 µL on a 96 well plate, I chose a total 
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working volume of 200 µL. EPS samples were removed from the freezer and allowed to 

thaw. Two replicates of the uronic acid standard were prepared using D-glucuronic acid, 

with a total volume of 27.40 µL. A standard curve from 0-100 mg/L was found to be 

appropriate when counting in intervals of 10. To the microplate, 27.40 µL of each EPS 

sample was added. In a beaker, 9.709g sulfamic acid was mixed with 12.5 mL of 

Nanopure H2O. The solution in the beaker was adjusted to pH 1.6 by the addition of a 

saturated KOH solution. After pH 1.6 was attained, the solution was topped up to 25 mL 

with Nanopure H2O. This was a 4M sulfamic acid-potassium sulfamate solution. Next, 

2.74 µL of that solution was added to each well of the microplate and mixed thoroughly. 

In another beaker 75mM (0.37729g) sodium tetraborate was mixed with 25 mL analytical 

grade H2SO4 (storing in freezer until ice cold). Then, 164.38 µL of this solution was 

added to each well of the microplate and mixed thoroughly. The microplate was placed in 

a near boiling water bath for 20 minutes. It was then removed and cooled in an ice bath, 

to room temperature. Finally, 5.48 µL of 0.15% (w/v) m-hydroxydiphenyl in 0.5% (w/v) 

NaOH was added to each well of the microplate and mixed thoroughly. The microplate 

was allowed to stand for 10 minutes and was then read at 525nm. 

 

2.6.4 Humic Acid Measurement 

Humic compounds in the extracted EPS were measured using the colourimetric method 

of Lowry et al. (1951), using the Folin reaction. This method is similar to that of the 

protein measurement except CuSO4 is omitted, the colour development is due to humic 

compounds and chromogenic amino acids. 
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Assuming a well size of 300 µL on a 96 well plate, I chose a total working volume of 200 

µL. EPS samples were removed from the freezer and allowed to thaw. Two replicates of 

the humic compounds standard were prepared using a humic acid solution, with a total 

volume of 30.77 µL. A standard curve from 0-100 mg/L has been found to be appropriate 

when counting in intervals of 10. To the microplate, 30.77 µL of each EPS sample is 

added. Next, 153.85 µL of a solution containing 20g Na2CO3 dissolved in 1L of 0.1N 

NaOH was added to each well and mixed thoroughly. The microplate was allowed to 

stand for 10 minutes at room temperature. 15.38 µL of diluted Folin and Ciocalteau’s 

phenol reagent (1:1 with Nanopure water) was added to each well and mixed thoroughly. 

The microplate was allowed to stand for 30 minutes at room temperature, and then 

absorbance was measured at 735nm on a spectrophotometer. 

 

2.7 Wastewater Floc Physical Characteristics 

2.7.1 Relative Hydrophobicity Measurement 

The relative hydrophobicity of the wastewater samples was analyzed by the commonly 

employed microbial adherence to hydrocarbons method (M.A.T.H) developed by 

Rosenberg et al. (1980), which uses ultrasound to break apart the floc prior to treatment. 

The sludge sample was washed twice using Nanopure water and then centrifuged at 

3000g for 5 minutes, after each washing. The sample was then shaken to re-suspend the 

pellet and then sonicated (Fisher Scientific, Sonic Dismembrator 100) for 30 seconds, at a 

power setting of 8 out of 10. Initial absorbance of the dispersed suspension (Io) was 

adjusted as close to 1.50 ± 0.02 as possible (record your value), using Nanopure water to 
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dilute (λ=400nm). 10mL of the adjusted sludge suspension (Io@1.50) was mixed with 

1mL hexadecane, using the Vortex mixer (VWR). Suspension was mixed for 2 minutes. 

After mixing, the phases were left to separate for 10 minutes in a separatory funnel. The 

aqueous phase was collected (I) and the absorbance measured at λ=400nm. The relative 

hydrophobicity was calculated using the formula: 

 

2.7.2 Surface Charge Measurement 

To determine the surface charge of flocs, colloidal titration as described by Morgan et al. 

(1990) was used, though I have substituted polyvinyl sulphate with polyanetholesulfonic 

acid as is common with this analysis. The sludge samples was washed once with 

Nanopure water and then centrifuged at 3000g for 5-6 minutes. The sample was then 

washed once with pH-balanced water (Nanopure water brought to pH=7.0) and 

centrifuged for 5-6 minutes at 3000g. The TSS of the washed sample was taken (samples 

can dry while titration occurs). A blank was titrated prior to the washed sludge to get a 

reference point. In an Erlenmeyer flask, 2 mL Nanopure water (for blank), 4 mL of 

0.374g/L Polybrene in pH balanced Nanopure water, 40 mL Nanopure water at pH=7.0, 

and 4 drops of 0.1% (w/v) Toluidine Blue O stain were combined. After mixing the 

solution in a flask, a solution of 0.251g/L Polyanetholesulfonic acid was prepared and 

poured into a burette. The approximate volume of the blank titration was 9.8-9.9 mL and 

the endpoint was indicated by a colour change from blue to violet-pink. The same 

procedure above was followed when titrating a sludge sample; only the 2 mL of 

Nanopure water was replaced with 2 mL of the washed sludge sample. Once replicates of 
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each were completed, the surface charge of the sample was calculated using the formula 

below, where N=0.001, V=titrated volume, and Vo=blank volume. 

 

 

2.8 Statistical Analysis  

The model used for the statistical analysis determined the dependent variables to be the 

concentration of the various EPS (protein, carbohydrate, humic acid, and acidic 

polysaccharides) and floc (relative hydrophobicity, and surface charge) components 

being measured, for samples both before and after treatment with hydrodynamic shear 

force. The variances were partitioned according to fixed and nested effects. The fixed 

effects were the sources and treatments, while the nested effects were the samples within 

each source type. Subpartitions were made to compare and contrast before or after and 

before & after (i.e. difference) treatment values for all source types combined, various 

paired source types, and multiple samples within a source.  

 

A number of areas were examined to select the model that best met the random, 

independent, and normalcy of error requirements of the ANOVA, MANOVA, and T-

Test. A review of the histogram plot of percent vs. residual was used to visualize the 

normalcy of the errors and they were shown to be normally distributed about a zero 

mean. A Lund’s test was performed to determine if there were any outliers; three values 

(Protein 58.68 mg/g TSS, Humic acid 175.83 mg/g TSS, and Acidic polysaccharide 

243.22 mg/g TSS) were found to exceed the Lund’s value and therefore were removed 

   

SurfaceCharge =
- Vo -V( ) *N *103

2*TSS(g /L)
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from the analysis. Additionally, plots of resid*pred resid*treatment 

resid*source(samples) resid*source all showed heterogeneity of error. Lastly, the 

Shapiro-Wilk value of 0.05 was exceeded which indicates normalcy. 

 

Means were generated using least squared means and contrast statements per treatment, 

and per source, while a contrast was conducted between various sources and difference 

estimates were generated. Standard errors are presented per treatment, per source, and per 

sample, while the type 1 error rate used was 5%. Statistical Analysis Software version 9.2 

was used to compute the analysis. 
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CHAPTER 3: RESULTS 

3.1 Floc Breakage 

Floc breakage (%), as indicated in Table 3.1 was based on a floc size diameter threshold 

of 52.5 μm. Breakage observations ranged from a low of 3.87% (final effluent sample) to 

a high of 90.84% (CSO sample). The standard deviation within a single experiment, 

replicated 3 times, was often large and when +/- the standard deviation was used the 

variation sometimes exceeded the level of breakage recorded. Floc breakage was not 

included in the statistical analysis (ANOVA) of physicochemical propoerties, due to 

missing data points and because the data did not meet the assumptions required for the 

various tests. Equipment calibration and potential user error have been identified as 

possible contributors to the variation in the observations recorded. 

Table 3.1 Floc breakage (%) achieved when four wastewater sources (CSO, Settled CSO, 

Primary Effluent, and Final Effluent) were exposed to hydrodynamic treatment at the 

Wastewater Technology Centre in Burlington, ON. 

Source Breakage (%) STD Dev (%) 

CSO   

Sample 1 (May 17, 2011) n/a*  

Sample 2 (June 8, 2011) 90.84 0.44 

Sample 3 (June 22, 2011) 76.56 0.79 

Sample 4 (August 26, 2011) n/a*  

Settled CSO   

Sample 1 (August 4, 2011) n/a*  

Sample 2 (October 21, 2011) 38.84 17.94 

Sample 3 (October 26, 2011) 27.17 15.78 

Primary Effluent   

Sample 1 (October 5, 2011)  n/a*  

Sample 2 (February 28, 2012) 42.98 17.45 

Sample 3 (March 6, 2012) 35.12 18.67 

Sample 4 (March 20, 2012) 53.84 12.36 

Final Effluent   

Sample 1 (February 7, 2012) 50.36 16.71 

Sample 2 (February 14, 2012) 3.87 5.98 

Sample 3 (February 21, 2012) 38.29 17.45 

* not measured 
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3.2 Physicochemical Properties of Floc 

3.2.1 Floc Physicochemical Properties 

The following tables [3.2 (protein and carbohydrates), 3.3 (humic acid and acidic 

polysaccharides), and 3.4 (relative hydrophobicity and surface charge)] provide an 

overall summary to the observed changes in physicochemical properties of four 

wastewater effluent sources that underwent hydrodynamic particle breakage. Each 

observation presented in Tables 3.2, 3.3, and 3.4 are mean values from the original data 

set, which is available for review in Appendix 7.1. Mean values were presented in table 

format to identify overall trends in the physicochemical component being measured, 

across a source type. Each sample collected from a particular source may experience 

variability in composition due to seasonal fluctuations and because inputs from 

households, industry, and stormwater are not static. It is inappropriate to draw 

conclusions on a sample-by-sample basis, so therefore the decision was made to provide 

mean values when comparing a particular physicochemical property across multiple 

source types. The subsections that follow discuss the results and applicable statistical 

significance of each component. 
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Table 3.2 A summary of mean protein and carbohydrate measurements both before and after hydrodynamic particle breakage for each 

sample source, including standard deviation  
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 Table 3.3 A summary of mean humic acid and acidic polysaccharide measurements both before and after hydrodynamic particle 

breakage for each sample source, including standard deviation  
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Table 3.4 A summary of mean relative hydrophobicity and surface charge measurements both before and after hydrodynamic particle 

breakage for each sample source 
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3.2.2 Protein 

The concentration (mg/g TSS) of protein levels (Table 3.2) in extracted EPS across all 

sources examined (mean values), decreased after hydrodynamic particle breakage. 

Protein concentration varied within source types and the error bars applied in Figure 3.1 

indicate the variation within the replicates of each sample measured. The difference in 

protein levels observed between the various sources tested was found to be significant (p 

= 0.0335, see Appendix 7.2 for statistical analyses data) after conducting an analysis of 

variance. The reduction in protein concentration (across all sources) after hydrodynamic 

treatment was not found to be significant (ANOVA, p = 0.2086). When a two-tailed type 

one t-test was conducted on the observations of each of the 4 sources it was found that 

both CSO and Settled CSO protein levels were significantly decreased after 

hydrodynamic treatment (p = 0.0218 and 0.0488, respectively).
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Figure 3.1 A graphical illustration of the differences in protein concentration (mg/g TSS) across samples and between             

source types before and after hydrodynamic particle breakage treatment 
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 3.2.3 Carbohydrate 

Carbohydrate concentration (mg/g TSS) (Table 3.2) significantly decreased (p = 0.0011) 

after hydrodynamic particle breakage when observed across all sources. There was no 

significant difference found in the carbohydrate concentrations among the four sources 

tested (ANOVA, p =0.0959). When sources were analyzed individually using a two-

tailed type one t-test, it was found that only final effluent had a significant decrease in 

carbohydrate concentration after hydrodynamic treatment (p=0.0314), though the 

remaining 3 sources all demonstrated statistically non-significant decreases. Figure 3.2 

illustrates the variability in carbohydrate concentration within a source type and across all 

sources tested. The error bars shown in Figure 3.2 indicate the level of variation within 

the replicates of each sample measured.
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Figure 3.2 A graphical illustration of the differences in carbohydrate concentration (mg/g TSS) across samples and               

between source types before and after hydrodynamic particle breakage treatment 
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3.2.4 Humic Acid 

Humic acid concentration (mg/g TSS) (Table 3.3) displayed a general trend of decreasing 

concentration after hydrodynamic particle breakage across the majority of sources tested, 

except final effluent, which tended to increase. The observations collected were analyzed 

individually by source (two-tailed type one t-test), grouped across sources (ANOVA), 

and grouped by treatment (ANOVA). All analyses completed determined no significant 

differences for the observations recorded. Final effluent, as shown in Figure 3.3, 

demonstrated a large variability in the humic acid concentration measured across the 3 

samples, while the other sources tested demonstrated much less variability. The error bars 

represented in Figure 3.3 indicate the variation within the replicates of each sample.
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Figure 3.3 A graphical illustration of the differences in humic acid concentration (mg/g TSS) across samples and between      

source types before and after hydrodynamic particle breakage treatment 
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3.2.5 Acidic Polysaccharide 

The concentration (mg/g TSS) of acidic polysaccharide levels (Table 3.3) in extracted 

EPS across all sources examined, increased after hydrodynamic particle breakage. The 

difference in acidic polysaccharide levels observed between the various sources tested 

was found to be significant (p = 0.0091) after conducting an analysis of variance. The 

increase in acidic polysaccharide concentration (across all sources) after hydrodynamic 

treatment was found to be significant (ANOVA, p = 0.0008). When a two-tailed type one 

t-test was conducted on the observations of each of the 4 sources individually, it was 

found that none of the increases observed after hydrodynamic particle breakage were 

significant. The variation within sources is identified in Figure 3.4, while the error bars 

indicate the variation within each sample replicate.
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Figure 3.4 A graphical illustration of the differences in acidic polysaccharide concentration (mg/g TSS) across samples and 

between source types before and after hydrodynamic particle breakage treatment 
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3.2.6 Relative Hydrophobicity 

When the relative hydrophobicity (%) (Table 3.4) is compared across the 4 sources 

tested, it was found to be significantly different (p=0.0070). A general trend was found 

across all sources that indicated an increase in the relative hydrophobicity of a sample 

after hydrodynamic particle breakage. When these changes in relative hydrophobicity 

after treatment were examined both within a source (two-tailed type 1 t-tests) and across 

all sources (ANOVA), no significant differences were found. Variation within sources is 

demonstrated in Figure 3.5.
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Figure 3.5 A graphical illustration of the differences in relative hydrophobicity (%) across samples and between source             

types before and after hydrodynamic particle breakage treatment 
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3.2.7 Surface Charge 

Increases were observed in the net negative surface charge (meq/g TSS) associated with 

wastewater floc (Table 3.4), after hydrodynamic particle breakage. The overall increase 

in surface charge was found to be significant when compared across all sources 

(p=0.0332) tested, but failed to reach a level of significance when analyzed individually 

(two-tailed type 1 t-test) within a single source. Surface charge was also found to vary 

significantly based on the source of wastewater being analyzed (ANOVA, p=0.0003). 

The variation within source types is demonstrated in Figure 3.6.
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Figure 3.6 A graphical illustration of the differences in surface charge (meq/g TSS) across samples and between source            

types before and after hydrodynamic particle breakage treatment 
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3.3 Ultraviolet Disinfection 

The use of ultraviolet radiation as a disinfection technique decreased the population of 

colony forming units (CFU) of fecal coliform in all the wastewater samples across all 

sources treated with hydrodynamic particle breakage. Disinfection levels achieved are 

illustrated in the following four Figures (3.7, 3.8, 3.9, & 3.10), which indicate the UV 

dose applied and the corresponding decrease in viable fecal coliform (CFU/100mL) 

observed. The data presented in the following figures are not combined averages but 

individual measurements plotted together to demonstrate the variability within each 

experiment. It would not be appropriate to average UV dose response kinetics in this 

case. There were a couple of missing measurements, identified as gaps in the line graph 

that could have skewed the presentation, and occasionally UV dose increments were not 

kept standard across the various samples. 

  

A typical reduction in viable fecal coliform of approximately 1 log was observed after 

hydrodynamic treatment across most sources, though both larger and smaller reductions 

were noted. A (mean) reduction in viable fecal coliform from 5000 CFU/100mL to 

approximately 500 CFU/100mL was observed across the CSO and primary effluent 

samples, at a UV dose of 50 mJ/cm
2
. A similar 1-log reduction in viable fecal coliform 

CFUs occurred across the settled CSO source, at the same UV dose, but the observed 

concentration decreased from 500 CFU/100mL to approximately 50 CFU/100mL. Final 

effluent decreased from 80 CFU/100mL to approximately 20 CFU/100mL, a reduction of 

a smaller magnitude.  
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The fit of UV dose response curves amongst the samples within a single source show 

clear consistency, both before and after hydrodynamic treatment. UV dose response 

kinetics are dissimilar among sources, though there are strong similarities between the 

CSO and primary effluent. The most resistant to UV treatment are the source types with 

the highest total suspended solids concentration (CSO and primary effluent), which 

imparts shading or shielding from UV irradiation. Final effluent is the most amenable to 

UV disinfection, as that source type has already undergone multiple treatment processes 

at the Woodward Ave. WWTP prior to the sample collection by Environment Canada 

staff. The populations of viable fecal coliform CFU from both primary and final effluent 

are consistent with previous research, while the other two sources are naturally more 

variable across time and location due to their infrequent nature (Gibson et al., 2012).  
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Figure 3.7 UV Dose-response curve for combined sewer overflow effluent that was treated with hydrodynamic (HD) force. The control curve 

represents 3 samples of untreated combined sewer overflow effluent collected from the property of the North Toronto Wastewater Treatment Plant. 

The HD curve represents the dose response of the same 3 effluent samples passed though a 1.6 mm (1/16”) diameter orifice at 630 kPa (92 psi).  
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Figure 3.8 UV Dose-response curve for settled combined sewer overflow effluent that was treated with hydrodynamic (HD) force. The control curve 

represents 3 samples of untreated settled combined sewer overflow effluent collected from the property of the North Toronto Wastewater Treatment 

Plant. The HD curve represents the dose response of the same 3 effluent samples passed though a 1.6 mm (1/16”) diameter orifice at 630 kPa (92 psi).  
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Figure 3.9 UV Dose-response curve for primary effluent that was treated with hydrodynamic (HD) force. The control curve represents 

3 samples of untreated primary effluent collected from the Skyway Wastewater Treatment Plant. The HD curve represents the dose 

response of the same 3 effluent samples passed though a 1.6 mm (1/16”) diameter orifice at 630 kPa (92 psi).  
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Figure 3.10 UV Dose-response curve for final effluent (prior to chlorination) that was treated with hydrodynamic (HD) force. The 

control curve represents 3 samples of untreated final effluent collected from the Woodward Ave Wastewater Treatment Plant. The HD 

curve represents the dose response of the same 3 effluent samples passed though a 1.6 mm (1/16”) diameter orifice at 630 kPa (92 psi).  
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CHAPTER 4: DISCUSSION 

This project has been shown to be an effective field-scale study of a previous bench-scale 

study (Gibson et al., 2012), which showed hydrodynamic particle breakage had great 

potential as a method to help improve the disinfection of four distinct wastewater 

effluents. When the mean values of physicochemical properties of flocs from the four 

effluents were compared before and after treatment, it was found that proteins, 

carbohydrates, and humic acids tended to decrease in concentration (mg/g TSS). In 

contrast, acidic polysaccharides (mg/g TSS), relative hydrophobicity (%), and the 

negativity of surface charge (meq/g TSS) all increased, after the hydrodynamic treatment 

was applied. The use of hydrodynamic force to cause floc breakage was shown effective, 

though variable, across all source types tested. This variation in floc breakage did not 

have a significant impact on the UV disinfection achieved, as the UV dose kinetics were 

similar across samples from the same source type. 

 

4.1 Physicochemical Properties of Floc 

Changes in physicochemical properties of floc from four wastewater systems were 

observed after undergoing hydrodynamic particle breakage. It is important to understand 

the impact that this particular method of floc disruption might have on the chemical 

properties of different wastewater sources. Differences in after treatment concentrations 

could modify how the treated wastewater interacts with its environment after discharge. 

Depending upon the floc constituent, there were occurrences when no difference between 

sources was found and other times where the values were found to be different. This is 
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not necessarily surprising as the composition of each source is very different from that of 

the others. A variety of factors could influence the values observed, such as: frequency of 

storm events (increased flushing of combined sewers), proportion of industry and 

household contributions (increase or decrease in organic load), wastewater treatment 

methods and stages of treatment. 

 

Both protein (P) and carbohydrate (C) concentrations (mg/g TSS) are often of primary 

interest when conducting an analysis of wastewater. These are important characteristics 

to understand, as changes in the P:C ratio can influence the structure, strength, and 

settleability of floc particles (Shin, Kang, & Nam, 2001; Morgan et al., 1990; Schmidt & 

Ahring, 1994; Jia et al., 1996b). There is no clear consensus on whether proteins or 

carbohydrates in the EPS more strongly influence floc stability. Some researchers suggest 

that carbohydrates play the major role in flocculation (Bruus et al., 1992; Jorand et al., 

1995). In many recent papers, contrasting observations are presented that provide 

evidence that proteins are the dominant component of EPS and they suggest in fact it is 

proteins that influence flocculation more directly (Higgins & Novak, 1997; Liao et al., 

2001; Liu & Fang, 2002; Xie et al. 2006). During this study, it was found that after 

hydrodynamic particle breakage, the mass/concentration of proteins and carbohydrates 

across each source significantly decreased. A summary of the recorded changes in the 

protein to carbohydrate ratio is provided in Table 4.1.  
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Table 4.1 Observed (mean) changes in the protein to carbohydrate ratio after treatment 

with hydrodynamic particle breakage.  

Source Type Before Std Dev After Std Dev N 

      CSO 7.29 1.57 7.73 3.42 3 

Settled CSO 6.76 2.50 10.26 7.87 3 

Primary Effluent 6.49 2.31 6.72 2.07 4 

Final Effluent 7.36 1.80 24.34 11.94 3 

 

These decreases occurred proportionately for the CSO and primary effluent source so the 

overall change to the P:C ratio remained fairly consistent after treatment, if slightly 

higher. It was also identified that both the settled CSO and final effluent P:C ratios 

increased much more than the other two sources and this can be partially explained due to 

the deviation in observed measurements within those particular sources.  

 

Previous research conducted by Xie, Gu, and Lu (2010) supports the importance of 

proteins and carbohydrates in floc stability. Using activated sludge; they observed that 

when protein or carbohydrate enzymes were added to the sample there was a noticeable 

reduction in the hydrophobicity of the sample over time, while the surface charge became 

more negative. Though they examined EPS from three bacterial isolates (Leucobacter sp., 

Alcaligenes faecalis, and E. coli JM109) in an activated sludge system, their observations 

can help us understand general relationships between proteins and carbohydrates. The 

observations of the protein to carbohydrate ratio prior to hydrodynamic treatment were 

approximately double those of Xie et al. (2010), though as was previously mentioned 

they exclusively examined an activated sludge system, while this study focused on a 

more broad application of the technology. After the application of the hydrodynamic 
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particle breakage technology, decreases in protein, carbohydrate, and surface charge were 

observed. These observations are in agreement with the previous findings of Xie et al. 

(2010) and provide more evidence to support the argument presented by Liu and Fang 

(2002) that an increase in the net negative surface charge of a floc particle increases the 

deterioration of flocculation potential. This reduction in the flocculation strength of a 

particle would improve floc breakage and therefore lead to improved UV disinfection. 

 

Acidic polysaccharide content increased dramatically after treatment with hydrodynamic 

particle breakage. One possible explanation for this increase is that this could be a 

bacterial response to disassociate from the floc, acting as a self-preservation mechanism. 

It has been identified in previous studies that uronic acids tend to discourage adhesion to 

substratum (Gomez-Suarez, et al., 2002; Pringle et al., 1983). This research on species-

specific EPS production has found that there are detachment “footprints” on substratum. 

The comparison of EPS and non-EPS producing bacterial strains (P. aeruginosa) 

provided a glimpse into possible chemical precursors to detachment, namely a correlation 

in the number of detachment footprints and an increase in the uronic acid content 

observed (Gomez-Suarez et al., 2002). It is therefore possible that the observed increase 

in acidic polysaccharide content after hydrodynamic particle breakage maybe in part a 

stress response of the bacterial community, as floc breakage did not correlate with an 

increase in UV disinfection across all sources. The presence of acidic polysaccharides 

(D-glucuronic, D-galactouronic, and mannuronic) confer anionic properties (Kokare, 

Chakraborty, Khopade, & Mahadik, 2009) and the increase in these constituents suggests 

they are at least partially responsible for the correlated increase that was observed in the 
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net negative surface charge of the floc from the various wastewater sources. The structure 

of acidic polysaccharides found within the EPS matrix is generally recognized as being 

sticky in nature and they are a primary component of the EPS matrix, which facilitates 

the creation of gel-like structures (Seviour, Yuan, van Loosdrecht, & Lin, 2012). It is 

likely that although acidic polysaccharides tend to facilitate floc formation, the disruptive 

shear force from the hydrodynamic setup was an impediment in floc reformation. In 

addition, every effort was made to collect the physicochemical measurements from the 

samples as soon as possible to reduce the elapsed time (often less than 2hr); this was done 

to minimize the potential for floc reformation. The dispersion of this sticky material into 

suspension when treated with hydrodynamic particle breakage increases the ability of UV 

radiation to inactivate bacteria (through a decrease in bacterial shading), while also 

increasing the turbidity of the effluent. This could prove to be beneficial after disinfection 

and discharge as an increased concentration of acidic polysaccharides might enable faster 

flocculation in the receiving waters, mitigating possible changes in sediment deposition 

due to the application of this novel technology. 

 

4.2 Hydrodynamic Treatment 

Hydrodynamic particle breakage is a low-energy, cost effective method to disrupt 

microbial floc in multiple wastewater effluents. Throughout the 2-year duration of this 

project, including the processing of upwards of 50 samples (with TSS ranging from 5-400 

mg/L), fouling of the equipment was never identified as an issue of concern. During the 

study, the effect of hydrodynamic particle breakage on wastewater effluent from four 
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distinct sources was not consistent with previous research, conducted by Environment 

Canada (Gibson et al., 2012). Their bench scale study, conducted in 2012, provided very 

tight controls on floc size and population to minimize the source of variation inherent in 

environmental samples. Gibson et al. (2012) has also shown that while they have 

provided strong evidence to indicate that strain rate is the best indicator of floc breakage, 

other factors impact the breakage achieved. Floc strength is not necessarily consistent 

across seasons and it is often influenced by clarifier loading, solids retention time, EPS 

content, hydrophobicity and temperature (Liao et al., 2001; Bura et al., 1998).  

 

In contrast to the tight controls on floc parameters in the study by Gibson et al. (2012), 

this project was designed to collect a full spectrum of observations to better understand 

the impact of this novel technology on a variety of naturally occurring environmental 

samples. The level of floc breakage achieved in this study, across the four sources tested 

varied greatly within each source and when compared across all sources. This is not an 

uncommon phenomenon as wastewater effluents typically contain very heterogeneous 

communities of floc shapes and sizes (Gibson et al., 2012). Besides this natural variation 

within the microbial floc community, there are various other reasons for this non-

conformity of observations. It was reported (personal communication J. Gibson, March 

30
th

, 2012) at the conclusion of this study that there were possible equipment 

malfunctions when floc sizes were being recorded, which could be a potential reason why 

the data were not consistent with previous research. These particle size issues are thought 

to have occurred after the CSO samples were processed and would then indicate that 

settled CSO, primary effluent, and final effluent might have been affected. If in fact the 
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CSO floc breakage data are indeed precise, as indicated in part by the small standard 

deviation, then this provides more evidence to support that effective floc disruption is 

possible from a low-energy technology. Floc size is often related to the strength of a 

particle and various studies have shown that larger flocs are more susceptible to 

breakage. This would help explain why the observed breakage in CSO flocs was much 

greater than that of any other source tested, especially final (tertiary) effluent. Not only 

were initial floc sizes in combined sewer overflow samples larger than the final effluent, 

but also, relative floc strength increased with each additional level of treatment a source 

is exposed to. 

 

4.3 Ultraviolet Radiation Disinfection 

The issues that plagued the hydrodynamic particle breakage observations did not seem to 

have much of a carry-over effect on the level of disinfection achieved with ultraviolet 

radiation. This could mean that in fact, particle breakage occurred at higher rates than 

was determined through the use of an atomic particle size counter. The UV dose response 

curves generated for the four sources tested indicated dissimilar disinfection kinetics. 

This was not a surprising observation as the sources tested ranged from (untreated) 

combined sewer overflows to tertiary treated wastewater effluent. Of the four source 

types examined, fecal coliform concentrations (CFU/100mL) were maintained within 

approximately 0.5 log of one another, at a UV dose of 50 mJ/cm
2
. At this UV dose the 

concentration of fecal coliform in all sources was below 400 CFU per 100 mL, the legal 

minimum discharge standard as identified by Environment Canada (2008). If more 
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stringent determinations were used, such as the 200 per 100 mL as required by the US 

EPA, then only final effluent and settled combined sewer overflow would have legal 

discharge concentrations.  

 

A factor in the variability of UV dose response curves observed might be the average 

temperature at which the samples are being irradiated. It has been observed in previous 

studies that an increase in temperature from 10°C to 45°C nearly doubled the inactivation 

rate constant of secondary treated domestic wastewater (Abu-Ghararah, 1994). In 

contrast, a study conducted by Severin, Suldan, and Engelbrecht (1983) investigated the 

impact of temperature on UV disinfection of E. coli. The authors conclude that their UV 

dose data provides evidence to support the argument that in fact the inactivation of E. coli 

was within the normal photochemical reaction range under temperatures of 5, 20, and 

35°C, therefore indicating independence from temperature. When samples are received 

they are refrigerated and processed as quickly as possible to decrease the rate of 

decomposition or change in the chemical and physical properties of the floc. Sample 

temperature was not a parameter measured when performing UV irradiation at the 

Wastewater Technology Centre, in Burlington, Ontario. Under most scenarios it can be 

assumed that the average temperature at the time of the experiments was close to room 

temperature (20°C), but since it is easily measured, it would be appropriate to include this 

variable in future tests. Understanding the influence of temperature when irradiation is 

performed on environmental samples may help to determine the effect temperature may 

have on the inactivation rate constant that varied within this study. It is expected that any 

future installation of the hydrodynamic and UV disinfection technology on CSOs will 
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experience temperature fluctuations throughout the seasons. It is therefore necessary to 

better understand the role temperature may have on the disinfection process. It can be 

assumed that the apparatus will be shielded from direct sunlight, by the use of an 

enclosure, so a useful future study should include the recording of temperatures in an 

enclosure similar in construction to what is expected to be used. 

 

Another important factor in the disinfection of wastewater effluents using UV radiation is 

the dose required to effectively kill or inactivate aquatic pathogens. It has been found that 

as expected, different situations require different doses to achieve the same level of 

disinfection. It has been previously found that the typical dose required to effectively kill 

99.9% of viable planktonic bacteria is between 1 and 30 mJ/cm
2
 (Qui, Sundin, Chai, & 

Tiedje, 2004). It can therefore be assumed that at a UV dose of 50 mJ/cm
2
 inactivation of 

the freely suspended bacteria is likely, while the fecal coliform CFUs that are viable after 

dosage were probably shaded or shielded by the remaining floc. In contrast to planktonic 

bacteria, it has been found that the UV dose required to achieve a 99.9% disinfection rate 

in biofilms requires a dosage of approximately 1500 mJ/cm
2 

(Bak, Ladefoged, Tvede, 

Begovic, & Gregersen, 2009). It is promising to observe that the dosage for the reduction 

in fecal coliform CFUs (to below the legally allowable limit) observed in the samples is 

only slightly above that of the upper range for planktonic bacteria. The use of 

hydrodynamic particle breakage, as mentioned previously, allowed for a 1-log reduction 

in viable CFUs when compared to the control. This provides supporting evidence that by 

creating a suspension with smaller average particle sizes, it is possible to increase the 

disinfection achieved, while lowering the total energy cost of the UV system. Cautious 
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optimism is necessary as both of the studies mentioned above included a wide spectrum 

of bacterial species, while this project focused solely on the viable fecal coliform CFUs 

for calculating disinfection achieved. It would therefore be prudent to compare the 

sensitivity or UV resistance of fecal coliform to other species of concern in wastewater 

effluents, such as Cryptosporidium or E. coli.  

 

This project does not focus on the reclamation of wastewater, but instead focuses on the 

safe discharge of wastewater into the environment. It is therefore appropriate to use either 

fecal coliform or E. coli as the indicator organism, due in part to their sensitivity to UV 

radiation and the 10
6 

populations often found in wastewater effluent, as indicated in the 

results. Both fecal coliform and E. coli have been found to exhibit an UV dose sensitivity 

of 3-6 mJ/cm
2 
per log inactivation (Chan, 2011). In contrast, water reclamation requires 

that a less sensitive organism be used, to ensure that the water supply is not 

contaminated. The indicator organism used in much of the United States for wastewater 

reclamation is the male specific phage 2 (MS-2), because often the organism of interest 

for permit requirements is the poliovirus. The MS-2 phage is a single stranded RNA virus 

that infects E. coli and has a much lower UV radiation sensitivity of approximately 20 

mJ/cm
2 

per log inactivation (Chan, 2011). The increased UV dose requirement ensures 

that even the most UV resistant species are inactivated. For a complete breakdown of 

required UV doses for multiple log reductions of various spores, bacteria, protozoa, and 

viruses please refer to the review conducted by Chevrefils and Caron (2006), with 

previous contributions by Wright and Sakamoto (1999). 
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4.4 Potential Impacts on the Environment 

The risks posed by new technologies or the application of existing technologies to current 

situations must be investigated to ensure that the environment will not be degraded. 

Disinfection techniques have evolved just as the understanding of how chemical 

byproducts interact with abiotic and biotic components in the environment. Whether it is 

the use of chlorine or ozone products, to the use of flocculating agents in wastewater 

treatment plants, researchers and end users need to understand their life cycles. The 

concept of using ultraviolet radiation has been around for some time now, but the 

operating costs and the applicability of UV for the disinfection of high-suspended solids 

effluent (>30 mg/L) has hampered the wide spread application of this technology in 

situations where the effluent is currently untreated (US EPA, 1999c). This novel design 

which couples the use of UV irradiation with hydrodynamic particle breakage has been 

shown to effectively inactivate the target organism (fecal coliform) to levels required by 

Environment Canada (2008) and based on past studies, lacks the toxic byproducts such as 

those resulting from the use of chlorine or ozone (US EPA 1999a, 1999b, 1999c; Liberti, 

Notarnicola, & Petruzz, 2002). 

 

The main source of uncertainty surrounding the design is the long-term effect of 

hydrodynamic particle breakage on the environment. There are many combined sewer 

overflow outlets in place that discharge effluents into lakes, rivers, or oceans that are not 

subjected to treatments that would reduce the concentration of suspended solids or 

disinfect the wastewater. Many of these combined sewers overflows have been in place 
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for decades and the receiving environment has been modified by deposition of suspended 

sediment from these events. Climate change has and will continue to modify precipitation 

patterns and surface temperatures for the foreseeable future. Over the next 100 years, 

Canada and Southern Ontario specifically, are projected to experience more dramatic and 

severe weather events that could increase the frequency of combined sewer overflow 

events (Environment Canada, 2010b). Deposition of suspended solids and outbreaks of 

infectious pathogens are just two risks associated with these events. The use of UV 

radiation as describe in this study is sufficient for the disinfection of numerous effluents, 

though the average particle size for UV to be effective should be below ~52 μm.  

 

Floc distribution into receiving waters is primarily a function of its settling velocity, 

which is characterized by the structure of the sediment. Various characteristics, such as 

size, weight, shape, organic content, charge of a particle, and mineralogy of the sediment 

(Summer & Walling, 2002), in addition to the environmental conditions (flow, 

temperature, substrate, etc), all influence the settling velocity of a flocculated particle 

(Droppo et al., 1997). Therefore, the modification of all these particle parameters through 

the use of shear force could lead to unforeseen consequences unless more research is 

conducted into the effect that hydrodynamic particle breakage might have on the settling 

velocity of wastewater effluent. Increased downstream transport of floc particles due to a 

reduction in overall size is plausible and this could lead to increased deposition of 

sediment onto salmonid or char spawning sites. Petticrew and Arocena (2003) found that 

a modification of aquatic habitats due to the increased organic and inorganic loading 

associated with microbial flocs could be detrimental to both benthic organisms and the 
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incubation and successful hatching of fish eggs. Conducting biotic inventories both 

before and after the implementation of the apparatus would help identify the susceptible 

populations and allow researchers to understand the impact on benthic invertebrates, 

spawning sites for various fish species, and the environment as a whole. 
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CHAPTER 5: CONCLUSIONS AND RECOMMENDATIONS 

5.1 Conclusions 

This study has presented a thorough and detailed examination of the chemical and 

physical components of microbial floc from four distinct wastewater systems (combined 

sewer overflow, settled combined sewer overflow, primary effluent, and tertiary effluent). 

The comparison of these four distinct sources has provided a wide-ranging set of 

observations on the impacts this technology may have when it is applied to a broad range 

of wastewater sources. It is well recognized that wastewater effluents are not static with 

respect to their physical and chemical composition, floc concentration, and strength, 

among other characteristics. It is therefore necessary to understand the response of the 

various types of sources available throughout a variety of environments, when treated 

with hydrodynamic particle breakage.  

 

Through the use of statistical analyses it was determined that while some chemical and 

physical components significantly differed after hydrodynamic particle breakage, the 

largest change was the increase in acidic polysaccharide concentration observed in each 

source tested. It is postulated that this increase, which was observed across all sources, is 

in part a bacterial footprint as a result of a stress response to the shear force applied by 

the technology. These “footprints” may act as points of bacterial detachment from floc 

particles to aid in survival, due to a stressor. To better understand this possible 

mechanism, further research is needed to confirm or reject this postulation that the 

observed increases in acidic polysaccharides are due to bacterial detachment. 
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Additionally, if in fact bacteria are being forced to detach from flocculated particulate 

matter to survive, then it is a novel discovery that floc breakage may not be the primary 

factor in the disinfection of the wastewater effluent using ultraviolet radiation. Since 

ultraviolet disinfection was not significantly different among the various sources of 

waste, it could indicate that the bacteria were no longer shielded from the UV radiation 

within the flocs and were more susceptible to cell death as free floating organisms. If in 

fact this is the case, this discovery could improve the efficiency in other UV systems and 

provide further knowledge to better understand the physiological or stress response of 

wastewater bacterial communities. 

 

Previous research on bacterial detachment has tended to be focused on biofilms, 

providing much evidence to support the influence of nutrient deficiencies and chemical 

additives on detachment efficiency improvement. Turakhia et al. (1983) reported a 

substantial detachment of bacteria after the addition of ethylene glycol tetraacetic acid 

(EGTA), a strong chelating agent with a high affinity for calcium. In addition, when the 

calcium was removed from the biofilm, there was an observed decrease in the 

cohesiveness (Turakhia et al., 1983). Chlorine (Characklis, 1990), trypsin (Corpe, 1974), 

5% sodium hypochlorite (Costerton, Lewandowski, Caldwell, Korber, & Lappin-Scott, 

1995), and other detergent treatments (McEldowney & Fletcher, 1986) have been used in 

the past for specific detachment purposes. While it has been shown that chemical and 

nutrient properties influence the detachment of bacteria, physical processes such as shear 

removal, sloughing, or abrasion have also been examined in the past, with respect to 

biofilms (Rittmann, 1989). Shearing is the most relevant to this study as it involves the 
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continuous removal of biofilm, though it can only be used to draw parallels in 

observations as my project deals with flocculated particles and not biofilm communities. 

Biofilms and their surrounding environments can contain populations of both aerobic and 

anaerobic bacteria and the removal of large portions of biofilm through either shearing or 

sloughing can modify that community. It has been observed that modifications to the 

community structure can influence other factors such as decreasing the pH in the 

immediate area and the formation of nitrogen bubbles, both of which weaken the biofilm 

structure (Applegate & Bryers, 1991). 

 

The results of my project were inconclusive when addressing the hypothesis that the 

physical structure and chemical properties of floc influence the level of particle breakage 

observed by hydrodynamic shear force and subsequent disinfection by UV radiation. This 

was due in large part to the variation in observational data related to floc breakage using 

floc particle size comparisons before and after treatment with hydrodynamic particle 

breakage. The variation observed was not a direct result of sample composition across the 

four sources examined, but more likely due to human error and equipment malfunction. 

This prevented a thorough statistical analysis using particle breakage as a variable, as the 

results of such a test would be invalidated due the assumptions that must be met for a 

variety of statistical tests. 

 

Though the overall hypothesis is unable to be satisfactorily addressed, it was found that 

there was no difference in the level of disinfection achieved across all sources examined. 

All sources exhibited significant reductions in viable colony forming units of fecal 
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coliform after treatment with hydrodynamic particle breakage and UV irradiation, 

regardless of the level of breakage recorded. It was found that within a single source the 

disinfection kinetics were similar across samples, but when observed across all the 

sources tested, the disinfection kinetics have varying rates. 

 

5.2 Recommendations 

This study has recorded a wide variety of observations and has presented novel ideas to 

help us understand what effect physicochemical properties of wastewater flocs have on 

UV disinfection following hydrodynamic particle breakage. The following paragraphs 

provide some recommendations on the focus of future studies and the impact they could 

have on the environment and human health 

 

A primary focus of future studies should be on the deposition of newly created particles. 

Smaller particles tend to have lower settleability then larger particles and are much more 

easily disturbed and resuspended (Summer & Walling, 2002). This means that the 

distribution of sediment downstream will increase and could be a cause for concern, 

particularly for benthic invertebrates and vegetation. A modification of the habitat 

downstream of a combined sewer overflow due to increased dispersal of particulates 

could impact overall stream health and cause wide-ranging effects, from destruction of 

spawning habitat for sensitive fish species (Petticrew & Arocena, 2003) to an increase in 

sediment buildup in undesirable areas (such as river mouths). 
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Two additional opportunities that were identified but unable to be pursued during this 

project were; 1) the use of confocal laser scanning microscopy technology to determine 

the locality of EPS components and their relation to floc breakage after hydrodynamic 

particle breakage, and 2) conduct a more detailed investigation relating to whether 

bacterial detachment from floc was voluntary to protect against the stress of shear force 

or whether there was no voluntary detachment. The first opportunity was identified at the 

outset of the project, but due to logistical, availability, and equipment (repair) issues it 

was omitted from the scope of this project. Therefore it would be useful and appropriate 

to make use of confocal laser scanning microscopy (and appropriate stains) to identify 

locations of chemical components before and after hydrodynamic particle breakage. This 

would provide information that could be used to improve the understanding of the 

relationship between the strength of a floc particle and its chemical/physical composition.  

The second opportunity identified is important to investigate because if there were 

voluntary detachment then the UV disinfection efficiency would not necessarily be bound 

to the level of floc breakage achieved. The current understanding of UV disinfection is 

that a target particle must be below ~52 µm to allow for the UV light to penetrate the 

particle and destroy or inactivate the genetic material of the pathogen. If in fact this 

technology is able to achieve voluntary separation of pathogens from floc particles 

without a high level of floc breakage this could decrease the energy (UV dose) required, 

which in turn could lower energy costs through the use of a smaller UV apparatus. This 

would not solve the problem of particle shielding, but nevertheless could provide 

observations that would further enhance the understanding of floc responses to novel 

disinfection strategies. 
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The importance of wastewater disinfection is globally recognized and yet many sources 

of untreated wastewater still enter streams, rivers, and lakes numerous times per year. 

Combined sewer overflows are the main source of untreated wastewater to the 

environment and unless they are converted into separate sanitary and stormwater sewers 

the discharge of this effluent will continue (CCME, 2008). The U.S. Environmental 

Protection Agency (2004) has estimated that 770 communities release more than 3.2 

trillion litres of combined sewage to waterways annually. This leads to increased levels of 

waterborne pathogens, such as E. coli or fecal coliform (among others), which places the 

environment and human health at risk (American Society for Microbiology, 1998; US 

EPA, 2000; Curriero, Patz, Rose, & Lele, 2001; McLellan et al., 2007). The continued 

development and future implementation of this hydrodynamic particle breakage 

technology coupled with an effective UV disinfection apparatus is necessary to ensure 

that the appropriate steps are taken to minimize the risk of untreated wastewater 

discharge, especially during heavy rain events. This technology is not designed to remove 

biomass from the system, but it has demonstrated the ability to reduce the fecal coliform 

(CFU) levels to below 200 CFU/100mL at a UV dose of 50 mJ/cm
2
. In this study, floc 

breakage did not seem to be a hindrance to UV disinfection, but future studies should 

revisit the breakage of floc from a variety of environmental and engineered wastewater 

samples. If in fact future studies find that floc breakage is consistent across multiple 

sources, when hydrodynamic particle breakage is used, it could help reduce the UV dose 

required. This reduction in UV dose would translate to even more energy and cost 

savings. While this project has been successful in demonstrating the effectiveness of the 
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disinfection technology, there are other aspects of this technology, such as floc breakage 

and deposition, that require more research before it can be widely integrated.  
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 CHAPTER 7: APPENDICES 

7.1 Physicochemical Analyses 

7.1.1 Combined Sewer Overflow

Physicochemical Property 

Before HD 

Treatment 

STD 

Dev (%) 

After HD 

Treatment 

STD 

Dev (%) Difference 

Protein (mg/g TSS) 

     Sample 1 (May 17, 2011) 38.93 3.42 97.62 2.33 58.68 

Sample 2 (June 8, 2011) 57.04 2.13 41.56 5.06 -15.48 

Sample 3 (June 22, 2011) 49.61 1.27 37.17 3.81 -12.44 

Sample 4 (August 26, 2011) 25.39 2.37 16.32 1.40 -9.08 

      Humic Acid (mg/g TSS) 

     Sample 1 (May 17, 2011) 19.91 2.66 34.92 1.47 15.01 

Sample 2 (June 8, 2011) 24.48 2.57 17.11 2.33 -7.37 

Sample 3 (June 22, 2011) 28.01 1.88 21.40 0.84 -6.61 

Sample 4 (August 26, 2011) 14.44 1.95 11.10 3.30 -3.34 

      Carbohydrate (mg/g TSS) 

     Sample 1 (May 17, 2011) 3.27 4.06 0.30 0.94 -2.97 

Sample 2 (June 8, 2011) 7.59 10.46 3.77 6.88 -3.81 

Sample 3 (June 22, 2011) 5.68 11.07 4.66 8.97 -1.02 

Sample 4 (August 26, 2011) 4.51 6.48 3.90 10.64 -0.61 

      

Acidic Polysaccharide (mg/g 

TSS) 
     Sample 1 (May 17, 2011) 51.23 10.63 294.44 7.20 243.21 

Sample 2 (June 8, 2011) 14.49 12.19 33.55 5.60 19.07 

Sample 3 (June 22, 2011) 24.09 12.00 50.77 0.91 26.69 

Sample 4 (August 26, 2011) 15.35 6.90 71.39 7.51 56.05 

      

Relative Hydrophobicity (%)      

Sample 1 (May 17, 2011) 0.80  4.38  3.57 

Sample 2 (June 8, 2011) 0.34  0.40  0.06 

Sample 3 (June 22, 2011) 26.57  20.08  -6.49 

Sample 4 (August 26, 2011) 53.93  40.42  -13.51 

      

Surface Charge (meq/g TSS)      

Sample 1 (May 17, 2011) -0.246  -0.556  -0.310 

Sample 2 (June 8, 2011) -0.231  -0.250  -0.019 

Sample 3 (June 22, 2011) -0.264  -0.301  -0.037 

Sample 4 (August 26, 2011) -0.204  -0.305  -0.101 



 

 

107 

7.1.2 Settled Combined Sewer Overflow 

Physicochemical Property 

Before HD 

Treatment 

STD 

Dev (%) 

After HD 

Treatment 

STD 

Dev (%) Difference 

Protein (mg/g TSS) 

     Sample 1 (August 4, 2011) 38.73 3.22 35.71 6.03 -3.03 

Sample 2 (October 21, 2011) 40.50 3.39 37.49 3.98 -3.01 

Sample 3 (October 26, 2011) 40.02 1.64 38.28 0.49 -1.74 

      Humic Acid (mg/g TSS) 

     Sample 1 (August 4, 2011) 21.52 4.54 20.15 0.00 -1.37 

Sample 2 (October 21, 2011) 36.58 2.90 33.56 1.28 -3.02 

Sample 3 (October 26, 2011) 37.91 2.75 38.59 2.10 0.69 

      Carbohydrate (mg/g TSS) 

     Sample 1 (August 4, 2011) 4.03 2.42 1.85 9.02 -2.19 

Sample 2 (October 21, 2011) 7.13 6.83 6.83 8.21 -0.30 

Sample 3 (October 26, 2011) 8.03 1.06 6.43 10.23 -1.59 

      Acidic Polysaccharide 

(mg/g TSS) 

     Sample 1 (August 4, 2011) 18.07 9.77 46.40 12.23 28.32 

Sample 2 (October 21, 2011) 11.34 14.01 15.96 12.28 4.62 

Sample 3 (October 26, 2011) 23.70 7.63 39.21 11.87 15.51 

      Relative Hydrophobicity 

(%) 

     Sample 1 (August 4, 2011) 55.95 

 

62.45 

 

6.50 

Sample 2 (October 21, 2011) N/A N/A 

Sample 3 (October 26, 2011) 49.12 

 

49.29 

 

0.177 

      Surface Charge (meq/g 

TSS) 

     Sample 1 (August 4, 2011) -0.319 

 

-0.419 

 

-0.100 

Sample 2 (October 21, 2011) N/A N/A 

Sample 3 (October 26, 2011) -0.315 

 

-0.296 

 

0.019 
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7.1.3 Primary Effluent – Skyway WWTP 

Physicochemical Property 

Before HD 

Treatment 

STD 

Dev (%) 

After HD 

Treatment 

STD 

Dev (%) Difference 

Protein (mg/g TSS) 

     Sample 1 (October 5, 2011) 

*Lacks UV data 37.18 0.99 27.18 1.06 -10.00 

Sample 2 (February 28, 2012) 78.06 2.25 65.15 1.08 -12.90 

Sample 3 (March 6, 2012) 43.02 0.92 35.33 2.46 -7.70 

Sample 4 (March 20, 2012) 48.63 2.45 32.16 1.89 -16.45 

      Humic Acid (mg/g TSS) 

     Sample 1 (October 5, 2011) 

*Lacks UV data 23.75 1.30 20.69 1.33 -3.06 

Sample 2 (February 28, 2012) 41.79 1.11 38.97 3.04 -2.82 

Sample 3 (March 6, 2012) 33.30 0.81 25.55 1.16 -7.75 

Sample 4 (March 20, 2012) 33.65 2.52 28.31 1.27 -5.34 

      Carbohydrate (mg/g TSS) 

     Sample 1 (October 5, 2011) 

*Lacks UV data 7.64 0.95 6.49 3.50 -1.15 

Sample 2 (February 28, 2012) 8.30 6.04 8.94 6.84 0.63 

Sample 3 (March 6, 2012) 9.74 9.40 5.64 7.40 -4.10 

Sample 4 (March 20, 2012) 6.69 3.32 3.51 4.86 -3.18 

      Acidic Polysaccharide 

(mg/g TSS) 

     Sample 1 (October 5, 2011) 

*Lacks UV data 45.90 12.73 137.48 2.73 91.58 

Sample 2 (February 28, 2012) 30.83 8.82 67.56 9.86 36.73 

Sample 3 (March 6, 2012) 30.44 8.25 55.02 6.17 24.58 

Sample 4 (March 20, 2012) 39.40 5.74 84.55 11.32 45.15 

Relative Hydrophobicity 

(%) 

     Sample 1 (October 5, 2011) 

*Lacks UV data 31.48 

 

38.21 

 

6.73 

Sample 2 (February 28, 2012) 37.18 

 

45.36 

 

8.18 

Sample 3 (March 6, 2012) 35.84 

 

33.48 

 

-2.36 

Sample 4 (March 20, 2012) 34.55 

 

37.89 

 

3.33 
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Surface Charge (meq/g 

TSS) 

Sample 1 (October 5, 2011) 

*Lacks UV data -1.150 

 

-0.828 

 

0.322 

Sample 2 (February 28, 2012) -0.398 

 

-0.526 

 

-0.127 

Sample 3 (March 6, 2012) -0.527 

 

-0.750 

 

-0.223 

Sample 4 (March 20, 2012) -0.188 

 

-0.680 

 

-0.492 
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7.1.4 Final Effluent – Woodward Ave WWTP 

Physicochemical Property 

Before HD 

Treatment 

STD 

Dev (%) 

After HD 

Treatment 

STD 

Dev (%) Difference 

Protein (mg/g TSS) 

     Sample 1 (February 7, 2012) 55.57 13.85 43.70 4.59 -11.87 

Sample 2 (February 14, 2012) 58.30 3.51 70.62 9.71 12.32 

Sample 3 (February 21, 2012) 69.17 2.39 65.11 2.05 -4.06 

      Humic Acid (mg/g TSS) 

     Sample 1 (February 7, 2012) 33.50 8.38 209.34 9.55 175.83 

Sample 2 (February 14, 2012) -2.56 3.10 8.54 7.05 11.10 

Sample 3 (February 21, 2012) 38.93 2.52 41.48 3.08 2.55 

      Carbohydrate (mg/g TSS) 

     Sample 1 (February 7, 2012) 6.32 7.61 2.75 27.72 -3.57 

Sample 2 (February 14, 2012) 7.34 20.36 2.15 11.71 -5.19 

Sample 3 (February 21, 2012) 12.95 26.45 -0.15 2.62 -13.11 

      Acidic Polysaccharide 

(mg/g TSS) 

     Sample 1 (February 7, 2012) 11.08 12.26 25.67 9.92 14.59 

Sample 2 (February 14, 2012) 27.93 6.56 66.22 5.66 38.29 

Sample 3 (February 21, 2012) 12.09 19.66 27.58 16.33 15.49 

      

Relative Hydrophobicity 

(%) 
     Sample 1 (February 7, 2012) 37.56  30.21  -7.36 

Sample 2 (February 14, 2012) 32.95  35.14  2.19 

Sample 3 (February 21, 2012) 32.39  40.92  8.53 

      

Surface Charge (meq/g 

TSS)      

Sample 1 (February 7, 2012) -0.457  -0.880  -0.422 

Sample 2 (February 14, 2012) -0.752  -1.420  -0.668 

Sample 3 (February 21, 2012) -0.714  -1.184  -0.470 
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7.2 Statistical Analyses  

ANOVA 
 

   
Protein 

    

                                                                                             Type 3 Tests of Fixed Effects 

 
 

                                                                                                      Num      Den 

                                                                             Effect           DF         DF         F Value          Pr > F 

 
                                                                                  source            3           18             3.61             0.0335 

                                                                              trt               1            18             1.70             0.2086 

                                                                           source*trt      3            18             0.30             0.8221 

 
       

          

 
Humic Acid 

    

                                                                                                   Type 3 Tests of Fixed Effects 

 
 

                                                                                                      Num     Den 

                                                                              Effect          DF        DF          F Value          Pr > F 

 
                                                                                   source           3          18             1.41             0.2713 

                                                                               trt               1          18             0.00             0.9890 

                                                                           source*trt      3           18             0.21             0.8850 

        
 

 

 

 

 

 
Carbohydrate 

    

                                                                                                   Type 3 Tests of Fixed Effects 

 
 

                                                                                                      Num     Den 

                                                                              Effect          DF        DF          F Value          Pr > F 

 
                                                                                   source           3          20             2.42              0.0959 

                                                                              trt                1          20            14.43             0.0011 

                                                                            source*trt      3          20             2.47              0.0919 
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Acidic 

Polysaccharides 
    

                                                                                                   Type 3 Tests of Fixed Effects 

 
 

                                                                                                      Num     Den 

                                                                             Effect            DF       DF          F Value           Pr > F 

 
                               source           3          18              5.22              0.0091 

                           trt               1          18             16.10             0.0008 

                        source*trt      3         18               1.01              0.4132 

 

 
         

 

Surface Charge 

    

                                         Type 3 Tests of Fixed Effects 

 
 

                                             Num     Den 

                       Effect         DF       DF           F Value           Pr > F 

 
                            source          3      18                10.84             0.0003 

                        trt              1      18                 5.32              0.0332 

                     source*trt     3      18                 1.47              0.2556 

        

           Relative Hydrophobicity 

    

                                         Type 3 Tests of Fixed Effects 

 
 

                                              Num     Den 

                       Effect          DF      DF           F Value           Pr > F 

 
                            source          3      14                 6.13               0.0070 

                        trt              1      14                 0.01               0.9120 

                     source*trt     3      14                0.78                0.5244 
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T - tests 

 

Protein       

 

Control Mean Std Err (Ctrl) Treatment Mean Std Err (Trt) Difference (Trt - ctrl) p > |t| 

All sources combined 49.3264 3.9512 41.9823 4.3925 -7.3441 0.2259 

CSO 44.0167 

 

31.6835 

 

-12.3332 0.0218 

Settled CSO 39.7512 0.5271 37.1587 0.7613 -2.5925 0.0488 

Primary 51.7242 9.0831 39.9539 8.5659 -11.7704 0.3822 

Final 61.0142 4.1532 59.8094 8.2084 -1.2048 0.9021 

       

       Carbohydrate 

      

 

Control Mean Std Err (Ctrl) Treatment Mean Std Err (Trt) Difference (Trt - ctrl) p > |t| 

All sources combined 7.0888 0.6533 4.0769 0.697 -3.0119 0.004 

CSO 5.2634 0.9177 3.1584 0.9723 -2.105 0.1665 

Settled CSO 6.3974 1.2098 5.0377 1.6005 -1.3596 0.5351 

Primary 8.0946 0.641 6.1449 1.1219 -1.9497 0.1821 

Final 8.8728 2.0614 1.5834 0.8853 -7.2894 0.0314 

       

       Humic Acid 

      

 

Control Mean Std Err (Ctrl) Treatment Mean Std Err (Trt) Difference (Trt - ctrl) p > |t| 

All sources combined 27.0539 3.383 26.182 2.9934 -0.8719 0.8486 

CSO 21.7081 2.9363 21.1309 5.0585 -0.5773 0.9246 

Settled CSO 32.0041 5.2537 30.7694 5.5033 -1.2348 0.8789 

Primary 33.1207 3.6878 28.3792 3.8651 -4.7414 0.4089 

Final 18.1863 

 

25.0089 

 

6.8226 0.3564 
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Acidic Polysaccharides 

      

 

Control Mean Std Err (Ctrl) Treatment Mean Std Err (Trt) Difference (Trt - ctrl) p > |t| 

All sources combined 23.4387 3.0862 55.4905 8.8298 32.0518 0.0038 

CSO 17.9729 

 

51.9076 

 

33.9347 0.0949 

Settled CSO 17.7049 3.5719 33.8561 9.1834 16.1512 0.1765 

Primary 36.6429 3.7146 86.1529 18.1486 49.51 0.0693 

Final 17.0328 5.4545 39.8247 13.208 22.7919 0.186 

       

       Surface Charge 

      

 

Control Mean Std Err (Ctrl) Treatment Mean Std Err (Trt) Difference (Trt - ctrl) p > |t| 

All sources -0.4436 0.0779 -0.6457 0.1005 -0.2021 0.1252 

CSO -0.2364 0.0128 -0.3529 0.0687 -0.1165 0.1882 

Settled CSO -0.3169 0.00179 -0.3576 0.0611 -0.0407 0.6259 

Primary -0.566 0.2068 -0.6959 0.0642 -0.1299 0.5706 

Final -0.641 0.0925 -1.1612 0.1563 -0.5202 0.0458 

       

       Relative 

Hydrophobicity 

      

 

Control Mean Std Err (Ctrl) Treatment Mean Std Err (Trt) Difference (Trt - ctrl) p > |t| 

All sources 38.8651 2.9212 39.4044 3.279 0.5393 0.9035 

CSO 40.2495 13.68 30.251 10.1723 -9.9985 0.6169 

Settled CSO 52.5306 3.4146 55.8714 6.5784 3.3408 0.6963 

Primary 34.7627 1.2192 38.734 2.4564 3.9714 0.1977 

Final 34.3017 1.6393 35.4227 3.0962 1.1209 0.765 
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Summary of whether there was any significant difference between the 

 4 sample sources (CSO, settled CSO, primary, and final effluent) 

*The data used for this analysis was not the before and after treatment values, but instead my calculations of the difference* 

 

F Value Pr > F 

 

Type 1 Error rate set at 5% 

  Protein 2.71 0.1076 

       Carbohydrate 3.17 0.0722 

       Humic Acid 1.37 0.3138 

       Acidic 

Polysaccahrides 
1.69 

0.2374 

       Surface Charge 2.77 0.1028 

       Relative 

Hydrophobicity 2.8 0.1183 

       

          
Contrast statements were used to determine if there were significant differences between certain sample types,  

only those variables with a model p value of <= 0.05 are included. 

          Humic Acid 

    
Relative Hydrophobicity 

 Model Contrasts 

 

Model Contrasts 

 F Value Pr > F F Value Pr > F 

 

F Value Pr > F F Value Pr > F 

 6.91 0.0225 

   

4.98 0.0455 

   CSO's vs. effluent's 3.13 0.1273 

 

CSO's vs. effluent's 6.71 0.0411 

 CSO's vs. Primary 0.87 0.3874 

 

CSO's vs. Primary 4.9 0.0688 

 CSO's vs. Final 11.99 0.0134 

 

CSO's vs. Final 4.63 0.075 

 CSO vs. Effluent's 5.27 0.0615 

 

CSO vs. Effluent's 14.38 0.0091 

 CSO vs. Final 13.93 0.0097 

 

CSO vs. Final 10.84 0.0166 

 CSO vs. Primary 0.01 0.9347 

 

CSO vs. Primary 11.96 0.0135 
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Settled CSO vs. Effluent's 0.28 0.6169 

 

Settled CSO vs. Effluent's 0.12 0.7437 

 Settled CSO vs. Final 5.14 0.064 

 

Settled CSO vs. Final 0.19 0.6803 

 Settled CSO vs. Primary 2.58 0.1592 

 

Settled CSO vs. Primary 0.02 0.8811 

 

                     Partial Correlation Coefficients from the Error SSCP Matrix / Prob > |r| 

  
 

           DF = 6        protein           humic           carb            poly                  SC                    RH 

 
 

     
 

     protein      1.000000       

   
 

                                   

    
 

   
 

    
As you can see to the left, though there seems to be 

correlations in the differences before and after 

treatment, only carbohydrate and humic acid are 

significant correlations 

   humic        0.650288      1.000000       

             .   0.1138 

     
 

       carb         0.675134      0.936263      1.000000      

                        0.0961          0.0019                      

    
 

           poly         0.300568      0.571317      0.392006      1.000000      

                          0.5125          0.1803           0.3844                      

   
 

           SC           0.056391      0.091090      0.061639      0.535573      1.000000       

                       0.9044          0.8460           0.8956          0.2154                      

  
 

           RH          -0.584341     -0.146891     -0.012589      0.133378      0.366536      1.000000 

                        0.1683           0.7533           0.9786          0.7756          0.4187 
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    MANOVA Test Criteria and F Approximations for the Hypothesis of No Overall source Effect 

                              H = Type III SSCP Matrix for source 

                                         E = Error SSCP Matrix 

    
 

                                               S=3    M=1    N=-0.5 

     
 

                 Statistic                        Value    F Value    Num DF    Den DF    Pr > F 

 

 
 

              Wilks' Lambda                 0.000003      16.80        18    3.3137    0.0142 

 This indicates that the model is significant so the particular contrasts that are also 

significant are indicated below. 

    

                                MANOVA Test Criteria and Exact F Statistics for the 

                          Hypothesis of No Overall CSO's vs. Effluent's Effect 

           Statistic                        Value            F Value    Num DF    Den DF    Pr > F 

          Wilks' Lambda                0.0001068    1560.69         6         1    0.0194 

                           Hypothesis of No Overall CSO's vs. Final Effluent Effect 

          Statistic                        Value            F Value    Num DF    Den DF    Pr > F 

          Wilks' Lambda                 0.000042      3927.73         6         1    0.0122 

                          Hypothesis of No Overall CSO vs. Effluent's Effect 

           Statistic                        Value            F Value    Num DF    Den DF    Pr > F 

          Wilks' Lambda                 0.000071    2354.89         6         1    0.0158 

                           Hypothesis of No Overall CSO vs. Final Effluent Effect 

           Statistic                        Value            F Value    Num DF    Den DF    Pr > F 

          Wilks' Lambda                 0.000036    4675.97         6         1    0.0112 

                          Hypothesis of No Overall Settled CSO vs. Final Effluent Effect 

          Statistic                        Value            F Value    Num DF    Den DF    Pr > F 

          Wilks' Lambda                0.0001033    1613.73         6         1    0.0191 

                          Hypothesis of No Overall Settled CSO vs. Primary Effluent Effect 

         Statistic                        Value            F Value    Num DF    Den DF    Pr > F 

          Wilks' Lambda                0.0004802     346.90         6         1    0.0411 

 

  If the p value is <= 0.05 then it can be said that there are significant differences  

between the sources listed in the contrast statement, identified by the orange 

colour 

     


