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ABSTRACT

FATE MECHANISMS AND REMOVAL OF

TETRABROMOBISPHENOL-A

(2,2’,6,6’-TETRABROMO-4,4’-ISOPROPYLIDENEDIPHENOL) IN

THE ACTIVATED SLUDGE PROCESS

Christopher Michael Potvin Advisor:
University of Guelph, 2012 Professor Hongde Zhou

A novel method for determination of tetrabromobisphenol-A (TBBPA), was de-

veloped using gas chromatography-negative ion chemical ionization-mass spectrom-

etry (GC-NCI-MS). Samples of municipal wastewater treatment plant (WWTP)

influent were analyzed for TBBPA. Levels ranged from 1 to 41 ng L−1, with an

average of 20 ± 14 ng L−1. Matrix effects were shown to be 30 ± 17 % in the

influent and -30 ± 11 % in membrane permeate. The method limit of quantitation

was 0.1 ng L−1 TBBPA.

Sorption of TBBPA to fresh mixed-liquor suspended solids (MLSS) from a

membrane bioreactor (MBR) were studied. In a kinetic study, sorption was found

to be essentially complete after 12 hours of exposure to MLSS. Log Koc and log

Kd were measured at 4.7 ± 0.8 and 1.9 ± 0.8 respectively (n = 22). These values

were much higher than modelled estimates based on Kow (p ≥ 0.05), and higher



than modelled estimates based on Kow and pKa (p ≥ 0.05). Data was successfully

modelled using the Freundlich isotherm, having a Kf value of 8.5 and an n value of

1.7. TBBPA adsorbed to borosilicate glassware, with a wall-loss coefficient (Kw)

of 0.15 ± 0.1 (n ≥ 3).

TBBPA levels in WWTP influent varied from 13 to 29 ng L−1 while effluent

concentrations varied from 0 to 2.2 ng L−1 over the same period. Three pilot-scale

membrane bioreactors (MBRs) removed less TBBPA during the same time period,

though MBR removal was also significant (p ≥ 0.05). Increasing MBR sludge

residence time (SRT) increased removal at the 86 % confidence interval (p = 0.14).

A nitrifying MABR was shown to remove TBBPA significantly when spiked with

ammonia and TBBPA (p ≥ 0.05), showing that nitrifying bacteria can degrade

TBBPA. An MABR hollow fibre was found to adsorb TBBPA.

Various soluble microbial products (SMP) were studied from MBRs fed munici-

pal influent. Using current measurement practices, SMP were shown to be sensitive

to matrix effects. Use of the standard addition technique (SA) can compensate for

this. Measurements using SA showed SMP degrades rapidly during storage in the

fridge and due to freezing. SA was also used to compare commonly used SMP

extraction techniques, and showed that extraction method influences recovery.



”Do not remember the former things, nor consider the things of old.

Behold, I shall do a new thing; now it shall spring forth; shall you not

know it? I shall even make a road in the wilderness and rivers in the

desert” - Isaiah 43:18-19
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Chapter 1

Introduction

Since the industrial revolution, ever-increasing numbers of man-made chemicals

are being found in water and wastewater. Among these chemicals are endocrine

disrupting compounds (EDCs), named for their influence on the normal functioning

of endocrine systems of a wide range of living creatures. The synthetic pesticide

dichlorodiphenyltrichloroethane (named by the International Union of Pure and

Applied Chemistry (IUPAC) as 1,1,1-trichloro-2,2-di(4-chlorophenyl)ethane), com-

monly known as DDT is a well-known example of an EDC due to its harmful effects

on bird progeny. Its widespread use and associated dangers were first brought to

the public eye by Rachel Carson in 1962, who perhaps unknowingly spurred an

entire movement of environmental activism.

The endocrine system is fundamentally important to multicellular organisms

to regulate and integrate the functionality of cells. This system consists of hor-

mones, glands that produce these hormones, and hormone receptors in tissues and

organs. Hormones act something like chemical messengers. They are transported

throughout the body, until they contact compatible receptors in or on cell surfaces.

When receptors and hormones bind, changes are effected through the production

of a protein, or by turning on genes that will produce a new protein. Reactions to
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these proteins or genes being turned on happen throughout the body. In this way,

the endocrine system regulates biological processes. If hormones do not contact

receptors, they are eventually filtered out by the liver and kidneys and excreted

from the body. Growth, reproduction, maintenance, homeostasis and metabolism

are all controlled by the endocrine system throughout the lifespan of an organism

(EDSTAC, 1998).

Receptors in target cells are very sensitive to natural hormones. Unfortunately,

these receptors are also very sensitive to EDCs, which can bind with natural

receptors in the same way that hormones would. The types of interactions between

EDCs and receptors in the body are varied. EDCs can interact in varying ways with

hormone receptors, and can enhance, inhibit, or mimic hormone related processes

(USEPA, 1997; EDSTAC, 1998). Endocrine disruption (ED) is not limited to this

alone however, and can include a wide range of other mechanisms (Birkett and

Lester, 2002).

Many definitions of EDCs have been proposed over the last 30 years. One

that is often referenced was developed by the European Commission (1996), and

is as follows: ”An endocrine disrupter is an exogenous substance that causes

adverse health effects in an intact organism, or its progeny, subsequent to changes

in endocrine function.” Many compounds currently defined as EDCs were once

referred to as organic micropollutants (OMPs). Since the inception of the concept

of ED, our knowledge of EDCs has increased, along with the number of chemicals

that figure on this list (Birkett and Lester, 2002).

Brominated flame retardants (BFRs) are a particular type of EDC that have

been the topic of growing research in the last twenty years. They are used in

many applications, including circuitry, textiles and building materials due to their
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ability to prevent fires (De Wit, 2002). These substances are not only endocrine

disrupting but persistent in the environment, and lipophilic (De Wit, 2002). Vast

quantities of brominated flame retardants are produced annually for use in man-

ufactured products. They are thought to enter the environment mainly through

incineration and leaching from waste disposal sites. BFRs are now ubiquitous in

the environment and have been detected in foodstuffs of all origins including dairy

products, meat, eggs, breast milk, human blood, human tissue, and even umbilical

cord serum (De Wit, 2002; Jakobsson et al., 2002; Darnerud, 2003; Thomsen et al.,

2005; Zalko et al., 2007; Cariou et al., 2008).

The three most widely produced types of BFRs are: hexabromocyclododecane

(HBCD); polybrominated diphenyl ethers (PBDEs); and tetrabromobisphenol A

(TBBPA). Some BFRs have already been banned by the European Union (Alaee

et al., 2003). Others, like TBBPA are still not legislated. TBBPA is the most

widely produced BFR in the world, with an annual production of over 210 000

tonnes yr−1 (Alaee et al., 2003).

Motivated perhaps in part by their persistence and ability for endocrine dis-

ruption, BFRs have received particular attention from researchers in wastewater

treatment. Most studies to date have been on PBDEs, which are found almost en-

tirely in the solid phase (see Covaci et al., 2003). Comparatively little work has been

done on TBBPA, which has the potential for much higher concentrations in water

and wastewater due to higher solubility (Kuramochi et al., 2008). In fact, there is

to date no significant research on the presence of dissolved TBBPA in wastewater

influent, effluent or its biological transformation in wastewater treatment plants

(WWTPs). Indeed, even the extent of TBBPA partitioning to wastewater sludge

is currently unknown for TBBPA. Work in this area will likely have a very positive
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impact on understanding the behaviour of TBBPA in wastewater treatment, and

may act as a point of reference for estimating its introduction into the environment

by WWTPs.

WWTPs release a number of chemical and biological substances into the greater

environment. WWTPs are potentially a significant source of EDCs that are not

removed by the activated sludge process. They have already been shown to be

an important source of organic matter referred to as soluble microbial products

(SMP). SMP are a diverse mixture of soluble organic compounds found throughout

the activated sludge process. Their chemical composition is complex and there is

to date no standard method by which to extract or measure them. SMP can

be categorized into proteins, carbohydrates, polysaccharides, lipids, nucleic acids,

humic substances and others (Namkung and Rittmann, 1986). An important aspect

of their presence in wastewater is that SMP represent a significant source of soluble

organic material emitted from WWTP effluents. Proper measurement of SMP

is therefore important in order to achieving organic discharge limits (Barker and

Stuckey, 1999). SMP have also been shown to play a critical role in gravity settling

of activated sludge processes (Liu and Fang, 2003), and recently in membrane

fouling of MBRs (Meng et al., 2006).

Most analytical approaches to SMP measurement involve extraction from wastew-

ater and then quantitation. Many studies have compared different chemical and

physical extraction techniques (i.e. Rosenberger et al., 2005; Comte et al., 2006,

2007; Park and Novak, 2007). Little information is currently available on proper

storage of SMP extracts before analysis, though some have indicated that 1 to 14

days is acceptable (Rosenberger et al., 2005). Degradation of SMPs is thought to

occur, but at a very slow rate (Laspidou and Rittmann, 2002; Grady et al., 2011).
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It is generally thought that different extraction techniques could result in different

results, which makes comparisons between studies quite difficult (Rosenberger

et al., 2005; Satyawali and Balakrishnan, 2009).

In addition to discrepancies based on extraction techniques, little information

is available on the influence of the activated sludge matrix on SMP analysis. Given

the host of natural and anthropogenic chemicals present in activated sludge, it

seems matrix effects could play an important role. In addition to matrix effects,

degradation during sample storage needs to be examined. There exists no standard

method for storage of SMP samples, though there is potential for chemical and

biological degradation.

Originally, the purpose in measuring SMPs in the present study was to corre-

late the concentration of SMP to the concentration of adsorbed TBBPA. Similar

research has been performed by Holbrook et al. (2004) for concentrations of polysac-

charides and total organic carbon versus concentrations of estrogens. However,

during development of the method for SMP measurement, it became obvious that

SMPs degraded quite rapidly. This was quite contrary to popular belief (see

Laspidou and Rittmann, 2002; Grady et al., 2011, and others). In fact, significant

degradation of SMP likely happens during the time it takes to sample and analyze

for it. For this reason, it was obvious that it would be difficult to reliably correlate

concentrations of TBBPA and SMP. This would be due to the rapidly declining

concentrations of SMPs versus the relatively constant concentration of TBBPA.
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1.1 Objectives

This body of work encompasses four separate areas. The first study describes

a method developed to measure aqueous phase TBBPA at environmental con-

centrations. A second study uses this method to measure sorption of TBBPA to

WWTP sludge. Thirdly, the removal of TBBPA from a WWTP is examined, along

with removal from a nitrifying reactor. Fourthly, and finally, a novel approach for

measurement of SMP in wastewater is presented. This method is used to examine

matrix effects, extraction, biodegradation, and storage practices of SMP. Each area

of study meets concrete objectives set out at the beginning of the research. These

objectives include the following:

1. To develop a method of measurement sensitive enough for TBBPA quan-

titation at environmental levels in wastewater treatment processes. To de-

termined Matrix effects in influent and effluent from a WWTP in order to

qualify the method as appropriate for wastewater. Additionally, to measure

the influent levels of TBBPA in a municipal WWTP. Finally, to determine

detection, method detection, and practical quantitation limits for the method

using Standard Methods (APHA, 2005);

2. To determine sorption kinetics of TBBPA to MLSS taken from a municipal

WWTP operating at steady-state. To determine sorption coefficients for

TBBPA to MLSS normalized to organic carbon (Koc) and solids (Kd) exper-

imentally. To compare these measured values to estimated values based on

current models. Finally, to determine the extent of adsorption of TBBPA to

laboratory glassware and account for this in the estimated sorption coefficient;

6



3. To determine removal of TBBPA by a municipal CAS equipped with tertiary

treatment. To determine removal of TBBPA by a pilot scale ultrafiltration

MBR. To identify major mechanisms for removal of TBBPA from the ac-

tivated sludge matrix, as found in these reactors. To ensure all reactors

were operating at steady-state during study of removal. To determine if

significant adsorption of TBBPA would occur to hydrophobic hollow fibres

used in membrane applications. Additionally, to examine the possible impact

of sludge retention time (SRT), and nitrification on TBBPA removal;

4. To develop a technique to measure SMP that would identify any matrix

effects. To determine the suitability of SMP for possible correlation between

concentrations of TBBPA and SMPs. To determine the effects of current

SMP extraction techniques on recovery of SMP from MLSS. To determine

the effects of storage techniques on the recovery of SMP.

A more general objective of this thesis was to measure the presence of TBBPA

in wastewater treatment plants, and to develop a better understanding of its

fate. Method development for its measurement at environmental concentrations

emphasized matrix effects. Mechanisms of removal were studied, with particular

attention given to adsorption kinetics, equilibrium, and biotransformation.

1.2 Organization

This thesis is organized in manuscript format according to the University Guelph

2007-2008 Graduate Calendar ”Thesis Format” section. Following this format,

Chapter 1 serves a an overarching introduction to the research covered by the
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thesis. Chapters 2 through 5 are written as completely separate articles. For

this reason there is some repetition of methodology, quality assurance / quality

control, and tables of wastewater characteristics. These chapters are meant to be

submitted to scientific peer-reviewed journals individually. Chapter 6 serves as

an overarching conclusion that emphasizes the contributions made by this work

to the field of engineering as well as recommendations for future work. Chapter

5 has already been published by the peer-reviewed scientific journal Chemosphere

(doi:10.1016/j.chemosphere.2011.07.057), with co-author Professor Hongde Zhou.

Chapters 2 to 4 are in preparation for submission.
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Chapter 2

Rapid Measurement of TBBPA in

Wastewater

2.1 Introduction

Over the last decade, research on the subject of brominated flame retardants

(BFRs) has gained steady momentum from around the world. Most of current BFR

production is focused on polybrominated diphenyl ethers, hexabromododecane, and

tetrabromobisphenol A (2,2’,6,6’-Tetrabromo-4,4’-isopropylidenediphenol), commonly

referred to as TBBPA. Of the three major types, TBBPA is the most widely

produced, with an annual production of 210 000 tonnes. Most of this is used

as a reactive intermediate in production of epoxy and polycarbonate resins. The

main use of this epoxy is in printed circuit boards, which can contain as much as 20

% bromine (w/w) (Alaee et al., 2003). TBBPA is a highly effective flame retardant

in part because it can be covalently bonded by cross-linking into plastics. This

reduces the likelihood of leaching out during high temperature use (Frederiksen

9



et al., 2007). A molecular diagram of TBBPA can be seen in Fig. 2.1.
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Figure 2. Molecular structures, chemical names, and CAS-numbers of representatives for the 

group of BFRs (suggested by Anderson et al. 2006).  

 

 
2.2. Properties, production, and environmental occurrence of the selected 
BFRs 
 

BDE 28 is a tribrominated diphenyl ether, which is present in the commercial 

pentaBDE-mix (Bromkal DE-70), although in very low concentrations (Sjödin 

et al. 1998; Korytar et al. 2005). The BDEs in highest concentrations in a batch 

of Bromkal DE-70 (Great Lakes Chemical Corp., Indianapolis, IN, USA) were 

BDE 47 and BDE 99, which accounted for 35 and 37% of the mass, 

respectively; the corresponding mass of BDE 28 was only 0.11% (Sjödin et al. 

1998). Despite the low concentration in the commercial product, BDE 28 is 

ubiquitously found in the environment and has been detected in sewage sludge, 

Zebra mussels, fish, and in humans (Knoth et al. 2007; Binelli et al. 2008; 

Covaci et al. 2008; Sjödin et al. 2008; Jiao et al. 2009). The mean concentration 

Figure 2.1: Molecular Diagram of Tetrabromobisphenol A

2.1.1 Legislation of TBBPA

Although its production and use are not yet legislated in Canada or in the European

Union, there has been increasing concern over its effects on wildlife and humans

(Johnson-Restrepo et al., 2008; Law et al., 2006; Van der Ven et al., 2008; Lee

and Peart, 2002). TBBPA has recently been added by the U.S. Environmental

Protection Agency (USEPA) to the Emergency Planning and Community Right-

to-Know Section 313 toxic chemicals list (USEPA, 2010). In the particular case

of TBBPA, figuring on this list means that certain facilities that manufacture,

process, or use it must report the annual quantities entering into each environmental

medium. Furthermore, such facilities must also report their pollution prevention

and recycling data for compounds included on this list (USEPA, 2001). After an

exhaustive search by the author, this appears to be the first instance of legislation

regarding TBBPA anywhere in the world.

In Canada, there is currently no legislation governing the use of TBBPA, though

its use is currently under study by Environment Canada under a program named

the Screening Assessment Pilot Project (SAPP) (Roy, 2011). This pilot project is
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in response to TBBPA being listed on the Domestic Substances List, which requires

the Minister of the Environment and the Minister of Health to ”categorize” and if

necessary conduct screening assessments on it (Environment Canada, 2011). Other

BFRs such as decabromobiphenyl ether for example, have been banned in Europe

since 2006 (BSEF, 2006; Alaee et al., 2003).

2.1.2 A Brief Survey of TBBPA Toxicology

Potential dangers associated with compounds towards the environment, or towards

the human species can often be identified through toxicology studies. There have

been over 100 peer reviewed studies focusing on toxicological aspects of TBBPA

published in the last 15 years. Some of these have had varied, and even conflicting

results (Schauer et al., 2006; Kitamura et al., 2002).

A series of studies on TBBPA and its derivates were reported on by the World

Health Organization (WHO) in 1995. These studies looked at bioconcentration,

depuration, toxicity, and other measurable effects TBBPA had on humans, rats,

other mammals, and fish (IPCS, 1995).

Bioconcentration can be described as the ”extent to which pollutants concen-

trate from water into aquatic organisms such as fish.” A bioconcentration factor

is then the ratio of concentration in the organism divided by the environmental

concentration (Chiou, 2002). Bioaccumulation studies showed TBBPA to have

a bioconcentration factor of 20 to 3200 in the invertebrate midge Chironomous

tentans (IPCS, 1995).

An often-cited figure used to describe the rate at which a chemical is eliminated

from an organism is the depuration rate. For both fathead minnows (Pimephalus
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promelas), and eastern oysters (Crassostrea virginica) exposed to TBBPA, less

than 5 days were required for complete depuration (IPCS, 1995).

The major route of exposure of TBBPA to the public is expected to be through

consumption of food and drink (IPCS, 1995). It’s likely for this reason that many

studies focus on oral ingestion. Over the past two decades, many toxicological stud-

ies have been performed on TBBPA. Schauer et al. (2006) for example examined

toxicokinetics of TBBPA ingested by rats and humans. Their data suggested that

TBBPA had low systemic bioavailability, as very little of it was absorbed by the

intestines. These results confirm ones made by the IPCS (1995) study. However,

Hakk et al. (2000) showed different results after tracking digestion of radio-labelled

TBBPA through conventional and bile-duct cannulated rats. They showed that

over 90% of the ingested TBBPA is absorbed by rats through the gastrointestinal

tract.

Several recent studies have shown TBBPA to induce strong thyroidal, estrogenic

and other endocrine effects. One study exposed in vitro cell lines to TBBPA.

Results suggested endocrine disruption through anti-thyroidal effects (Kitamura

et al., 2005; Sun et al., 2009). In addition to evidence of in vitro thyroidal effects,

TBBPA is known to be an estrogen mimic. This has proven to interfere with

normal development in certain mammals and fish (Kitamura et al., 2002; Hamers

et al., 2006; Kuiper et al., 2007; Nyholm et al., 2008). Endocrine disruption due

to TBBPA in rats was also confirmed by Van der Ven et al. (2008), who noted a

host of symptoms related to TBBPA exposure, including gonad weight and pup

mortality. Another study investigated the effect that aqueous TBBPA had on

zebrafish (Danio rerio) embyros. Due to TBBPA exposure, embryos showed signs

of significantly impaired development and viability (Mccormick et al., 2010).
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2.1.3 Properties of TBBPA

TBBPA has been known as an emerging contaminant for over a decade (i.e. New-

man et al., 2002). It is an endocrine disrupter (Kitamura et al., 2002; Hamers et al.,

2006; Kuiper et al., 2007; Nyholm et al., 2008; Darnerud, 2008; Van der Ven et al.,

2008), highly lipophilic (Kuramochi et al., 2008), and persistent (Strack et al., 2007)

with potential to bioaccumulate (WHO, 1997). TBBPA is non-volatile (Covaci and

Dirtu, 2008), and degrades very slowly photochemically (Eriksson et al., 2004). In

addition to toxicological data, physicochemical characteristics of TBBPA have been

known for some time. The solubility of TBBPA in water is 4.15 mg L−1 at a pH

of 7.56, and it has duel pKa values of 6.79 and 7.06. TBBPA has an overall log

octanol-water coefficient of 4.75 at a pH of 7.56 (Kuramochi et al., 2008). The

molecular weight of TBBPA is 543.9 g mol−1.

2.1.4 TBBPA in the Environment

TBBPA is manufactured at production facilities around the world, and is trans-

ported to other sites to be integrated into the polymer matrices of products. These

products are used for a period of time and then landfilled at the end of their

useful lifetime. However, TBBPA is not found uniquely in production and landfill

facilities. It has in fact been found in many mediums, having been measured in

water, air, soil, sediment, landfill leachate, and sewage sludge. TBBPA is in fact

ubiquitous in the environment, having even been discovered bound to dust particles

in air sampled in the Canadian Artic (de Wit et al., 2006).

Not only has TBBPA been discovered in quantities in the greater environment,

it has also been found in human blood, breast milk, tissue (Jakobsson et al., 2002;
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Thomsen et al., 2005), and even in the maternal cord serum of human babies

(Cariou et al., 2008; Zalko et al., 2007). A recent study by Van der Ven et al.

(2008) stressed that TBBPA-induced endocrine disruption started at a very low

dose. Coupled with the fact that it is being found at measurable levels in humans,

they concluded that TBBPA may be a matter of concern to human health.

TBBPA has been shown to be present in wastewater collection and treatment

systems in significant quantities across the globe. It is important to identify means

of introduction in order to eventually reduce these levels. Lee and Peart (2002)

lists probable routes of introduction to wastewater treatment as wastewaters from

textile, furniture, toy, and circuit board industries. Another contributing avenue

for TBBPA to enter WWTPs (WWTPs) is from landfill leachate. Plastics sent to

landfill have been shown to leach high concentrations of BFRs, including PBDEs

and TBBPA (Osako et al., 2004; Law et al., 2006). Raw leachates analyzed by

Suzuki and Hasegawa (2006) and Osako et al. (2004) were found to have levels of

TBBPA as high as 620 ng L−1 and 540 ng L−1 respectively.

TBBPA has been shown to leach out of plastics into water under laboratory

conditions. Rates of leaching and equilibrium concentrations have been shown to

be influenced by a number of factors. Final concentration of TBBPA, as well as

the rate at which it leached out of plastics depended significantly on constituents

in the receiving water. In particular, levels of humics and dissolved organic carbon

were shown to have a significant effect (Chiou, 2002).
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2.1.5 Measurement of TBBPA in Wastewater Treatment

Plants

Benefits of Quantifying TBBPA in the Solid Phase - Several methods have been

developed recently in order to quantify adsorbed TBBPA in sewage sludge (i.e.

Oberg et al., 2002; Chu et al., 2005; Lee and Peart, 2002; Saint-Louis and Pelletier,

2004). There are several advantages to working with the solid phase that are not

present in measuring the aqueous phase. Firstly, dewatered sludge is easily stored

by freezing (i.e. Saint-Louis and Pelletier, 2004; Chu et al., 2005; Gerecke et al.,

2006; Radjenovic et al., 2009), lyophilization (i.e. Hörsing et al., 2011), or air drying

(i.e. Ternes et al., 2004), which is a significant advantage to method development.

These methods of storage preclude significant biodegradation of the target analyte.

Furthermore, storage enables repeat measurement of the same sample at any

time. Recoveries can be more easily compared during method development because

the same sample is being used. As well, adsorptive losses to sample container walls

is minimal due to the sample being a frozen or dried solid. Finally, solid phase

measurement permits measurement of large sample sizes. Measured samples were

as much as 15 to 20 g in studies by Oberg et al. (2002) and Morris et al. (2004),

and similar in samples extracted by Lee and Peart (2002). Radjenovic et al. (2009)

prepared as much as 300 g of sludge per sample. Processing a large sample and

dividing by the mass in grams can greatly increase measurement precision.

Extraction is another area where working with the solid phase can be beneficial.

TBBPA for example is often extracted from sewage sludge by Soxhlet extraction

(i.e. Morris et al., 2004; Chu et al., 2005; Gerecke et al., 2006). This is a significant

advantage, as extraction of the same sample can be automated over hours, or even
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days. In this way, it is possible to get very high levels of recovery for every sample.

A recovery of around 90 to 100 % is typical for TBBPA extracted this way (Covaci

et al., 2009). Another method of extraction in common use is solvent extraction

coupled with sonication. Solid phase extraction can be used as a secondary step

(i.e. Saint-Louis and Pelletier, 2004). Supercritical fluid extraction has also been

performed (Lee and Peart, 2002), with a recovery of 80 to 120 %.

Aqueous samples on the other hand are subject to adsorptive losses to vessel

walls, and possibly to biological degradation. This is possible even when stored in

the fridge over a few days.

Levels of Solid Phase TBBPA in WWTPs - At European WWTPs, adsorbed

TBBPA has been measured at levels as high as 220 ng g−1 dry weight (dw) in

sewage sludge (Sellström and Jansson, 1995; Oberg et al., 2002) and 192 ng g−1

(dw) in digested sewage sludge (Morris et al., 2004). In Canadian wastewater

plants, TBBPA levels in sewage sludge have been reported by Saint-Louis and

Pelletier (2004). They sampled mixed-liquor suspended solids from a WWTP in

Montréal (Québec, Canada) that had as much as 300 ng g−1 (dw) TBBPA.

Lee and Peart (2002) measured solid phase TBBPA in sewage sludge from 35

plants across Canada (including Montréal), and found the range to be from below

detection to 46.2 ng g−1 (dw). Chu et al. (2005) measured levels of adsorbed

TBBPA and TBBPA metabolites in sewage sludge from the Windsor (Ontario,

Canada) WWTP. They found levels ranging from 2 to 28 ng g−1 (dw) for TBBPA,

and levels below 1 ng g−1 (dw) for all partially debrominated metabolites. Saint-

Louis and Pelletier (2004) measured TBBPA in sewage sludge from Montréal, and

found levels as high as 330 ± 70 ng g−1 (dw, n=3). Their study only used one

sample, and is therefore not as representative of average outflow levels as the studies
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by Lee and Peart (2002) and Chu et al. (2005). Disregarding the one sample study

by Saint-Louis and Pelletier (2004) places the most probable maximal concentration

of solid phase TBBPA at 46.2 ng g−1 (dw).

The only TBBPA effluent concentrations published to date have been those of

Osako et al. (2004) who measured them at a sanitary landfill operation. These were

not municipal wastewater effluent samples, and Osako et al. (2004) did not provide

details of the type of wastewater treatment used or characteristics of the influent,

mixed-liquor, or effluent. Solid phase levels of adsorbed TBBPA have been shown

to range from below detection to 330 ng g−1 (dw) (Oberg et al., 2002; Lee and

Peart, 2002; Morris et al., 2004; Saint-Louis and Pelletier, 2004).

TBBPA estimated in WWTP Outflow - TBBPA found on sediment and in

aqueous environments is widely recognized as being introduced to the environment

predominantly through WWTPs (Lee and Peart, 2002; Covaci et al., 2009; Labadie

et al., 2010). Both aqueous and solid phase TBBPA could then presumably sorb

to sediment or be transformed biologically.

In plant effluent, TBBPA is divided into aqueous and solid phases. Given the

range of solid phase TBBPA measured in wastewater sludge from Canadian plants,

and the range of solids in plant effluent, one can estimate a range of solid phase

TBBPA likely to be in the outflow. Total suspended solids (TSS) concentrations

leaving the City of Guelph Wastewater Treatment Plant are typically around 2 mg

L−1 (Robertson, 2010). A TSS range of 1 to 4 mg L−1 is expected for conventional

activated sludge (CAS) plants using filtration and disinfection (Tchobanoglous

et al., 2003), which is the same type of wastewater treatment plant as in Guelph.

Using a range TSS in outflow of 0 to 4 mg L−1, and a solid phase TBBPA

concentration of 0 to 46.2 ng g−1 (dw), a likely range of solid-phase TBBPA can
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be estimated in WWTP outflow. This range is calculated as being within 0 and

0.18 ng L−1 based on solid phase TBBPA alone.

2.1.6 Measurement of Aqueous Phase TBBPA

Measurement of aqueous phase TBBPA has been quite a challenge judging by the

amount of papers published vs. papers published for measurement in other media

(see Covaci et al., 2009). This author can find only three papers published involving

quantitation of TBBPA in the aqueous phase of environmental samples (i.e. Osako

et al., 2004; Suzuki and Hasegawa, 2006; Labadie et al., 2010). All other papers

focus uniquely on the solid phase (i.e. Sellström and Jansson, 1995; Oberg et al.,

2002; Lee and Peart, 2002; Morris et al., 2004; Saint-Louis and Pelletier, 2004; Chu

et al., 2005; Gerecke et al., 2006). Polo et al. (2006) developed a method to measure

TBBPA in wastewater by solid phase microextraction (SPME), but published no

data using this method.

Only one group to date has published any data on environmental measurement

of TBBPA in water samples. Labadie et al. (2010) sampled urban river water in

Paris (France), and reported concentrations of TBBPA ranging from < 35 to 68 pg

L−1 in a suburban river. Their limit of quantitation was 35 ng L−1 TBBPA, and

their sample size was 4 L of water. Their method showed high sensitivity, but was

quite complicated, time consuming, and costly. Each measurement required a 4-L

sample of river water, three column extractions, and likely required two days or

more of laboratory work per batch. More importantly, their method has not been

tested for matrix effects, which could be quite significant in water or wastewater.
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2.1.7 TBBPA in Drinking Water

Due to the hydraulic cycle, drinking water supply often comes from very diverse

sources. These sources are often greatly influenced by outflow from WWTPs. As

a particular example, the City of Guelph (Ontario, Canada) has a river flowing

through it named the Speed River. This river is eventually used as drinking water

for the village of Ohsweken in the Six Nations Territory downstream. In summer

months, almost half the flow of the Speed River is supplied by outflow from the

City of Guelph Wastewater Treatment Plant (Grand River Conservation Authority,

2008).

Drinking water treatment plants in densely populated places around the world

are becoming more and more concerned about the quality of their source water. For

this reason, they are starting to analyze source water for emerging contaminants.

Part of the reason for these studies is the mounting concern from recognition that

wastewater treatment outflows can have high levels of emerging contaminants.

They are potentially the most significant contributor of these contaminants. Mea-

surement of these emerging contaminants in source water is often difficult due

to their low environmental levels, or limits of quantitation (LOQ) that are not

sufficiently sensitive (i.e. Heberer, 2002; Stackelberg et al., 2004; Kuster et al.,

2008). One possible solution to this problem is to measure emerging contaminants

in WWTP outflow at its source. Concentrations of recalcitrant compounds are

likely to be at their highest point in WWTP outflows.

Endocrine disrupting compounds like TBBPA have been shown to be disruptive

even at very small concentrations (Van der Ven et al., 2008). For this reason, its

measurement in the environment would be of obvious value. However, there have
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been no measurements of aqueous phase levels of TBBPA from WWTPs to date.

This is despite the fact that WWTPs are possibly the most significant source of

TBBPA to the aquatic environment. Possible reasons for a lack of data could

include recognized difficulties of measuring TBBPA, including the added step of

derivatization and the possible losses this represents (Covaci et al., 2007). Adsorp-

tion of TBBPA to glassware is another difficulty that complicates measurement

(Covaci et al., 2007). Another possible reason that is mentioned by Saint-Louis

and Pelletier (2004) is the difficulty of maintaining equipment exposed to sewage

extracts. Yet another reason is the possibility of matrix effects caused by the

unknown compounds in solution that could enhance or suppress ionization.

The primary aim of this study was to develop a novel means of quantifying

aqueous phase TBBPA in wastewater. For the purposes of this method, dissolved

TBBPA is defined as all TBBPA present in wastewater filtered through a 0.2 µm

filter. As for sensitivity, the objective was to be able to reliably measure TBBPA at

environmental levels present in the outflow of WWTPs. Secondary goals focused on

developing a method that had rapid execution, consumed the minimum number of

columns and solvent, and did not sacrifice on selectivity or accuracy. Emphasis was

placed on determination of matrix effects in wastewater influent from a municipal

WWTP and in membrane permeate from the same plant. Wastewater process data

was used to demonstrate characteristics of the wastewater sampled, and confirm

the normal operation of the plant during permeate sampling. Using the proposed

method, TBBPA was measured in municipal wastewater influent over a period of

3 months.
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2.2 Experimental

2.2.1 Wastewater Process Description

The City of Guelph Wastewater Treatment Plant is located beside the Speed River

in Southern Ontario. Their process includes a primary settler, secondary aeration,

a clarifier, and tertiary treatment. Rotating biological contactors and slow sand

filtration are used in series for tertiary treatment. This wastewater plant is thus a

conventional activated sludge reactor with additional tertiary treatment. A detailed

description of this process can be found in a report made public by the City

of Guelph entitled ”Guelph Wastewater Treatment Master Plan” (CH2M HILL,

2009). A complete process flow diagram of their process is included in Appendix

C. A brief representation of the process can be seen in Fig. 2.2.

Aeration
Tank

Secondary
Clarifier

Sludge

Return Activated Sludge 

Sewage From
Headworks

Chemical
Addition

Influent
Sampling

To Tertiary
Treatment 

Primary
Settler

Sludge

Figure 2.2: Process Diagram for the City of Guelph Conventional Activated Sludge
Plant

In parallel to the CAS is a series of 3 membrane bioreactors (MBRs A, B and C)

equipped with GE Water and Process Technologies membrane modules (Zeeweed
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500). Each of the units is of pilot-scale size, and has been operating for several years.

Only MBR-A was used for sampling, and it operates with a sludge retention time

of 24 d and a hydraulic retention time of 6 h. Influent to the MBRs is diverted from

municipal influent to the CAS. More specifically, influent is diverted from before

the grit filter and passed through a drum filter. This filtered influent is diverted

to the aeration tank of the MBRs as shown in Fig. 2.3, before chemical coagulants

are added to it. Having an aeration tank installed in parallel to a membrane tank

is typical for this type of reactor (Grady et al., 2011). Samples of this influent were

taken from the point indicated in Fig. 2.2.

Sludge Wasting

Permeate Influent from CAS

Aeration 
Tank

Membrane
Tank

Membrane
Module

Figure 2.3: Typical Process Diagram for Membrane Bioreactors A, B and C

2.2.2 Wastewater Characterization

Wastewater sampled in this study was characterized to ensure reactor operation

during sampling was within the typical operating range. Characteristics used to

qualify the normal operation of the MBR included analyses carried out on the

influent, mixed-liquor and permeate. Analyses carried out on influent included total

organic carbon (TOC), total nitrogen (TN) and pH. For the mixed-liquor, analyses
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included mixed-liquor suspended solids (MLSS), mixed-liquor volatile suspended

solids (MLVSS), pH, particle size distribution, TOC, and chemical oxygen demand

(COD). pH was measured immediately after sampling, so as to reflect the pH in

the membrane reactor. Analyses of permeate included COD, TOC, and TN. All

wastewater characterization was performed on the same day as sampling.

Sample containers for wastewater characterization were of polypropylene, and

were supplied by Nalgene (Rochester, New York, USA). Analyses of the influent,

mixed-liquor and effluent were performed at the University of Guelph School of

Engineering. All sampling for this data was performed by University of Guelph

engineering students funded in part, by GE Water Process and Technologies. An-

alytical methods used to characterize wastewater conformed to Standard Methods

(APHA, 2005).

2.2.3 Measurement of TBBPA in Wastewater

Chemicals and Materials - ENVI-18 solid phase extraction (SPE) columns (500

mg), Mirex (CAS 2385-85-5), and DDT (CAS 50-29-3) were supplied by Sigma-

Aldrich. Acros tetrabromobisphenol-A (97%, CAS 79-94-7), pyridine (CAS 110-

86-1), acetic anhydride (CAS 108-24-7), sodium sulfate (anhydrous), sulfuric acid

(≥ 97%), Whatman GF/B filters (09-874-73), Whatman GF/F filters (09-874-

26B), Whatman 0.2 µm nylon membranes (7402-009), acetone (CAS 67-64-1),

methanol (CAS 67-56-1), methylene chloride (CAS 75-09-2), were purchased from

Fisher Scientific. All solvents were HPLC grade. Helium (99.9999%) and methane

(99.9999%) were supplied by BOC Canada (Guelph, Ontario, Canada), and ultra-

pure water (Milli-Q) was produced from a Milli-pore Ultrapure Water System. All
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chemicals were reagent grade.

All glassware to be used in sample collection, preparation and measurement was

soaked in Methanol and detergent (Sparkleen), soaked in a 0.05 M H2SO4 solution

for 12 h and rinsed with Milli-Q. Laboratory glassware was then rinsed three times

with Milli-Q and heated in a furnace for 1 h at 550 °C.

Sample Collection - Municipal wastewater samples were collected at the City

of Guelph Wastewater Treatment Plant. All influent and permeate samples to be

quantitated for TBBPA were collected in 1-L amber glass bottles and transported

back to the lab under ice. Sampling was performed at approximately 10 AM each

morning. Analyses for TBBPA in these samples were begun within 3 h of sampling,

and also completed on the same day.

Sample Preparation - Once at the lab, influent samples to be analyzed for

TBBPA were filtered using 1.5 µm Whatman GF/B filters, 0.7 µm Whatman GF/F

filters, and then 0.2 µm Whatman nylon membrane filters. Only the dissolved

phase was analyzed, the solid phase was discarded with the filters. Sample volumes

used were either 200 or 500 mL depending on the type of experiment (see below).

Immediately after filtration, samples were transferred to glass Erlenmeyer flasks.

Once in a flask, each sample was acidified to a pH of less than 3 by addition of 2

mL of 10 N sulfuric acid.

In parallel to this, SPE columns were conditioned with 2 mL of methylene chlo-

ride, followed by 2 mL of MeOH, and finally 2 mL of Milli-Q, each for six min. Care

was taken to ensure the SPE columns were never out of solvent once conditioned.

Acidified samples were then loaded onto the SPE columns at approximately 2 mL

min−1 under a vacuum of 475 mm Hg. Once samples were loaded, columns were

dried under this same vacuum for another 30 min.
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Gravimetric elution was performed after soaking the sorbent for 30 min in 2

mL of methylene chloride. Following elution, a final clean-up was performed by

liquid-liquid extraction. To the eluent (approx. 1.5 mL), 4 mL of 0.05 M H2SO4 in

Milli-Q was added. The vial was shaken and then centrifuged for 2 min at 2 000 g

and 4 °C. Using a glass pasteur pipet, the aqueous phase was siphoned off the top

of each vial. This extraction was performed twice.

Subsequent dehydration of the extract was ensured by adding 0.3 g of anhydrous

sodium sulfate and gently agitating the vials. A 100 µL aliquot of 2 200 µg L−1

DDT in methylene chloride was then added as internal standard (ISTD) to each

vial. Sodium sulfate at the bottom of each vial was compacted by centrifugation

for 2 min at 2 000 g . From this final volume of extract (approximately 1.3 mL),

400 µL of extract was transferred to a 2 mL amber gas chromatography (GC)

vial equipped with a 500 µL borosilicate glass insert. TBBPA in the extract was

derivatized by adding 40 µL of 1:1 (v/v) pyridine and acetic anhydride to each vial

insert. After crimping caps on tightly, vials were heated to 60 °C for 30 min as

suggested by Sellström and Jansson (1995). Figure 2.4 shows a flowsheet of the

steps required in the present method.

Sample Analysis - TBBPA was quantitated by gas chromatography-negative

chemical ionization-mass spectrometry (GC-NCI-MS). The unit was a 6890N GC

equipped with an automatic injector (model HP 7683) coupled to a 5975 MS (all

Agilent). NCI was chosen as the high electron affinity of the bromine atoms can

make it 100 to 1 000 times more sensitive than electron ionization (EI) (Levsen,

1988). A sample volume of 1 µL was introduced by pulsed splitless injection into a

30 m length, 0.25 mm inner diameter Varian CP-Sil 8 CB Low-bleed/MS column

coated with a 0.25 µm film. This small sample volume was used because it was
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Filter to 0.2 um

Conditioning:
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100 uL of acetic  anhydride 
and pyridine, 30 min at 60ºC
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Derivatize
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Elution 
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Injection and quantitation by 
standard curve

Figure 2.4: Flow Diagram Showing Sample Preparation and Extraction

small enough to prevent any apparent carry-over. The pulse pressure (172 kPa)

was maintained for 0.5 min. Injector temperature was 250 °C. Helium gas was

used as the carrier, under a constant pressure of 80 kPa. Methane gas was used as

a negative ion source, and was maintained at 40% of flow. Column pressure was

maintained at 2.0× 10−4 torr.

Oven temperature was programmed as follows: 100 °C (2 min), 190 °C (25

°C min−1, held for 2 min.), and 310 °C (5 °C min−1, held for 2 min), for a total

run time of 33.6 min. Temperatures for the interface, inlet and quadrupole were

maintained at 250 °C, 250 °C and 150 °C respectively. Only select ion monitoring

(SIM) was used. Ions monitored were 79 and 81 m/z (for TBBPA), 71 and 73

m/z (For DDT), and 235, 237 and 239 m/z (for Mirex). These ions were chosen

as their abundance varied proportionally with concentration. No more than 3 ions
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were scanned for at one time in order to maximize the expected dwell time to

100 ms throughout. A total EM multiplier voltage of 1 588 V was used for tuning

(determined through CI autotune), and no supplementary voltage (0 V relative)

was used during measurement. The same ions were monitored by Sellström and

Jansson (1995) and Labadie et al. (2010), who both also used GC-NCI-MS.

2.2.3.1 Quality Assurance and Quality Control

Initial identification of GC-MS peaks was confirmed by injecting known standards.

Known concentrations were correlated to peak area to make calibration curves.

Calibration curves were 6-8 points. Typical r2 values were above 0.99, which was

similar to other studies (i.e. Polo et al., 2006). A concentration range spanning

0.1 to 200 µg L−1 was sufficient for measured environmental concentrations. Each

point used for calibration curves was the average of 3 replicate measurements. The

calibration curve was remade every three months as per standard methods (APHA,

2005). The slope of the standard curve was 0.000 82 ± 0.000 01 L ng−1 with the

intercept at −3± 2.

Unknown samples were qualified by retention time and ratios of daughter ions

relative to those of known standards for TBBPA, DDT, and Mirex (± 35 %).

With each batch of samples, at least one procedural blank was also analyzed.

A procedural blank comes into contact with all equipment and chemicals that

a normal sample would. In this case, it was simply a sample of Milli-Q that was

processed identically to every other sample. In the event of TBBPA being measured

in the procedural blank, the measured concentration in the blank was subtracted

from sample concentrations before reporting. This happened in roughly half the

samples measured, with an average contamination of 2 ± 2 ng L−1 (p ≥ 0.05).
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Another quality control standard measured with every batch was a laboratory

fortified blank (LFB). An LFB is a blank sample that has a known amount of the

analyte being analyzed added to it. Throughout the experiment, the recovery of

TBBPA in the LFBs was 87 ± 5 % (p ≥ 0.05). Also included with each batch was a

TBBPA calibration standard used to check for instrumental drift. Recovery in the

calibration standards was 103 ± 2 % (p ≥ 0.05). Between batches, a series of blank

injections of methanol was performed to ensure the injector was clean. There was

never any contamination between batches that was confirmed by carry-over during

injection of blanks. DDT was used as an ISTD and Mirex was used as a recovery

standard in all unknown samples.

Replicate samples were also used as a measure of quality control. Good agree-

ment was established early on in the method development process. Only a subset

of sample batches had replicate measurements. In all, 13 of 18 sample batches

(or 72 %) had replicate samples. This omission was partially due to there being

a limited number of SPE column ports on the SPE manifold. A comparison of

replicate values was graphed according to Standard Methods (APHA, 2005), and

is included in Appendix B.

A third party laboratory was not used to validate the experimental findings

because there is no standard method for TBBPA determination in wastewater.

Furthermore, there are no TBBPA surrogates yet available commercially for use

with negative-chemical-ionization. Radio-labelled species of TBBPA are not helpful

in determining TBBPA by NCI. This is because the labelled species overlaps the

non-labelled one in the chromatogram and are not discernible using the mass

selective detector (see Covaci et al., 2009).
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2.2.4 Determination of Matrix Effects

Several researchers have found matrix effects when determining levels of TBBPA

in biota, serum, and adipose (Covaci et al., 2007, 2009; Lopez et al., 2009; Mascolo

et al., 2010; Thomsen et al., 2002). Gas chromatographic methods are more

complicated than liquid chromatography due to the derivatization step that is

required, which is time consuming and very sensitive to matrix effects (Frederiksen

et al., 2007).

Matrix effects were determined twice, once for influent and once for MBR

permeate. Analyses included 3 and 4 replicates respectively, as well as standard

quality control measures discussed above. Matrix effects for GC-MS methods can

be determined by the following equation (APHA, 2005):

matrix effects, % =

(
1−

(
C1

C2

))
× 100 % (2.1)

Where C1 is the concentration measured in a sample of influent or permeate that

has been spiked with a known amount of analyte. C2 is the measured concentration

of the same sample processed by the same method, but to the eluent is added an

identical amount of known standard.

Influent Matrix Effects - Influent was sampled from the City of Guelph Wastew-

ater Treatment Plant and filtered as described above. Eight Erlenmeyer flasks were

filled to 200 mL with filtered influent. Into flasks 1-4 was added 1 000 µL of a 100

µg L−1 standard of TBBPA in acetone. Normalized for volume and concentration,

this makes a spiked concentration of 500 ng L−1 TBBPA. All eight flasks were

acidified and loaded onto conditioned SPE columns, and eluted into vials using

methylene chloride. To eluent vials 5-8 was added 1 000 µL of a 100 µg L−1
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standard of TBBPA in methylene chloride. Normalized for the initial volume and

concentration, this makes 500 ng L−1 TBBPA in each of eluents 5-8. All eight

extracts were cleaned-up, derivatized, and injected normally as described above.

Permeate Matrix Effects - Effluent from an pilot-scale MBR equipped with a GE

Water and Process Technologies model Zeeweed 500 was sampled. Influent fed to

this MBR is the same as is fed to the City of Guelph Wastewater Treatment Plant.

Ten Erlenmeyer flasks were filled with 200 mL of unfiltered permeate. Into flasks

1-5 was added 1 000 µL of a 50 µg L−1 standard solution of TBBPA in acetone.

Normalized for volume and concentration, this makes a spiked concentration of

200 ng L−1 TBBPA. All ten flasks were then acidified and loaded onto conditioned

SPE columns. After elution into vials using methylene chloride, 1 000 µL of a

50 µg L−1 standard solution of TBBPA in methylene chloride was added to vials

6-10. Normalized for the initial volume and concentration, this makes 500 ng L−1

TBBPA in each of eluents 6-10. All ten eluents were then prepared and injected

normally as described above.

2.3 Results and Discussion

2.3.1 Wastewater Characteristics

Data in Table 2.1 reflect characterizations of samples taken from MBR-A on a

weekly basis from early January of 2011 until mid June. MLSS, VSS, DO and pH

measurements were taken five times a week, while COD, TOC, and TN measure-

ments were taken twice a week. For this reason, average measurements of MLSS,

VSS, DO and pH are based on over 105 samples, while averages of COD, TOC and
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TN are based on over 45 measurements.

Table 2.1: Typical Wastewater Characteristics for MBR-A from January to June,
2011 (avg. ± std. err.)

Process Parameters

Sample COD* TOC* TN* cBOD* DO pH d(0.1) d(0.5) d(0.9)

Type (mg L−1) (mg L−1) (mg L−1) (mg L−1) (mg L−1) (µm) (µm) (µm)

Influent 300(102) 70(43) 40(10) 190(60) 1.7 7.8-8.2 nr nr nr

Mixed Liquor 90(43) 40(32) nr nr 3(1) 7.3-7.7 27(5) 90(18) 250(50)

Permeate 30(18) 30(23) 32(5) 4(4) 8.04 7.5-7.9 nr nr nr

* Influent and MLSS samples were filtered before analysis

Data in this table was generously provided by GE Water and Process Technologies

nr - not recorded

Influent sample characteristics did not differ significantly (p ≥ 0.05) from the

above ranges during the sampling period. Influent COD was 100 ± 43 mg L−1,

influent TOC was 40 ± 9 mg L−1, influent TN was 33 ± 7 mg L−1, and influent pH

varied from 8.2 to 8.3. These values can be seen in Appendix B where measurements

are graphed along with previously characterized samples.

Mixed-liquor and permeate sample characteristics were also not significantly

different (p ≥ 0.05) from the above ranges during the sampling period. Results

from these analyses can be consulted in Table 3.3 in Chapter 3.
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2.3.2 TBBPA Analyses

Figure 2.5 shows the standard curve for TBBPA made from known standards.

Below 0.1 µg L−1 and above 300 µg L−1 TBBPA the signal was nonlinear. The in-

strument detection level (IDL), method detection level (MDL) and practical quan-

titation limit (PQL) were all determined according to Standard Methods (APHA,

2005). A signal to noise ratio of 5 was used to determine the IDL at 0.01 µg L−1.
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Figure 2.5: Standard Curve for 0.01 to 200 ug L−1 TBBPA

For the MDL, 0.5 mL of a 0.1 µg L−1 solution of TBBPA in acetone was added to

a 500 mL Erlenmeyer flask of Milli-Q. This sample was extracted as per the method

and quantitated for TBBPA. Seven such samples were prepared an analyzed over

a period of 2 days. All values were within a factor of 5 of the measured value. The

MDL was calculated as the one sided 99th percent confidence interval of the seven

samples, or 0.1 ng L−1 (p = 0.01). This makes the practical quantitation limit 0.5

ng L−1. The PQL is often used as a more conservative method detection limit as
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it compensates for differences in instrument sensitivity between labs. In this way

it represents a limit that is routinely achievable by any laboratory with relatively

good certainty that the value is reliable (APHA, 2005).

No difference in GC-column performance was seen after several batches of

environmental sample injection based on the standard curve, though previous

researchers saw a noticeable difference (Saint-Louis and Pelletier, 2004). A typical

chromatogram for TBBPA measurement in sewage influent is shown in Fig. 2.6.

The concentration of TBBPA in this sample was 14 ng L−1. Very little noise is

seen in the chromatogram, as was typical of measurements for this study.
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Figure 2.6: Typical Chromatogram for TBBPA Analysis

2.3.3 Influent and Permeate Sample Matrix Effects

Matrix effects for both influent and permeate were calculated using Eq. (2.1).

For influent, the average measured concentration of TBBPA from flasks 1 to 4

was 460 ± 70 ng L−1, while for flasks 5 to 8 it was 640 ± 20 ng L−1. The spiked
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concentration of TBBPA added into the influent flasks was 500 ng L−1, and influent

concentrations (below) are very low, so these results are quite reasonable. Matrix

effects for raw influent are therefore 30±17%. According to this result, the influent

sampled will give TBBPA concentrations that are 30±17% higher on average than

actually present. Alternately, this means the recovery of TBBPA measured in this

influent will hover around 130± 17%.

For permeate, the average measured concentration of TBBPA from flasks 1 to

5 was 250 ± 10 ng L−1, while for flasks 6 to 10 it was 190 ± 20 ng L−1. Spiked

concentrations added to the permeate flasks and eluent were 200 ng L−1, so results

should hover around 200 ng L−1 assuming low concentrations of TBBPA in MBR

permeate. Results as measured met this expectation, ranging from 166 to 263 ng

L−1 TBBPA. Based on the measured concentrations, matrix effects for TBBPA

in permeate are -30 ± 11 %. This finding suggests that TBBPA measured in the

sampled permeate will show levels that are 30 % lower on average than their actual

value, or that the recovery of TBBPA in permeate is around 70 ± 11 %.

Matrix effects are caused by interferences due to other compounds in solution.

More compounds will exert more influence on the activity of the analyte in solution.

The above results hold for the particular samples taken, though nothing indicates

that this will be the same for another set of influent and permeate samples.

Recoveries of ± 30 %, as measured in this study, are reasonable as they are not very

different from 100 %. Other researchers have reported recoveries ranging from 30

to 127 % for measurement of TBBPA in mediums including sewage sludge, sewage

influent, and biological tissue (see Covaci et al., 2009, and references therein). Two

wastewater samples were analyzed: one influent and one permeate sample. Both of

these samples showed recoveries that were quite reasonably close to 100 %. Given
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these results, it is likely that the typical recovery for this method is favourable

when compared to others compared by Covaci et al. (2009).

Variation of replicates used for determination of matrix effects was used to

determine typical relative standard error. Relative standard error for the four

sets of data were 3.8 and 16.1 % for influent samples, and 4.3 and 9.8 % for

permeate samples. Based on these recoveries, the average relative standard error

was calculated as 19.7 % for the method.

2.3.4 TBBPA Measured in Municipal Influent

Figure 2.7 shows aqueous measurements of TBBPA in filtered sewage influent. Ten

measurements were taken in all, each one is a grab sample. Measurements varied

from 1 to 41 ng L−1 over 3 months, with the average measurement being 20 ± 14

ng L−1. Only the first batch had a replicate (n = 1).

Daily levels of brominated flame retardants in influent from the City of Guelph

are likely quite variable from day to day. Based on studies by others (Suzuki and

Hasegawa, 2006; Osako et al., 2004), a significant means of introduction of TBBPA

into the aquatic environment is through leaching into household, industrial, and

landfill wastewaters. Total TBBPA levels in landfill leachates have been shown

to vary from < 1 to 620 ng L−1 in Japan. After wastewater treatment, the

concentration of TBBPA in these same leachates ranged between 1 and 11 ng

L−1 (Osako et al., 2004). TBBPA from Landfill leachates are pumped into the

City of Guelph WWTP headworks at an irregular frequency, and could have an

influence on TBBPA concentrations (Robertson, 2010).
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Figure 2.7: TBBPA Concentrations in City of Guelph Wastewater Treatment Plant
Influent

Given the range of aqueous phase TBBPA present in influent (0 to 41 ng

L−1), and the very small amount being discharged in the solid phase, aqueous

phase studies of TBBPA in WWTP outflows could represent the majority of

TBBPA emitted to the greater environment. Taking into account the very low

concentrations of TBBPA that have signalled endocrine disruption (see Van der

Ven et al., 2008), it is possible that aqueous phase TBBPA emitted from WWTPs

is a matter of concern for both humans and wildlife.
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2.4 Conclusions

Fate and degradation of TBBPA has not yet been demonstrated in WWTPs.

TBBPA has been shown to be significantly endocrine disrupting even at very

low concentrations. Given the estimated range of TBBPA entering Canadian

waterways via wastewater sludge, and the relatively high aqueous concentrations

in influent, fate and degradation of TBBPA in WWTPs is possibly a matter of

concern. It is the author’s hope that the present method will aid in determining

fate and degradation of this emerging contaminant.

In this study, a new method for quantitation of TBBPA using SPE was pro-

posed. The method was developed with the study of water and wastewater in

mind, as the latter can be an especially challenging matrix. Without sacrificing

accuracy, the proposed method is cost-effective, allows rapid quantitation, and does

not significantly affect column performance. One SPE column, and not more than

7 mL of solvent are required per sample.

The instrument detection level was 0.01 µg L−1 TBBPA while the method

detection level was 0.1 ng L−1 TBBPA. This places the practical quantitation limit

at 0.5 ng L−1. Preparation and derivatization were performed using inexpensive

and easily obtained chemicals. Matrix effects were shown to be 30 ± 17 % for a

sample of wastewater influent. An MBR permeate sample from an MBR in steady-

state operation had matrix effects of -30 ± 11 %. The average relative standard

error of the method was 19.7 %. This method is suitable for routine measurement

of aqueous phase TBBPA in water and wastewater. Measured levels of TBBPA

from the influent of a municipal WWTP were on average 20 ± 14 ng L−1, spanning

a range of 1 to 41 ng L−1.

37



Chapter 3

Sorption of

Tetrabromobisphenol-A to

Membrane Bioreactor

Mixed-Liquor Suspended Solids

3.1 Introduction

Sorption, used here to describe both adsorption and absorption can be an important

mechanism of removal for nonvolatile hydrophobic contaminants in wastewater

treatment. Sorption of contaminants is often modelled by engineers and scientists

to estimate their removal. This is especially true for pollutants that are restricted

or hazardous. If these contaminants are also recalcitrant to biological degradation,

sorption can be the most significant mechanism of removal. In this case, modelling

of their removal by sorption can have an important role in wastewater systems
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design. This in turn can have a significant effect on environmental control and

management of contaminants.

In order to successfully model sorption of such contaminants from wastewater

treatment plants, it is essential to have reliable partitioning information. Models

estimating sorption are highly dependent on the quality of measured partitioning

coefficients. Data to estimate these coefficients is best acquired by experimental

methods that recreate real conditions in wastewater treatment plants. For this

reason, experiments are best conducted using the same sorbent as the sorbent to

be modelled (Pignatello and Xing, 1996). For wastewater treatment plants, the

sorbent is mixed-liquor suspended solids (MLSS).

When attempting to recreate experimental conditions, many researchers handle

sludge by freezing or drying in an oven before use. It is currently unknown if freezing

or drying of MLSS changes its capacity to adsorb contaminants.

Another method to estimate partition coefficients relies on modelling them

based on available physicochemical data. Modelled estimates are usually based

on easily determined parameters, such as the octanol-water partition coefficient

(Kow) (Schwarzenbach et al., 2003). This approach has been very successful for

sorption of polyaromatic hydrocarbons for example (Karickhoff, 1984; Villholth,

1999). It is unlikely that Kow can be used to reliably estimate all contaminants

however, as it is primarily an indicator of hydrophobicity (Schwarzenbach et al.,

2003). Yamamoto (2002) for example found no correlation between binding and

hydrophobicity for a number of estrogenic EDCs.

Sorption has also been shown to be a function of pH for charged species. In

particular, pH has been shown to be crucial when describing the sorption of certain

pharmaceuticals and personal care products (PPCPs) to MLSS (Ternes et al.,
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2004; Urase et al., 2005; Jones et al., 2006). Wastewater contaminants can change

from being neutral to being charged depending on the pH of the mixed-liquor.

This change in charge can increase the sorption to the surface of MLSS, which is

negatively charged (Schwarzenbach et al., 2003). Others have seen a significant in-

crease in sorption for negatively and positively charged species to MLSS. Measured

values were significantly higher than those estimated by conventional modelling

approaches relying on hydrophobicity or pKa (Stevens-Garmon et al., 2011).

As a widely studied brominated flame retardant, tetrabromobisphenol-A (2,2’,6,6’-

Tetrabromo-4,4’-isopropylidenediphenol), is an emerging contaminant that is an

estrogenic endocrine disruptor (Kitamura et al., 2002; Hamers et al., 2006; Kuiper

et al., 2007; Nyholm et al., 2008; Darnerud, 2008), lipophilic (Kuramochi et al.,

2008), and persistent (Strack et al., 2007; Gerecke et al., 2006) with potential to

bioaccumulate (WHO, 1997). Within the family of industrially produced BFRs,

there is also hexabromocyclododecane, and polybrominated diphenyl ethers (PB-

DEs). Of the three types, tetrabromobisphenol-A (TBBPA) is the most widely

produced, with an annual production of 210 000 tonnes.

TBBPA has been detected in measurable quantities in air, biota, dust, soil,

sediment, and sewage sludge (de Wit et al., 2006). It has also been detected in

human blood, breast milk, tissue (Jakobsson et al., 2002; Thomsen et al., 2005), and

even in the maternal cord serum of human babies (Cariou et al., 2008; Zalko et al.,

2007). A Recent study by Van der Ven et al. (2008) stressed that TBBPA-induced

endocrine disruption started at a very low dose. Coupled with the fact that it is

being found at measurable levels in humans, they concluded that TBBPA may be a

matter of concern to human health. Despite the ubiquitous nature of TBBPA, and

the environmental concern it evokes due to its persistence and endocrine disrupting
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character, there is no published information on its sorption characteristics. This

lack of information impedes reliable estimation of its discharge from WWTPs into

the greater environment.

TBBPA is doubly ionizable, and has been shown to have a solubility and

distributed octanol-water coefficient (Dow) that varies several orders of magnitude

with respect to pH. Wastewater processes typically operate around pH 7 to 8 (this

study, Tchobanoglous et al., 2003). Dow for TBBPA varies more than one order

of magnitude from pH 7 to pH 8 (Kuramochi et al., 2008). Partition coefficients

estimated based on Dow, will likely vary as much as Dow during this range. The

Karickhoff model (Karickhoff, 1981), seen in Eq. 3.5 is a good example of this.

Given that TBBPA is an endocrine disruptor, persistent, ubiquitous in the

environment, and produced in such large quantities, it is important to have parti-

tioning data describing its fate in the activated sludge process. Such partitioning

data could be used to accurately predict its release to the environment by WWTPs.

Drinking water sources are coming under increasing scrutiny as wastewater

treatment plants are seen as an important source of emerging contaminants (Schriks

et al., 2010). Estimates for partitioning of TBBPA are likely complicated by it being

a doubly charged species at typical wastewater pHs. These complications are not

taken into account by models typically used to estimate partitioning, such as those

based on Kow. Furthermore, sorption models that account for pH by use of pKa

have been shown to underestimate sorption coefficients determined experimentally

(Stevens-Garmon et al., 2011). Experimental determination of partitioning of

TBBPA onto activated sludge can therefore be an important contribution towards

risk management for sources of drinking water.

The goal of this study was to determine the sorption partition coefficient for
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TBBPA exposed to fresh MLSS from a wastewater treatment process. MLSS

was taken from a pilot-scale MBR treating municipal influent. Based on the

experimental data, four types of partitioning coefficients were estimated. These

coefficients included sorption normalized to solids (Kd), and organic carbon (Koc).

In addition, data were successfully fitted to the well-known Freundlich model,

f(KF , n). TBBPA adsorbs to glassware, so a correction must be made to the

sorption coefficient estimates. This correction was determined using a wall-losses

coefficient (Kw) based on an approach often used in fluorimetry. Finally, kinetics

of TBBPA sorption to MLSS were measured to determine the approximate time

required to reach sorption equilibrium. Emphasis in this study was placed on

characterizing wastewater samples from the MBR. These sample characterizations

were compared to typical wastewater parameters from the same MBR in order to

ensure samples were also typical.

3.2 Experimental

3.2.1 Measurement of TBBPA

Chemicals and Materials - ENVI-18 solid phase extraction (SPE) columns (500

mg), Mirex (CAS 2385-85-5), and DDT (CAS 50-29-3) were supplied by Sigma-

Aldrich. Acros tetrabromobisphenol-A (97%, CAS 79-94-7), pyridine (CAS 110-

86-1), acetic anhydride (CAS 108-24-7), sodium sulfate (anhydrous), sulfuric acid

(≥ 97%), Whatman GF/B filters (09-874-73), Whatman GF/F filters (09-874-

26B), Whatman 0.2 µm nylon membranes (7402-009), acetone (CAS 67-64-1),

methanol (CAS 67-56-1), methylene chloride (CAS 75-09-2), were purchased from
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Fisher Scientific. All solvents were HPLC grade. Helium (99.9999%) and methane

(99.9999%) were supplied by BOC Canada (Guelph, Ontario, Canada), and ultra-

pure water (Milli-Q) was produced from a Milli-pore Ultrapure Water System. All

chemicals were reagent grade.

All glassware to be used in sample collection, preparation and measurement was

soaked in Methanol and detergent (Sparkleen), soaked in a 0.05 M H2SO4 solution

for 12 h and rinsed with Milli-Q. Laboratory glassware was then rinsed three times

with Milli-Q and heated in a furnace for 1 h at 550 °C.

Quantitation of TBBPA was performed as described in Chapter 2. Quality

control and quality assurance were performed as described therein.

3.2.2 Routine Wastewater Measurements

Wastewater Sampling and Characterization At the City of Guelph (Ontario, Canada)

Wastewater Treatment Plant, plant influent destined for the CAS is diverted to 3

pilot-scale Zeeweed 500 MBRs operated by GE Water and Process Technologies.

More specifically, influent is diverted from before the grit filter and passed through

a drum filter before chemical addition. This diverted flow is pumped to the aeration

tank of the MBR as shown in Fig. 2.3. The HRT of MBR-A is 6h, and the SRT is

24 h.

Influent samples were taken from the line feeding MBR-A, and mixed-liquor

samples were taken from the membrane tank. Permeate was taken from the

permeate tank. All samples were taken at approximately 10 AM each morning.

MLSS, VSS, DO and pH measurements were taken five times a week, while COD,

TOC, and TN measurements were taken twice a week. For this reason, average

43



measurements of MLSS, VSS, DO and pH are based on over 105 samples, while

averages of COD, TOC and TN are based on over 45 samples.

Wastewater sampled in this study was characterized in order to compare it to

typical wastewater characteristics shown in Table 3.2. In this way, wastewater

characteristics of samples could be qualified as being within the typical operating

range for the given wastewater reactor. Analyses were performed on samples of in-

fluent, mixed-liquor and permeate. All wastewater characterization was performed

on the same day as sampling.

Sample containers for wastewater characterization were of polypropylene, and

were supplied by Nalgene (Rochester, New York, USA). Analyses of the influent,

mixed-liquor and effluent were performed at the University of Guelph School of

Engineering. All sampling for this data was performed by University of Guelph

engineering students funded in part, by GE Water Process and Technologies. An-

alytical methods used to characterize wastewater conformed to Standard Methods

(APHA, 2005).

TOC for filtered or unfiltered samples was measured using a Shimadzu TOC-V

unit equipped with a Solid Sample Module 5000A. Calibration curves were re-made

every 3 to 4 months as specified in Standard Methods (APHA, 2005). All TOC

and TN measurements were based on an average of 2 to 5 analyses. Each batch of

experiments included blanks and laboratory fortified blanks (LFBs). Particle size

distributions were measured using a Mastersizer 2000 (Malvern, Montréal, Québec,

Canada), measured values were the average of 3 analyses. Dissolved oxygen (DO)

and pH were measured on-site using a pH/conductivity/dissolved oxygen meter

(Probe model sensION6, Hach, Colorado USA). This meter was calibrated weekly.
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3.2.3 Adsorptive Losses of TBBPA to Glassware

TBBPA is known to sorb to glassware (Covaci et al., 2009). A distribution equilib-

rium between the wall and the aqueous phase is a useful tool to describe the total

distribution of TBBPA. The vessel-wall partition coefficient (Kw), defined as the

partition coefficient between the glass wall and the aqueous phase, is shown below

(after Backhus and Gschwend, 1990):

Kw, mL cm−2 =
[TBBPAwall]

[TBBPAaq](SA/V)
(3.1)

Where [TBBPAwall] is the mass of TBBPA adsorbed to the wall per unit

volume, [TBBPAaq] is the weight of aqueous phase TBBPA per unit volume, and

SA/V is the surface area to volume ratio of glass exposed to TBBPA estimated

from its geometry.

In order to determine the equilibrium partition distribution of an aqueous

TBBPA solution in a glass beaker, a series of tests were performed. Several

Erlenmeyer flasks having volumes of 200 to 500 mL were filled with Milli-Q, and

spiked with 1 000 µL of a 100 µg L−1 solution of TBBPA in acetone. This made

for a nominal concentration of 200 to 500 ng L−1 TBBPA.

In order to mix the flasks, each was covered with parafilm and inverted 20 times.

Flasks were then allowed to sit for times ranging from 2 min to 3 d at 23 °C in the

dark. After this time, each flask was loaded onto an SPE column and analyzed for

TBBPA using the method described in Chapter 2. By analyzing several flasks over

a period of 3 days, one can confirm the extent of sorption equilibrium, and get a

general idea of sorption kinetics.
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3.2.4 Sorption of TBBPA to MLSS: Kinetics

Kinetics of the sorption of TBBPA to mixed-liquor was measured with wastewater

samples from MBR-A. One litre of activated sludge was taken from MBR-A and

characterized as described above. To a series of seven 500 mL Erlenmeyer flasks,

250 mL of Milli-Q at 23 °C was added, followed by 2 mL of MLSS. This volume

was topped up to 500 mL with Milli-Q. To each of eight flasks was added 2 mL of

a 200 µg L−1 standard of TBBPA in acetone, making for a nominal concentration

of 800 ng L−1.

Immediately after addition, flasks were sealed and inverted 20 times to ensure

proper mixing, they were then placed on a mixing table gyrating at 150 rpm in

the dark at 23 °C. Mixing at this speed was enough to fully suspend the MLSS

flocs. A timer was used to measure the time from TBBPA addition and mixing

until filtration of samples. Exposure time was recorded for each flask as the time

span between spiking of TBBPA until filtration (GF/F filters only, 0.7 µm).

Filtered MLSS was discarded with the filters, aqueous samples were acidified,

loaded onto SPE columns, eluted, cleaned-up, derivatized, and injected as described

above. Flasks were allowed to equilibrate for times ranging from 2 min to 68 h.

This was thought to be enough time for aqueous and sorbed TBBPA to equilibrate

within the flask.

It was assumed that losses of TBBPA were due to adsorption to the MLSS and

to the glass vessel wall. Flasks were stored in the dark to preclude photolysis. In any

case, the 68 h allowed for adsorption in this study was considered ample exposure

time as it generally exceeds exposure time for MLSS in wastewater treatment

processes (Tchobanoglous et al., 2003). A biological inhibitor was not used in
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the experiment so as not to unduly change the water chemistry.

3.2.5 Sorption of TBBPA to MLSS: Sorption Equilibrium

Partitioning coefficients for some emerging contaminants adsorbing to MLSS have

been determined by others for primary, secondary, or digested sludge (i.e. Hörsing

et al., 2011; Ternes et al., 2004; Carballa et al., 2007; Radjenovic et al., 2009), or

colloidal organic carbon derived from sludge(Holbrook et al., 2004). Preparation

and processing of sludge varies widely.

One approach is to separate it from the wastewater matrix entirely. For exam-

ple, Hörsing et al. (2011) washed secondary sludge with tap water twice, froze it and

baked it at 104 °C for > 3 h. Solids were then exposed to aqueous contaminants in

order to estimate the extent of sorption. Others have performed similar pretreat-

ments (Stevens-Garmon et al., 2011). This approach prevents any interactions

with the many natural and anthropogenic compounds that are ubiquitous in the

activated sludge matrix. Moreover, it has not yet been proven that such techniques

do not alter the sludge in a way that changes their sorption interactions from the

WWTP environment.

Other researchers have sampled secondary sludge from secondary treatment op-

erations, and quantitated contaminants in both phases immediately after sampling

(i.e. Radjenovic et al., 2009). This approach does not allow time for equilibration

between phases, possibly skewing results.

Other researchers have used unaltered mixed-liquor suspended solids for sorp-

tion experiments (i.e. Ternes et al., 2004; Carballa et al., 2007). These authors

measured partition coefficients by spiking known quantities of contaminants into
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freshly sampled mixed liquor. By working with the unchanged MLSS, this method

preserves the physico-chemical characteristics of the reactor during the sorption

experiment. In this way, estimates of partition coefficients for the particular

contaminant are likely to reflect actual partition coefficients in mixed liquor. These

physico-chemical interactions include ones based on the particular water chemistry

of the reactor.

Sorption equilibrium of TBBPA to MLSS was measured in two experiments.

The first used an initial concentration of 200 ng L−1 TBBPA, and the second an

initial concentration of 1 000 ng L−1. These concentrations were chosen because

they are similar to environmental concentrations of aqueous phase TBBPA mea-

sured in sewage influent and in landfill leachate discussed in Chapter 2. For the

batch measured at 200 ng L−1 TBBPA, one replicate (n = 1) was analyzed with

every flask, for a total of 11 replicates. No replicates were made for the second

study with 1 000 ng L−1 TBBPA. Other means of quality control were typical (see

Chapter 2 subsection 2.2.3.1).

For both experiments, grab-samples of mixed-liquor and permeate were sampled

from MBR-A. Each was analyzed for TBBPA and routine wastewater characteris-

tics. Routine wastewater characteristics were compared to previous samples com-

piled since January of that year. Comparison was done in order to ensure samples

were typical and represented normal mixed-liquor and permeate characteristics.

In order to measure sorption of TBBPA, twenty-two glass Erlenmeyer flasks

were cleaned and set aside. Two were filled with permeate, two were filled with

filtered MLSS, two were filled with Milli-Q, and another two were filled with Milli-

Q fortified to 200 ng L−1 TBBPA. To fourteen more Erlenmeyer flasks was added

200 mL permeate, followed by 1, 2.5, 5, 10, 25, 50, and 100 mL of MLSS. To
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two more flasks, 200 mL of unfiltered MLSS was added (no permeate). In this

way, added concentrations of organic carbon in the series of flasks ranged from

very dilute, to typical process level for MBR-A. To each of these sixteen flasks was

added 100 µL of a 400 µg L−1 standard of TBBPA in acetone. This adjusted the

total TBBPA concentration of each flask to approximately 200 ng L−1 (depending

on the particular volumes added).

Flasks were sealed, inverted 20 times each, and placed in the dark at 23 °C for

48 h. This time was assumed to be enough for equilibrium to be reached based

on the kinetics experiment described above. Flasks were inverted 20 times twice

again over the 48 h in order to minimize any mass transfer effects. After 48 h,

flasks having MLSS were filtered to 0.2 µm. Filters were discarded along with the

MLSS. All flasks were then injected with recovery standard, acidified, and loaded

onto SPE columns. Table 3.1 describes the preparation of each flask.
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Table 3.1: Description of Flask Contents for Sorption Equilibrium Experiment

Flask Purpose Milli-Q Permeate MLSS TBBPAb

number (mL) (mL) (mL) (µL)

1-2 blanks 200 0 0 0

3-4 LFBs 200 0 0 100

5-6 MLSS 0 0 200 a 0

7-8 permeate 0 200 0 0

9-18 Sorption estimates 0 200 1-50 100

19-20 Sorption estimates 0 200 100 100

21-22 Sorption estimates 0 0 200 100

a Filtered to 0.2 µm before analysis, as described in Chapter 2

b Volume of 400 µg L−1 TBBPA in acetone added to flask

Estimating TBBPA Added to Each Flask - In order to properly estimate the

fraction of TBBPA sorbed in each flask, all sources of TBBPA needed to be

accounted for. For this reason, TBBPA was measured in the filtered mixed-liquor,

and in the permeate. The initial concentration of TBBPA (Cinit) in each flask

was calculated by adding contributions from MBR permeate (Cperm, measured

in flasks 7 and 8) and the aqueous portion of the added mixed-liquor (CMLSS,

measured in flasks 5 and 6) and the concentration of the spiked (known) standard

(Cspike). Using these measured and known concentrations, the estimated initial

concentration of TBBPA in each flask was calculated as shown by Eq. (3.2).

This equation estimated the initial amount of aqueous phase TBBPA in the flask

(TBBPAinit):
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TBBPAinit, ng L−1 =
CpermVperm + CMLSSVMLSS + CspikeVspike

Vperm + VMLSS + Vspike

(3.2)

Where Vperm, VMLSS and Vspike are the volumes of added permeate, MLSS and

spiking solution respectively.

Estimating Organic Carbon Added to Each Flask - The estimated concentration

of organic carbon added to each flask was calculated based on contributions from

the added mixed-liquor and the added permeate. Equation 3.3 was used to calculate

the total concentration (OC)t of organic carbon:

(OC)t, mg L−1 =
(OC)MLSSVMLSS

VMLSS + Vperm + Vspike

(3.3)

Where (OC)MLSS is the organic carbon in the added mixed liquor. Dissolved

organic carbon (DOC) was not counted as part of the total organic carbon because

it does not act as an independent sorption domain (Chin and Gschwend, 1992;

Gustafsson and Gschwend, 1997; Maoz and Chefetz, 2010). If DOC did in fact

interact with the TBBPA in solution, this would likely artificially raise recovery in

the aqueous phase. Volumes of added mixed liquor permeate and TBBPA standard

are VMLSS, Vperm and Vspike respectively. In Eq. (3.3), the contribution of organic

carbon in the standard solution of TBBPA was considered to be negligible.

3.2.6 Calculation of Partition Coefficients for TBBPA

Sorption Coefficient by Mass Balance - In this approach, a mass balance for

TBBPA is made. Different terms account for TBBPA in the aqueous phase and
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sorbed phase. Both glass and MLSS are accounted for in the sorbed phase, as

described in Eq. (3.4). In order to account for the TBBPA adsorbed to glass,

the vessel wall coefficient is used from Eq. (3.1). The concentration of organic

carbon is estimated from Eq. (3.3), and the total aqueous TBBPA concentration is

estimated by Eq. (3.2). Since the aqueous concentration of TBBPA is measured, all

terms in the equation are known except Koc. This approach is ideal for persistent

hydrophobic contaminants, and is based on the work of Backhus and Gschwend

(1990).

[TBBPAt]

[TBBPAaq]
= 1 + Koc[OC] + Kw(SA/V) (3.4)

Where [TBBPAt] is the total mass of TBBPA per unit volume and [OC] is the

weight of organic carbon per unit volume. Kw and the (SA/V ) terms are described

above.

Approach Based on Kow - Often, estimates of partition coefficients have been

based on the easily measurable Kow coefficient (Schwarzenbach et al., 2003). The

solid-water partition coefficient (Kd) for example is often estimated (i.e. Jones

et al., 2002; Stuer-Lauridsen et al., 2000) using Eq. (3.5) originally proposed by

Karickhoff (1981):

log Kd, L kg−1 = foc × 0.41× log Kow (3.5)

Where Kd is the solids-water partition coefficient, foc is the fraction of organic

carbon, and Kow is the octanol water coefficient.

Solids-Water Sorption Coefficient - A related partition coefficient that is often

used is the solids-water partition coefficient Kd (L kg TSS−1), which describes sorp-
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tion to solid particles. This is determined by measuring adsorption of a substance

in a two phase system, though it does not explicitly take into account adsorption of

hydrophobic contaminants to glass. Kd is defined as follows (Schwarzenbach et al.,

2003):

Kd, L kg TSS−1 =
Csorbed

Caq

=
TBBPAt − TBBPAaq

TBBPAaq

(3.6)

Where Csorbed is the mass of contaminant sorbed at equilibrium per kilogram of

total suspended solids (ng kg TSS−1) and Caq is the mass of contaminant dissolved

in the aqueous phase at equilibrium per unit volume (ng L−1). This partitioning

coefficient can be normalized to organic carbon by calculating the organic carbon

sorption coefficient (Koc), as shown below (Schwarzenbach et al., 2003):

Koc, L kg OC−1 =
Kd

foc

(3.7)

Where Koc is the mass of contaminant sorbed at equilibrium per mass of organic

carbon present. Units for these coefficients will be expressed as L kg −1, as is

standard (Schwarzenbach et al., 2003).

pH Corrected Sorption Coefficient - Another approach to estimate Koc takes

into account the pKa of the contaminant. Koc can also be modelled as a function

of the distributed octanol-water coefficient (Dow). The distributed octanol-water

coefficient is itself a function of Kow, pH, and the two pKa values for TBBPA (see

Schwarzenbach et al., 2003). This relation is seen in Eq. (3.8):

log Koc, L kg−1 = 0.74× log Dow + 0.15 (3.8)
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The logarithmic distributed octanol-water coefficient (Dow) for TBBPA at a pH

of 7.56 is 4.75 (Kuramochi et al., 2008). This pH is ideal for environmental systems

such as a wastewater treatment plant. Otherwise, Kuramochi et al. (2008) provide

a means to estimate it at any pH.

Freundlich Model - One partition coefficient that is often used is the Freundlich

partition coefficient (KF ). The well-known Freundlich model is used because it has

been known to describe the adsorption of many environmental contaminants to

natural adsorbates. This relation can be written as follows (Schwarzenbach et al.,

2003):

Cs = KF · C1/n
aq

or alternatively for linear plotting:

log(Cs) = log(KF ) +

(
1

n

)
log(Caq) (3.9)

Where Cs is the mass of sorbate adsorbed per mass of adsorbent, Caq is the

aqueous phase TBBPA, KF is the Freundlich partition coefficient, and n is the

Freundlich exponent. Units for KF are generally calculated based on convention

rather than on strict thermodynamic principle. Underlying the model is the as-

sumption that there are multiple types of sites with varying energy levels. Sorption

to these sites is assumed to be non-permanent and unsaturated. The exponent

expresses the energetic diversity of these sites when bound to the sorbate in question

(Schwarzenbach et al., 2003).

Langmuir Model - Another adsorption model that has a strong theoretical

background and is often used is the Langmuir model. This relation incorporates two
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constants: the maximum adsorption density (qmax); and the partition coefficient

(Kads) that establishes the affinity of the contaminant to the sorbent. An important

difference of the Langmuir model compared to the Freundlich model is that it

assumes an equal affinity for the sorbate to all sorption sites (Schwarzenbach et al.,

2003). The Langmuir model can be written as follows (Benjamin, 2002):

qA =
Kads{A}

1 +Kads{A}
qmax (3.10)

or linearly plotted as:

1

qA
=

1

qmax

1

{A}
+

1

qmax

(3.11)

or

{A}
qA

=
1

qmax

{A}+
1

qmaxKads

(3.12)

Where for substance A, qA is the adsorption density and {A} is the chemical

activity.

3.3 Results and Discussion

3.3.1 Typical Wastewater Characteristics

Data in Table 3.2 reflect characterizations of samples taken from MBR-A on a

weekly basis from early January of 2011 until mid June. Averages reflect data

collected from samples taken twice or three times a week during that time.
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Table 3.2: Typical Influent, Mixed-Liquor and Permeate Characteristics from
MBR-A From January until June 2011 (avg. ± std. err.)

Process Parameters

Sample COD* TOC* TN* cBOD* DO pH d(0.1) d(0.5) d(0.9)

Type (mg L−1) (mg L−1) (mg L−1) (mg L−1) (mg L−1) (µm) (µm) (µm)

Influent 300(102) 70(43) 40(10) 190(60) 1.7 7.8-8.2 nr nr nr

MLSS 90(43) 40(32) nr nr 3(1) 7.3-7.7 27(5) 90(18) 250(50)

Permeate 30(18) 30(23) 32(5) 4(4) 8.04 7.5-7.9 nr nr nr

* Influent and MLSS samples were filtered before analysis

Data in this table generously provided by GE Water and Process Technologies

nr - not recorded

3.3.2 Sampled Wastewater Characteristics

Samples of mixed-liquor and permeate were taken from MBR-A for both the

sorption and kinetics studies. Wastewater characteristics from these two samples

are included in Table 3.3. Average TSS and VSS of the mixed liquor suspended

solids were measured as 10.7 ± 0.6 (n = 3) and 8.0 ± 0.6 g L−1 mg L−1 (n = 3)

respectively.

By comparing Tables 3.2 and 3.3, it can be seen that the MLSS characteristics of

the samples were within the typical range of this reactor. This can also be said for

the influent and permeate. Both mixed-liquor and permeate characteristics were

not significantly different (p ≥ 0.05) from those of wastewater sampled routinely

since January of the same year. Sorption characteristics using such wastewater

are likely going to be typical for the reactor in question, and possibly typical for
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reactors like it.

Table 3.3: Characterization of Sampled Mixed-Liquor and Permeate (avg. ± std.
err.)

Process Parameters

Sample TOCa COD* TOC* TN* pH d(0.1) d(0.5) d(0.9)

Type (mg mL−1) (mg L−1) (mg L−1) (mg L−1) (-) (µm) (µm) (µm)

MLSS 4.7(0.6) 70(16) 14(3). 28 7.2-7.6 27(5) 80(14) 220(27)

Permeate nr 36(6) 12(8) 29(5) 7.6-7.8 nr nr nr

* Filtered before analysis

nr - Not recorded

a - TOC in this case is for unfiltered MLSS

3.3.3 Adsorptive Losses of TBBPA to Glassware

Figure 3.1 shows the measured recoveries of a series of solutions of TBBPA in

laboratory glassware. Times of exposure ranged from 2 min to 3 d. Concentrations

of TBBPA ranged from 200 to 500 ng L−1, depending on the size of the Erlenmeyer

flask being used.
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Figure 3.1: Changes in Recovery of TBBPA in Milli-Q stored in Laboratory
Glassware at 23 °C, (Recovery ± std. error)

Measured recoveries of TBBPA in Erlenmeyer flasks after one hour of exposure

(n = 10) were lower than the one sample measured after 2 min (p ≥ 0.05). There

was a decline in recovery (p ≥ 0.05) when TBBPA was exposed to the glass wall

for more than 1 h. This suggests that equilibrated TBBPA bound to the glass wall

or remaining in the aqueous phase was established before 24 h. It also suggests

that more than one hour and less than 24 hours were required to establish that

equilibrium.

Given equilibrium between aqueous and solid phases, and the geometry of the

flasks used, a range for the wall losses coefficient (Kw) was calculated. Flasks being

left for 24 and 36 h were used to calculate Kw, as they were the only flasks deemed

to be at equilibrium. According to Eq. 3.1, Kw was estimated to be 0.15 ± 0.01

mL cm−2 (n=3).

Losses of TBBPA were considered to be from adsorption to the wall of the flask
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alone. This is reasonable due to the fact that the flasks were stored in the dark to

prevent photolysis, and that TBBPA is nonvolatile and persistent (Covaci et al.,

2009; Strack et al., 2007).

Gerecke et al. (2006), measured TBBPA in a sterile water sample over six days.

They found that during an initial 48 h after spiking TBBPA there was a decrease in

aqueous concentration. From 2 to 6 d however, TBBPA showed no signs of losses.

Given results shown in Fig. 3.1, results by Gerecke et al. (2006) are possibly

due to an initial period of adsorptive losses. In both their study and the present

study, TBBPA was not shown to degrade after an initial period of adsorption.

This confirms the views by others (Covaci et al., 2009; Strack et al., 2007) that it

is indeed persistent. Though their results are possibly confirmed by the present

study, Gerecke et al. (2006) make no mention of sorption as a mechanism for losses.

Using this approach assumes a method recovery near 100 %. This assumption

is not unrealistic considering that on Fig. 3.1 a sorption time of 2 minutes lead to

a 95% recovery. It takes over 1 hour to completely pass a sample through an SPE

column, during which time adsorptive losses could occur to the glass sample flask.

Considering this avenue for losses, a 95 % recovery is quite reasonable.

3.3.4 Sorption of TBBPA to MLSS: Sorption Kinetic

Measurements

Measured concentrations of aqueous TBBPA over the 68 h following TBBPA

addition are shown in Fig. 3.2. The first point on the plot is the LFB, which was

filtered and loaded onto an SPE column 2 min 29 s after initial spiking. TBBPA

was measured at 761 ng L−1 in this flask, making a recovery of 95 %. The next flask
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was processed at 10 min, with subsequent flasks processed at 1.5, 7.6, 18.5, 20.6,

and 68 h. Recoveries varied from 95 to 8 % for samples 1 to 7 respectively. Losses

of TBBPA occured quite rapidly for the first 8 h, and were essentially complete

after 12 h. The majority of losses actually occurred within the first 90 minutes of

exposure to MLSS. Minor losses can be seen to continue until 68 h.
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Figure 3.2: Sorption Kinetics of TBBPA to MLSS from an MBR at 23 °C

Losses of TBBPA likely occur by both sorption and biological degradation.

Sorptive losses occur to both MLSS and the glass wall as was shown in section

3.3.3. Sorption to both sinks likely occurs simultaneously. Biological degradation

is likely a very small factor in the initial stages of this experiment. This can be

seen by looking at TBBPA levels at points 4, 5 and 6, which were taken at 7.6,

18.5, and 20.6 h of exposure. These points are quite stable over 13 h, changing only

by 9.6 %. This suggests that sorption had for the most part reached equilibrium

at 7.6 h of exposure.
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Sorption of xenobiotics like TBBPA has been shown to occur for the most part

very rapidly. For sorption of TBBPA, the process is expected to happen for the

most part during the first few minutes of exposure to solids. A must lower rate of

sorption is expected to follow. The slower period of sorption is thought generally

to last longer than the initial period of rapid sorption (Grady et al., 2011). This

understanding would explain the above kinetics results quite well.

A final aqueous concentration of 62 ng L−1 was measured at 68 h. This reflects

a concentration decrease of 19 % of the total losses over the first 47 h. Such a

concentration decrease could indeed be due to both biological and sorptive losses.

Comparatively, Ronen and Abeliovich (2000) reported a half-life of TBBPA in

aerobic-anaerobic sediments of 5 d, while Gerecke et al. (2006) reported a half-life

of 0.59 d in anaerobic sludge. Judging by their results, biological losses cannot be

ruled out during this experiment.

3.3.5 Sorption of TBBPA to MLSS: Sorption Equilibrium

Measurements

Measurements of TBBPA and Organic Carbon - TBBPA in the permeate (Cperm)

was measured as 13 ± 3 ng L−1. TBBPA in the filtered MLSS (CMLSS) was

measured as 11 ± 4 ng L−1. The aqueous concentration of TBBPA (TBBPAaq)

was defined as the concentration of TBBPA left in the filtered aqueous phase after

48 h of exposure to MLSS. The concentration difference between total and aqueous

phase TBBPA (TBBPAt − TBBPAaq) was assumed to be due to sorptive losses

to MLSS and to the glass flask.

Organic carbon added to each flask was calculated as being from the mixed-
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liquor alone. Although permeate was added, it was considered to be uniquely DOC,

as the size exclusion of ultrafiltration membranes is 0.04 µm. Organic carbon of

the mixed-liquor was measured using sample sizes of 1 000 µL. The organic carbon

in the MLSS was measured as 4 700 ± 600 mg L−1 (n = 5). The organic carbon

present in the permeate was 7.3 ± 0.1 mg L−1 (n = 4). The total amount of organic

carbon (OCinit) in each flask was calculated using Eq. 3.3.

The pH in flasks having permeate and/or MLSS was 7.3 to 7.4, which is the

typical operational pH for MBR-A. This range is also typical of the activated sludge

process (Tchobanoglous et al., 2003).

Measured TBBPA levels in the 11 replicates (n = 1) were quite similar. Their

average relative standard error was 17 %, which compares well to the relative

standard error (19.7 %) calculated for the method (see Chapter 1).

This experiment was repeated once using 1 000 ng L−1 instead of 200 ng L−1

as the initial spiked concentration of TBBPA. Both sets of data are plotted in Fig.

3.3. The final aqueous concentrations ranged from 8 to 311 ng L−1 TBBPA for the

two experiments.

Estimating log Kd for TBBPA Sorbed to MLSS - The organic carbon partition

coefficient for TBBPA sorbing to MLSS (Koc) was determined using Eq. (3.4).

Aqueous concentrations (TBBPAaq) were taken as those measured in the filtered

contents of each flask after 48 h. Estimates for total initial concentration of TBBPA

(TBBPAt) were calculated using Eq. (3.2). Organic carbon in each flask was

estimated using Eq. (3.3). The vessel wall partition coefficient was previously

determined as 0.15 ± 0.01 mL cm−2 based on Eq. (3.1) (see above), and was also

used in Eq. (3.4). In this way, the log organic carbon partition coefficient (log Koc)

for TBBPA sorbed to MLSS was estimated as 4.7 ± 0.8 L kg−1.
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There was a quite a bit of variability in the data as shown by the large standard

error. This is typical based on recent results by Holbrook et al. (2004) for sorption

of 17α-ethinylestradiol to colloidal MLSS.

Estimating log Koc for TBBPA Sorbed to MLSS - The solids-water partition

coefficient Kd was also estimated. By dividing the concentration of organic carbon

in the MLSS by the measured TSS, the foc was determined to be 0.45. Log Kd was

then calculated as 1.9 ± 0.8 using Eq. (3.7).

For the purpose of comparison, Kd was also estimated using the modelled

approach by Karickhoff (1981). Using Eq. (3.5), log Kd was estimated as 0.87.

The measured value of log Kd was 2.1 ± 0.8, which is significantly higher (p ≥

0.05). The measured partition coefficient normalized to organic carbon (4.7 ± 0.8)

was also higher than that modelled using Karickhoff’s equation, which was 1.9 L

kg −1 (p ≥ 0.05). As shown, the measured coefficient was more than 600 times

higher.

This difference can be expected due to the nature of TBBPA at a pH of 7.3.

At this pH, more than half of it is charged. A portion of it is doubly charged,

which all causes sorption interactions based on more than hydrophobicity alone.

The modelled value of Kd from Eq. (3.5) is based on Kow alone, and does not

take into account these interactions. For this reason the modelled coefficient is

lower. This difference in modelled and measured values underlines the importance

of experimentally determined partition coefficients, and especially for charged con-

taminants.

Correlation by the Freundlich Model - Figure 3.3 shows experimental sorption

data plotted according to the Freundlich model. Sorption density (qTBBPA, in units

of g g−1) was plotted versus aqueous TBBPA concentration ([TBBPA], in ng L−1).
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Data points from both sets of data (1000 ng L−1 and 200 ng L−1) were placed on the

same plot. Temperature and pH of the flasks were identical for both experiments.

Fitting the data to the Freundlich model, a linear correlation can be made having

an r2 value of 0.71. Based on this line, Kf is estimated as 8.5 and n is estimated

as 1.7. Data on this plot are especially useful as spiked concentrations are not far

from environmental levels of influent (see Chapter 2) and landfill leachates (Osako

et al., 2004; Suzuki and Hasegawa, 2006).
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Figure 3.3: Sorption of TBBPA to MLSS at 23 °C, pH 7.3

As expected, the interpolated sorption isotherm in Fig. 3.3 is quite linear.

Concentrations this low are likely to give linear sorption isotherms due to strongly

undersaturated sorption sites. An exponent value of 1.7 indicates the sorption of

TBBPA to MLSS enhances the energies of sites for further sorption. Given that

a favourable correlation can be drawn for this model, the assumptions behind the

model are likely valid for the system being studied. In this case, the model implies
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there are multiple types of sites available for sorption, and that these sites have

different sorption free energies (Schwarzenbach et al., 2003).

Correlation by the Langmuir Model - Langmuir plots were made using both

linearized versions of the model (see Equations (3.11) and (3.12)). The Langmuir

model did not fit the data (r2 < 0.1), which suggests the conditions assumed for

the Langmuir model are not valid for this particular system.

Others have performed sorption tests of emerging contaminants to wastewater

sludge. Hörsing et al. (2011) measured sorption of 75 pharmaceuticals to primary

sewage sludge and two secondary sludges. For primary sludge they found that all

75 compounds gave very good linear correlations (r2 ≥ 0.76) when determining

Kd and Freundlich coefficients. Fits to the Langmuir model however were far less

successful, as only 16 of the 75 compounds gave decent fits. Yu et al. (2008) also

found the Freundlich model to be more successful at modelling sorption of trace

contaminants than the Langmuir model.

3.3.5.1 Comparing Sorption Coefficients to Similar

Compounds

Sorption coefficients for compounds having similar structural and physicochemical

characteristics were compared. Freundlich isotherm coefficients are listed in Table

3.4. The Freundlich coefficient for TBBPA was compared with those for bisphenol

A (BPA) and several polybrominated diphenyl ethers (PBDEs).

Though bisphenol A (BPA) is structurally similar to TBBPA, it has a different

KF value. This could be in part due to the differences in hydrophobicity. BPA

has a Kow value ranging from 2.2 to 3.4 depending on pH (Groshart et al., 2001),

while TBBPA has a Kow (Dow) of 4.75 at a pH of 7.5, which is 28 to 355 times
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higher. Compounds having a Kow value less than around 2.5 can be assumed to

have minimal sorption potential (Rogers, 1996). For this reason it is expected that

BPA have a much lower KF value than TBBPA, as was confirmed by the results.

PBDEs are similar to TBBPA in that they are brominated flame retardants,

have hydrophilic moieties, and are highly hydrophobic (de Wit et al., 2006). PBFRs

have Kow values within the range of TBBPA, and have KF values ranging from

2 to 12.94, which encompasses the KF value for TBBPA. Comparing Freundlich

coefficients of TBBPA to that of similar compounds suggests the measured value

is reasonable.

Table 3.4: Comparison of Freundlich Coefficients Between TBBPA and other
Phenolic and Brominated Endocrine Disruptors

Compound log Kow(Dow) log KF 1/n r2 Source

BPA 2.2-3.4a -0.61 0.67 0.973 Clara et al. (2004)

Deca-BDE 12.8b 12.94 2.5 0.92 Langford et al. (2005)

Octa-BDE 10.3b 9.3-10.3 2.4-3 >0.97 Langford et al. (2005)

Hexa-BDE 8-9.4c 5.4-10.4 2.1-4.2 >0.97 Langford et al. (2005)

penta-BDE 8.5c 2 5.5 >0.97 Langford et al. (2005)

TBBPA 4.75d 0.93 1.7 0.71 This study

a Kow data from Groshart et al. (2001)

b Kow data from Langford and Lester (2002)

c Kow data from Tittlemier et al. (2002)

d Kow data from Kuramochi et al. (2008)
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3.3.5.2 Comparison of Measured and Estimated Sorption Coefficients

Table 3.5 summarizes sorption coefficients for TBBPA estimated by various means.

Estimates, and equations by which they were determined are presented above.

Table 3.5: Comparison of Measured and Estimated Sorption Coefficients for
TBBPA from this Study, (± std. err.)

log Kd log Koc Notes

(L kg−1) (L kg−1)

2.1 (0.8) 4.7 (0.8) Measured, corrected for Kw as per Backhus and Gschwend (1990)

0.9 1.9 Based on non-ionic Kow, as per Karickhoff (1981)

1.6 3.7 Based on Dow, as per Schwarzenbach et al. (2003)

Significant differences are apparent between measured and estimated sorption

coefficients. This is not altogether surprising considering the work of other re-

searchers. Yamamoto (2002) for example, found no relationship between the sorp-

tion coefficient for colloidal organic carbon (Kdoc) and Kow for a select group of

EDCs adsorbed to a surrogate natural organic matter. His work would suggest

that an estimate of the sorption coefficient for TBBPA based on hydrophobicity

alone would not be accurate.

Golet et al. (2003) determined sorption of fluoroquinolone to MLSS to be

significantly higher than that estimated using Kow. Fluoroquinolone in this case

was thought to display increased sorption due to ionic interactions with MLSS.

Carballa et al. (2008) and Stevens-Garmon et al. (2011) also found that an array

of endocrine disruptors displayed increased sorption when compared to estimates

made based models based on hydrophobicity alone. Increased sorption in these
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cases was also attributed to attraction between the charged contaminant and MLSS.

TBBPA is also known to be charged at the experimental pH used in this study.

Based on the results of these researchers, it is likely that sorption of TBBPA

to MLSS would also show increased sorption compared to estimates made on

hydrophobicity alone. As shown in Table 3.5, TBBPA showed a higher degree

of sorption than that estimated by Eq. (3.8). The measured range of Koc was

3.9 to 5.5, while the estimated Koc was 3.7. This indicates that more losses from

the aqueous phase occurred than that estimated, resulting in a measured Koc value

that is one order of magnitude higher than the one modelled by equations proposed

by Schwarzenbach et al. (2003). This was also found to be the case by (Stevens-

Garmon et al., 2011) for the case of several estrogens and pharmaceuticals.

3.4 Conclusions

TBBPA is a persistent, hydrophobic endocrine disruptor that is ubiquitous in the

environment. In order to model its removal from wastewater processes, reliable

knowledge of partition coefficients is required. Sorption studies included both ki-

netic and equilibrium studies in order to determine if equilibrium could be achieved

in the wastewater treatment plant. Due to the hydrophobic nature of TBBPA,

adsorption to sample vessel walls was also measured.

The log vessel-wall partition coefficient (log Kw) of TBBPA to borosilicate glass

was found to be 0.15 ± 0.1 mL cm−2 (n = 3). Sorption kinetics were examined

using fresh MLSS from an MBR operating within normal parameters. Sorption was

found to occur for the most part within minutes, and to be essentially complete

within 12 h. Losses continued until 68 h however, though these may have been
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influenced by biological losses.

Log Koc was determined for TBBPA to be 4.7 ± 0.8 (n = 22) for MLSS in

MBR permeate and was corrected for vessel wall partitioning. Likewise, log Kd

was determined for TBBPA as 1.9 ± 0.8 (n = 22) using an organic fraction of 0.45

(n = 8). These estimates were calculated based on two sorption experiments, one

at an initial concentration of 1 000 ng L−1 and the other at 200 ng L−1 TBBPA.

The Freundlich model was successfully used to describe data from these two

sorption experiments. An estimate for the Freundlich constant (Kf ) was calculated

as 8.5 and the exponent (n) was estimated to be 1.7. No correlation (r2 < 0.1) was

observed for the same data plotted according to the Langmuir model. Measured

sorption coefficients (Koc and Kd) for TBBPA were compared to measured sorption

coefficients for BPA, and various PBDEs. TBBPA sorbs to MLSS more than BPA

as was expected due to combined differences in hydrophobicity and aqueous charge.

Penta- to decabrominated diphenyl ethers were within the range of the measured

Freundlich coefficient for TBBPA.

Comparing estimates of sorption coefficients suggests that models based entirely

on Kow tend to underestimate sorption of TBBPA. This was shown for both Koc

and Kd when applied to fresh MLSS. Models proposed by Schwarzenbach et al.

(2003) rely on the distributed octanol-water coefficient, which takes into account

pH and pKa. As charged species have been shown to adsorb in higher amounts

than estimated, this model under-predicted sorption for TBBPA. Estimates based

on Dow still underestimated TBBPA sorbing to MLSS, as has been the case in

other studies.
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Chapter 4

Removal of TBBPA by

Conventional Activated Sludge,

Submerged Membrane and

Membrane Aerated Biofilm

Reactors

4.1 Introduction

Brominated flame retardants (BFRs) have been a hot topic in wastewater treat-

ment research for the last two decades. Their potentially harmful properties,

and their ubiquitous nature are drawing interest and concern. This group in-

cludes hexabromocyclododecane (HBCD), polybrominated diphenyl ethers (PB-

DEs) and tetrabromobisphenol A (TBBPA). The name given to TBBPA by the
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International Union of Pure and Applied Chemistry is 2,2’,6,6’-Tetrabromo-4,4’-

isopropylidenediphenol. Of the different types of PBDEs, it is TBBPA that is most

prominent, with an annual worldwide production of 210 000 tonnes (Alaee et al.,

2003). Known as an emerging contaminant that is an estrogenic endocrine disrupter

(Kitamura et al., 2002; Darnerud, 2008), TBBPA is lipophilic (Kuramochi et al.,

2008), and persistent (Strack et al., 2007) with potential to bioaccumulate (WHO,

1997). Dissolved TBBPA has potential to be quite high compared to other BFRs.

At neutral pH and 298 K, TBBPA is orders of magnitude more soluble than most

PBDEs (see Kuramochi et al., 2007). Given the very low concentrations shown to

cause endocrine disruption (Van der Ven et al., 2008), TBBPA has the potential to

be an important source of endocrine disruption from wastewater treatment plants

(WWTPs) to the greater environment.

Current studies of TBBPA in wastewater focus mainly on grab samples of solid

phase sludge (see Sellström and Jansson, 1995; Oberg et al., 2002; Morris et al.,

2004; Saint-Louis and Pelletier, 2004; Chu et al., 2005). Little or no emphasis is

placed on the effectiveness of wastewater process technologies or their comparative

removals. Furthermore, because there have been no studies on the sorption of

TBBPA to wastewater sludge, the dissolved fraction must be estimated based on

partition coefficients. However, dissolved and bound TBBPA exiting a WWTP

are not necessarily at equilibrium. Even so, the solids-water partition coefficient

(Kd) for TBBPA must currently be estimated using traditional techniques (i.e.

Schwarzenbach et al., 2003) based on its octanol-water partition coefficient (Kow).

The success of this approach has proven limited when applied to some hydrophobic

contaminants, especially ones that have polar or ionized functional groups (Ternes

et al., 2004; Carballa et al., 2008; Stevens-Garmon et al., 2011; Hörsing et al.,
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2011). Indeed, TBBPA has two polar ·OH groups, and is doubly ionized at the pH

range of wastewater treatment (Kuramochi et al., 2008).

In summary, dissolved TBBPA has not been measured in wastewater treatment

processes, and is difficult to estimate based on traditional approaches relying

on solid phase data. Most municipal and industrial wastewater is treated using

conventional activated sludge (CAS) reactors, though there is growing interest in

membrane processes (Tchobanoglous et al., 2003). Effluent from these processes

can make up a large part of some water sources (i.e. Grand River Conservation

Authority, 2008). For this reason, it is very desirable to have estimates of TBBPA

removal from CAS and membrane bioreactor (MBR) technologies.

Degradation of TBBPA in wastewater treatment plants is not a new topic of

interest. In fact the IPCS report cites a biodegradation study for TBBPA in sewage

treatment from as early as 1992 performed by the Chemical Inspection & Testing

Institute. In their study, high aqueous concentrations of TBBPA exposed to sewage

sludge showed no biodegradation after 2 weeks (Chemicals Inspection & Testing

Institute, 1992). These results are interesting, though their methodology would

not be standard in current research.

Biological degradation of TBBPA has been studied for the most part in natural

environments like sediment in riverbeds and marshes (i.e. Ronen and Abeliovich,

2000; Ravit et al., 2005; Arbeli et al., 2006). Degradation of TBBPA has been shown

to follow a path of step-wise dehalogenation until becoming bisphenol-A (BPA).

From this point, BPA is more easily mineralized by aerobic bacteria (Ronen and

Abeliovich, 2000). Reductive dehalogenation is a well known transformation mech-

anism for halogenated compounds in activated sludge (Fetzner, 1998). Biological

degradation has also been studied in a pilot-scale sludge digester (Gerecke et al.,
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2006). There it had an estimated half-life of less than 1 d (Gerecke et al., 2006). It

has yet to be shown if TBBPA can be transformed in aerobic wastewater reactors

operating within typical conditions for full-scale municipal plants. Furthermore,

transformation has yet to be confirmed in anoxic conditions present in a nitrifying

reactor.

Quite a bit of work has been conducted recently on adsorption of endocrine

disrupting contaminants to membrane fibres (i.e. Nghiem et al., 2002; Chang et al.,

2003; Comerton et al., 2007). Adsorption of EDCs to membrane fibres has par-

ticular importance for water treatment, where adsorbed fractions are suspected of

eventually desorbing (Chang et al., 2003). In the case of TBBPA, it has not been

shown to what extent it will adsorb to membrane fibers. Calculation of a partition

coefficient for TBBPA adsorbing to membrane fibres could be useful to further

work in this area.

The aim of this study was to determine the effectiveness of TBBPA removal

in municipal wastewater treatment. Influent and effluent levels of aqueous phase

TBBPA were measured from two different wastewater treatment technologies at

environmental levels. For the first reactor, TBBPA was measured in a municipal

CAS plant with tertiary treatment. Secondly, three pilot-scale membrane biore-

actors (MBRs) treating municipal influent were compared. In addition to this, a

third study was performed to determine whether TBBPA could be transformed in

a nitrifying reactor. To this end, a pilot-scale membrane aerated biofilm reactor

(MABR) was studied. The efficiency of a nitrifying environment was monitored,

and transformation of TBBPA was measured over 5 weeks. Each of the reactors

studied was characterized by routine measurements commonly used to describe

wastewater treatment. Emphasis was placed on removal efficiency based on sludge
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retention time (SRT), and determination of a partitioning coefficient for TBBPA

adsorbed to a membrane hollow fibre.

4.2 Experimental

4.2.1 Set-up and Operation of Wastewater Reactors

Removal of TBBPA was studied in three types of wastewater reactors. Firstly, a

full-scale conventional activated sludge reactor was studied. Also studied, were

three pilot-scale membrane bioreactors fed the same municipal influent as the

conventional activated sludge reactor. Thirdly, a membrane aerated biofilm reactor

fed dechlorinated tap water with ammonia and TBBPA was studied. Set-up,

operation, sampling, characterization, and analysis of TBBPA for each reactor

type is described below.

4.2.1.1 Conventional Activated Sludge Reactor

The City of Guelph (Ontario, Canada) wastewater treatment plant is located beside

the Speed River. Influent to this plant comes from the City of Guelph, through

a separate sewer system. Secondary effluent is treated by rotating biological

contactors (RBCs) and a sand filter as tertiary treatments. Before outflow to

the Speed River, effluent is disinfected by chlorination, and then dechlorinated.

A detailed description of this wastewater treatment plant can be found in a

report made public by the City of Guelph entitled ”Guelph Wastewater Treatment

Master Plan” (CH2M HILL, 2009). A complete process flow diagram of the plant

is included in Appendix C. A brief representation of the process can be seen in
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Figure 4.1: Diagram of the City of Guelph Wastewater Treatment Plant

Fig. 4.1. The typical SRT for the CAS reactor sampled was 12 d and the hydraulic

retention time (HRT) was 5-9 h.

4.2.1.2 Membrane Bioreactors A, B, and C

At the same site as the City of Guelph Wastewater Treatment Plant are 3 pilot-

scale Zeeweed 500 MBRs operated by GE Water and Process Technologies. MBR

influent used in these reactors was identical to that taken for sampling the CAS

process. More specifically, influent was diverted from before the grit chamber before

chemical addition and passed through a drum filter. This diverted flow is pumped

to the aeration tank of each reactor. A typical schematic for these three reactors

is included in Fig. 4.2. Having a separate membrane and aeration tank is typical

for ultrafiltration membrane reactors (Grady et al., 2011).

The SRTs of MBRs A, B and C were 24, 28, and 29 d respectively during

sampling. These operating conditions had been maintained for more than three

months (i.e. 3 SRTs) in each reactor prior to sampling. The HRTs for all three

MBRs was 6 h. Access to the MBRs was kindly provided by GE Water and Process

Technologies.
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Figure 4.2: Typical Diagram for MBRs A, B and C

4.2.1.3 Membrane Aerated Biofilm Reactor

At the Environment Canada Centre for Inland Waters in Burlington (Ontario,

Canada), Environment Canada operated a pilot-scale MABR. The reactor mem-

brane was of type Zeelung, procured from GE Water and Process Technologies.

A diagram of the MABR is included in Fig. 4.3. Specific design and operational

details can be found in Long et al. (2011).

Briefly, air supply to the membrane was through a central downcomer at the

top of the reactor made of two concentric tubes. Air introduced at the top travelled

down to the bottom to be exhausted from membrane fibres into the mixed liquor.

Air not transferred through the fibers travelled back up the same downcomer to be

exhausted. The surface area of the hollow fibres was 500 m2, making for a specific

membrane surface area of 3 378 m2/m3. Reactor influent was introduced at the

bottom of each reactor and was discharged at the top.
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Figure 4.3: Diagram of Membrane Aerated Biofilm Reactor
(Image courtesy of Z. Long, 2011)

The reactor volume was 148 L with an HRT of 2.4 h. The recycle line was oper-

ated intermittently on 6 s/min cycles, making a turnover time of 4.6 volumes h−1.

Temperature and pH in this reactor were controlled throughout the sampling run.

Reactor feed was de-chlorinated tap water enriched with ammonia and TBBPA

which were introduced via peristaltic pumps from a tank of concentrated ammonia

and TBBPA. Adequate TBBPA was introduced into the feed tank to provide a

continuous influent concentration of 200 ng L−1.

4.2.2 Routine Wastewater Sampling and Analysis

Sampling and analysis of each wastewater reactor type is described below. Analysis

can be divided into two categories: wastewater characterization; and quantitation
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of TBBPA. Characterization of wastewater samples is described below for each

reactor type. Quantitation of TBBPA is described later in Section 4.2.3.

4.2.2.1 Conventional Activated Sludge Reactor

Grab samples were taken from the CAS influent or outflow. CAS influent samples

were identical to those taken for MBR influent samples, as described above. Ef-

fluent samples were taken from after the dechlorination step, immediately before

outflow to the river.

CAS samples were only analyzed for TBBPA, as the City of Guelph Wastewater

Treatment Plant does its own characterization. Typical wastewater characteristics

for the CAS reactor were supplied by Robertson (2010), and are listed in Table

4.1. The time span between sampling and arrival at the laboratory was less than

1 h. Quantitation of TBBPA was performed on the same day.

4.2.2.2 Membrane Bioreactors A, B and C

MBR wastewater samples were characterized in order to compare them to typical

wastewater characteristics for each particular MBR. Typical wastewater character-

istics under normal operation are listed in Table 4.1. In this way, reactor conditions

during sampling could be compared to typical conditions to ensure the wastewater

was not sampled under exceptional conditions. In sample mixed-liquor, filtered

TOC, COD and TN were determined, as well as pH and particle size distribution.

Unfiltered TOC was also determined for MBR mixed-liquor. For MBR permeate,

COD, TOC, TN, and pH were measured.

TOC for filtered or unfiltered samples was measured using a Shimadzu TOC-V

unit equipped with a Solid Sample Module 5000A. Calibration curves were re-made
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every 3 to 4 months as specified in Standard Methods (APHA, 2005). All TOC and

TN measurements were based on an average of 2 to 5 measurements. Each batch of

experiments included blanks and laboratory fortified blanks (LFBs). Particle size

distributions were measured using a Mastersizer 2000 (Malvern, Montréal, Québec,

Canada), measured values were the average of 3 measurements. Dissolved oxygen

(DO) and pH were measured on-site using a pH/conductivity/dissolved oxygen

meter (Probe model sensION6, Hach, Colorado USA). This meter was calibrated

weekly.

Sample containers for wastewater characterization were of polypropylene, and

were procured from Nalgene (Rochester, New York, USA). Analyses of MBR

influent, mixed-liquor and permeate were performed at the University of Guelph

School of Engineering. Sampling and analysis of MBRs was performed by Uni-

versity of Guelph engineering students funded in part, by GE Water and Process

Technologies. Analysis was begun within 3 h of wastewater sampling. Analytical

methods used for characterization conformed to Standard Methods (APHA, 2005).

4.2.2.3 Membrane Aerated Biofilm reactor

Composite samples (48-72 h) were taken from influent and effluent pipes and stored

at 4 °C. This sample jug was mixed and decanted every 2 or 3 days in order to be

characterized at the Environment Canada site in Burlington. All on-site analyses

were performed within 6 h of sample jug retrieval. Wastewater Samples from the

MABR were analyzed at both the Environment Canada Centre for Inland Waters in

Burlington (Ontario, Canada) and the University of Guelph School of Engineering.

Analyses of ammonia, nitrate and nitrite in MABR samples were performed at the

Environment Canada Centre for Inland Waters in Burlington (Ontario, Canada).
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Analyses of TOC and TN were performed at the University of Guelph. Sample

containers used were 1-L amber glass bottles.

Analyses for ammonia, nitrite, and nitrate, were all performed using ”Hach test

’n tube vials” at the Environment Canada site in Burlington. For ammonia, the

Hach salicylate method 10031 was used. Nitrite analyses were performed using the

Hach chromotropic acid method 10020. For nitrate, the Hach diazotization method

10019 was employed. Calibration curves for ammonia, nitrite and nitrate were re-

made every 3-4 months (as per APHA, 2005), pH and temperature controllers were

calibrated weekly. TN measurements were compared to the sum of measured values

of ammonia, nitrite and nitrate for quality control. Typical deviance was no more

than 5 % based on TN (see Long et al., 2011). TN and TOC were measured at the

University of Guelph School of Engineering as described for MBR samples above.

4.2.3 Sampling and Quantitation of TBBPA

Samples of wastewater were characterized as described above, and then analyzed

for TBBPA. Quantitation of TBBPA was performed identically for all samples from

all three reactor types. Sampling and analysis for TBBPA is described below.

4.2.3.1 Conventional Activated Sludge Reactor and

Membrane Bioreactors

Grab samples for the CAS and MBRs were taken at around 10 AM and transported

immediately to the University of Guelph laboratory under ice for analysis. Con-

tainers used for samples were 1-L amber glass bottles. Extraction and quantitation

of TBBPA in samples was performed on the same day as sampling.
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4.2.3.2 Membrane Aerated Biofilm Reactor

Wastewater samples to be analyzed for TBBPA were transferred to 1-L amber glass

bottles and transported to the University of Guelph laboratory under ice. Once at

the laboratory, sample bottles were stored at 15 °C until extraction. All TBBPA

measurements were performed within 5 d of beginning composite sampling. Due

to TBBPA being a persistent chemical that does not degrade easily (Covaci et al.,

2009), it was assumed that minimal degradation occurred before sample analysis.

This assumption is supported by data from Gerecke et al. (2006).

Sorption of TBBPA to an MABR Hollow Fibre - To confirm the extent to

which TBBPA adsorbs to hollow fibres of the MABR, adsorption was measured

over a period of 24 h. Three identical Erlenmeyer flasks were prepared with 500

mL of Milli-Q, two of them were spiked with a standard TBBPA solution to a

concentration of 200 ng L−1. In one of the spiked flasks, a sample of MABR hollow

fibre weighing 0.249 g was placed. The fibre was new and had never been used.

The second spiked flask was left as is. The third flask was prepared with only

Milli-Q and treated as a blank. All three flasks were placed overnight in the dark

at 23 °C. After 24 h of exposure, the concentrations of TBBPA were measured as

described above. An adsorption time of 24 h was considered adequate to establish

equilibrium based on studies performed in Chapter 2.

TBBPA in this experiment can be seen to adsorb to both the glass wall and

the hollow fibre. A partitioning coefficient for the hollow fibre can be defined as

follows:

Kfibre, L kg−1 =
TBBPAfibre

[TBBPAaq]
(4.1)
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Where Kfibre is the mass of TBBPA adsorbed to the hollow fibre divided by the

mass of the hollow fibre, and [TBBPAaq] is the mass of aqueous TBBPA per unit

volume. This same approach was used in Chapter 3, based on work by Backhus

and Gschwend (1990). Using this term, TBBPA in a flask with a hollow fibre can

be described as either dissolved, bound to the flask wall or bound to the hollow

fibre. A mass balance of these quantities can be described as follows (after Backhus

and Gschwend, 1990):

[TBBPAt]

[TBBPAaq]
= 1 + KfibreWfibre + Kw(SA/V) (4.2)

Where [TBBPAt] is the total mass of TBBPA per unit volume and Wfibre is

the weight of hollow fibre added. Kw and (SA/V ) are defined as in Chapter 3. pH

likely plays a role in the partitioning to the hollow fibre, as it does for partitioning

to organic carbon. This was discussed in Chapter 3.

Chemicals and Materials used in TBBPA Quantitation - ENVI-18 solid phase

extraction (SPE) columns (500 mg), Mirex (CAS 2385-85-5), and DDT (CAS 50-

29-3) were supplied by Sigma-Aldrich. Acros tetrabromobisphenol-A (97 %, CAS

79-94-7), pyridine (CAS 110-86-1), acetic anhydride (CAS 108-24-7), sodium sulfate

(anhydrous), sulfuric acid (≥ 97 %), Whatman GF/B filters (09-874-73), Whatman

GF/F filters (09-874-26B), Whatman 0.2 µm nylon membranes (7402-009), acetone

(CAS 67-64-1), methanol (CAS 67-56-1), methylene chloride (CAS 75-09-2), were

purchased from Fisher Scientific. All solvents were HPLC grade. Helium (99.9999

%) and methane (99.9999 %) were supplied by BOC Canada (Guelph, Ontario,

Canada), and ultrapure water (Milli-Q) was produced from a Milli-pore Ultrapure

Water System. All chemicals were reagent grade.
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All glassware to be used in sample collection, preparation and measurement was

soaked in Methanol and detergent (Sparkleen), soaked in a 0.05 M H2SO4 solution

for 12 h and rinsed with Milli-Q. Laboratory glassware was then rinsed three times

with Milli-Q and heated in a furnace for 1 h at 550 °C. Quantitation of TBBPA

was performed as described in Chapter 2. Quality control and quality assurance

were performed as described therein.

4.3 Results and Discussion

4.3.1 Sample Wastewater Characteristization

Characterization of wastewater samples from the CAS, MBRs, and MABR is

discussed below. Characteristics of these samples are compared to typical data

shown in Table 4.1.

4.3.1.1 Conventional Activated Sludge Reactor

CAS influent had a COD of 178, 189, and 213 mg L−1 for the three days of sampling,

making for an average of 190 ± 18 mg L−1. Filtered influent TOC values were 80,

48 and 48 mg L−1, or 59 ± 19 mg L−1. Filtered influent TN was 38, 29, and 33

mg L−1, or 33 ± 5 mg L−1. pH varied from 8 to 8.1. TSS, VSS and cBOD were

not measured for these influent samples. Based on influent COD, TOC, TN and

pH, process conditions for the influent were not statistically different than typical

conditions listed in Table 4.1 (p ≥ 0.05).
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4.3.1.2 Membrane Bioreactors A, B and C

Figure 4.5 displays wastewater characteristics for MBR-A, B and C during the

study period. A total of 10 samples were taken from MBR-A, 8 samples from

MBR-B and 8 samples from MBR-C. Sample characteristics include both influent

and permeates averaged over this number of samples (i.e. n = 8 to 10).

During this period, influent COD was 100 ± 43 mg L−1. Effluent COD for

permeate from reactors A, B and C were 40 ± 20, 40 ± 18, and 30 ± 17 mg L−1

respectively. COD data are plotted in Fig. 4.5 (b). Influent TOC values were

40 ± 9 mg L−1. Permeate TOC from reactors A, B and C were 7 ± 1 mg L−1

respectively. TOC data are plotted in Fig. 4.5 (c). TN for influent was 33 ± 7 mg

L−1. Effluent TN for permeate from reactors A, B and C were 25 ± 5, 27 ± 4, and

25 ± 5 mg L−1 respectively. TN data are plotted in Fig. 4.5 (d).
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Table 4.1: Typical Wastewater Characteristics for the City of Guelph CAS and
MBRs (avg. ± std. err.)

Process Parameters

Reactor Source TSS VSS COD* TOC* TN* DO pH

Type (-) (g L−1) (g L−1) (mg L−1) (mg L−1) (mg L−1) (mg L−1) (-)

CASa Influent 6(0.5) 2.8(0.6) 300(102) 70(42) 40(9) 1.7 7.8-8.2

Effluent 0.002 nr 40(11) 8.6 1.8 8.5 8.0

MBR-Ab Influent 10.(1) 7(1) 140(70) 70(42) 40(9) 3(1) 7.8-8.2

Permeate na na 30(19) 30(22) 32(5) 8 7.5-7.9

MBR-Bb Influent 9(2) 7(1) 140(70) 70(42) 40(9) 3(1) 7.8-8.2

Permeate na na 30(22) 20(22) 33(7) 8 7.5-7.9

MBR-Cb Influent 10.(1) 7(1) 140(70) 70(42) 40(9) 3(1) 7.8-8.2

Permeate na na 30(24) 20(23) 34(9) 8 7.4-7.8

a Data generously provided by Robertson (2010) of the City of Guelph

b Data generously provided by GE Water and Process Technologies

* samples were filtered before analysis

nr - not recorded

na - not applicable

4.3.1.3 Membrane Biofilm Reactor

Figure 4.7 shows characterization of samples taken from the MABR during the

study period. In total, 5 samples were characterized for both influent and effluent.

Ammonia levels ranged from 30.5 to 34.0 mg L−1 in influent, having an average of

32 ± 1 mg L−1. Effluent levels spanned 5.0 to 5.9 mg L−1, having an average of 5.5
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± 0.3 mg L−1. This represents an average removal of ammonia of 83 ± 6 %. TOC

levels in both the influent and effluent were below the limit of detection (4 ppb).

This is reasonable considering the only source of organic carbon added to influent

in the MABR was TBBPA.

Influent nitrite levels varied from 0.026 to 0.030 mg L−1, having an average

value of 0.028 ± 0.001 mg L−1. Effluent Nitrite spanned 0.32 to 0.70, with an

average of 0.5 ± 0.1mg L−1. Nitrate levels in influent ranged from 1.0 to 1.2 mg

L−1, having an average of 1.1 ± 0.1 mg L−1. Nitrate in the effluent spanned 19.5 to

20.8 mg L−1, with an average value of 20.0 ± 0.5 mg L−1. By comparison with data

presented by Long et al. (2011), operation of the MABR was typical (p ≥ 0.05)

during sampling for this study. All data for ammonia, nitrate, nitrite, TOC, and

TN for what concerns the MABR were supplied by Zebo Long of the University of

Guelph School of Engineering.

4.3.2 TBBPA Removal by Wastewater Reactors

4.3.2.1 Conventional Activated Sludge Reactor

Influent and effluent were sampled on 3 days in June. Influent concentrations on

these days were 13, 25 and 29 ng L−1. Corresponding effluent concentrations were

0, 2.2, and 0 ng L−1. These results can be seen in Fig. 4.4.

Over the three days of sampling, considerable variability can be seen. Both

influent and effluent concentrations varied. Removal varied from 91 to 100 %.

Significant variability of TBBPA in influent is probably quite normal. TBBPA is

introduced by many forms into wastewater. Based on recent studies (Osako et al.,

2004; Suzuki and Hasegawa, 2006; Choi et al., 2009), the highest concentration
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Figure 4.4: Influent and Effluent Concentrations of TBBPA from a Tertiary
Wastewater Treatment Plant, 95% Confidence Intervals Shown

is possibly introduced via landfill leachate treated at the plant. At the City of

Guelph WWTP, leachate is introduced sporadically by tanker truck (Robertson,

2010). This could significantly increase the levels of influent TBBPA at these times.

Grab samples were taken at around 10:00 AM daily, during high volume flow of

influent through the WWTP. Such high volumes might reflect a lower concentration

based on dilution.

4.3.2.2 Membrane Bioreactors A, B, and C

The average influent level of TBBPA in the WWTP was 21 ± 14 ng L−1. Average

values of measured TBBPA in MBRs A, B, and C were 5 ± 5 (n=10), 8 ± 7

(n=8), and 2 ± 4 (n=8) ng L−1 respectively. These data are plotted in Fig. 4.5

(a). Measurements varied from to 1 to 41 ng L−1 for influent, and 0 to 25 ng L−1

for all MBR permeate combined.
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Figure 4.5 (a) shows 95 % confidence intervals for TBBPA levels in influent and

MBRs A, B and C. TBBPA levels for each MBR are significantly lower (p ≥ 0.05)

after MBR treatment. The spread of values for the MBR effluents is approximately

equal to that of the influent.
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Figure 4.6: TBBPA Concentration of Municipal Wastewater Before and After
Treatment, 95% Confidence Intervals

The SRTs of MBRs A, B and C were 24, 28 and 29 d respectively. Though the

SRTs increase in the order of MBR-A to MBR-C, MBRs A and B have similar levels

of TBBPA, with MBR B having a narrower range. Only MBR-C has noticeably

lower TBBPA levels than the other two. This could be due to the similarity of

SRTs for MBR A and B, as they are not very different. Despite the difference in

arithmetic means, permeate concentrations of TBBPA between MBRs B and C

are not significantly different from one-another until using a confidence interval of

86 % (p = 0.14). When compared to the conventional activated sludge reactor,

average removal of TBBPA by the three MBRs was not as effective as that by the
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CAS reactor (p ≥ 0.05).

4.3.2.3 Membrane Aerated Biofilm Reactor

Before spiking TBBPA into MABR influent, background levels of TBBPA were

measured on two occasions. Influent and effluent levels of TBBPA were shown

to be below detection on both occasions. During the sampling run, the reactor

temperature was controlled at 22 ± 2 °C. pH was also controlled, and varied

between 7.2 and 7.6.

Figure 4.7 shows measured values of TBBPA in the influent and effluent of the

MABR. Five measurements of both influent and effluent were taken while TBBPA

was being spiked. Sampling occurred over a period of 5 weeks. Once spiking of

TBBPA into MABR influent began, 72 h of operation was allowed before the first

sample was taken. This time was thought to be enough to enable acclimation

of the bacteria to a reasonable degree. Average measurements of TBBPA in the

influent and effluent of the MABR were 125 ± 35 and 44 ± 18 ng L−1 respectively.

A temporal plot of this data is shown in Fig. 4.7 (a). A histogram of TBBPA

measurements is shown in Fig. 4.8, where it can be seen that the removal of

TBBPA between the inlet and the outlet of the MABR was significant over the five

weeks of sampling (p ≥ 0.05).

TBBPA introduced to the MABR will initially adsorb to the reactor walls,

appurtenances, and membranes. Within hours, aqueous TBBPA will equilibrate

with the sorbed fraction (see Chapter 3, Section 3.3.3). For this reason, the steady

state concentration of TBBPA in the reactor should stabilize at approximately 200

ng L−1. Once the influent is sampled, aqueous phase TBBPA will equilibrate in

the 1-L amber glass sampling bottle. This adsorption should not affect the results,
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as both inlet and outlet samples will experience the same partitioning effect, and

are therefore still comparable. Sampling jars were identical and labelled, so as to

always contain sample from the same point in the reactor.

Using the estimated aqueous concentration of TBBPA in the influent sample

bottle (200 ng L−1), one can estimate the aqueous concentration of TBBPA that

should be measured in the influent by use of Eq. (3.4). By using a nominal influent

concentration of 200 ng, the geometry of the sampling bottle, and the glass wall loss

coefficient (see Chapter 3), one can estimate the expected aqueous concentration

of TBBPA. This estimated value is 122 ng L−1, which is very close to the average

value of 125 ± 35 ng L−1.
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Outlet concentrations were consistently lower than inlet concentrations (p ≥

0.05). Possible reasons for this decrease include biotransformation and sorption

of TBBPA to nitrifying biofilm. Sorption losses to biofilm are not likely very
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significant, as nitrifying biofilm was so minimal its dry weight was not detected

using 1.5 µm Whatman filters. Significant losses due to photolysis are also unlikely,

as the residence time (2.4 h) is too short for this (Horikoshi et al., 2008). Biotrans-

formation due to dehalogenation by the microbial consortium is likely the main

mechanism of removal. TBBPA is of course non-volatile at typical environmental

conditions (Grabda et al., 2009), which eliminates the possibility of losses through

volatilization.

The presence of a strongly nitrifying environment is confirmed by the nitri-

fication of ammonia to nitrite and nitrate. Conversion of inlet ammonia was

80 ± 6% over the range of samples. Nitrite concentrations in the reactor were

much lower, ranging from 0.026 to 0.595 mg L−1. This could be explained by the

typically rapid kinetics of microbial transformation of nitrite to nitrate (Rittmann

and McCarty, 2001). Confirming the presence of nitrifying bacteria in the MABR

is very important, as they have been found to be very proficient at transformation

of emerging contaminants (WERF, 2005; Batt et al., 2006; Yi, 2007). The actual

biomass present in the reactor was almost insignificant. Measurement by Whatman

glass filters (1.5 µm) did not show any biomass, so turbidity was used as a measure.

Further details can be consulted in Long et al. (2011).

Sorption of TBBPA to an MABR Hollow Fibre - Figure 4.9 shows the relative

sorption of TBBPA to a hollow fibre from an MABR. For the spiked flask without

hollow fibre added, TBBPA was measured at 111 ng L−1. For the flask with hollow

fibre added, TBBPA was measured at 41 ng L−1. In the flask acting as a blank, no

TBBPA was detected. The flask without the hollow fibre shows typical sorption

losses to the glass wall as shown in Chapter 3. Additional losses of TBBPA were

quite apparent in the flask with the hollow fibre. This result was expected, as
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the MABR hollow fibre is hydrophobic, and will thus tend to adsorb hydrophobic

compounds.
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Figure 4.9: Sorption Results of TBBPA to an MABR Hollow Fibre

Based on this experiment, it is possible to calculate a preliminary adsorption co-

efficient for TBBPA using Equations (4.1) and (4.2). This coefficient would be valid

for TBBPA adsorbing to GE Water and Process Technologies Zeelung membranes,

which are used in this type of MABR. Kw for the flask was already determined in

Chapter 3 to be 0.15 ± 0.01 mL cm−2, and experimental concentrations of total

and dissolved TBBPA were 200 and 41 ng L−1 respectively in the flask with the

hollow fibre.

Using these measured values, and the geometry of the flask, Kfibre can be

determined as approximately 12 000 L kg−1, or log Kfibre = 4.1. This value is

comparable to the log partition coefficient of TBBPA to organic carbon, which was

measured as 4.7 ± 0.8 in Chapter 3. Such a high value indicates that adsorption

of TBBPA to membrane fibers in an MABR is quite significant. This also suggests

that desorption of sorbed TBBPA could be quite significant given the right condi-
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tions. A high pH for example would cause desorption of TBBPA due to increased

solubility. Additionally, a very low concentration of TBBPA in influent would cause

TBBPA to desorb in order to maintain equilibrium between the hollow fibre and

aqueous phase.

4.3.3 Interpreting TBBPA Removal by Different

Wastewater Technologies

Based on results from the CAS, MBRs and finally the MABR, removal of TBBPA is

likely performed by a combination of mechanisms. These mechanisms are discussed

below for each wastewater treatment technology.

4.3.3.1 Dominant Mechanisms of Removal from

Wastewater Treatment Plants

Sorption is likely the foremost mechanism of removal in the aeration tank. TBBPA

is very hydrophobic (Covaci et al., 2009), and has been shown to sorb to a very high

degree to MLSS, glassware, and hydrophobic hollow fibers. Furthermore, kinetic

studies showed that sorption is essentially complete after 8 h, with only a fractional

increase after 12 h. This information suggests that sorptive losses of TBBPA are

not only significant, but happen within the typical residence time of most CAS

reactors.

Biotransformation of TBBPA is also significant, as was shown by data from

the MABR. Though the residence time of the MABR was a mere 2.4 h, significant

transformation was seen. The MABR did not offer significant opportunity for

sorption, as there were minimal (detected only by turbidity) biosolids present. This
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confirms that TBBPA is degraded by nitrifying bacteria, which also flourish in the

anoxic zones of wastewater treatment plants. It has also been confirmed by Ronen

and Abeliovich (2000) and Gerecke et al. (2006) that TBBPA degrades in aerobic

and anaerobic environments. Wastewater treatment plants offer all three oxygen

regimes at different process points. For these reasons, it is likely that biological

degradation is a significant mechanism of TBBPA removal from WWTPs.

Given that TBBPA is non-volatile in wastewater (Grabda et al., 2009), there

would not be any losses due to volatilization. The only other well-known mechanism

of TBBPA removal is photolysis (Horikoshi et al., 2008). This mechanism however

would likely be much too slow to be relevant in WWTP processes.

Residence time for TBBPA in a reactor would dictate the dominant mechanism

of removal. In a typical MBR or CAS reactor, HRT can vary from around 6 to

10 h (Tchobanoglous et al., 2003). In such a reactor, it is likely sorption that will

remove most of TBBPA from the mixed-liquor. In a reactor with a longer HRT,

like an anaerobic reactor for example, sorption would only remove TBBPA initially.

For a residence time of 20 to 30 d, it is likely biological transformation would cause

the most significant losses. Of course, sorption does not degrade TBBPA, but

only binds it to the solid phase. In this way, sorption can be seen as a method

to remove TBBPA from the aqueous phase, where as biotransformation is a step

towards mineralization.

4.3.3.2 Comparing Removal Between Studied Wastewater Reactors

Sorption and biological transformation are the two dominant mechanisms of TBBPA

removal from WWTPs. Given these two mechanisms, one can interpret the exper-

imental results for both CAS and MBR processes studied above.
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Sorptive Losses - When comparing removal of TBBPA in the CAS and the

MBRs, both sorptive and biological losses can be examined. Sorptive losses can

be seen as both adsorptive and absorptive. Adsorptive losses would tend to occur

in areas with biosolids, where two-dimensional adsorption from the aqueous phase

would occur. Absorptive losses would occur where TBBPA could partition into

another less polar phase.

Adsorptive losses would tend to occur in the aerobic tanks, and would be a

function of the SRT of the reactors. SRT is the most important variable for

controlling the concentration of MLSS in the reactor (Tchobanoglous et al., 2003).

A lower SRT indicates a lower concentration of biosolids, which indicates less

sorbent for TBBPA losses. The SRT of the studied CAS (12 d) was a lot lower

than that of the MBRs (24 to 28 d), which is typical for these two processes

(Tchobanoglous et al., 2003). This would indicate that sorption in the CAS would

occur to a lesser extent than in the MBRs.

SRT is an indicator of the amount of MLSS present during WWTP operation.

Also of critical importance is the exposure time for contaminants to the MLSS.

HRT is the process variable most indicative of the exposure time for TBBPA to

MLSS solids. The HRT of the CAS (5 to 9 h) was not different from the HRT of

the MBRs (6 h). For this reason, TBBPA would have had approximately the same

exposure time to the MLSS in either reactor. The CAS has a much lower MLSS

content than the MBRs, which suggests that sorptive losses of TBBPA would have

happen to a greater extent in the MBRs than in the CAS.

Absorptive losses would happen in the presence of less polar matrices. An area

for potentially significant TBBPA removal by absorption would be in the primary

treatment. Just after primary sedimentation in a WWTP is a trap for fats, oil
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and grease. TBBPA is highly lipophilic, which is shown by its elevated distributed

octanol-water partition coefficient (Dow). TBBPA would preferentially absorb from

the aqueous phase into oil and grease which is less polar.

Biological Losses - Potential for biological losses can also be examined with

respect to process variables for the CAS and MBRs. An HRT indicates the mean

residence time of mixed liquor, and is thus proportional to the time TBBPA is

exposed to microbial degradation. Aerobic and nitrifying microbes are both present

in an aerobic treatment regime. Within the boundary layer of the suspended solids

the oxygen concentration will be reduced, forming an anoxic zone. Further away

from the particle, direct aeration will form an aerobic zone. This aerobic zone makes

up the dominant oxygen regime in an aerobic reactor (Tchobanoglous et al., 2003).

Both anaerobic and aerobic oxygen regimes have been shown to enable microbial

degradation of TBBPA (Ronen and Abeliovich, 2000; Gerecke et al., 2006)

The City of Guelph WWTP is not a true CAS, in the sense that it also

employs two types of tertiary treatment. These two processes are in series, and

include RBCs and sand filters. Each process provides anoxic zones where nitrifying

bacteria flourish, and sorption continues to be a mechanism of removal for TBBPA.

Sorptive losses would be a factor in the RBCs, where it would sorb to suspended

flocs and attached biofilms. In the sand filter, TBBPA would adsorb to the sand

and sediment present (see Covaci et al., 2009), making it vulnerable to nitrifying

bacteria. Thus, tertiary treatment offers both sorptive and biological mechanisms

for TBBPA removal. For these reasons, it is quite expected that a CAS equipped

with tertiary treatment remove TBBPA to a greater degree than the secondary

treatment provided by MBRs.

TBBPA Emission to the Greater Environment - To date, only solid phase
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concentrations of TBBPA have been measured in WWTPs. The only wastewater

effluent concentrations published to date have been those of Osako et al. (2004)

who measured them at a sanitary landfill operation. These are not municipal

wastewater effluent samples, and Osako et al. (2004) does not provide details of

the type of wastewater treatment used. Solid phase measurements have varied

between 0 and 330 ng g−1 (dw) (Oberg et al., 2002; Lee and Peart, 2002; Morris

et al., 2004; Saint-Louis and Pelletier, 2004).

TBBPA found on sediment and in aqueous environments is widely recognized as

being introduced to the environment predominantly through wastewater treatment

plants or industrial discharges (Lee and Peart, 2002; Covaci et al., 2009; Labadie

et al., 2010). In WWTP effluent, TBBPA is divided into aqueous and solid

phases. Given the range of solid phase TBBPA measured in wastewater sludge

from Canadian plants, and the range of solids in plant effluent, one can estimate a

likely range of solid phase TBBPA in outflow.

Total suspended solids (TSS) concentrations leaving the City of Guelph Wastew-

ater Treatment Plant are typically around 2 mg L−1 (Robertson, 2010). A TSS

range of 1 to 4 mg L−1 is expected for conventional activated sludge (CAS) plants

using filtration and disinfection (Tchobanoglous et al., 2003). This is the same

type of wastewater treatment plant as that in the present study. Lee and Peart

(2002) measured solid phase TBBPA in sewage sludge from 35 plants across Canada

(including Montréal), and found the range to be from below detection to 46.2 ng

g−1 (dw). This places a probable range of solid phase TBBPA between 0 and 46.2

ng g−1 (dw). Using these measured values, the range of solid phase TBBPA leaving

the wastewater treatment plant in the effluent is likely between 0 and 0.18 ng L−1.

TBBPA removal in the present study has been measured in two types of treat-
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ment. MBR permeate revealed levels of TBBPA ranging from 0 to 25 ng L−1 (n =

26). CAS effluent had levels of TBBPA ranging from 0 to 2.2 ng L−1 (n = 3). The

CAS process had tertiary treatment, which was not the case for the MBR process.

Given the secondary and tertiary treatment processes studied, concentrations of

aqueous phase TBBPA are likely more than 10 times higher than in the solid phase

of WWTP outflow. The amount of TBBPA in effluent is likely very dependent on

wastewater treatment type. Secondary treatment, as seen in the MBRs, removes

TBBPA to an extent. Tertiary treatment removed it to a much higher extent.

Estimation of TBBPA in CAS effluent at equilibrium - Measured TBBPA

concentrations are likely not at equilibrium in the WWTP outflow, as there is

little time for equilibration. Estimated equilibrium concentrations of TBBPA can

be calculated based on those measured in the solid phase by Lee and Peart (2002).

Based on their maximum concentration of 46.2 ng g−1 (dw), an outflow TSS

concentration of 4 mg L−1, a measured fraction of organic carbon (foc) of 0.45, and

a Koc value of 12 000 L kg−1, the aqueous concentration of TBBPA at equilibrium

can be estimated using Eq. (3.4). By trial and error, the maximum corresponding

aqueous concentration of TBBPA in WWTP outflow would be 8.3 ng L−1. This

indicates that even at equilibrium, the most significant source of TBBPA from

WWTPs to the greater environment is likely aqueous phase TBBPA. In this way,

experimental measurements showing higher aqueous phase TBBPA concentrations

confirm the theoretical expectations based on equilibrium.
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4.4 Conclusions

TBBPA is a hydrophobic and persistent EDC that is now ubiquitous in the envi-

ronment. Sources to wastewater treatment plants are varied, but include industrial

and municipal wastewaters. Also of note is landfill leachate. Each of these sources

is subject to leaching of plastics, in which TBBPA is used as a flame retardant.

Wastewater treatment studies of this EDC in WWTPs are key to our ability to

estimate its emission into the greater environment by wastewater outflows. In order

to understand better the removal of TBBPA in wastewater reactors, three different

types were studied: a CAS reactor; 3 MBRs; and an MABR.

Aqueous TBBPA was found in both influent and effluent of a CAS reactor

equipped with tertiary treatment. The SRT of the CAS was 12 d, and the HRT

was 5 to 9 h. Influent concentrations ranged from 13 to 29 ng L−1 for the three days

of sampling. Effluent concentrations ranged from 0 to 2.2 ng L−1, with the average

being 0.7 ± 1.3 ng L−1. TBBPA was almost completely removed by the CAS

process, which is likely due to the two tertiary treatment units after secondary

clarification. Both RBCs and sand filtration likely offer sorptive and biological

removal of TBBPA, contributing to its removal by the treatment process.

Aqueous TBBPA was measured in influent and permeate from three pilot-scale

MBRs fed the same municipal influent as the CAS reactor. MBRs had SRTs varying

from 24 to 29 d, but had identical HRTs of 6 h. The MBRs all degraded TBBPA

significantly (p ≥ 0.05), though the average removal by MBRs was significantly

less successful than the CAS plant (p ≥ 0.05). TBBPA levels in the three MBR

permeates were not significantly different from one another (p ≥ 0.05). TBBPA

was measured as high as 26 ng L−1 in the effluent of one MBR, effluent values were
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5 ± 1, 8 ± 7, and 3 ± 1 ng L−1 (p ≥ 0.05) for MBRs A, B and C respectively. No

significant trend was found for degradation based on SRT (p ≥ 0.05).

Aqueous phase TBBPA was also measured in the influent and effluent of a

pilot scale MABR. Dechlorinated tap water spiked with ammonia and TBBPA was

used as influent. Ammonia was spiked at a nominal concentration of 32 mg L−1,

TBBPA was spiked at 200 ng L−1, which is around 10 times higher than average

influent concentrations measured at the City of Guelph WWTP. Ammonia losses

were due to nitrifying bacteria, with a conversion of 83 ± 6 %. As evidenced by the

steady nitrification of ammonia, the reactor offered a highly nitrifying environment.

Removal in the MABR was likely for the most part due to biological transformation,

as biomass present for sorptive losses was much lower (insignificant) than that in

an MBR or CAS reactor.

TBBPA was found to adsorb to an MABR hollow fibre. The log partition

coefficient (log Kfibre) was found to be 4.1, though this is based only on one

sample. Such favourable partitioning is however not surprising when considering

that TBBPA is very hydrophobic, as was the hollow fibre used in the MABR. This

could have impacts in water treatment applications, as has been shown by Chang

et al. (2003).

Removal of TBBPA from typical WWTPs is likely due to a combination of sorp-

tion and biotransformation. Both mechanisms have been shown to be significant

factors almost independent of each other. Sorption to fresh activated sludge was

shown to be significant for TBBPA. Biotransformation was shown to be significant

in an MABR with little or no possibility for sorptive losses. It is possibly for this

reason that MBRs showed adequate removal of TBBPA, while a CAS reactor with

subsequent nitrifying processes demonstrated higher removal (p ≥ 0.05).
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Given the range of TBBPA that has been found associated with the solid phase

in Canadian wastewater treatment plants, an estimate can be made for solid phase

emission to the greater environment. Data in the present study demonstrates

that aqueous phase TBBPA is likely more significant than solid phase TBBPA in

WWTP outflow. These measurements confirm expectations based on equilibrium

relationships. Measured permeate levels after secondary treatment by ultrafiltra-

tion ranged from 0 to 26 ng L−1 (n = 26). Effluent levels after a CAS process

equipped with tertiary treatment ranged from 0 to 2.2 ng L−1 (n = 3). Both these

levels represent much higher levels than that associated with the solid phase, which

was estimated based on recent measurements (Lee and Peart, 2002) as being in the

range of 0 to 0.18 ng L−1. Given the small concentrations of TBBPA that have

shown to be endocrine disrupting (Van der Ven et al., 2008), it is possible that

TBBPA emitted from WWTPs is a matter of concern to humans and wildlife.
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Chapter 5

Interference by the Activated

Sludge Matrix on the Analysis of

Soluble Microbial Products in

Wastewater

5.1 Introduction

This chapter has already been published by Chemosphere (Potvin and Zhou, 2011).

It has been modified slightly from the published version. Professor Hongde Zhou

of the University of Guelph School of Engineering also contributed to this work

and is listed as the second and corresponding author.

Soluble microbial products (SMP) are a diverse mixture of soluble organic

compounds found in the mixed liquor of biological wastewater treatment processes.

Because of their complex chemical composition and the lack of standard methods
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to analyze various constituents, SMP are operationally categorized into proteins,

carbohydrates, polysaccharides, lipids, nucleic acids and humic substances, among

other types of organic compounds (Namkung and Rittmann, 1986). They are

produced either from substrate metabolism and biomass growth at a rate propor-

tional to the rate of substrate utilization (utilization associated products) or from

biomass decay at a rate proportional to the concentration of biomass (biomass

associated products). SMP can represent a large portion of soluble organic material

in the effluents of biological treatment processes. Other soluble products are likely

contributed due to internal renewal of cell components and due to solubilization of

extracellular polymers (ECP or EPS) caused by hydrolysis or shear or a combina-

tion of both (Laspidou and Rittmann, 2002; Aquino and Stuckey, 2006; Menniti and

Morgenroth, 2010). Proper measurement of SMP is therefore of particular interest

in terms of achieving organic discharge limits (Barker and Stuckey, 1999). Along

with EPS, SMP have also been shown to play a critical role in gravity settling in

activated sludge processes (Liu and Fang, 2003), and recently in membrane fouling

of membrane bioreactors (Fan et al., 2006; Meng et al., 2006).

Most approaches to analyze SMP fractions involve two steps: extraction and

quantification. Several studies have compared the use of different chemical and

physical extraction techniques to separate SMP and/or EPS from biomass (Rosen-

berger et al., 2005; Comte et al., 2006, 2007; Park and Novak, 2007). Reported

extraction techniques include settling (Yu et al., 2009b), centrifugation at different

accelerations (Rosenberger et al., 2005), screening (Yu et al., 2009b), and filter

paper (Rosenberger et al., 2005; Arabi and Nakhla, 2008; Tan and Ng, 2008).

Centrifugation was carried out using accelerations from 2 000 to 20 000 g (Ji and

Zhou, 2006; Khan and Visvanathan, 2008; Yu et al., 2009a; Laurent et al., 2009)
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for durations ranging from 10 to 30 min (Rosenberger et al., 2005; Tan and Ng,

2008). Extraction by sonication after centrifugation has also been evaluated (Ji

and Zhou, 2006; Comte et al., 2006; Yu et al., 2009a). SMP extract has generally

been quantified immediately after extraction, or stored by freezing (Jin et al., 2004;

Comte et al., 2006, 2007; Henriques and Love, 2007). Rosenberger et al. (2005)

recommended analysis of SMP extract within 24 h, but postulated that no obvious

change in sample would occur even after 2 wk in the fridge. It has been proposed

that discrepancies in SMP results could result from the use of different extraction

techniques, making comparisons between studies very difficult (Rosenberger et al.,

2005; Satyawali and Balakrishnan, 2009). In some cases even terminology used to

describe EPS can change depending on the author or discipline (Rosenberger et al.,

2005).

Little information is available on the influence of the activated sludge matrix

on SMP analysis, though there exist many natural and anthropogenic chemicals in

activated sludge. Frolund et al. (1995) observed interference due to the presence of

humic acids in the measurement of EPS, particularly proteins. A set of equations

was proposed in an attempt to compensate for such effects. Drews et al. (2008)

found that nitrite and nitrate in activated sludge affected the recovery of polysac-

charides. Raunkjær et al. (1994) used standard addition (SA) in order to look for

matrix effects, but did not find any. Matrix effects affecting protein measurement

can be seen in data reported by Mehrez et al. (2007), where an unknown dilution

ratio of bovine serum albumen (BSA) in filtrate changed its recovery by 17%.

Matrix effects were further confirmed by Avella et al. (2010), who compared the

classic Lowry method, the corrected Lowry method and a commercial assay kit to

analyze BSA in the presence of humic acid in a series of standard solutions. In
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addition to matrix effects, effects due to sample storage on SMP measurement need

to be examined. Storage conditions and durations are currently not standardized,

and there is the potential for chemical and biological degradation in the activated

sludge samples and their extracts.

The purpose of this paper is to compare the analysis of the main SMP com-

ponents in activated sludge using SA and the traditional standard curve approach

(TSC). Emphasis was placed on the matrix effects affecting SMP recovery as a

function of sample dilution. Additional experiments were conducted to compare

the SMP recovery with different extraction methods. Finally, the degradation of

SMP components during storage of extract was also examined.

5.2 Materials and Methods

Activated sludge samples were taken from three types of representative wastewater

treatment facilities: a conventional activated sludge plant (CAS) in Guelph, On-

tario (Canada), a sequencing batch reactor (SBR) in New Hamburg, Ontario, and

a pilot scale membrane bioreactor (MBR), also in Guelph. The collected samples

(∼4 L) were then transported back to the University of Guelph in an insulated bag

within 2 h. Table 5.1 summarizes the key plant process parameters, and the main

characteristics of raw wastewater and activated sludge samples.

5.2.1 Extraction and Analysis

SMP extraction was performed by centrifugation of 1.5 L of collected activated

sludge sample at 4 °C at accelerations ranging from 1 000 to 20 000 g for a duration

of 15 to 30 min to examine the effects of extraction by centrifugation. The super-
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Table 5.1: Typical Characteristics of Activated Sludge and Influent Samples (avg.±
std. err.)

Process Parameters
Influent Activated Sludge

Source SRT HRT COD cBOD TSS VSS COD cBOD DO pH
(d) (h) (mg L−1)(mg L−1) (g L−1)(g L−1)(mg L−1)(mg L−1)(mg L−1)

MBR1,217-23 5-8 600(140) 190(60) 9(1) 7(1) 34(9) NA 3(1) 7.3-7.7
CAS 11-13 5-9 600(140) 190(60) 2.8(0.6)1.9(0.6) 40(11) 4(4) 8 7.9
SBR 5-6 32 NA NA 4(1) 3(1) NA NA NA NA

Both COD and cBOD were filtered before analysis
NA - Not Available

natant from centrifugation was poured into a continuously mixed polypropylene

container so as to ensure sample uniformity at each subsequent step of sample

preparation and analysis. When the effects of storage were examined, the extracted

samples were stored in polypropylene bottles at 4 °C throughout the period of

analysis. Otherwise, analysis was begun within 2 h of sampling.

TSC - Traditionally, the concentrations of main SMP components including

proteins, humics, carbohydrates and polysaccharides have been analyzed by using

spectrophotometric techniques suggested by Frolund et al. (1996). Briefly, the

standards for these SMP components are prepared using BSA, humic acid, glucose,

and d-glucuronic acid, respectively. For each analyte standard, a series of standard

solutions in Milli-Q or equivalent water are prepared, and their final absorbances

are measured at a particular wavelength. For each analyte, a standard curve is

obtained by linearly plotting the absorbance versus concentration as shown in Fig.

5.1. The concentrations of SMP components in the samples are calculated from

these standard curves using the absorbance values measured in the same manner as

for the standard solutions. In order to compensate for humic interferences, Frolund

et al. (1995) further proposed an empirical formula to calculate the concentrations
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of proteins and humics. This approach, however, assumes no matrix effects from

other sample constituents.
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Figure 5.1: Example of Two Analytical Approaches: (+) TSC; (N) SA technique
with a dilution ratio of 1/2.

SA - Unlike TSC, SA requires the determination of analyte recovery in order to

account for the effects of the sample matrix (Harris, 2003). Using this approach,

a series of solutions is prepared by adding an identical aliquot of activated sludge

extract separated from the sample into identical volumetric asks. Varying aliquots

of a known standard solution are spiked into the flasks, which are diluted with

Milli-Q water to the mark to ensure an identical dilution ratio in each series of

solutions.

Dilution Ratio =
Volume of unknown extract added

Total Volume of Volumetric flask
(5.1)

Further colour development and absorbance measurements of these sample

solutions follow the same procedure as described above for the standard curve

109



approach. In this study, sets of 5 to 9 vials of sample solutions and a blank vial

were prepared; their absorbances were measured in 30 s intervals from each other

so as to maintain consistent colour development time. For each set of volumetric

flasks having the same dilution ratio, the measured absorbances were plotted as

a function of the spiked concentrations of analyte, as shown in Fig. 5.1. The x-

intercept of the best-fit straight line indicates the diluted concentration of analyte

in the unknown extract sample.

To compare the matrix interference in the extract samples, the recovery of

added analyte is calculated by dividing the slope of its SA curve by the slope of its

standard curve:

Recovery,% =
Slope of SA curve

Slope of standard curve
100% (5.2)

A special case is a recovery of 100%, which indicates the matrix does not

interfere in determination of the added analyte. In other words, the concentration

of analyte could be determined using TSC directly after the background absorbance

is deducted. A recovery of more than 100% would result in the underestimation

of the sample SMP concentration if the TSC had been used. Likewise, a recovery

of less than 100% would result in an overestimation of SMP concentration had the

TSC been used.

The x-intercept of the SA curve indicates the diluted concentration of SMPs

in the unknown extract sample. The concentration of the SMPs in the extract is

then calculated as:

SMP,mg L−1 =
−Cx

Dilution Ratio
(5.3)
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where Cx is the intercept on the x-axis of the SA curve. As a rule of thumb (Har-

ris, 2003), the highest absorbance should lie within 1.5 to 3 times the absorbance

of the vial with no standard added (Cs = 0). A dilution ratio of 2/3 was often

suggested because in most cases, it seemed to give a recovery that fluctuated around

100% (70-145%) as closely as possible. Estimation of analyte by SA is performed

using different concentrations of added analyte, in this way the calculated recovery

is in fact the average recovery between these concentrations. The SA approach can

be justified as long as the spiked standard is subject to the same matrix interference

as the SMPs in the samples. Thus, SA is particularly useful in compensating for

matrix effects when matrix composition is unknown or very complex.

The standard solutions for SMP analyses were prepared no more than 24 h

prior to use in order to avoid losses. Carbohydrate and polysaccharide samples

were vortexed for at least 15 s after acid addition, and once again before cooling

to prevent the formation of precipitates in the 4 °C water bath or iced water bath

respectively. The effectiveness of anthrone at forming colour decreased with time,

even when stored in the fridge. For this reason standard carbohydrate curves should

be determined at least bi-monthly in order to ensure accurate determination of

recovery. The glassware for all SMP analyses was soaked in an acid bath (approx

10% H2SO4 and 3% HNO3) overnight. Prior to use, glassware was rinsed three

times, soaked in deionized water and dried at 104 °C. All chemicals were of reagent

grade, procured from Fisher Scientic.
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5.2.2 Other Analytical Methods

Activated sludge samples were characterized by analyzing total suspended solids

(TSS), volatile suspended solids (VSS), and COD according to Standard Methods

(APHA, 2005). Dissolved oxygen (DO) and pH were measured on-site using a

pH/conductivity/dissolved oxygen meter (Probe model sensION6, Hach, Colorado

USA) that was calibrated weekly.

5.3 Results

5.3.1 Effects of Dilution Ratio on SMP Recovery

Figure 5.2 shows typical variation of recovery as a function of dilution ratio for each

of four SMP analytes. SMP were extracted from an activated sludge sample by

centrifugation for 30 min at 20 000 g and 4 °C. Sample sets of 5 vials, plus a blank

were prepared for each individual dilution ratio, and analyzed on the same day as

sampling and extraction. Analysis was carried out within a 2-h window in order

to avoid any interference due to degradation during storage. Little difference in

measured concentration of SMPs was observed between individual dilution ratios

of the same sample. Data for each SMP was collected over a 2-d period in order

to show daily sample variation from the same reactor. Standard error of the slope

was calculated as per Harris (2003).

As shown, SMP recoveries deviated greatly from 100%, indicating the substan-

tial effects of dilution on their determination. The recoveries range from 99 to

132% for carbohydrates, 60 to 122% for polysaccharides, 100 to 139% for proteins

and 107 to 145% for humics, respectively. Moreover, the recoveries strongly depend
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Figure 5.2: Effects of Sample Dilution Ratio on SMP Recovery (sample: MBR1,
extraction: centrifugation at 20 000 g, 4 °C for 30 min)

on the dilution ratio, perhaps due to complex interactions between the SMP and

activated sludge matrix. Near a dilution ratio of 2/3, in most cases, all four SMP

analytes had recoveries of 70-145%, suggesting that such a dilution ratio may be

near the optimal for quantitation by SA. Regardless of the SMP being measured,

the recovery varied greatly over the range of dilution ratio used. No clear pattern

for recovery vs. dilution ratio was found between samples.

5.3.2 Comparison between TSC and SA Techniques

Figure 5.3 compares the concentrations of proteins, humics, carbohydrates and

polysaccharides using both TSC and SA techniques performed simultaneously.
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Samples from an MBR, a CAS plant and an SBR were taken. After a common

extraction step, SMP extract was divided into two polypropylene containers: one

to be measured using TSC; the other by SA. Extraction was performed within 2 h

of sampling, and analysis was finished on the same day. Sample MBR1 was taken

immediately before a rain event, while MBR2 was taken from the same MBR the

next day during the rain event. All four SMP analytes were seen to be higher

in the MBR than in the CAS and the SBR, as is typical due to higher sludge

residence times (SRT). More importantly, different concentrations were obtained

between the two measurement techniques for all SMP analytes. Matrix effects

that impact analyte recovery can explain these differences. Proteins were higher in

both CAS and SBR reactors using TSC. Humic concentrations were much higher

using the TSC approach except for the MBR1 sample, for which concentrations

did not vary between TSC and SA. Carbohydrates measured by SA gave concen-

trations of at least twice those given by the TSC. Only for polysaccharides was

there no significant difference in measured concentration between the TSC and SA

techniques, though this could be more influenced by their low concentrations. Note

that polysaccharides in the SBR were below the limit of quantitation by absorbance

(< 0.1 in a 5 cm long cuvette).

In all, the SA approach provides a significant improvement in both recovery

and accuracy of measurement for various SMP components in wastewater. This

improvement comes by correcting for matrix effects. Measuring SMP using the

SA requires more time however, due to the increased amount of preparation and

measurement involved.
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Figure 5.3: Comparison of SMP Concentrations from Various Sources Measured
by TSC and SA Techniques (extraction: centrifugation at 20 000 g, 4 °C for 30 min,
dilution ratio: 2/3, results ± standard error)

5.3.3 Effects of SMP Extraction Procedures

Figure 5.4 shows a comparison of recovery between different extraction procedures

for proteins, humics, carbohydrates and polysaccharides respectively. Centrifu-

gation and filtration extractions were compared, because they have been used

most widely. Extraction by centrifugation was performed twice for 15 min at 4

°C, at 1 000, 2 000, or 18 000 g. Extraction by filtration was performed using

a glass filter with a nominal pore size of 1.5 µm (type 934-AH, Whatman Inc.
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New Jersey, USA). SMP were then analyzed using the SA approach at a dilution

ratio of 2/3. As shown, different extraction procedures led to markedly differ-

ent concentrations of proteins, humics and carbohydrates, though polysaccharide

concentrations remained relatively unchanged. Increasing extraction accelerations

clearly decreased the amount of humics and carbohydrates measured, with pro-

teins also decreasing despite one exception (at 1 000 g). Filtration gave a more

turbid extract than centrifuged samples, yet when compared with centrifugation

at accelerations of 1 000 or 2 000 g, led to reduced concentrations of proteins,

humics, and carbohydrates. This trend of measured concentrations decreasing

in relation to increased centrifugation accelerations has been seen by others (e.g.

Rosenberger et al., 2005). Recovery of analytes also changed significantly with

respect to the extraction procedure. An increase in centrifugation accelerations

generally led to recoveries closer to 100% for proteins, humics and carbohydrates,

though polysaccharides showed recoveries around 100% regardless of extraction

procedure. This improvement in recovery at higher accelerations was possibly due

to more efficient separation of the activated sludge matrix from SMP. Filtration did

not lead to significantly different recoveries for any SMP compared to extraction

by centrifugation. This suggests that filtration can also effectively minimize matrix

effects from activated sludge. In summary, to achieve a recovery near 100%,

centrifugation is best performed at higher accelerations. Filtration at 1.5 µm is

also acceptable provided recovery is compensated for using SA.
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Figure 5.4: Comparison of Extraction Techniques on SMP Analyses. (samples:
MBR1, extracted twice at 1 000 g, 2 000 g, 18 000 g for 15 min, or 1.5 µm filtration,
4 °C, dilution ratio 2/3, results ± standard error).

5.3.4 Effects of Extract Storage

Effects of Extract Storage at 4 °C - Figure 5.5 shows the effects of extract storage

time on measured concentrations and recovery of SMP components. One activated

sludge sample was extracted and analysis begun within 2 h for all four SMP

components. Identical analyses were repeated using this same sample 1, 2, and

5 d afterwards to determine losses of each SMP by degradation. Polysaccharides

decreased by over 40% in the first 24 h, carbohydrates decreased by over 20%,

and humics decreased by more than 10%. Proteins during this period remained

relatively stable. Biological degradation and hydrolysis are likely the causes of the

degradation. Recovery is not identical, nor is it even similar for different analytes
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measured in the same sample, as can also be seen in Figs. 5.3, 5.4 and 5.5. Not only

is the recovery different between SMP components, it changed over the storage time.

Recovery was generally constant initially, except for the recovery of polysaccharides,

which increased by over 40% in the first 24 h. All SMP components experienced

a rapid increase in recovery at some point except for carbohydrates, which showed

little change even after 5 days.

 15

 25

 35

 60

 80

 100

 120

 140

 

 

(a) Proteins
Concentration

Recovery

 30

 40

 50

 60

 70

 80

 60

 80

 100

 120

 140
 

 

(b) Humics
Concentration

Recovery

 10

 15

 20

 25

 0  1  2  3  4  5

 60

 80

 100

 120

 140

C,
 m

g 
L-1

Storage time, d

(c) Carbohydrates
Concentration

Recovery

 2

 5

 8

 0  1  2  3  4  5

 60

 80

 100

 120

 140

 

Re
co

ve
ry

, %

 

(d) Polysaccharides
Concentration

Recovery

Figure 5.5: Effects of Extract Storage. (samples: MBR1, extracted twice at 2 000
g for 15 min at 4 °C, storage temp. was 4 °C, dilution ratio 2/3, results ± standard
error)

Effects of Extract Storage by Freezing - Figure 5.6 shows the effects that freezing

SMP extract has on SMP concentrations, where Carbs and Poly represent carbohy-

drate and polysaccharide concentrations respectively. An activated sludge sample

from an MBR was divided into fparts: one part was analyzed immediately for
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proteins, humics, carbohydrates and polysaccharides; the second part was stored

at -7 °C for 72 h, thawed at room temperature for 3 h, and analyzed for these

same SMP components. Analysis before and after freezing was performed to verify

storage conditions used by others (e.g. Comte et al., 2006, 2007; Henriques and

Love, 2007; Jin et al., 2004)). This same experiment was repeated a few days later

using a new sample from the same MBR. Differences between fresh and frozen

samples were quite pronounced for some SMP and negligible for others. Humics

decreased by 70 and 17% for samples 1 and 2 respectively, while proteins decreased

by 72 and 48%. Carbohydrates and polysaccharide concentrations did not differ

significantly between fresh and frozen samples, nor between experiments 1 and

2. Differences in SMP levels before and after freezing were not reproducible, as

shown by the varying decrease in concentrations of both proteins and humics. This

indicates the results of freezing may depend on individual sample characteristics.

Based on Figs. 5 and 6, it is evident that freezing SMP extract or storing it at 4

°C has a considerable effect on measured concentrations. Recoveries of SMP also

changed significantly before and after freezing, varying by over 40% in some cases

(data not shown). It is thus important that SMP extract be analyzed as soon as

possible after sampling, and that it not be frozen.

5.4 Conclusions

TSC approaches commonly used for the quantitation of SMP do not account for

matrix effects caused by other chemical materials in activated sludge, this can

greatly affect both accuracy and recovery of SMP measurements. Analysis of SMP

in activated sludge by the SA technique provides a way to compensate for matrix
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Figure 5.6: Comparison of Fresh and Frozen Extracts from MBR1. (samples 1 and
2 from MBR1, extracted twice at 2 000 g for 15 min at 4 °C, frozen portion stored
at -7 °C for 3 days, dilution ratio 2/3, results ± standard error).

effects, and is thus an improvement over the TSC approaches for proteins, humics,

carbohydrates and polysaccharides. SMP should be extracted and analyzed as soon

as possible after sampling as they can degrade rapidly even over 24 h. Lastly, SMP

recovery depends on factors including extraction, storage conditions and duration,

sample composition, and more importantly, dilution ratio used in the analysis.
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Chapter 6

Conclusions and

Recommendations

6.1 Rapid Measurement of TBBPA in Wastewater

The first study area of the present work focused on the development of a method to

measure aqueous TBBPA at environmentally relevant levels in wastewater. A novel

method for its determination was presented using solid phase extraction (SPE) and

gas chromatograph-mass spectrometry (GC-MS) in negative-chemical ionization

mode. The method was developed with wastewater analyses in mind, as matrix

effects were determined for two samples. For influent, matrix effects were measured

as 30 ± 17 %. For permeate, matrix effects were measured as 30 ± 11 %. Such

recoveries are quite favourable when compared to those summarized by Covaci et al.

(2009).

The method detection level was determined to be 0.1 ng L−1, making the

practical quantitation limit 0.5 ng L−1. Quantitation limits this low make it quite
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suitable for wastewater analyses, as shown in its subsequent applications. As an

initial application of the method, TBBPA was measured in sewage influent from the

City of Guelph Wastewater Treatment Plant over a period of 3 months. Measured

levels ranged from 1 to 41 ng L−1, with the average being 20 ± 14 ng L−1 (n =

10). The average relative standard error was determined to be 19.7 %.

No previously published method has been proven for use with wastewater

influent or permeate. Due to its rapidity, a high number of wastewater samples

can be analyzed in a single day. Any sample limits posed would likely be due to

the type of SPE manifold chosen, and availability of a GC-NCI-MS. Using a 24

port manifold, and having one procedural blank, two replicates, and one laboratory

fortified blank, 20 samples per day could easily be measured.

Wastewater characteristics of influent samples were determined during the study

period. For influent, filtered COD, TOC, TN, and pH were measured routinely for

5 months prior to the study, and then for each sample during the study. Influent

characteristics from during the sample study were compared to those determined

during the 5 months prior to the study. No significant differences were found

between typical and sample influent characteristics (p ≥ 0.05). For this reason,

one can conclude that TBBPA levels were not skewed by process or operational

upsets, and for this reason are likely typical for the City of Guelph Wastewater

Treatment Plant (WWTP).

Future work on this method might investigate optimum conditions for sam-

ple extraction and measurement. Factors such as temperature ramps, ionization

voltage, and sample injection parameters could all be optimized in a step-wise

manner. This type of work could aid in lowering the method detection level, and

in estimating how robust the method is. It would also be advisable to use a
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different GC-column. A shorter, narrower column would give greater selectivity,

higher sensitivity, and reduced run-times.

6.2 Sorption of TBBPA to MLSS

The second area of study in this work focused on sorption equilibrium and kinetics.

Sorption of hydrophobic contaminants to mixed liquor suspended solids is an

important mechanism for their removal via WWTPs. Both the rate of sorption

and its extent at equilibrium are parameters that are required for modelling the

removal of TBBPA.

Using the method for measuring TBBPA developed in Chapter 2, sorption

kinetics were measured over a period of 68 h, and found to be essentially complete

after 12 hours. The pH of all flasks was 7.3. Sorption kinetics and equilibrium were

also measured for TBBPA adsorbing to borosilicate glass vessels. Equilibrium was

shown to be reached within 24 h, and a loss coefficient for TBBPA to glass vessel

walls was estimated at 0.15 ± 0.1 mL cm−2.

Several partitioning coefficients for TBPPA were estimated. The organic carbon

partition coefficient (log Koc) was estimated at 4.7± 0.8. The solids-water partition

coefficient (log Kd) was estimated at 1.9 ± 0.8. The Freundlich partition coefficient

(Kf ) and fitting exponent (n) were estimated at 8.5 and 1.7 respectively, and

were compared to those of structurally similar compounds. Sorption equilibrium

was determined at a pH of 7.3, which is typical for the aeration stage of the

activated sludge process (Tchobanoglous et al., 2003). Process pH levels are likely

a significant indicator for the extent of sorption, as solubility, and Kow for TBBPA

change significantly in the normal range of WWTP process pH. pKa values for
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TBBPA are 6.79 and 7.06, which indicate that a majority of TBBPA is charged at

the process pH. Since TBBPA is a hydrophobic contaminant, it would be expected

that a lower pH would increase its adsorption to MLSS.

Measured sorption coefficients were noticeably different than ones modelled

fromKow values as is done traditionally. These differences were likely due to electro-

static interactions specific to TBBPA that are unaccounted for by hydrophobicity-

driven models. Since TBBPA has two polar moieties, and is partly doubly charged

at the pH range typical for activated sludge processes, this discrepancy was not

unexpected. Indeed, this has been seen by other researchers for PPCPs and EDCs

(i.e. Hörsing et al., 2011; Ternes et al., 2004). Schwarzenbach et al. (2003) offers

a means of sorption coefficient estimation based on pKa and Kow, but this too

underestimated experimentally determined coefficients. This underestimation was

previously confirmed by Stevens-Garmon et al. (2011) for a number of charged

species sorbing to MLSS.

Until now sorption of TBBPA to MLSS in the activated sludge matrix was

unknown. Measured partition coefficients are an ideal way to estimate the removal

of TBBPA from municipal influent. Sorption kinetics for TBBPA have also not

been previously measured. Such a measurement provides important information

as to the extent of sorption to be expected in a wastewater treatment plant based

on the hydraulic retention time of the reactor.

Future work in this area could prove quite interesting. Effects of temperature

and pH on sorption should be determined. This would likely give very interesting

results given the sensitivity that pH has on the solubility of TBBPA. Furthermore,

sorption of TBBPA to MLSS originating from different wastewater treatment plants

could be tested. Finally, sorption to MLSS from processes using very different
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SRTs could be performed. Each of these studies would improve the understanding

of sorption of TBBPA, and possibly the sorption of other charged hydrophobic

contaminants.

6.3 Removal of TBBPA by CAS, Membrane and

Membrane Aerated Biofilm Reactors

Removal of TBBPA from three types of wastewater reactors was the third area

of study in this work. TBBPA was quantitated using the method developed in

Chapter 2. Firstly, grab samples of influent and effluent from the City of Guelph

Wastewater Treatment Plant were measured over a period of 3 d. The CAS at the

WWTP is followed by tertiary treatment by rotating biological contactors (RBCs)

and sand filtration. Samples of influent were similar ranging from 13 to 29 ng L−1,

having an average of 24 ± 6 ng L−1. Corresponding effluent samples ranged from

0 to 2.2 ng L−1, having an average concentration of 0.7 ± 1 ng L−1.

TBBPA removal by MBRs was also studied. MBRs studied were fed municipal

influent from the same WWTP as the CAS reactor. They had SRTs ranging from 24

to 29 d, with an identical HRT of 6 h. TBBPA was measured over 8 to 10 samples.

Quantitation of TBBPA in MBR permeates revealed concentrations ranging from

0 to 25 ng L−1 TBBPA. MBR permeate concentrations were were 5 ± 1, 8 ± 7,

and 3 ± 1 ng L−1 (p ≥ 0.05) for MBRs A, B and C respectively. Process conditions

for the three MBRs were characterized for five months prior to the study.

Effluent samples from MBRs were characterized using routine measurements to

ensure samples were taken during typical operating conditions. Characterization
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was also performed on MLSS from each MBR in order to offer further confirma-

tion. Sample characteristics were compared to typical wastewater characteristics

compiled since five months prior, and were found to be statistically similar (p ≥

0.05).

Finally, transformation of TBBPA was studied using a nitrifying reactor fed tap

water. An MABR was operated with tap water spiked with 32 mg L−1 ammonia and

200 ng L−1 of TBBPA. Nitrifying conditions were verified by measuring conversion

of ammonia to nitrite and nitrate. Samples were analyzed for TBBPA at the inlet

and outlet of the reactor for a period of 5 weeks. Due to the length of the study, net

losses of TBBPA by adsorption were assumed to be insignificant. Sorptive losses

to biomass were also considered to be minimal, as the biomass in the reactor was

very small. Losses were therefore assumed to be due to biotransformation. Due to

the nitrifying environment confirmed by reduction of ammonia, nitrifying bacteria

were likely responsible for biotransformation. Reductive losses of halogenated

compounds has been seen before in activated sludge (Fetzner, 1998), and even

for TBBPA (Ronen and Abeliovich, 2000; Gerecke et al., 2006; Arbeli et al., 2006).

Never before has the removal of any brominated flame retardant been shown for

a typical municipal wastewater treatment process. Results in this study show that

a nitrifying CAS reactor gives better removal of TBBPA than secondary treatment

by MBRs (p ≥ 0.05). Results also show that removal of TBBPA in an MBR is

significant (p ≥ 0.05). Furthermore, removal in a nitrifying reactor alone showed

that nitrification can be an important mechanism of removal for TBBPA (p ≥

0.05). When combined, results show removal of TBBPA is likely performed by a

combination of both sorption and biotransformation.

Concentrations of TBBPA leaving an aerated process is likely going to be much
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more significant in the aqueous phase than in the solid phase. Considering that

very little solids leave a secondary treatment process in the outflow, and given

measurements taken on secondary and tertiary WWTPs in this study, the majority

of TBBPA in the outflow will be in the aqueous phase. In this way, it can be seen

that WWTPs have the potential to be a significant source of TBBPA to the greater

environment.

Future work in this area might determine the rates of biodegradation of TBBPA

over time. This work might be done in aerobic, anoxic, and anaerobic oxygen

regimes. Other details for study might include temperature and pH effects. An-

other interesting study might determine the effectiveness of TBBPA removal from

each process step in a WWTP. Concentrations of TBBPA from the headworks,

until outflow could be measured one process step at a time.

6.4 Interference by the Activated Sludge Matrix

on the Analysis of SMP in Wastewater

The fourth and final area of study in this thesis focused on development of an

improved technique for soluble microbial product measurement. This work has

already been published in Chemosphere, and is shown here slightly modified. Pro-

fessor Hongde Zhou also contributed to this publication, and is listed as corre-

sponding author. The well-known standard addition (SA) technique was adapted

to the traditional standard curve (TSC) approach. A detailed comparison of results

using TSC and SA was made for four separate categories of SMP sampled from

an activated sludge process. Proteins, humics, carbohydrates and polysaccharides
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were all compared.

Recovery of all SMP analytes was shown to be dependent on dilution ratio,

and effects of storage and freezing of SMP were demonstrated. SMP degraded

significantly during storage in a fridge at 4 °C, and in some cases even after 24

h. Freezing SMP extracts was shown to cause significant changes in measured

concentrations of proteins and humics.

Work on SMP was initially expected to tie into the trace analysis of EDCs dis-

cussed above. Based on the work of others (Holbrook et al., 2004), it was expected

that the concentration of SMPs would correlate with the total concentration of

TBBPA. However, experimental results using SA suggested that any correlations

would be by chance. SMP were found to degrade so rapidly in storage that it

would be difficult to correlate their concentrations with any endocrine disrupting

constituents in a way that had real meaning. Most interesting in this research, is

the fact that SMP recovery can be strongly affected by matrix effects for proteins,

carbohydrates and humics. This information was previously unidentified, and

invokes questions regarding results from many previous studies.

For example, given that matrix effects can change daily from one sample to

another, temporal changes in SMP levels from previous studies might be caused

uniquely by matrix effects. Furthermore, sample analyses in the same study, or

between studies could give very different results without standard storage condi-

tions. Given the possibility of measurement variation based on process dilution,

matrix effects, storage, and freezing, it is very difficult to compare SMP studies of

any kind. Indeed, even changes in SMP levels in a process at steady state could

be due to sample storage, dilution, or matrix effects.

Given these difficulties, it is more important than ever for a standard method
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to be developed for SMP measurement. Such a method would include protocols

for sampling, extraction, storage, maximum time delays for measurement, and

determination of recovery. Without all these parameters, published SMP levels

offer little possibility of comparison globally. In addition, it seems quite important

to perform kinetic studies of SMP degradation over time. Such studies could include

temperature effects, and several types of SMP. Degradation data like this could be

used as a reference for determining the expected time required for SMP to be

degraded after leaving the WWTP. This degradation time could be an important

factor for WWTP location relative to native reserves and other groups using river

water for drinking purposes.
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Appendix A

Quality Assurance and Quality

Control

The goal of this appendix is to show quality control graphs used for quantitation

of TBBPA, TN, and TOC. Following these graphs is a collection of graphs that

display data collected from MBR-A in the year 2011. These data serve as a basis

to demonstrate the methods used in this preceding research is in fact in control

and reliable.

Standard Methods (APHA, 2005) describes methods of data analysis that qual-

ify data as being ”in control” or ”out of control.” Using their criteria, it can be

shown that each of the quality control graphs below represent a method that is in

control. This means there is minimal systematic error. Common ways to ensure

data quality include procedural blanks, laboratory fortified blanks (LFBs), and

injection standards. Procedural blanks are samples of Milli-Q that were processed

in exactly the same way as samples. They are measured in terms of ng L−1 over

the period of sample measurement. LFBs are sample flasks of Milli-Q spiked with
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a known amount of TBBPA. Injection standards are a volume of known TBBPA

standard spiked with internal standard (ISTD). For injection standards, the ratio of

TBBPA standard to ISTD is identical to that used in unknown sample preparation.

Both LFBs and injection standards are measured in terms of their recovery, as the

actual concentration is known.
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A.1 Quality Control Data for TOC and TN
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A.2 Quality Control Data for TBBPA
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A.3 MLSS and VSS Data from MBR-A during

2011
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A.4 TOC and TN Data from MBR-A during 2011
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A.5 pH and Particle Size Data from MBR-A during

2011
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Appendix B

Experimental Data

This appendix contains all raw and graphed data used in the present thesis.
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B.1 Data from Chapter 2

Method Chapter, Method Detection Level DataMethod Chapter, Method Detection Level Data
Spiked 0.01 ug/L TBBPA in Acetone into 500 mL of Milli-QSpiked 0.01 ug/L TBBPA in Acetone into 500 mL of Milli-Q

Flask Number tbbpa
(-) (pg/L)
1 60
2 60
3 50
4 133
5 36
6 123
7 94

Measured TBBPA in City of Guelph Plant InfluentMeasured TBBPA in City of Guelph Plant Influent

Sampling Date TBBPA
Concentration

(-) [ng/L]
13-Apr-11 31.94
13-Apr-11 24.45
14-May-11 28.81
18-May-11 6.49
25-May-11 40.77
31-May-11 19.99
7-Jun-11 13.02
9-Jun-11 0.99
14-Jun-11 28.59
16-Jun-11 17.28

Matrix Effect DataMatrix Effect Data
No. Sample Matrix Sample Description TBBPA
(-) (-) (-) (ng/L)
1 Permeate from MBR-A TBBPA spiked before SPE 261.18
2 Permeate from MBR-A TBBPA spiked before SPE 255.36
3 Permeate from MBR-A TBBPA spiked before SPE 257.83
4 Permeate from MBR-A TBBPA spiked before SPE 262.68
5 Permeate from MBR-A TBBPA spiked before SPE 235.35
6 Permeate from MBR-A TBBPA spiked after SPE 165.60
7 Permeate from MBR-A TBBPA spiked after SPE 217.86
8 Permeate from MBR-A TBBPA spiked after SPE 192.40
9 Permeate from MBR-A TBBPA spiked after SPE 192.91

10 Permeate from MBR-A TBBPA spiked after SPE 202.08
11 Influent to MBR-A TBBPA spiked before SPE 542.96
12 Influent to MBR-A TBBPA spiked before SPE 473.64
13 Influent to MBR-A TBBPA spiked before SPE 442.84
14 Influent to MBR-A TBBPA spiked before SPE 365.93
15 Influent to MBR-A TBBPA spiked after SPE 638.71
16 Influent to MBR-A TBBPA spiked after SPE 620.47
17 Influent to MBR-A TBBPA spiked after SPE 620.77
18 Influent to MBR-A TBBPA spiked after SPE 672.68

TBBPA Standard CurveTBBPA Standard Curve
Standard TBBPA

Concentration Abundance
(ug/L) (-)

1 2627
1 1260
1 1062

15 25094
15 26471
15 20791
40 51713
40 56961
40 50360
100 142981
100 128167
200 244738
200 252022
200 243707
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TOC COD pH TN
Data*for*MBR1A Filtered Filtered unfiltered Filtered

# Influent Influent Influent Influent
Date*of*Sampling (mg/L) (mg/L) (1) (mg/L)

Wednesday,)11)January,)2006 111.9 199 8.3 43.7
Thursday,)11)January,)2007 8.2
Monday,)11)January,)2010 8.1
Tuesday,)11)January,)2011 58.7 480 8.1 49.9

Wednesday,)11)January,)2012 8.2
Friday,)11)January,)2013 139.7 346 8.1 52.0

Saturday,)11)January,)2014 8.0
Wednesday,)11)January,)2017 8.1

Thursday,)11)January,)2018 30.0 278 8.0 54.4
Friday,)11)January,)2019 8.1

Saturday,)11)January,)2020 35.2 336 8.1 55.2
Monday,)11)January,)2021 8.0
Thursday,)11)January,)2024 8.0
Saturday,)11)January,)2025 130.8 328 8.2 56.0
Sunday,)11)January,)2026 8.2
Monday,)11)January,)2027 125.4 289 8.1 57.5
Tuesday,)11)January,)2028 8.1
Saturday,)11)January,)2031 8.1
Sunday,)11)February,)2001 170.4 442 8.3 65.8
Tuesday,)11)February,)2003 144.3 423 8.1 55.3

Wednesday,)11)February,)2004 7.9
Sunday,)11)February,)2007 8.0
Monday,)11)February,)2008 106.6 452 8.0 47.5

Wednesday,)11)February,)2009 8.1
Thursday,)11)February,)2010 122.9 376 8.1 49.2

Friday,)11)February,)2011 8.1
Tuesday,)11)February,)2014 8.2

Wednesday,)11)February,)2015 127.5 356 8.2 57.1
Thursday,)11)February,)2016 8.2
Saturday,)11)February,)2017 111.7 281 8.2 50.5
Sunday,)11)February,)2018 8.1
Friday,)11)February,)2022 132.3 337 8.2 41.6

Saturday,)11)February,)2023 8.2
Sunday,)11)February,)2024 138.0 352 8.2 59.2
Tuesday,)11)February,)2025 8.2
Friday,)11)February,)2028 8.2
Sunday,)11)March,)2001 112.5 358 8.2 56.5
Monday,)11)March,)2002 8.3
Tuesday,)11)March,)2003 120.8 339 8.2 54.1
Sunday,)11)March,)2007 8.2
Tuesday,)11)March,)2008 118.0 262 8.2 51.8

Wednesday,)11)March,)2009 8.1
Thursday,)11)March,)2010 108.6 244 8.0 44.4

Friday,)11)March,)2011 8.0
Tuesday,)11)March,)2014 8.0

Wednesday,)11)March,)2015 111.1 503 8.1 41.3
Friday,)11)March,)2016 8.0
Sunday,)11)March,)2018
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Thursday,*11*March,*2021 7.9
Friday,*11*March,*2022 327 8.4

Saturday,*11*March,*2023 8.2
Monday,*11*March,*2024 243 8.2
Tuesday,*11*March,*2025 8.2
Saturday,*11*March,*2028 8.2
Sunday,*11*March,*2029 288 8.1
Monday,*11*March,*2030 8.1
Tuesday,*11*March,*2031 36.8 314 8.1 46.3

Wednesday,*11*April,*2001 8.0
Sunday,*11*April,*2004 8.0
Monday,*11*April,*2005 37.1 292 8.1 46.1
Tuesday,*11*April,*2006 8.0

Wednesday,*11*April,*2007 50.4 388 8.1 55.9
Friday,*11*April,*2008 8.1

Monday,*11*April,*2011 7.9
Wednesday,*11*April,*2012 43.7 276 8.1 51.4

Thursday,*11*April,*2013 8.1
Friday,*11*April,*2014 46.8 306 8.2 54.2

Saturday,*11*April,*2015 8.1
Wednesday,*11*April,*2018 8.1

Thursday,*11*April,*2019 27.8 316 8.1 41.7
Saturday,*11*April,*2020 8.0
Sunday,*11*April,*2021 27.7 368 8.1 38.3

Saturday,*11*April,*2026 38.8 295 8.0 31.6
Sunday,*11*April,*2027 8.1
Tuesday,*11*April,*2028 29.6 302 8.0 34.7

Wednesday,*11*April,*2029 8.4
Saturday,*11*May,*2002
Sunday,*11*May,*2003 28.8 132 8.3 44.2
Tuesday,*11*May,*2004 7.9

Wednesday,*11*May,*2005 55.1 108 7.9 40.4
Thursday,*11*May,*2006 8.2
Monday,*11*May,*2009 8.1
Tuesday,*11*May,*2010 32.1 121 8.2 41.8

Wednesday,*11*May,*2011 8.1
Friday,*11*May,*2012 26.8 120 8.1 35.6

Saturday,*11*May,*2013 8.4
Wednesday,*11*May,*2016 8.4

Thursday,*11*May,*2017 40.9 166 8.4 38.5
Friday,*11*May,*2018 8.4

Saturday,*11*May,*2019 24.9 99 8.2 25.9
Monday,*11*May,*2020 8.3
Saturday,*11*May,*2024 29.2 96 8.0 29.3
Sunday,*11*May,*2025 8.2
Monday,*11*May,*2026 22.3 105 8.2 30.0
Saturday,*11*May,*2030 8.0
Sunday,*11*May,*2031 25.1 80 8.1 30.5
Monday,*11*June,*2001
Tuesday,*11*June,*2002 44.9 138 8.1 39.8

Wednesday,*11*June,*2003 8.1
Sunday,*11*June,*2006 8.1
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Monday,(11(June,(2007 50.9 178 8.1 38.6
Wednesday,(11(June,(2008 8.2

Thursday,(11(June,(2009 33.5 142 8.1 29.3
Friday,(11(June,(2010 8.1

Tuesday,(11(June,(2013 8.0
Wednesday,(11(June,(2014 29.4 166 8.1 33.2

Thursday,(11(June,(2015 8.1
Saturday,(11(June,(2016 41.7 260 8.0 35.0
Sunday,(11(June,(2017 8.1

Thursday,(11(June,(2020 8.0
Friday,(11(June,(2021 27.2 171 8.0 36.0

Saturday,(11(June,(2022 8.0
Sunday,(11(June,(2023 43.7 273 8.1 40.8
Tuesday,(11(June,(2024 7.7
Friday,(11(June,(2027 7.5
Sunday,(11(June,(2028 41.9 225 7.5 38.6
Monday,(11(June,(2029 7.9
Tuesday,(11(June,(2030 30.4 175 7.8 39.9
Sunday,(11(July,(2004 7.5
Monday,(11(July,(2005
Tuesday,(11(July,(2006 36.7 229 7.6 31.1

Wednesday,(11(July,(2007 57.7 252 7.5 31.2
Friday,(11(July,(2008 7.6

Monday,(11(July,(2011 7.5
Wednesday,(11(July,(2012 31.3 204 7.6 33.7

Thursday,(11(July,(2013 7.6
Friday,(11(July,(2014 46.7 297 7.6 35.5

Wednesday,(11(July,(2018 7.5
Thursday,(11(July,(2019 59.9 278 7.7 34.9
Saturday,(11(July,(2020 7.6
Sunday,(11(July,(2021 30.4 228 7.9 30.6
Monday,(11(July,(2022 7.9
Friday,(11(July,(2025

Saturday,(11(July,(2026 49.1 254 7.8 30.3
Sunday,(11(July,(2027 30.4
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pH Unfiltered,MLSSUnfiltered,MLSSUnfiltered,MLSS COD
Data,for,MBR7A unfiltered Particle,Size,(cumulative,fraction)Particle,Size,(cumulative,fraction)Particle,Size,(cumulative,fraction) Filtered

# MLSS VSS MLSS d(0.1) d(0.5) d(0.9) MLSS
Date,of,Sampling (mg/L) (mg/L) (7) (µm) (µm) (µm) (mg/L)

Wednesday,)11)January,)2006 8.46 6.67 7.2 73
Thursday,)11)January,)2007 8.62 6.73 7.4 28.5 83.3 210.3
Monday,)11)January,)2010 8.24 6.45 7.3
Tuesday,)11)January,)2011 8.55 6.80 7.3 78

Wednesday,)11)January,)2012 8.30 6.50 7.3 26.7 86.0 238.6
Friday,)11)January,)2013 8.86 6.92 7.2 78

Saturday,)11)January,)2014 9.39 7.34 7.3 25.7 84.9 258.7
Wednesday,)11)January,)2017 8.82 6.67 7.2

Thursday,)11)January,)2018 9.12 6.94 7.3 97
Friday,)11)January,)2019 9.10 6.93 7.2 24.2 86.9 274.1

Saturday,)11)January,)2020 10.46 8.15 7.2 134
Monday,)11)January,)2021 9.39 7.15 7.3 24.4 86.2 254.2
Thursday,)11)January,)2024 12.54 9.54 7.3
Saturday,)11)January,)2025 10.68 8.34 7.3 123
Sunday,)11)January,)2026 9.72 7.55 7.3 24.0 84.7 253.0
Monday,)11)January,)2027 9.65 7.40 7.3 2
Tuesday,)11)January,)2028 9.22 6.98 7.3 23.9 83.5 236.8
Saturday,)11)January,)2031 10.60 7.88 7.3
Sunday,)11)February,)2001 11.08 8.66 7.3 161
Tuesday,)11)February,)2003 10.21 7.80 7.3 24.0 86.1 261.7 135

Wednesday,)11)February,)2004 10.71 8.21 7.3 21.7 81.1 241.1
Sunday,)11)February,)2007 11.59 8.81 7.3
Monday,)11)February,)2008 11.38 8.64 7.4 161

Wednesday,)11)February,)2009 9.69 7.36 7.3 22.7 81.7 276.8
Thursday,)11)February,)2010 10.74 8.14 7.3 135

Friday,)11)February,)2011 10.12 7.59 7.4 24.5 87.4 272.5
Tuesday,)11)February,)2014 11.67 8.81 7.3

Wednesday,)11)February,)2015 9.04 6.84 7.4 120
Thursday,)11)February,)2016 8.77 6.70 7.4 25.9 89.6 379.2
Saturday,)11)February,)2017 9.37 7.18 7.3 142
Sunday,)11)February,)2018 9.35 7.10 7.3 25.8 87.2 266.6
Friday,)11)February,)2022 12.74 9.92 7.3 209

Saturday,)11)February,)2023 9.98 7.52 7.5 28.2 92.7 267.3
Sunday,)11)February,)2024 11.80 9.45 7.3 109
Tuesday,)11)February,)2025 10.71 8.12 7.5 30.1 98.3 292.5
Friday,)11)February,)2028 7.5
Sunday,)11)March,)2001 15.82 11.90 7.3 116
Monday,)11)March,)2002 11.35 8.56 7.5 31.4 105.1 307.7
Tuesday,)11)March,)2003 9.85 7.30 7.3 80
Sunday,)11)March,)2007 9.68 7.09 7.4 32.5 110.2 319.1
Tuesday,)11)March,)2008 9.91 7.35 7.3 110

Wednesday,)11)March,)2009 9.85 7.24 7.4 33.5 119.0 330.8
Thursday,)11)March,)2010 8.83 6.47 7.3 126

Friday,)11)March,)2011 8.96 6.50 7.4 33.9 119.4 338.1
Tuesday,)11)March,)2014 9.53 6.92 7.5

Wednesday,)11)March,)2015 10.20 7.67 7.4 117
Friday,)11)March,)2016 8.43 6.11 7.5 33.8 115.2 313.5
Sunday,)11)March,)2018 5.25 7.2
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Thursday,*11*March,*2021 7.11 5.20 7.4
Friday,*11*March,*2022 11.44 8.67 7.4 84

Saturday,*11*March,*2023 7.00 5.25 7.5 33.7 114.5 333.5
Monday,*11*March,*2024 8.47 6.28 7.4 102
Tuesday,*11*March,*2025 6.93 5.20 7.4 32.6 111.0 324.6
Saturday,*11*March,*2028 8.11 6.15 4.5
Sunday,*11*March,*2029 8.38 6.37 7.4 118
Monday,*11*March,*2030 8.66 6.50 7.3 33.7 108.4 299.8
Tuesday,*11*March,*2031 10.27 7.79 7.3 106

Wednesday,*11*April,*2001 8.86 6.62 7.2 34.3 108.5 282.5
Sunday,*11*April,*2004 9.57 6.95 7.3
Monday,*11*April,*2005 10.21 7.60 7.3 95
Tuesday,*11*April,*2006 9.60 7.17 7.3 36.2 107.5 267.2

Wednesday,*11*April,*2007 9.95 7.38 7.3 109
Friday,*11*April,*2008 9.40 6.75 7.4 35.8 109.4 281.2

Monday,*11*April,*2011 9.59 7.09 7.3
Wednesday,*11*April,*2012 10.59 7.86 7.3 71

Thursday,*11*April,*2013 9.31 6.86 7.4 37.1 112.3 311.7
Friday,*11*April,*2014

Saturday,*11*April,*2015 10.30 7.52 7.3
Wednesday,*11*April,*2018 10.13 7.27 7.4

Thursday,*11*April,*2019 10.97 8.26 7.3 77
Saturday,*11*April,*2020 10.13 7.44 7.4 30.3 94.2 246.5
Sunday,*11*April,*2021 10.28 7.64 7.3 33

Saturday,*11*April,*2026 10.03 7.45 7.2 31.6 97.9 253.6 56
Sunday,*11*April,*2027 9.85 8.05 7.4 29.9 92.9 224.3
Tuesday,*11*April,*2028 10.03 7.42 7.4 46

Wednesday,*11*April,*2029 12.08 9.47 7.4 19.5 69.4 210.3
Saturday,*11*May,*2002
Sunday,*11*May,*2003 9.74 7.35 7.1 45
Tuesday,*11*May,*2004 8.64 6.51 7.2 26.4 85.8 231.9

Wednesday,*11*May,*2005 8.41 6.44 7.2 74
Thursday,*11*May,*2006 9.04 6.76 7.2 32.4 89.9 221.2
Monday,*11*May,*2009 10.84 8.17 7.2
Tuesday,*11*May,*2010 10.43 7.92 7.4 72

Wednesday,*11*May,*2011 10.70 8.04 7.2 29.5 82.6 209.8
Friday,*11*May,*2012 11.54 8.74 7.4 89

Saturday,*11*May,*2013 11.30 8.34 7.7 26.6 77.6 204.7
Wednesday,*11*May,*2016 9.53 6.98 7.7

Thursday,*11*May,*2017 9.33 6.90 7.7 102
Friday,*11*May,*2018 7.22 4.77 7.7 26.1 74.0 187.5

Saturday,*11*May,*2019 8.92 6.53 7.7 49
Monday,*11*May,*2020 8.11 5.89 7.6 24.2 69.9 173.2
Saturday,*11*May,*2024 8.25 6.16 7.5 51
Sunday,*11*May,*2025 22.7 68.3 177.0
Monday,*11*May,*2026 9.07 6.84 7.4 59
Saturday,*11*May,*2030 9.31 6.82 7.5 21.8 67.1 182.7
Sunday,*11*May,*2031 10.16 7.68 7.4 64
Monday,*11*June,*2001 9.82 7.34 19.0 62.0 175.8
Tuesday,*11*June,*2002 10.02 7.45 7.4 68

Wednesday,*11*June,*2003 11.00 8.54 7.5 18.2 60.4 187.2
Sunday,*11*June,*2006 8.81 6.38 7.2
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Monday,(11(June,(2007 10.53 7.85 7.6 58
Wednesday,(11(June,(2008 9.80 7.22 7.6 22.0 71.2 211.1

Thursday,(11(June,(2009 9.92 7.32 7.6 61
Friday,(11(June,(2010 23.0 72.8 230.5

Tuesday,(11(June,(2013
Wednesday,(11(June,(2014

Thursday,(11(June,(2015
Saturday,(11(June,(2016
Sunday,(11(June,(2017

Thursday,(11(June,(2020
Friday,(11(June,(2021

Saturday,(11(June,(2022
Sunday,(11(June,(2023
Tuesday,(11(June,(2024
Friday,(11(June,(2027
Sunday,(11(June,(2028
Monday,(11(June,(2029
Tuesday,(11(June,(2030
Sunday,(11(July,(2004
Monday,(11(July,(2005
Tuesday,(11(July,(2006

Wednesday,(11(July,(2007
Friday,(11(July,(2008

Monday,(11(July,(2011 8.76 6.65 6.7
Wednesday,(11(July,(2012 10.46 7.05 6.8 23

Thursday,(11(July,(2013 9.50 6.48 7.1 19.0 55.6 167.6
Friday,(11(July,(2014 10.26 7.02 7.0 25

Wednesday,(11(July,(2018 10.93 7.47 7.0 17.7 52.6 153.5
Thursday,(11(July,(2019 11.23 8.07 7.1 19
Saturday,(11(July,(2020 9.80 6.69 7.2 20.5 60.4 180.7
Sunday,(11(July,(2021 10.06 6.95 7.3 33
Monday,(11(July,(2022 9.78 6.69 7.3 22.1 65.3 176.6
Friday,(11(July,(2025 8.50 5.20

Saturday,(11(July,(2026 9.38 6.50 7.3 21
Sunday,(11(July,(2027 8.90 7.4 24.8 71.3 184.7
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TOC TN pH COD
Data*for*MBR1A

# Permeate Permeate Permeate Permeate
Date*of*Sampling (mg/L) (mg/L) (1) (mg/L)

Tuesday,)11)January,)2011 62.0 31.3 7.7 32
Tuesday,)11)January,)2011
Tuesday,)11)January,)2011
Tuesday,)11)January,)2011 28.5 36.7 7.5 72
Tuesday,)11)January,)2011
Tuesday,)11)January,)2011 64.1 37.3 7.6 3
Tuesday,)11)January,)2011
Tuesday,)11)January,)2011
Tuesday,)11)January,)2011 8.7 34.1 7.6 38
Tuesday,)11)January,)2011
Tuesday,)11)January,)2011 9.6 40.5 7.9 28
Tuesday,)11)January,)2011
Tuesday,)11)January,)2011
Tuesday,)11)January,)2011 61.7 35.1 7.7 32
Tuesday,)11)January,)2011
Tuesday,)11)January,)2011 57.4 37.6 7.6 92
Tuesday,)11)January,)2011
Tuesday,)11)January,)2011
Friday,)11)February,)2011 60.4 37.4 7.7 17
Friday,)11)February,)2011 53.6 43.6 7.8 37
Friday,)11)February,)2011
Friday,)11)February,)2011
Friday,)11)February,)2011 46.4 35.2 7.7 36
Friday,)11)February,)2011
Friday,)11)February,)2011 46.9 34.3 7.5 8
Friday,)11)February,)2011
Friday,)11)February,)2011
Friday,)11)February,)2011 56.3 28.3 7.8 38
Friday,)11)February,)2011
Friday,)11)February,)2011 54.0 31.8 7.7 21
Friday,)11)February,)2011
Friday,)11)February,)2011 53.8 31.0 7.7 86
Friday,)11)February,)2011
Friday,)11)February,)2011 55.3 36.3 7.6 22
Friday,)11)February,)2011
Friday,)11)February,)2011
Friday,)11)March,)2011 38.1 27.8 7.6 45
Friday,)11)March,)2011
Friday,)11)March,)2011 53.1 35.0 7.8 9
Friday,)11)March,)2011
Friday,)11)March,)2011 54.7 33.7 7.7 29
Friday,)11)March,)2011
Friday,)11)March,)2011 48.0 29.3 7.8 37
Friday,)11)March,)2011
Friday,)11)March,)2011
Friday,)11)March,)2011 56.8 30.7 7.9 13
Friday,)11)March,)2011
Friday,)11)March,)2011
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Friday,(11(March,(2011
Friday,(11(March,(2011 7.8 19
Friday,(11(March,(2011
Friday,(11(March,(2011 7.8 27
Friday,(11(March,(2011
Friday,(11(March,(2011
Friday,(11(March,(2011 7.9 26
Friday,(11(March,(2011
Friday,(11(March,(2011 7.8 29.2 7.7 10
Monday,(11(April,(2011
Monday,(11(April,(2011
Monday,(11(April,(2011 7.4 34.2 7.5 32
Monday,(11(April,(2011
Monday,(11(April,(2011 7.9 32.8 7.5 36
Monday,(11(April,(2011
Monday,(11(April,(2011
Monday,(11(April,(2011 8.5 33.2 7.7 14
Monday,(11(April,(2011
Monday,(11(April,(2011
Monday,(11(April,(2011
Monday,(11(April,(2011
Monday,(11(April,(2011 7.3 31.1 7.6 34
Monday,(11(April,(2011
Monday,(11(April,(2011 6.5 28.6 7.6 4
Monday,(11(April,(2011 6.1 29.4 7.8 21
Monday,(11(April,(2011
Monday,(11(April,(2011 6.5 30.3 7.6 13
Monday,(11(April,(2011

Wednesday,(11(May,(2011
Wednesday,(11(May,(2011 10.3 31.3 7.6 12
Wednesday,(11(May,(2011
Wednesday,(11(May,(2011 11.7 32.1 7.5 31
Wednesday,(11(May,(2011
Wednesday,(11(May,(2011
Wednesday,(11(May,(2011 8.6 33.5 7.5 35
Wednesday,(11(May,(2011
Wednesday,(11(May,(2011 17.1 27.7 7.6 40
Wednesday,(11(May,(2011
Wednesday,(11(May,(2011
Wednesday,(11(May,(2011 7.9 25.3 8.0 30
Wednesday,(11(May,(2011
Wednesday,(11(May,(2011 6.4 19.9 8.1 8
Wednesday,(11(May,(2011
Wednesday,(11(May,(2011 5.1 20.8 8.4 20
Wednesday,(11(May,(2011
Wednesday,(11(May,(2011 6.8 28.8 7.8 45
Wednesday,(11(May,(2011
Wednesday,(11(May,(2011 6.4 22.1 7.7 30

Saturday,(11(June,(2011
Saturday,(11(June,(2011 7.7 33.9 7.8 33
Saturday,(11(June,(2011
Saturday,(11(June,(2011
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Saturday,)11)June,)2011 6.4 25.3 7.8 31
Saturday,)11)June,)2011
Saturday,)11)June,)2011 7.3 23.5 7.9 29
Saturday,)11)June,)2011
Saturday,)11)June,)2011
Saturday,)11)June,)2011
Saturday,)11)June,)2011
Saturday,)11)June,)2011
Saturday,)11)June,)2011
Saturday,)11)June,)2011
Saturday,)11)June,)2011
Saturday,)11)June,)2011
Saturday,)11)June,)2011
Saturday,)11)June,)2011
Saturday,)11)June,)2011
Saturday,)11)June,)2011
Saturday,)11)June,)2011
Saturday,)11)June,)2011
Monday,)11)July,)2011
Monday,)11)July,)2011
Monday,)11)July,)2011
Monday,)11)July,)2011
Monday,)11)July,)2011
Monday,)11)July,)2011
Monday,)11)July,)2011 7.0 36.9 7.1 9
Monday,)11)July,)2011
Monday,)11)July,)2011 8.4 34.3 7.2 13
Monday,)11)July,)2011
Monday,)11)July,)2011 7.2 37.4 7.3 14
Monday,)11)July,)2011
Monday,)11)July,)2011 7.1 35.8 7.6 19
Monday,)11)July,)2011
Monday,)11)July,)2011
Monday,)11)July,)2011 7.4 30.6 7.5 11
Monday,)11)July,)2011
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B.2 Data from Chapter 3

Sorption Experiments 1 and 2Sorption Experiments 1 and 2Sorption Experiments 1 and 2
Sorption of TBBA to MLSSSorption of TBBA to MLSS
Experiment 1Experiment 1

Flask 
Number

Organic Carbon
in Flask

Measured TBBPA 
after Sorption

[-] [g/L] [ng/L]
1 0.023 108
2 0.023 25
3 0.058 22
4 0.058 18
5 0.114 25
6 0.114 25
7 0.223 26
8 0.223 27
9 0.521 26

10 0.521 23
11 0.937 18
12 0.937 25
13 1.562 20
14 1.562 16
15 4.685 13
16 4.685 27

Experiment 2Experiment 2
1 0.005 311
2 0.015 195
3 0.036 295
4 0.052 232
5 0.077 118
6 0.155 43
7 0.181 37
8 0.207 49

Losses of TBBPA in Milli-Q to Glass Flasks and to MABR LumenLosses of TBBPA in Milli-Q to Glass Flasks and to MABR LumenLosses of TBBPA in Milli-Q to Glass Flasks and to MABR LumenLosses of TBBPA in Milli-Q to Glass Flasks and to MABR LumenLosses of TBBPA in Milli-Q to Glass Flasks and to MABR LumenLosses of TBBPA in Milli-Q to Glass Flasks and to MABR Lumen
Losses to MABR LumenLosses to MABR Lumen
Recovery Recovery

Time Recovery stdev n with Lumenwithout Lumen
[h] [%] [%] [-] [%] [%]
0 95 0 1 20 56
1 89 6 10
24 53 0 1
72 57 6 2

Summary of Wastewater Characteristics for Sorption ExperimentsSummary of Wastewater Characteristics for Sorption ExperimentsSummary of Wastewater Characteristics for Sorption ExperimentsSummary of Wastewater Characteristics for Sorption ExperimentsSummary of Wastewater Characteristics for Sorption ExperimentsSummary of Wastewater Characteristics for Sorption ExperimentsSummary of Wastewater Characteristics for Sorption Experiments
Experiment TOC (MLSS) std error TSS VSS COD TOC TN pH d(0.1) d(0.5) d(0.9)

[-] (mg/mL) (mg/mL) [g/L] [g/L] [mg/L] [mg/L] [mg/L] [-] [um] [um] [um]
1 MLSS 5.2 0.4 11.5 8.7 89 16 28 7.3 27 78 205
2 MLSS 4.7 0.61 10.5 7.9 58 11.2 7.6 22 71 211

kinetic MLSS 3.35 0.14 10.3 7.5 71 16.7 7.3 31 98 255
1 Permeate 40 17 33 7.6 - - -
2 Permeate 31 6.4 25.3 7.8

Measurements of Flask GeometriesMeasurements of Flask Geometries
Flask VolumeFlask Volume

250 mL flask 500 mL flask
Lower Radius [cm] 3.75 4.75
Liquid Height [cm] 7 10.5
Upper Radius [cm] 2.75 3
surface area of flask bottom [cm2] 44 71
total surface area of flasks [cm2] 1,065 2,798
Nominal Volume [mL] 250 500
surface area / volume [cm-2/mL] 4.26 5.60

TBBPA sorption kinetics
Flask Time TBBPA
Name Elapsed Concentration
(-) (h/m/s) (ng / L)

Laboratory Fortified Blank 0 761
Flask 1 0h 2m 29s 704
Flask 2 0h 9m 40s 562
Flask 3 1h 29m 328
Flask 4 7h 39m 207
Flask 5 18h 29m 169
Flask 6 20h 40m 187
Flask 7 68h 3m 62
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B.3 Data from Chapter 4

TBBPA Removal in 3 MBRsTBBPA Removal in 3 MBRsTBBPA Removal in 3 MBRs

TBBPA TBBPA TBBPA TBBPA COD COD COD COD TOC TOC TOC TOC TN TN TN TN
Sampling Common MBR-A MBR-B MBR-C Common MBR-A MBR-B MBR-C Common MBR-A MBR-B MBR-C Common MBR-A MBR-B MBR-C

Date Influent Effluent Effluent Effluent Influent Effluent Effluent Effluent Influent Effluent Effluent Effluent Influent Effluent Effluent Effluent
[dd-mmm-yy] [ng/L] [ng/L] [ng/L] [ng/L] [mg/L] [mg/L] [mg/L] [mg/L] [mg/L] [mg/L] [mg/L] [mg/L] [mg/L] [mg/L] [mg/L] [mg/L]
13-Apr-11 31.94 5.63 25.07 0.19 149 71 76 42 44 8 7 8 47 33 32 34
13-Apr-11 24.45 11.1 8.88 11.56
14-May-11 28.81 0 0 145
16-May-11 66
18-May-11 6.49 3.9 3.27 3.44 84
25-May-11 40.77 12.24 13.19 52 20 19 18 29.2 5.1 5.8 5.3 28.0 20.8 21.4 19.6
31-May-11 1.58 0 5.76 0 48 30 29 27 25.1 6.4 6.8 6.2 29.5 22.1 23.5 20.4
7-Jun-11 13.02 6.96 9.34 0 86 31 33 27 50.9 6.4 7.2 6.7 36.0 25.0 30.0 26.0
9-Jun-11 25.3 2.63 6.27 0.47 116 29 36 33 34.0 7.3 7.4 7.3 26.0 23.5 24.6 24.7
14-Jun-11 28.59 6.28 2.25 128 28 26 29.0 6.3 6.9 30.8 26.2 25.2
16-Jun-11 17.28 4.27 170 27 29 41.7 7.0 6.6 30.4 27.5 24.6

Table above continued...Table above continued...
MLSS Sampled from Membrane TanksMLSS Sampled from Membrane TanksMLSS Sampled from Membrane TanksMLSS Sampled from Membrane TanksMLSS Sampled from Membrane TanksMLSS Sampled from Membrane Tanks Cumulative Particle SizeCumulative Particle SizeCumulative Particle SizeCumulative Particle SizeCumulative Particle SizeCumulative Particle Size

Sampling MBR-A MBR-A MBR-B MBR-B MBR-C MBR-C MBR-A MBR-A MBR-B MBR-B MBR-C MBR-C
Date MLSS MLVSS MLSS MLVSS MLSS MLVSS d (0.5) d (0.9) d (0.5) d (0.9) d (0.5) d (0.9)

[dd-mmm-yy] [g/L] [g/L] [g/L] [g/L] [g/L] [g/L] [um] [um] [um] [um] [um] [um]
13-Apr-11 10.6 7.9 10 7.5 11 8.2 112 312 75 246 79 271
13-Apr-11
14-May-11 11.3 8.3 10.5 7.8 11.3 8.1
16-May-11 9.53 7 9.15 6.7 10.8 7.7
18-May-11 7.2 4.8 10.2 8
25-May-11 8.25 6.16 7.8 5.77 9.42 6.78 68.3 177 69.6 189.5 67.6 174.7
31-May-11 10.16 7.68 9.52 7.12 8.38 6.26 62 176 67 166 71 229
7-Jun-11 10.5 7.9 8.7 6.2 10.7 7.9 71 211 64 167 61 177
9-Jun-11 9.92 7.32 9.61 7.02 11.64 8.42 73 230 67 174 61 177
14-Jun-11 8.75 9.43 - 6.22 6.62 66 203 63 201
16-Jun-11 9.08 6.65 10.03 7.17 66.4 224 62.4 207.94
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Removal of TBBPA in a CAS ReactorRemoval of TBBPA in a CAS ReactorRemoval of TBBPA in a CAS Reactor

Grab grab
Sampling Influent effluent

Date Samples Samples
[dd-mmm-yy] [ng/L] [ng/L]
13-Apr-11 31.9
13-Apr-11 24.5
13-Apr-11
14-May-11 28.8
16-May-11
16-May-11
18-May-11 6.5
18-May-11
25-May-11 40.8
31-May-11 1.6
7-Jun-11 13.0
7-Jun-11
7-Jun-11 13.02 0.0
9-Jun-11 25.3 2.2
14-Jun-11 28.59 0.0
16-Jun-11

This table contains all relevant data for degradation of TBBPA in the GE Zeelung ReactorThis table contains all relevant data for degradation of TBBPA in the GE Zeelung ReactorThis table contains all relevant data for degradation of TBBPA in the GE Zeelung ReactorThis table contains all relevant data for degradation of TBBPA in the GE Zeelung ReactorThis table contains all relevant data for degradation of TBBPA in the GE Zeelung ReactorThis table contains all relevant data for degradation of TBBPA in the GE Zeelung ReactorThis table contains all relevant data for degradation of TBBPA in the GE Zeelung ReactorThis table contains all relevant data for degradation of TBBPA in the GE Zeelung ReactorThis table contains all relevant data for degradation of TBBPA in the GE Zeelung ReactorThis table contains all relevant data for degradation of TBBPA in the GE Zeelung Reactor

Sampling TBBPA TBBPA TOC TOC Ammonia Ammonia Nitrite Nitrite Nitrate Nitrate
Date influent effluent influent effluent influent effluent influent effluent influent effluent

[dd-mm-yy] [ng/L] [ng/L] [mg/L] [mg/L] [mg/L] [mg/L] [mg/L] [mg/L] [mg/L] [mg/L]
19-Apr-11 0 0
16-May-11 0 0 1.06 1.38 32.9 5.8 0.026 0.695 1.20 20.80
24-May-11 1.38 1.46 33.3 5 0.030 0.625 1.00 19.50
27-May-11 105.7 60.3 1.33 1.31 30.5 5.6 0.028 0.510 1.00 20.00
30-May-11 125.6 21.8 1.37 1.50 32.4 5.5 0.026 0.570 1.20 19.60
1-Jun-11 79.2 32.6 1.31 1.26 31.4 5.9 0.028 0.540 1.20 20.00
6-Jun-11 171.0 41.1 1.52 1.44 34 5.5 0.028 0.585 1.20 19.60
14-Jun-11 144.6 63.6 1.19 1.14 31.8 5.3 0.028 0.320 1.00 20.80

Sorption Experiment: Losses to MABR LumenSorption Experiment: Losses to MABR LumenSorption Experiment: Losses to MABR Lumen

TBBPA TBBPA TBBPA
Recovery Recovery Blank

with Lumen without Lumen
[%] [%] [ng/L]
20 56 0
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B.4 Data from Chapter 5

Source
Reactor

Date n TSS std error VSS std error VSS/TSS Influent Effluent DO pH
of Sampling (-) [mg/L] [mg/L] [mg/L] [mg/L] [%] cBOD cBOD [mg/L] [-]

MBR C
(City of Guelph,

Ontario)

CAS
(City of Guelph,

Ontario)

SBR
(City of New

Holland, Ontario)

6-Jul-09 3 9.93 0.086 8.1 0.070 81% - - - -
18-Jul-09 3 9.90 0.042 7.6 0.040 76% - - - -
31-Jul-09 3 8.06 0.044 6.0 0.025 74% - - 3.2 7.4
5-Aug-09 3 8.20 0.188 6.1 0.14 75% - - 3.28 7.49
23-Sep-09 3 9.61 0.035 7.4 0.12 77% - - - 7.28
28-Aug-09 3 7.86 0.015 6.0 0.019 76% - - 2.55 7.82
24-Sep-09 3 9.91 0.016 7.7 0.08 78% - - - 7.39
25-Sep-09 3 8.94 0.046 6.8 0.008 77% - - 2.76 7.29
30-Sep-09 3 9.04 0.033 7.1 0.009 78% - - 2.99 7.31
1-Oct-09 3 10.04 0.023 7.9 0.028 79% - - 0.66 7.39
6-Oct-09 3 10.77 0.044 8.5 0.044 79% - - - -

13-Aug-09 3 7.07 0.052 5.3 0.031 75% - - - 7.79
Average +/- stdev 36 9.1 (1.1) 7.0 (1.0) 0.8 (0.0) (-) (-) 3 (1) 7.5 (0.2)

18-Aug-09 3 2.40 0.042 1.49 0.023 62% 71 2 - -
29-Oct-09 3 3.29 0.11 2.31 0.02 70% 45 2.75 8.89 7.98
- - - - - - - 52 2 - -
- - - - - - - 93.3 2 - -
- - - - - - - 48 2.1 - -
- - - - - - - 311 2.075 - -
- - - - - - - 127 2 - -
- - - - - - - 218 2 - -
- - - - - - - 144 2 - -

Average +/- stdev 6 3 (1) 2 (1) 0.7 (0.1) 123.3 (90.3) 2.1 (0.2) 9 7.98

11-Aug-09 3 3.15 0.036 1.88 0.033 60% - - -
4-Nov-09 3 5.21 0.03 3.47 0.014 67% - - - 6.83

Average +/- stdev 6 4.2 (1.5) 2.7 (1.1) 0.6 (0.0) (-) (-) (-) 6.83
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Data for Figure 5.3Data for Figure 5.3
ProteinsProteinsProteins

Standard AdditionStandard AdditionStandard Addition Traditional Approach (Frolund et al., 1996)Traditional Approach (Frolund et al., 1996)Traditional Approach (Frolund et al., 1996) Wastewater 
SourceMeasurement Standard 

Error
Number of 
Vials (n)

Measurement Standard 
Error

Number of Vials (n)
Wastewater 

Source

44 1.8 7.0 23.5 2.5 2 MBR 1
52 4.7 6.0 28.7 0.5 3 MBR 2

10.4 1.0 6.0 2.9 0.2 3 CAS
24 2.5 6.0 7.6 0.6 3 SBR

Humics
Standard AdditionStandard AdditionStandard Addition Traditional Approach (Frolund et al., 1996)Traditional Approach (Frolund et al., 1996)Traditional Approach (Frolund et al., 1996) Wastewater 

SourceMeasurement Standard 
Error

Number of 
Vials (n)

Measurement Standard 
Error

Number of Vials (n)
Wastewater 

Source

53 5.797 7 52 12.1 2 MBR 1
64 10.943 6 42 5.2 3 MBR 2
46 1.800 6 56 5.0 3 CAS
21 2.692 6 27 1.6 3 SBR

CarbohydratesCarbohydrates
Standard AdditionStandard AdditionStandard Addition Traditional Approach (Frolund et al., 1996)Traditional Approach (Frolund et al., 1996)Traditional Approach (Frolund et al., 1996) Wastewater 

SourceMeasurement Standard 
Error

Number of 
Vials (n)

Measurement Standard 
Error

Number of Vials (n)
Wastewater 

Source

115 15.30 7 82 33.8 2 MBR 1
69 9.04 6 130 4.5 3 MBR 2
54 14.69 6 56 9.9 3 CAS
28 2.30 6 35 2.2 3 SBR

PolysaccharidesPolysaccharides
Standard AdditionStandard AdditionStandard Addition Traditional Approach (Frolund et al., 1996)Traditional Approach (Frolund et al., 1996)Traditional Approach (Frolund et al., 1996) Wastewater 

SourceMeasurement Standard 
Error

Number of 
Vials (n)

Measurement Standard 
Error

Number of Vials (n)
Wastewater 

Source

7.1 0.9 7 6.75 0.23 2 MBR 1
8.9 1.0 6 6.86 1.21 3 MBR 2
1.4 0.3 6 1.10 0.38 3 CAS
- - 6 - - 3 SBR

Data for Figure 5.4Data for Figure 5.4
CarbohydratesCarbohydratesCarbohydrates
Measurement Standard 

Error
Recovery Standard 

Error
Extraction 

Type
29 3 87 4 1000g
20 4 88 4 2000g
14 7 93 6 18000g
18 10 88 9 Filtration

Proteins
Measurement Standard 

Error
Recovery Standard 

Error
Extraction 

Type
29 1.3 122% 4 1000g
42 5.8 106% 7 2000g
20 4.1 114.91% 6 18000g
30 2.1 113% 4 Filtration

Humics
Measurement Standard 

Error
Recovery Standard 

Error
Extraction 

Type
117 17.0 79.0% 16% 1000g
84 9.9 94.0% 7% 2000g
51 12.9 93.9% 12% 18000g
54 9.2 101.8% 9% Filtration

PolysaccharidesPolysaccharides
Measurement Standard 

Error
Recovery Standard 

Error
Extraction 

Type
10 1.9 103.0% 4% 1000g
11 1.9 97.0% 4% 2000g
9 2.2 104.0% 4% 18000g
11 1.9 103.0% 4% Filtration

Data for Figure 5.2
Polysaccharides

Dilution 
Ratio (-)

Data for Figure 5.2
Polysaccharides CarbohydratesCarbohydrates ProteinsProteins HumicsHumics

Recovery 
(%)

Dilution 
Ratio (-)

Recovery 
(%)

Dilution 
Ratio (-)

Recover
y (%)

Dilution 
Ratio (-)

Recovery 
(%)

0.20
0.30
0.40
0.50
0.60
0.67
0.70
0.80
0.90
0.99

-

134.68 0.04 115.81 0.10 83.9 0.10 102.8
117.11 0.10 24.19 0.20 91.1 0.20 147.3
75.55 0.20 26.47 0.30 91.7 0.30 110.1
86.44 0.30 44.85 0.40 69.6 0.40 96.1
77.11 0.40 60.39 0.50 93.2 0.50 93.9
85.00 0.50 53.86 0.60 96.0 0.60 105.0
67.70 0.60 67.79 0.67 89.0 0.67 83.9
118.42 0.67 88.00 0.70 91.4 0.70 108.4
84.93 0.70 68.15 0.80 73.4 0.80 136.2
67.48 0.80 38.76 0.90 108.7 0.90 124.7
- 0.92 68.92 0.95 79.0 0.95 66.8
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Data for Figure 5.5
ProteinsProteinsProteins
Days Since Original 

Analysis (d)
Measurement 

(mg/L)
Standard 

Error (mg/L)
Recovery 

(%)
Standard 
Error (%)

0 24 4 1 4
1 23 1 1 3
2 25 4 1 6
5 14 3 1 5

Humics
Days Since Original 

Analysis (d)
Measurement 

(mg/L)
Standard 

Error (mg/L)
Recovery 

(%)
Standard 
Error (%)

0 62 7.5 81.5% 3.9
1 49 1.7 82.5% 2.9
2 54 6.2 80.9% 6.1
5 40 6.9 100.3% 5.2

Carbohydrates
Days Since Original 

Analysis (d)
Measurement 

(mg/L)
Standard 

Error (mg/L)
Recovery 

(%)
Standard 
Error (%)

0 17 232.3% 98.5% 5.0
1 13 111.0% 106.6% 3.2
2 13 63.0% 96.5% 2.6
5 12 127.6% 101.9% 3.5

Polysaccharides
Days Since Original 

Analysis (d)
Measurement 

(mg/L)
Standard 

Error (mg/L)
Recovery 

(%)
Standard 
Error (%)

0 9 88% 90% 4
1 7.2 77% 123% 2
2 6.1 46% 130% 3
5 nd nd nd nd

nd- not detected

Data for Figure 5.6Data for Figure 5.6
Fresh Sample 
Measurement 
(mg/L)

Fresh Sample 
Measurement Standard 

Error (mg/L)

Frozen Sample 
Measurement 

(mg/L)

Frozen Sample 
Standard Error 

(mg/L)

SMP Type Experiment 
Number

65 8.0 18 1.7 Proteins 1
43 4.5 22 3.6 2
98 14.2 26 3.9 Humics 1
30 4.0 25 2.7 2
25 3.1 17 3.1 Carbohydrates 1
25 3.2 28 2.1 2
7 2.9 8 2.7 Polysaccharides 1
8 2.7 8 2.9 2
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27-Oct-2009-proteins
#
#

description

SMP ANALYSIS 3 4 5 6 7 8 9 14 15
[ml] [-] [ml] [strings] [floats]

standard.added absorbance analysis.info analysis random.info random std.curve.info std.curve MLSS.info MLSS
blank
vial 2
vial 3
vial 4
vial 5
vial 6
vial 7
vial 8
vial 9
vial 10

0.00 0.01639  volume smp added 10.00 date of analysis 27-Oct-09 slope 0.005555 tray+filter 1 2.7630
0.00 0.20915 volume of dilution 5.00 series a std error of slope 0.0000643 tray+filter 2 2.7379
5.00 0.30517 quartz cuvette length 1.00 name of pilot GE pilot B intercept 0.0029987 tray+filter 3 2.7610
5.00 0.31650 Field Blank location of pilot Guelph std error of intercept 0.0039276 dry sludge 1 3.0266
10.00 0.44780 Est. conc of standard 1 smp type Proteins COD std curve slope -430.46 dry sludge 2 3.0045
10.00 0.41225 absorbance of diluted std 1 standard used bsa COD std curve int. 227.31 dry sludge 3 3.0238
15.00 0.55535 Est. conc of standard 2 centrifugation conditions 30 minutes Actual SMP blank 0.01639 after furnace 1 2.8226
15.00 0.51305 absorbance of diluted std 2 temp of centrifuge 4 deg. C vol. of  DAILY dil. flasks 50.0 after furnace 2 2.7979

Est. conc of standard 3 date of standard curve 17-Jun-09 weight of DAILY standard 0.3061 after furnace 3 2.8194
absorbance of diluted std 3 cent. acceleration [g] 20 000 volume of DAILY standard 500.00 volume [ml] 25.0

27-Oct-2009-humics
#SMP 

ANALYSIS#
description

volume added to flask in std.curve[8]3 4 5 6 7 8 9 14 15
[ml] [-] [ml] [strings] [floats]

standard.added absorbance analysis.info analysis random.info random std.curve.info std.curve MLSS.info MLSS
blank
vial 2
vial 3
vial 4
vial 5
vial 6
vial 7
vial 8
vial 9
vial 10

0.00 0.01469  volume smp added 10.00 date of analysis 27-Oct-09 slope 0.003734919 tray+filter 1 2.7630
0.00 0.27444 volume of dilution 5.00 series b std error of slope 0.000062134 tray+filter 2 2.7379
5.00 0.31831 quartz cuvette length 1.00 name of pilot GE pilot B intercept -0.0038725 tray+filter 3 2.7610

10.00 0.38652 Field Blank location of pilot Guelph std error of intercept 0.002551302 dry sludge 1 3.0266
10.00 0.39791 Est. conc of standard 1 smp type Humics COD std curve slope -430.46 dry sludge 2 3.0045
15.00 0.46787 absorbance of diluted std 1 standard used humic acid COD std curve int. 227.31 dry sludge 3 3.0238

Est. conc of standard 2 centrifugation conditions 30 minutes Actual SMP blank 0.01469 after furnace 1 2.8226
absorbance of diluted std 2 temp of centrifuge 4 deg. C vol. of  DAILY dil. flasks [ml] 50.0 after furnace 2 2.7979

Est. conc of standard 3 date of standard curve 17-Jun-09 weight of DAILY standard [g] 0.6009 after furnace 3 2.8194
absorbance of diluted std 3 cent. acceleration [g] 20 000 volume of DAILY standard [mg]1000.00 volume [ml] 25.0

27-Oct-2009-carbs
#
#

description

SMP ANALYSIS 3 4 5 6 7 8 9 14 15
[ml] [-] [ml] [strings] [floats]

standard.added absorbance analysis.info analysis random.info random std.curve.info std.curve MLSS.info MLSS
blank
vial 2
vial 3
vial 4
vial 5
vial 6
vial 7
vial 8
vial 9
vial 10

0.00 0.00930  volume smp added 10.00 date of analysis 27-Oct-09 slope 0.015484541 tray+filter 1 2.7630
0.00 0.41967 volume of dilution 5.00 series c std error of slope 0.000421239 tray+filter 2 2.7379

10.00 0.81367 quartz cuvette length 1.00 name of pilot GE pilot B intercept -0.0160000 tray+filter 3 2.7610
10.00 0.78454 Field Blank location of pilot Guelph std error of intercept 0.019264976 dry sludge 1 3.0266
20.00 1.17200 Est. conc of standard 1 smp type Carbohydrates COD std curve slope -430.46 dry sludge 2 3.0045
20.00 1.18790 absorbance of diluted std 1 standard used glucose COD std curve int. 227.31 dry sludge 3 3.0238
30.00 1.54080 Est. conc of standard 2 centrifugation conditions 30 minutes Actual SMP blank 0.00930 after furnace 1 2.8226
30.00 1.54980 absorbance of diluted std 2 temp of centrifuge 4 deg. C vol. of  DAILY dil. flasks [ml] 50.0 after furnace 2 2.7979

Est. conc of standard 3 date of standard curve 17-Jun-09 weight of DAILY standard [g] 0.2013 after furnace 3 2.8194
absorbance of diluted std 3 cent. acceleration [g] 20 000 volume of DAILY standard [mg]500.0 volume [ml] 25.0

27-Oct-2009-poly
#
#

description

SMP ANALYSIS 3 4 5 6 7 8 9 14 15
[ml] [-] [ml] [strings] [floats]

standard.added absorbance analysis.info analysis random.info random std.curve.info std.curve MLSS.info MLSS
blank
vial 2
vial 3
vial 4
vial 5
vial 6
vial 7
vial 8
vial 9
vial 10

0.00 -0.00741  volume smp added 10.00 date of analysis 27-Oct-09 slope 0.012528 tray+filter 1 2.7630
0.00 0.15207 volume of dilution 5.00 series d std error of slope 0.000279096 tray+filter 2 2.7379
3.00 0.58760 quartz cuvette length 2.00 name of pilot GE pilot B intercept 0.0110135 tray+filter 3 2.7610
3.00 0.61550 Field Blank location of pilot Guelph std error of intercept 0.004667844 dry sludge 1 3.0266
6.00 1.04850 Est. conc of standard 1 smp type Polysaccharides COD std curve slope -430.46 dry sludge 2 3.0045
6.00 1.07400 absorbance of diluted std 1 standard used dga COD std curve int. 227.31 dry sludge 3 3.0238

10.00 1.73540 Est. conc of standard 2 centrifugation conditions 30 minutes Actual SMP blank -0.00741 after furnace 1 2.8226
10.00 1.69620 absorbance of diluted std 2 temp of centrifuge 4 deg. C vol. of  DAILY dil. flasks [ml] 50.0 after furnace 2 2.7979

Est. conc of standard 3 date of standard curve 17-Jun-09 weight of DAILY standard [g] 0.395332 after furnace 3 2.8194
absorbance of diluted std 3 cent. acceleration [g] 20 000 volume of DAILY standard [mg]500.0 volume [ml] 25.0

28-Oct-2009-proteins
#
#

description

SMP ANALYSIS 3 4 5 6 7 8 9 14 15
[ml] [-] [ml] [strings] [floats]

standard.added absorbance analysis.info analysis random.info random std.curve.info std.curve MLSS.info MLSS
blank
vial 2
vial 3
vial 4
vial 5
vial 6
vial 7
vial 8
vial 9
vial 10

0.00 0.00747  volume smp added 10.00 date of analysis 28-Oct-09 slope 0.005555 tray+filter 1 2.7627
0.00 0.28957 volume of dilution 5.00 series a std error of slope 0.0000643 tray+filter 2 2.7412
5.00 0.36641 quartz cuvette length 1.00 name of pilot GE pilot B intercept 0.0029987 tray+filter 3 2.7614
5.00 0.33720 Field Blank location of pilot Guelph std error of intercept 0.0039276 dry sludge 1 3.0385
10.00 0.48977 Est. conc of standard 1 smp type Proteins COD std curve slope -430.46 dry sludge 2 3.0160
10.00 0.46732 absorbance of diluted std 1 standard used bsa COD std curve int. 227.31 dry sludge 3 3.0387
15.00 0.63702 Est. conc of standard 2 centrifugation conditions 30 minutes Actual SMP blank 0.00747 after furnace 1 2.8271

absorbance of diluted std 2 temp of centrifuge 4 deg. C vol. of  DAILY dil. flasks 50.0 after furnace 2 2.8063
Est. conc of standard 3 date of standard curve 17-Jun-09 weight of DAILY standard 0.3061 after furnace 3 2.8257

absorbance of diluted std 3 cent. acceleration [g] 20 000 volume of DAILY standard 500.00 volume [ml] 25.0

155



28-Oct-2009-humics
#SMP 

ANALYSIS#
description

volume added to flask in std.curve[8]3 4 5 6 7 8 9 14 15
[ml] [-] [ml] [strings] [floats]

standard.added absorbance analysis.info analysis random.info random std.curve.info std.curve MLSS.info MLSS
blank
vial 2
vial 3
vial 4
vial 5
vial 6
vial 7
vial 8
vial 9
vial 10

0.00 0.01469  volume smp added 10.00 date of analysis 28-Oct-09 slope 0.003734919 tray+filter 1 2.7627
0.00 0.23702 volume of dilution 5.00 series b std error of slope 0.000062134 tray+filter 2 2.7412
5.00 0.30227 quartz cuvette length 1.00 name of pilot GE pilot B intercept -0.0038725 tray+filter 3 2.7614
5.00 0.29995 Field Blank location of pilot Guelph std error of intercept 0.002551302 dry sludge 1 3.0385
10.00 0.41547 Est. conc of standard 1 smp type Humics COD std curve slope -430.46 dry sludge 2 3.0160
10.00 0.40955 absorbance of diluted std 1 standard used humic acid COD std curve int. 227.31 dry sludge 3 3.0387
15.00 0.49774 Est. conc of standard 2 centrifugation conditions 30 minutes Actual SMP blank 0.01469 after furnace 1 2.8271

absorbance of diluted std 2 temp of centrifuge 4 deg. C vol. of  DAILY dil. flasks [ml] 50.0 after furnace 2 2.8063
Est. conc of standard 3 date of standard curve 17-Jun-09 weight of DAILY standard [g] 0.6009 after furnace 3 2.8257

absorbance of diluted std 3 cent. acceleration [g] 20 000 volume of DAILY standard [mg]1000.00 volume [ml] 25.0

28-Oct-2009-carbs
#
#

description

SMP ANALYSIS 3 4 5 6 7 8 9 14 15
[ml] [-] [ml] [strings] [floats]

standard.added absorbance analysis.info analysis random.info random std.curve.info std.curve MLSS.info MLSS
blank
vial 2
vial 3
vial 4
vial 5
vial 6
vial 7
vial 8
vial 9
vial 10

0.00 -0.01156  volume smp added 10.00 date of analysis 28-Oct-09 slope 0.015484541 tray+filter 1 2.7627
0.00 0.48662 volume of dilution 5.00 series c std error of slope 0.000421239 tray+filter 2 2.7412
5.00 0.69753 quartz cuvette length 1.00 name of pilot GE pilot B intercept -0.0160000 tray+filter 3 2.7614
5.00 0.71805 Field Blank location of pilot Guelph std error of intercept 0.019264976 dry sludge 1 3.0385

10.00 0.86828 Est. conc of standard 1 smp type Carbohydrates COD std curve slope -430.46 dry sludge 2 3.0160
10.00 0.91264 absorbance of diluted std 1 standard used glucose COD std curve int. 227.31 dry sludge 3 3.0387
15.00 1.08800 Est. conc of standard 2 centrifugation conditions 30 minutes Actual SMP blank -0.01156 after furnace 1 2.8271

absorbance of diluted std 2 temp of centrifuge 4 deg. C vol. of  DAILY dil. flasks [ml] 50.0 after furnace 2 2.8063
Est. conc of standard 3 date of standard curve 17-Jun-09 weight of DAILY standard [g] 0.2013 after furnace 3 2.8257

absorbance of diluted std 3 cent. acceleration [g] 20 000 volume of DAILY standard [mg]500.0 volume [ml] 25.0

28-Oct-2009-poly
#
#

description

SMP ANALYSIS 3 4 5 6 7 8 9 14 15
[ml] [-] [ml] [strings] [floats]

standard.added absorbance analysis.info analysis random.info random std.curve.info std.curve MLSS.info MLSS
blank
vial 2
vial 3
vial 4
vial 5
vial 6
vial 7
vial 8
vial 9
vial 10

0.00 0.00736  volume smp added 10.00 date of analysis 28-Oct-09 slope 0.012528 tray+filter 1 2.7630
0.00 0.09667 volume of dilution 5.00 series d std error of slope 0.000279096 tray+filter 2 2.7379
3.00 0.15732 quartz cuvette length 2.00 name of pilot GE pilot B intercept 0.0110135 tray+filter 3 2.7610
3.00 0.17191 Field Blank location of pilot Guelph std error of intercept 0.004667844 dry sludge 1 3.0266
6.00 0.26322 Est. conc of standard 1 smp type Polysaccharides COD std curve slope -430.46 dry sludge 2 3.0045
6.00 0.26357 absorbance of diluted std 1 standard used dga COD std curve int. 227.31 dry sludge 3 3.0238

10.00 0.37495 Est. conc of standard 2 centrifugation conditions 30 minutes Actual SMP blank 0.00736 after furnace 1 2.8226
absorbance of diluted std 2 temp of centrifuge 4 deg. C vol. of  DAILY dil. flasks [ml] 50.0 after furnace 2 2.7979

Est. conc of standard 3 date of standard curve 17-Jun-09 weight of DAILY standard [g]0.395332 after furnace 3 2.8194
absorbance of diluted std 3 cent. acceleration [g] 20 000 volume of DAILY standard [mg]500.0 volume [ml] 25.0

29-Oct-2009-proteins
#
#

description

SMP ANALYSIS 3 4 5 6 7 8 9 14 15
[ml] [-] [ml] [strings] [floats]

standard.added absorbance analysis.info analysis random.info random std.curve.info std.curve MLSS.info MLSS
blank
vial 2
vial 3
vial 4
vial 5
vial 6
vial 7
vial 8
vial 9
vial 10

0.00 0.00938  volume smp added 10.00 date of analysis 29-Oct-09 slope 0.005555 tray+filter 1
0.00 0.19062 volume of dilution 5.00 series a std error of slope 0.0000643 tray+filter 2
5.00 0.31450 quartz cuvette length 1.00 name of pilot CAS plant 2 intercept 0.0029987 tray+filter 3
5.00 0.29494 Field Blank location of pilot Guelph std error of intercept 0.0039276 dry sludge 1

10.00 0.42545 Est. conc of standard 1 smp type Proteins COD std curve slope -430.46 dry sludge 2
10.00 0.41182 absorbance of diluted std 1 standard used bsa COD std curve int. 227.31 dry sludge 3
15.00 0.54252 Est. conc of standard 2 centrifugation conditions 30 minutes Actual SMP blank 0.00938 after furnace 1

absorbance of diluted std 2 temp of centrifuge 4 deg. C vol. of  DAILY dil. flasks 50.0 after furnace 2
Est. conc of standard 3 date of standard curve 17-Jun-09 weight of DAILY standard 0.3002 after furnace 3

absorbance of diluted std 3 cent. acceleration [g] 20 000 volume of DAILY standard 500.00 volume [ml] 25.0

29-Oct-2009-humics
#
#

description

SMP ANALYSIS 3 4 5 6 7 8 9 14 15
[ml] [-] [ml] [strings] [floats]

standard.added absorbance analysis.info analysis random.info random std.curve.info std.curve MLSS.info MLSS
blank
vial 2
vial 3
vial 4
vial 5
vial 6
vial 7
vial 8
vial 9
vial 10

0.00 0.01432  volume smp added 10.00 date of analysis 29-Oct-09 slope 0.0037349 tray+filter 1 2.7625
0.00 0.19451 volume of dilution 5.00 series b std error of slope 0.0000621 tray+filter 2 2.7376
5.00 0.28688 quartz cuvette length 1.00 name of pilot CAS plant 2 intercept -0.00387 tray+filter 3 2.7628
5.00 0.23323 Field Blank location of pilot Guelph std error of intercept 0.0025513 dry sludge 1 2.8464

10.00 0.37208 Est. conc of standard 1 smp type Humics COD std curve slope -430.46 dry sludge 2 2.8191
10.00 0.34814 absorbance of diluted std 1 standard used humic acid COD std curve int. 227.31 dry sludge 3 2.8441
15.00 0.46237 Est. conc of standard 2 centrifugation conditions 30 minutes Actual SMP blank 0.01432 after furnace 1 2.7886

absorbance of diluted std 2 temp of centrifuge 4 deg. C vol. of  DAILY dil. flasks 50.0 after furnace 2 2.7610
Est. conc of standard 3 date of standard curve 17-Jun-09 weight of DAILY standard 0.6009 after furnace 3 2.7864

absorbance of diluted std 3 cent. acceleration [g] 20 000 volume of DAILY standard 1000.00 volume [ml] 25.0
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29-Oct-2009-carbs
#
#

description

SMP ANALYSIS 3 4 5 6 7 8 9 14 15
[ml] [-] [ml] [strings] [floats]

standard.added absorbance analysis.info analysis random.info random std.curve.info std.curve MLSS.info MLSS
blank
vial 2
vial 3
vial 4
vial 5
vial 6
vial 7
vial 8
vial 9
vial 10

0.00 0.00188  volume smp added 10.00 date of analysis 29-Oct-09 slope 0.015484541 tray+filter 1
0.00 0.09427 volume of dilution 5.00 series c std error of slope 0.000421239 tray+filter 2
5.00 0.30694 quartz cuvette length 1.00 name of pilot CAS plant 2 intercept -0.0160000 tray+filter 3
5.00 0.31201 Field Blank location of pilot Guelph std error of intercept 0.019264976 dry sludge 1

10.00 0.53000 Est. conc of standard 1 smp type Carbohydrates COD std curve slope -430.46 dry sludge 2
10.00 0.51586 absorbance of diluted std 1 standard used glucose COD std curve int. 227.31 dry sludge 3
15.00 0.75208 Est. conc of standard 2 centrifugation conditions 30 minutes Actual SMP blank 0.00188 after furnace 1

absorbance of diluted std 2 temp of centrifuge 4 deg. C vol. of  DAILY dil. flasks [ml] 50.0 after furnace 2
Est. conc of standard 3 date of standard curve 17-Jun-09 weight of DAILY standard [g] 0.2539 after furnace 3

absorbance of diluted std 3 cent. acceleration [g] 20 000 volume of DAILY standard [mg]500.00 volume [ml] 25.0

29-Oct-2009-poly
#
#

description

SMP ANALYSIS 3 4 5 6 7 8 9 14 15
[ml] [-] [ml] [strings] [floats]

standard.added absorbance analysis.info analysis random.info random std.curve.info std.curve MLSS.info MLSS
blank
vial 2
vial 3
vial 4
vial 5
vial 6
vial 7
vial 8
vial 9
vial 10

0.00 0.00879  volume smp added 10.00 date of analysis 29-Oct-09 slope 0.012528 tray+filter 1
0.00 0.04445 volume of dilution 5.00 series d std error of slope 0.000279096 tray+filter 2
3.00 0.20511 quartz cuvette length 2.00 name of pilot CAS plant 2 intercept 0.0110135 tray+filter 3
3.00 0.20395 Field Blank location of pilot Guelph std error of intercept 0.004667844 dry sludge 1
6.00 0.38626 Est. conc of standard 1 smp type Polysaccharides COD std curve slope -430.46 dry sludge 2
6.00 0.39159 absorbance of diluted std 1 standard used dga COD std curve int. 227.31 dry sludge 3

10.00 0.63092 Est. conc of standard 2 centrifugation conditions 30 minutes Actual SMP blank 0.00879 after furnace 1
absorbance of diluted std 2 temp of centrifuge 4 deg. C vol. of  DAILY dil. flasks [ml] 50.0 after furnace 2

Est. conc of standard 3 date of standard curve 17-Jun-09 weight of DAILY standard [g] 0.395332 after furnace 3
absorbance of diluted std 3 cent. acceleration [g] 20 000 volume of DAILY standard [mg]500.0 volume [ml] 25.0

4-Nov-2009-proteins
#
#

description

SMP ANALYSIS 3 4 5 6 7 8 9 14 15
[ml] [-] [ml] [strings] [floats]

standard.added absorbance analysis.info analysis random.info random std.curve.info std.curve MLSS.info MLSS
blank
vial 2
vial 3
vial 4
vial 5
vial 6
vial 7
vial 8
vial 9
vial 10

0.00 0.01643  volume smp added 10.00 date of analysis 04-Nov-09 slope 0.005555 tray+filter 1 2.7692
0.00 0.09773 volume of dilution 5.00 series a std error of slope 0.0000643 tray+filter 2 2.7436
5.00 0.17441 quartz cuvette length 1.00 name of pilot New Hamburg SBR intercept 0.0029987 tray+filter 3 2.7638
5.00 0.17982 Field Blank location of pilot Guelph std error of intercept 0.0039276 dry sludge 1 2.8995

10.00 0.27799 Est. conc of standard 1 smp type Proteins COD std curve slope -430.46 dry sludge 2 2.8741
10.00 0.28795 absorbance of diluted std 1 standard used bsa COD std curve int. 227.31 dry sludge 3 2.8937
15.00 0.39073 Est. conc of standard 2 centrifugation conditions 30 minutes Actual SMP blank 0.01643 after furnace 1 2.8128

absorbance of diluted std 2 temp of centrifuge 4 deg. C vol. of  DAILY dil. flasks 50.0 after furnace 2 2.7870
Est. conc of standard 3 date of standard curve 17-Jun-09 weight of DAILY standard 0.3047 after furnace 3 2.8073

absorbance of diluted std 3 cent. acceleration [g] 20 000 volume of DAILY standard 500.00 volume [ml] 25.0

4-Nov-2009-humics
#SMP 

ANALYSIS#
description

volume added to flask in std.curve[8]3 4 5 6 7 8 9 14 15
[ml] [-] [ml] [strings] [floats]

standard.added absorbance analysis.info analysis random.info random std.curve.info std.curve MLSS.info MLSS
blank
vial 2
vial 3
vial 4
vial 5
vial 6
vial 7
vial 8
vial 9
vial 10

0.00 0.00324  volume smp added 10.00 date of analysis 04-Nov-09 slope 0.003734919 tray+filter 1 2.7692
0.00 0.05827 volume of dilution 5.00 series b std error of slope 0.000062134 tray+filter 2 2.7436
5.00 0.12342 quartz cuvette length 1.00 name of pilot New Hamburg SBR intercept -0.0038725 tray+filter 3 2.7638
5.00 0.12217 Field Blank location of pilot Guelph std error of intercept 0.002551302 dry sludge 1 2.8995

10.00 0.18152 Est. conc of standard 1 smp type Humics COD std curve slope -430.46 dry sludge 2 2.8741
10.00 0.17780 absorbance of diluted std 1 standard used humic acid COD std curve int. 227.31 dry sludge 3 2.8937
15.00 0.24710 Est. conc of standard 2 centrifugation conditions 30 minutes Actual SMP blank 0.00324 after furnace 1 2.8128

absorbance of diluted std 2 temp of centrifuge 4 deg. C vol. of  DAILY dil. flasks [ml] 50.0 after furnace 2 2.7870
Est. conc of standard 3 date of standard curve 17-Jun-09 weight of DAILY standard [g] 0.3055 after furnace 3 2.8073

absorbance of diluted std 3 cent. acceleration [g] 20 000 volume of DAILY standard [mg]500.00 volume [ml] 25.0

4-Nov-2009-carbs
#
#

description

SMP ANALYSIS 3 4 5 6 7 8 9 14 15
[ml] [-] [ml] [strings] [floats]

standard.added absorbance analysis.info analysis random.info random std.curve.info std.curve MLSS.info MLSS
blank
vial 2
vial 3
vial 4
vial 5
vial 6
vial 7
vial 8
vial 9
vial 10

0.00 0.00108  volume smp added 10.00 date of analysis 04-Nov-09 slope 0.015484541 tray+filter 1 2.7692
0.00 0.19765 volume of dilution 5.00 series c std error of slope 0.000421239 tray+filter 2 2.7436
5.00 0.37398 quartz cuvette length 1.00 name of pilot New Hamburg SBR intercept -0.0160000 tray+filter 3 2.7638
5.00 0.37867 Field Blank location of pilot Guelph std error of intercept 0.019264976 dry sludge 1 2.8995

10.00 0.56431 Est. conc of standard 1 smp type Carbohydrates COD std curve slope -430.46 dry sludge 2 2.8741
10.00 0.57729 absorbance of diluted std 1 standard used glucose COD std curve int. 227.31 dry sludge 3 2.8937
15.00 0.79200 Est. conc of standard 2 centrifugation conditions 30 minutes Actual SMP blank 0.00108 after furnace 1 2.8128

absorbance of diluted std 2 temp of centrifuge 4 deg. C vol. of  DAILY dil. flasks [ml] 50.0 after furnace 2 2.7870
Est. conc of standard 3 date of standard curve 17-Jun-09 weight of DAILY standard [g] 0.2539 after furnace 3 2.8073

absorbance of diluted std 3 cent. acceleration [g] 20 000 volume of DAILY standard [mg]500.00 volume [ml] 25.0
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7-Aug-2009-proteins-comparison
#
#

description

SMP ANALYSIS 3 4 5 6 7 8 9 14 15
[ml] [-] [ml] [strings] [floats]

standard.added absorbance analysis.info analysis random.info random std.curve.info std.curve MLSS.info MLSS
blank
vial 2
vial 3
vial 4
vial 5
vial 6
vial 7
vial 8
vial 9
vial 10

0.00 0.0114  volume smp added 10.00 date of analysis 07-Aug-09 slope 0.005555 tray+filter 1
0.00 0.2528 volume of dilution 5.00 series a std error of slope 0.0000643 tray+filter 2

10.00 0.3916 quartz cuvette length 1.00 name of pilot MBR Pilot C intercept 0.0029987 tray+filter 3
20.00 0.53292 Field Blank location of pilot Guelph std error of intercept 0.0039276 dry sludge 1
30.00 0.66107 Est. conc of standard 1 smp type Proteins COD std curve slope -430.46 dry sludge 2

absorbance of diluted std 1 standard used bsa COD std curve int. 227.31 dry sludge 3
Est. conc of standard 2 centrifugation conditions 15 min (twice) Actual SMP blank 0.0114 after furnace 1

absorbance of diluted std 2 temp of centrifuge 4 deg. C vol. of  DAILY dil. flasks 100.0 after furnace 2
Est. conc of standard 3 date of standard curve 17-Jun-09 weight of DAILY standard 0.3023 after furnace 3

absorbance of diluted std 3 cent. acceleration [g] 1000 volume of DAILY standard 500.00 volume [ml] 25.0

7-Aug-2009-humics-comparison
#SMP 

ANALYSIS#
description

volume added to flask in std.curve[8]3 4 5 6 7 8 9 14 15
[ml] [-] [ml] [strings] [floats]

standard.added absorbance analysis.info analysis random.info random std.curve.info std.curve MLSS.info MLSS
blank
vial 2
vial 3
vial 4
vial 5
vial 6
vial 7
vial 8
vial 9
vial 10

0.00 0.0094  volume smp added 10.00 date of analysis 07-Aug-09 slope 0.003734919 tray+filter 1
0.00 0.2945 volume of dilution 5.00 series b std error of slope 0.000062134 tray+filter 2
0.00 0.2616 quartz cuvette length 1.00 name of pilot MBR Pilot C intercept -0.0038725 tray+filter 3

10.00 0.3387 Field Blank location of pilot Guelph std error of intercept 0.002551302 dry sludge 1
20.00 0.39358 Est. conc of standard 1 smp type Humics COD std curve slope -430.46 dry sludge 2
30.00 0.45633 absorbance of diluted std 1 standard used humic acid COD std curve int. 227.31 dry sludge 3

Est. conc of standard 2 centrifugation conditions 15 min (twice) Actual SMP blank 0.0094 after furnace 1
absorbance of diluted std 2 temp of centrifuge 4 deg. C vol. of  DAILY dil. flasks [ml] 100.0 after furnace 2

Est. conc of standard 3 date of standard curve 17-Jun-09 weight of DAILY standard [g] 0.3017 after furnace 3
absorbance of diluted std 3 cent. acceleration [g] 1000 volume of DAILY standard [mg]500.00 volume [ml] 25.0

6-Aug-2009-poly-comparison
#
#

description

SMP ANALYSIS 3 4 5 6 7 8 9 14 15
[ml] [-] [ml] [strings] [floats]

standard.added absorbance analysis.info analysis random.info random std.curve.info std.curve MLSS.info MLSS
blank
vial 2
vial 3
vial 4
vial 5
vial 6
vial 7
vial 8
vial 9
vial 10

0.00 0.01722  volume smp added 10.00 date of analysis 06-Aug-09 slope 0.012528 tray+filter 1
0.00 0.11464 volume of dilution 5.00 series a std error of slope 0.000279096 tray+filter 2
0.00 0.11405 quartz cuvette length 1.0 name of pilot MBR Pilot C intercept 0.0110135 tray+filter 3
0.00 0.10767 Field Blank location of pilot Guelph std error of intercept 0.004667844 dry sludge 1

10.00 0.25244 Est. conc of standard 1 smp type Polysaccharides COD std curve slope -430.46 dry sludge 2
10.00 0.27309 absorbance of diluted std 1 standard used dga COD std curve int. 227.31 dry sludge 3
20.00 0.43544 Est. conc of standard 2 centrifugation conditions 15 min (twice) Actual SMP blank 0.01722 after furnace 1
20.00 0.46007 absorbance of diluted std 2 temp of centrifuge 4 deg. C vol. of  DAILY dil. flasks [ml] 100.0 after furnace 2
30.00 0.63753 Est. conc of standard 3 date of standard curve 17-Jun-09 weight of DAILY standard [g] 0.40033 after furnace 3

absorbance of diluted std 3 cent. acceleration [g] 1000 volume of DAILY standard [mg]1000.0 volume [ml] 25.0

7-Aug-2009-proteins-1-comparison
#
#

description

SMP ANALYSIS 3 4 5 6 7 8 9 14 15
[ml] [-] [ml] [strings] [floats]

standard.added absorbance analysis.info analysis random.info random std.curve.info std.curve MLSS.info MLSS
blank
vial 2
vial 3
vial 4
vial 5
vial 6
vial 7
vial 8
vial 9
vial 10

0.00 0.0114  volume smp added 10.00 date of analysis 07-Aug-09 slope 0.005555 tray+filter 1
0.00 0.2809 volume of dilution 5.00 series c std error of slope 0.0000643 tray+filter 2
0.00 0.2579 quartz cuvette length 1.00 name of pilot MBR Pilot C intercept 0.0029987 tray+filter 3

10.00 0.4178 Field Blank location of pilot Guelph std error of intercept 0.0039276 dry sludge 1
20.00 0.50544 Est. conc of standard 1 smp type Proteins COD std curve slope -430.46 dry sludge 2
30.00 0.62888 absorbance of diluted std 1 standard used bsa COD std curve int. 227.31 dry sludge 3

Est. conc of standard 2 centrifugation conditions 15 min (twice) Actual SMP blank 0.0114 after furnace 1
absorbance of diluted std 2 temp of centrifuge 4 deg. C vol. of  DAILY dil. flasks 100.0 after furnace 2

Est. conc of standard 3 date of standard curve 17-Jun-09 weight of DAILY standard 0.3023 after furnace 3
absorbance of diluted std 3 cent. acceleration [g] 1000 volume of DAILY standard 500.00 volume [ml] 25.0

7-Aug-2009-humics-1-comparison
#SMP 

ANALYSIS#
description

volume added to flask in std.curve[8]3 4 5 6 7 8 9 14 15
[ml] [-] [ml] [strings] [floats]

standard.added absorbance analysis.info analysis random.info random std.curve.info std.curve MLSS.info MLSS
blank
vial 2
vial 3
vial 4
vial 5
vial 6
vial 7
vial 8
vial 9
vial 10

0.00 0.0094  volume smp added 10.00 date of analysis 07-Aug-09 slope 0.003734919 tray+filter 1
0.00 0.2917 volume of dilution 5.00 series d std error of slope 0.000062134 tray+filter 2
0.00 0.2811 quartz cuvette length 1.00 name of pilot MBR Pilot C intercept -0.0038725 tray+filter 3

10.00 0.3728 Field Blank location of pilot Guelph std error of intercept 0.002551302 dry sludge 1
20.00 0.41744 Est. conc of standard 1 smp type Humics COD std curve slope -430.46 dry sludge 2
30.00 0.50537 absorbance of diluted std 1 standard used humic acid COD std curve int. 227.31 dry sludge 3

Est. conc of standard 2 centrifugation conditions 15 min (twice) Actual SMP blank 0.0094 after furnace 1
absorbance of diluted std 2 temp of centrifuge 4 deg. C vol. of  DAILY dil. flasks [ml] 100.0 after furnace 2

Est. conc of standard 3 date of standard curve 17-Jun-09 weight of DAILY standard [g] 0.3017 after furnace 3
absorbance of diluted std 3 cent. acceleration [g] 1000 volume of DAILY standard [mg]500.00 volume [ml] 25.0

5-Aug-2009-carbs-comparison-1
#
#

description

SMP ANALYSIS 3 4 5 6 7 8 9 14 15
[ml] [-] [ml] [strings] [floats]

standard.added absorbance analysis.info analysis random.info random std.curve.info std.curve MLSS.info MLSS
blank
vial 2
vial 3
vial 4
vial 5
vial 6
vial 7
vial 8
vial 9
vial 10

0.00 0.00099  volume smp added 10.00 date of analysis 05-Aug-09 slope 0.015484541 tray+filter 1
0.00 0.24456 volume of dilution 5.00 series a std error of slope 0.000421239 tray+filter 2
1.00 0.73509 quartz cuvette length 1.00 name of pilot MBR Pilot C intercept -0.0160000 tray+filter 3
2.00 1.16060 Field Blank location of pilot Guelph std error of intercept 0.019264976 dry sludge 1
3.00 1.60100 Est. conc of standard 1 smp type Carbohydrates COD std curve slope -430.46 dry sludge 2

absorbance of diluted std 1 standard used glucose COD std curve int. 227.31 dry sludge 3
Est. conc of standard 2 centrifugation conditions 15 min (twice) Actual SMP blank 0.00099 after furnace 1

absorbance of diluted std 2 temp of centrifuge 4 deg. C vol. of  DAILY dil. flasks [ml] 1 after furnace 2
Est. conc of standard 3 date of standard curve 17-Jun-09 weight of DAILY standard [g] 0.2498 after furnace 3

absorbance of diluted std 3 cent. acceleration [g] 1000 volume of DAILY standard [mg]500.00 volume [ml] 25.0
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5-Aug-2009-carbs-1-comparison
#
#

description

SMP ANALYSIS 3 4 5 6 7 8 9 14 15
[ml] [-] [ml] [strings] [floats]

standard.added absorbance analysis.info analysis random.info random std.curve.info std.curve MLSS.info MLSS
blank
vial 2
vial 3
vial 4
vial 5
vial 6
vial 7
vial 8
vial 9
vial 10

0.00 0.00353  volume smp added 10.00 date of analysis 05-Aug-09 slope 0.015484541 tray+filter 1
0.00 0.17417 volume of dilution 5.00 series b std error of slope 0.000421239 tray+filter 2
1.00 0.64061 quartz cuvette length 1.00 name of pilot MBR Pilot C intercept -0.0160000 tray+filter 3
2.00 1.12220 Field Blank location of pilot Guelph std error of intercept 0.019264976 dry sludge 1
3.00 1.52950 Est. conc of standard 1 smp type Carbohydrates COD std curve slope -430.46 dry sludge 2

absorbance of diluted std 1 standard used glucose COD std curve int. 227.31 dry sludge 3
Est. conc of standard 2 centrifugation conditions 15 min (twice) Actual SMP blank 0.00353 after furnace 1

absorbance of diluted std 2 temp of centrifuge 4 deg. C vol. of  DAILY dil. flasks [ml] 1 after furnace 2
Est. conc of standard 3 date of standard curve 17-Jun-09 weight of DAILY standard [g] 0.2498 after furnace 3

absorbance of diluted std 3 cent. acceleration [g] 1000 volume of DAILY standard [mg]500.00 volume [ml] 25.0

6-Aug-2009-poly-1-comparison
#
#

description

SMP ANALYSIS 3 4 5 6 7 8 9 14 15
[ml] [-] [ml] [strings] [floats]

standard.added absorbance analysis.info analysis random.info random std.curve.info std.curve MLSS.info MLSS
blank
vial 2
vial 3
vial 4
vial 5
vial 6
vial 7
vial 8
vial 9
vial 10

0.00 0.00898  volume smp added 10.00 date of analysis 06-Aug-09 slope 0.012528 tray+filter 1
0.00 0.08125 volume of dilution 5.00 series c std error of slope 0.000279096 tray+filter 2
0.00 0.10913 quartz cuvette length 1.0 name of pilot MBR Pilot C intercept 0.0110135 tray+filter 3
0.00 0.09188 Field Blank location of pilot Guelph std error of intercept 0.004667844 dry sludge 1

10.00 0.24544 Est. conc of standard 1 smp type Polysaccharides COD std curve slope -430.46 dry sludge 2
10.00 0.27607 absorbance of diluted std 1 standard used dga COD std curve int. 227.31 dry sludge 3
20.00 0.41052 Est. conc of standard 2 centrifugation conditions 15 min (twice) Actual SMP blank 0.00898 after furnace 1
20.00 0.39527 absorbance of diluted std 2 temp of centrifuge 4 deg. C vol. of  DAILY dil. flasks [ml] 100.0 after furnace 2
30.00 0.58281 Est. conc of standard 3 date of standard curve 17-Jun-09 weight of DAILY standard [g] 0.40033 after furnace 3
30.00 0.58818 absorbance of diluted std 3 cent. acceleration [g] 1000 volume of DAILY standard [mg]1000.0 volume [ml] 25.0

7-Aug-2009-proteins-2-comparison
#
#

description

SMP ANALYSIS 3 4 5 6 7 8 9 14 15
[ml] [-] [ml] [strings] [floats]

standard.added absorbance analysis.info analysis random.info random std.curve.info std.curve MLSS.info MLSS
blank
vial 2
vial 3
vial 4
vial 5
vial 6
vial 7
vial 8
vial 9
vial 10

0.00 0.0114  volume smp added 10.00 date of analysis 07-Aug-09 slope 0.005555 tray+filter 1
0.00 0.1794 volume of dilution 5.00 series e std error of slope 0.0000643 tray+filter 2
0.00 0.1378 quartz cuvette length 1.00 name of pilot MBR Pilot C intercept 0.0029987 tray+filter 3

10.00 0.28579 Field Blank location of pilot Guelph std error of intercept 0.0039276 dry sludge 1
20.00 0.42749 Est. conc of standard 1 smp type Proteins COD std curve slope -430.46 dry sludge 2
30.00 0.53919 absorbance of diluted std 1 standard used bsa COD std curve int. 227.31 dry sludge 3

Est. conc of standard 2 centrifugation conditions 15 min (twice) Actual SMP blank 0.0114 after furnace 1
absorbance of diluted std 2 temp of centrifuge 4 deg. C vol. of  DAILY dil. flasks 100.0 after furnace 2

Est. conc of standard 3 date of standard curve 17-Jun-09 weight of DAILY standard 0.3023 after furnace 3
absorbance of diluted std 3 cent. acceleration [g] 18 000 volume of DAILY standard 500.00 volume [ml] 25.0

7-Aug-2009-humics-2-comparison
#SMP 

ANALYSIS#
description

volume added to flask in std.curve[8]3 4 5 6 7 8 9 14 15
[ml] [-] [ml] [strings] [floats]

standard.added absorbance analysis.info analysis random.info random std.curve.info std.curve MLSS.info MLSS
blank
vial 2
vial 3
vial 4
vial 5
vial 6
vial 7
vial 8
vial 9
vial 10

0.00 0.0094  volume smp added 10.00 date of analysis 07-Aug-09 slope 0.003734919 tray+filter 1
0.00 0.1948 volume of dilution 5.00 series f std error of slope 0.000062134 tray+filter 2
0.00 0.1517 quartz cuvette length 1.00 name of pilot MBR Pilot C intercept -0.0038725 tray+filter 3

10.00 0.2518 Field Blank location of pilot Guelph std error of intercept 0.002551302 dry sludge 1
20.00 0.33400 Est. conc of standard 1 smp type Humics COD std curve slope -430.46 dry sludge 2
30.00 0.37692 absorbance of diluted std 1 standard used humic acid COD std curve int. 227.31 dry sludge 3

Est. conc of standard 2 centrifugation conditions 15 min (twice) Actual SMP blank 0.0094 after furnace 1
absorbance of diluted std 2 temp of centrifuge 4 deg. C vol. of  DAILY dil. flasks [ml] 100.0 after furnace 2

Est. conc of standard 3 date of standard curve 17-Jun-09 weight of DAILY standard [g] 0.3017 after furnace 3
absorbance of diluted std 3 cent. acceleration [g] 18 000 volume of DAILY standard [mg]500.00 volume [ml] 25.0

5-Aug-2009-carbs-2-comparison
#
#

description

SMP ANALYSIS 3 4 5 6 7 8 9 14 15
[ml] [-] [ml] [strings] [floats]

standard.added absorbance analysis.info analysis random.info random std.curve.info std.curve MLSS.info MLSS
blank
vial 2
vial 3
vial 4
vial 5
vial 6
vial 7
vial 8
vial 9
vial 10

0.00 0.00611  volume smp added 10.00 date of analysis 05-Aug-09 slope 0.015484541 tray+filter 1
0.00 0.11872 volume of dilution 5.00 series d std error of slope 0.000421239 tray+filter 2
1.00 0.62306 quartz cuvette length 1.00 name of pilot MBR Pilot C intercept -0.0160000 tray+filter 3
2.00 1.15530 Field Blank location of pilot Guelph std error of intercept 0.019264976 dry sludge 1
3.00 1.53610 Est. conc of standard 1 smp type Carbohydrates COD std curve slope -430.46 dry sludge 2

absorbance of diluted std 1 standard used glucose COD std curve int. 227.31 dry sludge 3
Est. conc of standard 2 centrifugation conditions 15 min (twice) Actual SMP blank 0.00611 after furnace 1

absorbance of diluted std 2 temp of centrifuge 4 deg. C vol. of  DAILY dil. flasks [ml] 1 after furnace 2
Est. conc of standard 3 date of standard curve 17-Jun-09 weight of DAILY standard [g] 0.2498 after furnace 3

absorbance of diluted std 3 cent. acceleration [g] 18 000 volume of DAILY standard [mg]500.00 volume [ml] 25.0
6-Aug-2009-poly-2-comparison

#
#

description

SMP ANALYSIS 3 4 5 6 7 8 9 14 15
[ml] [-] [ml] [strings] [floats]

standard.added absorbance analysis.info analysis random.info random std.curve.info std.curve MLSS.info MLSS
blank
vial 2
vial 3
vial 4
vial 5
vial 6
vial 7
vial 8
vial 9
vial 10

0.00 0.01112  volume smp added 10.00 date of analysis 06-Aug-09 slope 0.012528 tray+filter 1
0.00 0.09768 volume of dilution 5.00 series b std error of slope 0.000279096 tray+filter 2
0.00 0.10164 quartz cuvette length 1.0 name of pilot MBR Pilot C intercept 0.0110135 tray+filter 3

10.00 0.23997 Field Blank location of pilot Guelph std error of intercept 0.004667844 dry sludge 1
10.00 0.24179 Est. conc of standard 1 smp type Polysaccharides COD std curve slope -430.46 dry sludge 2
20.00 0.45119 absorbance of diluted std 1 standard used dga COD std curve int. 227.31 dry sludge 3
20.00 0.44475 Est. conc of standard 2 centrifugation conditions 15 min (twice) Actual SMP blank 0.01112 after furnace 1
30.00 0.60208 absorbance of diluted std 2 temp of centrifuge 4 deg. C vol. of  DAILY dil. flasks [ml] 100.0 after furnace 2
30.00 0.62235 Est. conc of standard 3 date of standard curve 17-Jun-09 weight of DAILY standard [g] 0.40033 after furnace 3

absorbance of diluted std 3 cent. acceleration [g] 18 000 volume of DAILY standard [mg]1000.0 volume [ml] 25.0
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7-Aug-2009-proteins-3-comparison
#
#

description

SMP ANALYSIS 3 4 5 6 7 8 9 14 15
[ml] [-] [ml] [strings] [floats]

standard.added absorbance analysis.info analysis random.info random std.curve.info std.curve MLSS.info MLSS
blank
vial 2
vial 3
vial 4
vial 5
vial 6
vial 7
vial 8
vial 9
vial 10

0.00 0.0114  volume smp added 10.00 date of analysis 07-Aug-09 slope 0.005555 tray+filter 1
0.00 0.2309 volume of dilution 5.00 series g std error of slope 0.0000643 tray+filter 2
0.00 0.2285 quartz cuvette length 1.00 name of pilot CAS plant 2 intercept 0.0029987 tray+filter 3

10.00 0.35214 Field Blank location of pilot Guelph std error of intercept 0.0039276 dry sludge 1
20.00 0.47019 Est. conc of standard 1 smp type Proteins COD std curve slope -430.46 dry sludge 2
30.00 0.61559 absorbance of diluted std 1 standard used bsa COD std curve int. 227.31 dry sludge 3

Est. conc of standard 2 centrifugation conditions 15 min (twice) Actual SMP blank 0.0114 after furnace 1
absorbance of diluted std 2 temp of centrifuge room temp. vol. of  DAILY dil. flasks 100.0 after furnace 2

Est. conc of standard 3 date of standard curve 17-Jun-09 weight of DAILY standard 0.3023 after furnace 3
absorbance of diluted std 3 cent. acceleration [g] none (filtration 1.5µm)volume of DAILY standard 500.00 volume [ml] 25.0

7-Aug-2009-humics-3-comparison
#SMP 

ANALYSIS#
description

volume added to flask in std.curve[8]3 4 5 6 7 8 9 14 15
[ml] [-] [ml] [strings] [floats]

standard.added absorbance analysis.info analysis random.info random std.curve.info std.curve MLSS.info MLSS
blank
vial 2
vial 3
vial 4
vial 5
vial 6
vial 7
vial 8
vial 9
vial 10

0.00 0.0094  volume smp added 10.00 date of analysis 07-Aug-09 slope 0.003734919 tray+filter 1
0.00 0.2160 volume of dilution 5.00 series h std error of slope 0.000062134 tray+filter 2
0.00 0.2395 quartz cuvette length 1.00 name of pilot CAS plant 2 intercept -0.0038725 tray+filter 3
0.00 0.1960 Field Blank location of pilot Guelph std error of intercept 0.002551302 dry sludge 1

20.00 0.36891 Est. conc of standard 1 smp type Humics COD std curve slope -430.46 dry sludge 2
30.00 0.44707 absorbance of diluted std 1 standard used humic acid COD std curve int. 227.31 dry sludge 3

Est. conc of standard 2 centrifugation conditions 15 min (twice) Actual SMP blank 0.0094 after furnace 1
absorbance of diluted std 2 temp of centrifuge room temp. vol. of  DAILY dil. flasks [ml] 100.0 after furnace 2

Est. conc of standard 3 date of standard curve 17-Jun-09 weight of DAILY standard [g] 0.3017 after furnace 3
absorbance of diluted std 3 cent. acceleration [g] none (filtration 1.5µm)volume of DAILY standard [mg]500.00 volume [ml] 25.0

5-Aug-2009-carbs-3-comparison
#
#

description

SMP ANALYSIS 3 4 5 6 7 8 9 14 15
[ml] [-] [ml] [strings] [floats]

standard.added absorbance analysis.info analysis random.info random std.curve.info std.curve MLSS.info MLSS
blank
vial 2
vial 3
vial 4
vial 5
vial 6
vial 7
vial 8
vial 9
vial 10

0.00 0.00188  volume smp added 10.00 date of analysis 05-Aug-09 slope 0.015484541 tray+filter 1
0.00 0.14239 volume of dilution 5.00 series c std error of slope 0.000421239 tray+filter 2
2.00 1.13420 quartz cuvette length 1.00 name of pilot CAS plant 2 intercept -0.0160000 tray+filter 3
3.00 1.48500 Field Blank location of pilot Guelph std error of intercept 0.019264976 dry sludge 1

Est. conc of standard 1 smp type Carbohydrates COD std curve slope -430.46 dry sludge 2
absorbance of diluted std 1 standard used glucose COD std curve int. 227.31 dry sludge 3

Est. conc of standard 2 centrifugation conditions 15 min (twice) Actual SMP blank 0.00188 after furnace 1
absorbance of diluted std 2 temp of centrifuge room temp. vol. of  DAILY dil. flasks [ml] 1 after furnace 2

Est. conc of standard 3 date of standard curve 17-Jun-09 weight of DAILY standard [g] 0.2498 after furnace 3
absorbance of diluted std 3 cent. acceleration [g] none (filtration 1.5µm)volume of DAILY standard [mg]500.00 volume [ml] 25.0

6-Aug-2009-poly-3-comparison
#
#

description

SMP ANALYSIS 3 4 5 6 7 8 9 14 15
[ml] [-] [ml] [strings] [floats]

standard.added absorbance analysis.info analysis random.info random std.curve.info std.curve MLSS.info MLSS
blank
vial 2
vial 3
vial 4
vial 5
vial 6
vial 7
vial 8
vial 9
vial 10

0.00 0.00026  volume smp added 10.00 date of analysis 06-Aug-09 slope 0.012528 tray+filter 1
0.00 0.09898 volume of dilution 5.00 series d std error of slope 0.000279096 tray+filter 2
0.00 0.08052 quartz cuvette length 1.0 name of pilot CAS plant 2 intercept 0.0110135 tray+filter 3
0.00 0.08813 Field Blank location of pilot Guelph std error of intercept 0.004667844 dry sludge 1

10.00 0.26472 Est. conc of standard 1 smp type Polysaccharides COD std curve slope -430.46 dry sludge 2
10.00 0.27643 absorbance of diluted std 1 standard used dga COD std curve int. 227.31 dry sludge 3
20.00 0.45262 Est. conc of standard 2 centrifugation conditions 15 min (twice) Actual SMP blank 0.00026 after furnace 1
20.00 0.45321 absorbance of diluted std 2 temp of centrifuge room temp. vol. of  DAILY dil. flasks [ml] 100.0 after furnace 2
30.00 0.58793 Est. conc of standard 3 date of standard curve 17-Jun-09 weight of DAILY standard [g] 0.40033 after furnace 3
30.00 0.60927 absorbance of diluted std 3 cent. acceleration [g] none (filtration 1.5µm)volume of DAILY standard [mg]1000.0 volume [ml] 25.0

2-Sep-2009-proteins-degradation
#
#

description

SMP ANALYSIS 3 4 5 6 7 8 9 14 15
[ml] [-] [ml] [strings] [floats]

standard.added absorbance analysis.info analysis random.info random std.curve.info std.curve MLSS.info MLSS
blank
vial 2
vial 3
vial 4
vial 5
vial 6
vial 7
vial 8
vial 9
vial 10

0.00 0.0110  volume smp added 10.00 date of analysis 02-Sep-09 slope 0.005555 tray+filter 1
0.00 0.1232 volume of dilution 5.00 series a std error of slope 0.0000643 tray+filter 2
0.00 0.1241 quartz cuvette length 1.00 name of pilot MBR pilot C intercept 0.0029987 tray+filter 3
0.00 0.1252 Field Blank location of pilot Guelph std error of intercept 0.0039276 dry sludge 1

10.00 0.35387 Est. conc of standard 1 smp type Proteins COD std curve slope -430.46 dry sludge 2
20.00 0.59483 absorbance of diluted std 1 standard used bsa COD std curve int. 227.31 dry sludge 3
20.00 0.59019 Est. conc of standard 2 centrifugation conditions 30 min Actual SMP blank 0.0110 after furnace 1
30.00 0.74776 absorbance of diluted std 2 temp of centrifuge 4 deg. C vol. of  DAILY dil. flasks 50.0 after furnace 2
30.00 0.75599 Est. conc of standard 3 date of standard curve 17-Jun-09 weight of DAILY standard 0.3023 after furnace 3

absorbance of diluted std 3 cent. acceleration [g] 20 000 volume of DAILY standard 500.00 volume [ml] 25.0

2-Sep-2009-humics-degradation
#SMP 

ANALYSIS#
description

volume added to flask in std.curve[8]3 4 5 6 7 8 9 14 15
[ml] [-] [ml] [strings] [floats]

standard.added absorbance analysis.info analysis random.info random std.curve.info std.curve MLSS.info MLSS
blank
vial 2
vial 3
vial 4
vial 5
vial 6
vial 7
vial 8
vial 9
vial 10

0.00 0.0077  volume smp added 10.00 date of analysis 02-Sep-09 slope 0.003734919 tray+filter 1
0.00 0.1789 volume of dilution 5.00 series b std error of slope 0.000062134 tray+filter 2
0.00 0.1528 quartz cuvette length 1.00 name of pilot MBR pilot C intercept -0.0038725 tray+filter 3
0.00 0.1393 Field Blank location of pilot Guelph std error of intercept 0.002551302 dry sludge 1

10.00 0.28595 Est. conc of standard 1 smp type Humics COD std curve slope -430.46 dry sludge 2
10.00 0.30253 absorbance of diluted std 1 standard used humic acid COD std curve int. 227.31 dry sludge 3
30.00 0.52319 Est. conc of standard 2 centrifugation conditions 30 min Actual SMP blank 0.0077 after furnace 1
30.00 0.52743 absorbance of diluted std 2 temp of centrifuge 4 deg. C vol. of  DAILY dil. flasks [ml] 50.0 after furnace 2

Est. conc of standard 3 date of standard curve 17-Jun-09 weight of DAILY standard [g] 0.3017 after furnace 3
absorbance of diluted std 3 cent. acceleration [g] 20 000 volume of DAILY standard [mg]500.00 volume [ml] 25.0
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2-Sep-2009-carbs-degradation
#
#

description

SMP ANALYSIS 3 4 5 6 7 8 9 14 15
[ml] [-] [ml] [strings] [floats]

standard.added absorbance analysis.info analysis random.info random std.curve.info std.curve MLSS.info MLSS
blank
vial 2
vial 3
vial 4
vial 5
vial 6
vial 7
vial 8
vial 9
vial 10

0.00 -0.00193  volume smp added 10.00 date of analysis 02-Sep-09 slope 0.015484541 tray+filter 1
0.00 0.20537 volume of dilution 5.00 series c std error of slope 0.000421239 tray+filter 2
0.00 0.16813 quartz cuvette length 1.00 name of pilot MBR pilot C intercept -0.0160000 tray+filter 3
0.00 0.16361 Field Blank location of pilot Guelph std error of intercept 0.019264976 dry sludge 1
5.00 0.28064 Est. conc of standard 1 smp type Carbohydrates COD std curve slope -430.46 dry sludge 2
5.00 0.32340 absorbance of diluted std 1 standard used glucose COD std curve int. 227.31 dry sludge 3

10.00 0.42632 Est. conc of standard 2 centrifugation conditions 30 min Actual SMP blank -0.00193 after furnace 1
10.00 0.45779 absorbance of diluted std 2 temp of centrifuge 4 deg. C vol. of  DAILY dil. flasks [ml] 100 after furnace 2
15.00 0.57012 Est. conc of standard 3 date of standard curve 17-Jun-09 weight of DAILY standard [g] 0.2498 after furnace 3
15.00 0.55063 absorbance of diluted std 3 cent. acceleration [g] 20 000 volume of DAILY standard [mg]500.00 volume [ml] 25.0

2-Sep-2009-poly-degradation
#
#

description

SMP ANALYSIS 3 4 5 6 7 8 9 14 15
[ml] [-] [ml] [strings] [floats]

standard.added absorbance analysis.info analysis random.info random std.curve.info std.curve MLSS.info MLSS
blank
vial 2
vial 3
vial 4
vial 5
vial 6
vial 7
vial 8
vial 9
vial 10

0.00 0.01459  volume smp added 10.00 date of analysis 02-Sep-09 slope 0.012528 tray+filter 1
0.00 0.08338 volume of dilution 5.00 series d std error of slope 0.000279096 tray+filter 2
0.00 0.08658 quartz cuvette length 1.0 name of pilot MBR pilot C intercept 0.0110135 tray+filter 3
0.00 0.07128 Field Blank location of pilot Guelph std error of intercept 0.004667844 dry sludge 1
5.00 0.15962 Est. conc of standard 1 smp type Polysaccharides COD std curve slope -430.46 dry sludge 2
5.00 0.15100 absorbance of diluted std 1 standard used dga COD std curve int. 227.31 dry sludge 3

10.00 0.22981 Est. conc of standard 2 centrifugation conditions 30 min Actual SMP blank 0.01459 after furnace 1
15.00 0.30748 absorbance of diluted std 2 temp of centrifuge 4 deg. C vol. of  DAILY dil. flasks [ml] 100.0 after furnace 2

Est. conc of standard 3 date of standard curve 17-Jun-09 weight of DAILY standard [g] 0.40033 after furnace 3
absorbance of diluted std 3 cent. acceleration [g] 20 000 volume of DAILY standard [mg]1000.0 volume [ml] 25.0

3-Sep-2009-proteins-degradation-1
#
#

description

SMP ANALYSIS 3 4 5 6 7 8 9 14 15
[ml] [-] [ml] [strings] [floats]

standard.added absorbance analysis.info analysis random.info random std.curve.info std.curve MLSS.info MLSS
blank
vial 2
vial 3
vial 4
vial 5
vial 6
vial 7
vial 8
vial 9
vial 10

0.00 0.0052  volume smp added 10.00 date of analysis 03-Sep-09 slope 0.005555 tray+filter 1
0.00 0.1307 volume of dilution 5.00 series a std error of slope 0.0000643 tray+filter 2
0.00 0.1182 quartz cuvette length 1.00 name of pilot MBR pilot C intercept 0.0029987 tray+filter 3
0.00 0.1183 Field Blank location of pilot Guelph std error of intercept 0.0039276 dry sludge 1
5.00 0.22812 Est. conc of standard 1 smp type Proteins COD std curve slope -430.46 dry sludge 2
5.00 0.23351 absorbance of diluted std 1 standard used bsa COD std curve int. 227.31 dry sludge 3

10.00 0.33767 Est. conc of standard 2 centrifugation conditions 30 min Actual SMP blank 0.0052 after furnace 1
10.00 0.32660 absorbance of diluted std 2 temp of centrifuge 4 deg. C vol. of  DAILY dil. flasks 50.0 after furnace 2
15.00 0.45314 Est. conc of standard 3 date of standard curve 17-Jun-09 weight of DAILY standard 0.3023 after furnace 3
15.00 0.44050 absorbance of diluted std 3 cent. acceleration [g] 20 000 volume of DAILY standard 500.00 volume [ml] 25.0

3-Sep-2009-humics-degradation-1
#SMP 

ANALYSIS#
description

volume added to flask in std.curve[8]3 4 5 6 7 8 9 14 15
[ml] [-] [ml] [strings] [floats]

standard.added absorbance analysis.info analysis random.info random std.curve.info std.curve MLSS.info MLSS
blank
vial 2
vial 3
vial 4
vial 5
vial 6
vial 7
vial 8
vial 9
vial 10

0.00 0.0039  volume smp added 10.00 date of analysis 03-Sep-09 slope 0.003734919 tray+filter 1
0.00 0.1403 volume of dilution 5.00 series b std error of slope 0.000062134 tray+filter 2
0.00 0.1291 quartz cuvette length 1.00 name of pilot MBR pilot C intercept -0.0038725 tray+filter 3
0.00 0.1239 Field Blank location of pilot Guelph std error of intercept 0.002551302 dry sludge 1

10.00 0.23574 Est. conc of standard 1 smp type Humics COD std curve slope -430.46 dry sludge 2
10.00 0.25125 absorbance of diluted std 1 standard used humic acid COD std curve int. 227.31 dry sludge 3
20.00 0.38595 Est. conc of standard 2 centrifugation conditions 30 min Actual SMP blank 0.0039 after furnace 1
20.00 0.37906 absorbance of diluted std 2 temp of centrifuge 4 deg. C vol. of  DAILY dil. flasks [ml] 50.0 after furnace 2
30.00 0.49834 Est. conc of standard 3 date of standard curve 17-Jun-09 weight of DAILY standard [g] 0.3017 after furnace 3

absorbance of diluted std 3 cent. acceleration [g] 20 000 volume of DAILY standard [mg]500.00 volume [ml] 25.0

3-Sep-2009-carbs-degradation-1
#
#

description

SMP ANALYSIS 3 4 5 6 7 8 9 14 15
[ml] [-] [ml] [strings] [floats]

standard.added absorbance analysis.info analysis random.info random std.curve.info std.curve MLSS.info MLSS
blank
vial 2
vial 3
vial 4
vial 5
vial 6
vial 7
vial 8
vial 9
vial 10

0.00 0.01062  volume smp added 10.00 date of analysis 03-Sep-09 slope 0.015484541 tray+filter 1
0.00 0.16317 volume of dilution 5.00 series c std error of slope 0.000421239 tray+filter 2
0.00 0.16003 quartz cuvette length 1.00 name of pilot MBR pilot C intercept -0.0160000 tray+filter 3
5.00 0.29351 Field Blank location of pilot Guelph std error of intercept 0.019264976 dry sludge 1
5.00 0.27950 Est. conc of standard 1 smp type Carbohydrates COD std curve slope -430.46 dry sludge 2

10.00 0.42857 absorbance of diluted std 1 standard used glucose COD std curve int. 227.31 dry sludge 3
10.00 0.41623 Est. conc of standard 2 centrifugation conditions 30 min Actual SMP blank 0.01062 after furnace 1
15.00 0.58000 absorbance of diluted std 2 temp of centrifuge 4 deg. C vol. of  DAILY dil. flasks [ml] 100 after furnace 2
15.00 0.57046 Est. conc of standard 3 date of standard curve 17-Jun-09 weight of DAILY standard [g] 0.2502 after furnace 3

absorbance of diluted std 3 cent. acceleration [g] 20 000 volume of DAILY standard [mg]500.00 volume [ml] 25.0
3-Sep-2009-poly-degradation-1

#
#

description

SMP ANALYSIS 3 4 5 6 7 8 9 14 15
[ml] [-] [ml] [strings] [floats]

standard.added absorbance analysis.info analysis random.info random std.curve.info std.curve MLSS.info MLSS
blank
vial 2
vial 3
vial 4
vial 5
vial 6
vial 7
vial 8
vial 9
vial 10

0.00 -0.00145  volume smp added 10.00 date of analysis 03-Sep-09 slope 0.012528 tray+filter 1
0.00 0.06122 volume of dilution 5.00 series d std error of slope 0.000279096 tray+filter 2
0.00 0.08499 quartz cuvette length 1.0 name of pilot MBR pilot C intercept 0.0110135 tray+filter 3
0.00 0.07552 Field Blank location of pilot Guelph std error of intercept 0.004667844 dry sludge 1
5.00 0.18140 Est. conc of standard 1 smp type Polysaccharides COD std curve slope -430.46 dry sludge 2
5.00 0.18522 absorbance of diluted std 1 standard used dga COD std curve int. 227.31 dry sludge 3

10.00 0.28026 Est. conc of standard 2 centrifugation conditions 30 min Actual SMP blank -0.00145 after furnace 1
15.00 0.37815 absorbance of diluted std 2 temp of centrifuge 4 deg. C vol. of  DAILY dil. flasks [ml] 100.0 after furnace 2
15.00 0.38775 Est. conc of standard 3 date of standard curve 17-Jun-09 weight of DAILY standard [g] 0.40033 after furnace 3

absorbance of diluted std 3 cent. acceleration [g] 20 000 volume of DAILY standard [mg]1000.0 volume [ml] 25.0
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Appendix C

City of Guelph Wastewater

Treatment Plant Process Diagram

Figure C.1 on page 163 shows the layout of the City of Guelph Wastewater Treat-

ment Plant.
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