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ABSTRACT 
 

 

 

INVESTIGATION OF BIODEGRADATION AND ENVIRONMENTAL FATE OF 

TETRABROMOBISPHENOL A (TBBPA) IN GUELPH MUNICIPAL WASTEWATER 
 

 

 

Mohammad Showkatul Islam Co-Advisor: Professor Hongde Zhou  

University of Guelph, 2015 Co-Advisor: Professor Richard G. Zytner 

 
 

 

Tetrabromobisphenol A (TBBPA) is a widely used brominated flame retardant that has endocrine 

disrupting properties. As such, research was completed to evaluate the environmental fate, kinetics and 

biodegradation of TBBPA in conventional activated sludge (CAS) and membrane bioreactor (MBR) 

systems at the Guelph municipal wastewater treatment plant. In addition a robust analytical method for 

measuring TBBPA at environmental levels was developed using gas chromatography-negative ion 

chemical ionization-mass spectrometry (GC-NCI-MS). 

The wastewater influent contained TBBPA concentrations in the range of 10 ng/L to 145 ng/L. 

The removal of TBBPA for CAS and MBR processes were 83% and 76%, respectively, during the study 

period. The matrix effects were shown to be (79.2±4.5) % (n=10) and (36.5±5.9) (n=10) respectively, for 

activated sludge mixed liquor and influent wastewater.   

A novel biodegradation method for quantifying aerobic biodegradation of TBBPA has been 

established. The degradation rate constants Kbio of CAS and MBR sludge systems were 0.134 d
-1

 and 0.168 

d
-1

 respectively. A number of partitioning coefficients were experimentally determined to develop a fate 

model. The experimental data were fitted to multiple isotherm models in order to establish the 

environmental fate and partitioning and removal of TBBPA from wastewater. 
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CHAPTER 1   
 

INTRODUCTION 

Water is ubiquitous in the earth and is essential to sustain life. Due to high 

demand by human life through increasing population and industrialization, there is a 

grave concern for emerging contaminants in water and wastewater (Bolong et al., 2009). 

Everyday new compounds are being added to the consumer products sector. 

Unfortunately, many of these compounds ultimately end their life cycle in water. The 

presence of these emerging contaminants in water causes serious problems for human 

health and the aquatic biosystem. Initial concern focused on chemicals with estrogen like 

activity, but in time it has been proven that estrogenicity is not the only mode of action.  

Chemicals that mimic or interfere with the actions of all endocrine hormones 

including estrogens, androgens, progestins, thyroid, hypothalamic, and pituitary 

hormones are considered to be the causative agents for endocrine effects (Darnerud, 

2008). Hormones serve as chemical messengers in multicellular organisms to integrate 

and regulate the functionality of the cell. They are carried through the blood stream to 

reach the suitable receptors in the cell for a specific action. When the receptor-hormone 

binding process is interfered with by exogenous substances, then the specific action of 

the organism is disrupted. This will affect growth, reproduction, maintenance, 

homeostasis and metabolism of organisms. Feminization of fish, alteration of sex in birds 

and wildlife, birth defects, neurological and developmental problems in humans 

including infertility are the consequences of endocrine disruption. Endocrine disrupting 

compounds (EDCs) modulate normal functions of the endocrine system leading to 

reproductive and developmental abnormalities (Bovee et al., 2007).  
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Tetrabromobisphenol A (TBBPA) is identified as an endocrine disruptor (Gosavi 

et al., 2013; Van der Ven et al., 2008; Kitamura et al., 2005). TBBPA is considered as a 

contaminant of emerging concern (CEC) due to its adverse effects on human health and 

the ecosystem. Under the Emergency Planning and Community Right-to-know Act 

(EPCRA, 2001) Section 313, the US EPA has added TBBPA in the toxic chemicals list.  

Therefore, the toxicity and health effects of TBBPA are a public concern (EFSA, 2011). 

TBBPA exhibits one of the highest thyroid hormonal activity rates (Kitamura et al, 

2005), which is most likely due to the structural resemblance of TBBPA with the thyroid 

hormone, tetraidothyroxine as shown in Figure 1.1. This resemblance may provide 

impetus for mimicking the endocrine effect.  

 

Table 1.1 The chemical structures of TBBPA and thyroid hormone, thyroxine 

TBBPA is a compound from the family of brominated flame retardants. It is the 

highest globally produced brominated flame retardant with wide application in plastics 

and engineering resins for printed circuit boards and computer equipment (Alaee et al., 

2003). TBBPA is on the list of PBT (persistent bioaccumulative toxic) chemicals by US 

EPA (2013). 
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1.1 Research Objectives 

The environmental fate and impact of TBBPA in the municipal waste stream is 

an emerging issue. Evaluation of the potential for the biodegradation and environmental 

fate is essential for designing appropriate wastewater treatment systems. Accordingly, 

investigation of the environmental fate, kinetics and biotransformation of TBBPA in 

Guelph municipal wastewater has been carried out by the present research.  

Extraction and analysis method for the environmental level determination of 

TBBPA was established. The degradation of TBBPA in the wastewater stream was 

investigated by the conventional activated sludge process and a laboratory-scale 

biodegradation study using MBR sludge and activated sludge. Fate and partitioning was 

estimated from sludge-water partitioning, biodegradation, biosorption isotherm and from 

different kinetic coefficients. Research needs were identified on the basis of the literature 

review and the following objectives have been set for completion of the proposed 

research. Specific research objectives include 

1) Develop a quantitative analytical method for the determination of TBBPA from 

Guelph municipal wastewater. Validate method performance, detection levels, 

reliability and system sustainability. Identify matrix effects and other factors 

related to the quantification of TBBPA at environmental concentrations. 

2) Evaluate the potential for the removal of TBBPA by membrane bioreactors and 

the conventional activated sludge process.  
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3) Investigate lab-scale biodegradation for the removal of TBBPA by heterotrophic 

and nitrifying bacteria. Determine biodegradation and metabolic mechanisms of 

biotransformation for TBBPA in biological treatment systems. 

4) Investigate biosorption and biodegradation removal, degradation rate kinetics 

and environmental fate of TBBPA in municipal wastewater. 

1.2 Organization of the  Thesis 

The thesis consists of eight Chapters. Chapter 1 provides an introduction of this 

research and major objectives. Chapter 2 reviews recent research articles relevant to the 

application, environmental fate and degradation of TBBPA in wastewater processes. 

Chapter 3 describes methodology and analytical approaches for measuring TBBPA in 

wastewater with QA/QC of method protocols. Chapters 4 through 6 are written as 

individual journal articles. Chapter 4 has already been published in the Journal of Water 

Reuse and Desalination, IWA publishing, 2014. Chapter 4 provides a comparison of 

behaviour and fate of TBBPA in membrane bioreactors and the conventional activated 

sludge process. Chapter 5 gives details of biodegradation studies and metabolic 

mechanisms of TBBPA. Chapter 6 describes fate kinetic coefficients and correlation 

models for TBBPA. Chapter 7 provides an overall summary including significance and 

practical applications of research findings in the field of engineering. Chapter 8 contains 

a list of references cited in the thesis. 
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CHAPTER 2  
 

LITERATURE REVIEW 

Chapter 2 contains reviews of recent research articles relevant to the detection, 

determination, distribution, degradation and environmental fate of TBBPA in the 

wastewater processes. This chapter reflects an overall background and literature review 

for the research. Subsequent individual chapters contain separate literature reviews 

pertaining to that particular chapter for publication as journal articles.  

2.1 Physical and Chemical Properties of TBBPA 

The physical and chemical properties of TBBPA play an important role in its  

fate, transport, partitioning, persistence, biodegradation and endocrine disruption. 

TBBPA is a brominated compound with highly effective fire retardant properties due to 

covalent cross-linking into plastics by hydroxyl terminals. The reactive application of 

TBBPA provides properties of high strength, resistance and durability to the polymer 

structure. The chemical structure of TBBPA and the presence of bromine atoms make it 

persistent in the environment (Darnerud, 2008). Higher brominated compounds tend to be 

less mobile in the environment, due to their low volatility; lower water solubility and 

strong adsorption onto sediments. Lower brominated compounds are predicted to be more 

water soluble and more volatile than their higher brominated counterparts (Watanabe and 

Sakai, 2003). The vapour pressure decreases linearly with increasing bromine content in 

the brominated compounds (Wong et al, 2001).  

TBBPA is the short form of the common name Tetrabromobisphenol A. The 

IUPAC name for this compound is 2,2´,6,6´-Tetrabromo-4,4´-isopropylidenediphenol. 
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The Chemical Abstract Service (CAS) No is 79-94-7. The chemical structure of TBBPA 

is shown in Figure 2.1. 

 

Figure 2.1 Structure of TBBPA 

The physical properties of TBBPA are provided below in Table 2.1 

Table 2.1 Physical properties of TBBPA 

Parameters Values Source 

Molar Mass 543.9 g/mol Fischer Scientific  

Water solubility at 25º C <0.09 mg/L Kuramochi et al., 2008 

Vapour pressure at 25º C 8.5×10
-9

 Pa Fu and Suuberg, 2012 

Henry’s constant, KH 1.5×10
-5

 Pa m
3
/mole (25º C) Kuramochi et al., 2008 

Acidity constant, pKa pKa1= 7.5; pKa2= 8.5 Kuramochi et al, 2008 

Octanol-water partition 

coefficient, logKOW 

6.5 Kuramochi et al, 2008 

 

TBBPA is a white to off-white powder having a melting point of 178-182°C and 

is soluble in acetone, methanol and methelene chloride. TBBPA has a high logKOW value 

of 6.5 (Kuramochi et al., 2008) making it hydrophobic in nature. Due to this reason, most 

quantification studies have done in the solid phase  with less attention to aqueous phase 

analysis.  
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The solubility of TBBPA in wastewater is affected by the pH change particularly 

above 7, since pKa1 and pKa2 are 7.5 and 8.5 respectively (Kuramochi et al, 2008). Since 

TBBPA has two phenolic hydroxyl groups, the physicochemical properties of TBBPA 

are predominately influenced by the ionization of TBBPA in wastewater. The fractional 

composition of TBBPA can be computed theoretically for diprotic TBBPA deprotonation 

as a function of pH using the following equations (Benjamin, 2010), 

Fraction of undissociated,  
 

   
TBBPA

H

H H K K Ka a a


 



 

2

2

1 1 2

---------------- (2.1) 

Fraction of monobasic,  
 

   
TBBPA

H K

H H K K K

a

a a a





 


 

1

2

1 1 2

----------------- (2.2) 

Fraction of dibasic,  
   

TBBPA
K K

H H K K K

a a

a a a



 


 

2 1 2

2

1 1 2

----------- (2.3) 
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The percentage distribution of undissociated and dissociated species of TBBPA 

depending on pH is graphically depicted in Figure 2.2. 

 

Figure 2.2 pH dependencies for TBBPA dissociation 

TBBPA is produced by the bromination of BPA (Bisphenol A)  in various 

solvents such as hydrobromic acid, aqueous alkyl monoethers, acetic acid or methanol. 

Tetrabromobisphenol A (TBBPA) is used as a reactive flame retardant in epoxy, vinyl 

esters and polycarbonate resins. The main application of TBBPA in epoxy resins is in 

printed circuit boards where the bromine content may be 20% by weight. It is also used 

as a flame retardant in polymers such as polystyrenes, acrylonitrile butadiene polystyrene 

(ABS), phenolic resins, adhesives, paper, and textiles and others. TBBPA can be 

combined with a synergist such as antimony trioxide for maximum flame retardant 

performance. TBBPA may also be used as a parent compound for the production of other 

commercial flame retardants.   
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The primary use of TBBPA is as reactive flame retardants but it also has 

applications as additives in several types of polymers. The phenolic hydroxyl groups 

form a covalent bond to incorporate TBBPA into the polymer matrix when used as a 

reactive component. The reactive use of TBBPA reduces the likelihood of leaching while 

in use (Frederiksen, 2007). In the case of additive application, TBBPA molecules are not 

part of the structure of the polymer itself and can be released into the environment more 

readily. The extent of TBBPA release to the environment is therefore dependent on 

whether the application is additive or reactive. 

2.2 Cause for Concern 

Brominated Flame Retardants are considered as contaminants of emerging 

concern (CECs) by the US EPA. Chemical contaminants of emerging concerns are the 

compounds that have not been previously present in the environment but have been 

detected recently. The risk to human health and the environment associated with their 

presence may not be known yet. The US EPA has made it a priority to determine impacts 

of CECs on human health and the ecosystem and to regulate accordingly (US EPA, 

2010). TBBPA is an emerging contaminant that is of concern due to its addition to the 

persistent, bioaccumulative and toxic (PBT) chemicals list by US EPA (2013). The 

Australian Ministry of Health and Ageing considered TBBPA as a “priority existing 

chemical” (Covaci et al., 2009). Revised version (2011) of OSPAR List of Chemicals for 

Priority Action identified TBBPA as a substance of possible concern for priority 

investigation. TBBPA is not presently regulated in Canada. However, it is included in the 

list of chemicals planned for measurement as part of the biomonitoring component of the 

Canadian health measures survey cycle 3, due to public comments and concerns on the 
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TBBPA screening assessment report and proposed risk management scope (Environment 

Canada, 2014). 

Legler (2008) illustrated the mechanism of action, neurotoxicity and the 

endocrine disrupting effects of TBBPA and other BFRs. TBBPA, being a phenolic 

compound may be more deleterious to human health and wildlife than other brominated 

compounds (de Boer and Wells, 2006). The potential for liver, thyroid and neuro-toxic 

disorders caused by these compounds have been reported in the past (Darnerud et al., 

2001; Kuriyama et al., 2005). The increasing level of TBBPA in breast milk and human 

blood samples over the years has raised  issues of possible health effects (Thomsen et al., 

2002; Shi et al., 2009; Abdallah and Harrad, 2011). Due to the highest global use of 

TBBPA as fire-retardant, the possibility of proliferation in food products from the 

packages and containers seems very high.  The presence of TBBPA in food and food 

products in diverse geographical locations of the world has been reported from different 

research studies (Shi et al., 2009; Morris et al., 2004; EFSA, 2011).  

TBBPA is at the top in terms of global production among the three widely used 

brominated flame retardants: polybrominated diphenyl ether (PBDE), 

hexabromocyclododecane (HBCD) and TBBPA. The incorporation of TBBPA into 

products has been increased with the establishment of large scale production of polymers 

and plastics during the era of industrial revolution. The widespread abundance of TBBPA 

in the environment has occurred due to the massive application of polymeric substances 

in everyday life (Alaee et al., 2003; Covaci et al., 2009; Sellstrom and Jansson, 1995).  

TBBPA can be released during the use of polymer products, leading to their presence in 

household dust and resulting in a higher extent of human exposure to human (Abb et al., 
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2011; Covaci et al., 2009). Plastic products with brominated compounds release bromine, 

including brominated dioxins, at the end of their useful lives, during disposal or recycling 

operations (e. g. incineration, smelting and open burning). However, TBBPA is not 

expected to repeat the global catastrophic history of the bad effects of DDT and dioxins 

in different habitats, trophic levels and entire ecosystems (Carson, 1962; Colborn et al., 

1993; Birnbaum et al., 2003; Nylund et al., 1992).  In spite of this, potential risks of 

TBBPA exposure to human health, habitats and environment necessitate for further 

investigation. 

 TBBPA may enter the environment by releases from manufacturing or 

processing of the chemicals into products, aging and wearing of the end consumer 

products as well as direct exposure during use. The exposure routes may be inhalation, 

food ingestion, dust ingestion or dermal absorption. The major route of exposure is 

expected to be through consumption of food and drinks. Workplace exposure is primarily 

as particulates during packaging or mixing operations (IPCS, 1995).  It is likely that the 

presence of TBBPA in indoor environments (Green et al., 2009) such as house dust, 

indoor air, and indoor window surfaces is due to the migration of TBBPA from plastics in 

televisions and computers, as well as furniture and carpet foam.  

TBBPA is introduced into the food chain from the aqueous phase via aquatic 

organisms. Dimethylated TBBPA is formed by the methylation of the phenolic groups in 

the sediment (Li et al., 2014; Watanabe and Sakai, 1983). The dimethylated product is 

more lipophilic making it available for  benthic organisms, fish and shellfish (IPCS, 

1995). Consumption of fish contaminated with TBBPA may be considered one of the 
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routes of human exposure (Van der Ven, 2008). TBBPA found in sewage sludge and 

effluent may be a contributor to the TBBPA in the sediment. 

TBBPA is not always completely cross-linked with polymers, which allows it to 

leach out of the polymer matrix while in use or in  landfills. Even the bound portion of 

TBBPA has the potential to leach and hence is a potential for risk. Endocrine disruption 

is caused due to the structural similarity of the compound or any part or group of the 

compound to the endogenous hormones. The three dimensional spatial orientation of the 

molecule induces a mimicking effect to the endogenous sites. TBBPA has structural 

similarity to the thyroid hormone thyroxine (Figure 1.1) which may cause endocrine 

disrupting effect (Hamers et al., 2006; Veldhoen et al., 2006). 

There are several possible mechanisms and metabolic pathways of endocrine 

effect on thyroid hormones (TH). Effects could be caused by a direct attack on the 

thyroid gland tissue, by alterations in the transport and metabolism/deactivation of TH, or 

by ligand binding to TH receptors or to the other receptor with indirect effect on to TH 

homeostasis. Studies support that TBBPA affects TH homeostasis by disturbing the 

peripheral TH transport (Darnerud, 2008). TH disrupting effect of TBBPA has been 

demonstrated via an in vivo screening model (Fini et al., 2007). Reduced TH levels result 

in impaired brain growth and differentiation leading to mental retardation both in animals 

and in man (Haddow et al., 1999). Accordingly, the evaluation of the negative influence 

and impacts of TBBPA to the human health and environment from wastewater discharge 

is an important aspect of research. 
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2.3 TBBPA as an Endocrine Disruptor 

TBBPA has been the topic of growing research in the past decade due to its 

health effect, immunotoxicity and neurotoxicity. Recent studies suggested that TBBPA 

inhibits the hormone metabolizing enzyme estrogen sulfotransferase potentially causing 

endocrine disruption. An endocrine disruptor is an exogenous substance that causes 

adverse health effects by interfering with any aspect of endogenous hormone action. The 

structural feature of TBBPA facilitates its binding to the sulfotransferase substrate 

binding pocket for estrogenic signalling inhibition (Gosavi et al., 2013). In vitro and in 

vivo experiments indicated that TBBPA acts as an endocrine disruptor (Jugan et al., 

2010; Darnerud, 2008). The effects of TBBPA on thyroid hormones have been well 

confirmed (Meerts et al., 2000; Hamers et al., 2004). 

TBBPA affects the gene expression of several hormone-regulating proteins 

suggesting a modulation of hormonogenesis and possibly endocrine disruption. 

Endocrine disruption is caused by partial or total mimicking or by blocking, modifying or 

preventing binding with receptors of natural hormones (Kudak et al., 2008; Caliman and 

Gavrilescu, 2009). Disruptions in thyroid homeostasis can result in neurologic 

impairment, including developmental delays and decreased cognitive ability in children 

of mothers with small reductions in tetraiodothyroxine (T4) (Haddow et al., 1999; Pop et 

al., 2003). The Pacific tree frog, pseudacris regilla has shown an increase of thyroid-

hormone mediated effects after exposure to TBBPA at low concentrations in larval stages 

(Veldhoen et al., 2006). Thyroid hormone disrupting effects for TBBPA were also 

observed in a rat pituitary cell line (Kitamura et al., 2014). 
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2.4 Biotransformation and Biodegradation of TBBPA 

Biotransformation is the transformation of chemical compounds by living 

organisms due to enzymatic reactions or metabolic activities. Microbes require organic 

carbon for their growth and development. Organic compounds are the source for the 

supply of their carbon requirements. The carbon must be available in a usable form for 

metabolism or must be broken down by enzymes secreted from the microorganisms. 

Different classes of enzymes such as oxidoreductases, transferases and hydrolases are 

involved in this type of biochemical reaction. Sometimes secondary metabolites are 

formed depending on the environmental condition or stress which provide advantages to 

the producer.  

Biotransformation of the parent compound due to microbial activity in 

wastewater is vital for the biological removal of the compound. The intermediate or the 

metabolite may be more toxic or deleterious to the environment than the parent 

compound itself. Accordingly, the investigation of microbial biotransformation and 

biodegradation of TBBPA is an important area of research. Investigation of 

biodegradation for TBBPA in biological treatment processes by microbial species may 

provide better understanding about the biodegradation mechanism and metabolic 

pathway.  

Biological treatment processes are very important for preventing proliferation of 

chemicals in the environment. Most organic chemicals are biologically degraded by 

bacteria using the activated sludge process for effective removal (Lee and Peart, 2002). 

The weak carbon-bromine bonds compared to carbon-chlorine or carbon fluorine bonds 
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may provide potential for biodegradation of TBBPA in MBRs or in a conventional 

activated sludge process (Tomy et al., 2011).  

Biodegradation may happen due to cometabolism under the operating 

conditions. Cometabolism is defined as the transformation of a non-growth substrate in 

the obligate presence of a growth substrate or another transformable compound (Dalton et 

al., 1982). Cometabolic processes may facilitate the propensity for the degradation of 

TBBPA in conventional activated sludge conditions. Cometabolism is very subtle 

because of the complexity of differentiation between intended (metabolic) and 

unintended (cometabolic) degradation reactions (Fischer and Majewsky, 2014).  Our 

research focus was to investigate microbial incorporation of TBBPA into active biomass 

in conventional wastewater treatment processes and membrane bioreactors.  

Biological removal of TBBPA in a membrane bioreactor has been achieved 

concomitantly with the nitrification process (Potvin et al., 2012). Therefore, microbial 

metabolism of TBBPA in the biological wastewater treatment requires further research 

investigation for assessing and evaluating the biodegradation kinetics and cometabolism. 

Biodegradation is one of the most important environmental processes that cause 

the breakdown of pollutants to the end products. It is a significant degradation 

mechanism in soil and aquatic systems, and plays an essential role in wastewater 

treatment. Microorganisms are the most versatile group of species involved in the 

biodegradation process. Microbial biodegradation mechanisms include deconjugation, 

degradation as a carbon source for heterotrophic bacteria, cometabolism with nitrifying 

bacteria and other cometabolisms (Racz and Goel, 2010). Cometabolism may be a 
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dominant process for the degradation of emerging organic compounds like TBBPA by 

inherent activated sludge consortia (Fischer and Majewsky, 2014). 

A TBBPA degrading bacterial strain, Ochrobactrum sp. T, was isolated from the 

sludge of an e-waste contaminated site (An et al., 2011). Reductive debromination of 

tetrabromobisphenol A to mono-, di- and tri-bromobisphenol A was observed by an 

enriched microbial culture in batch experiments (Arbeli and Ronen, 2003). Aerobic 

heterotrophs from marsh sediment were capable of biotransforming TBBPA to its mono 

and di-methyl ether derivatives (George and Haggblom, 2008). Recent studies for the 

degradation of TBBPA in soil slurries revealed transformation products of 

mineralization, metabolite formation and bound residues (Li et al., 2014).   

Aerobic degradation of TBBPA using river sediment demonstrated a half-life 

( 2/1t ) of 9 d with a degradation rate of 0.077 d
-1

 (Chang et al., 2012). Segev et al. (2009) 

isolated a stable bacterial consortium from contaminated soil via multiple sequential 

transfers of growth cultures that were capable of aerobic biodegradation of brominated 

compounds. Currently very little is known about aerobic biodegradation of TBBPA in 

wastewater treatment process, whereas it may be a potential process for the removal of 

TBBPA from wastewater. Therefore, the investigation of biodegradation for TBBPA by 

heterotrophic and nitrifying bacteria in wastewater treatment is an emerging area for 

research.  

A biotransformation test system using activated sludge in shaker bioreactors has 

been used for the investigation of the degradation of organic micropollutants (Helbling et 

al., 2010). Microbial transformation products of pharmaceuticals were detected by LC-

MS/MS from metabolism studies of lab-scale flow-through bioreactors containing 
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activated sludge (Kosjek et al., 2009). Duddleston et al. (2000) observed co-oxidation of 

brominated organic compounds by Nitrosomonas europaea at moderately low density 

cell suspensions typical for nitrifying bioreactors. A biodegradation study using fresh 

sludge from a membrane bioreactor in batch cultures was carried out for elucidating the 

metabolic pathway of microbial biotransformation (Quintana et al., 2005).  

Hutchins (1992) reported biotransformation and mineralization of BTEX in both 

acclimated and non-acclimated batch cultures under denitrifying conditions. BTEX are 

toxic organic compounds containing structurally similar hydroxyl groups in the side 

chain of the benzene ring. The biotransformation study for the degradation of toxic 

chemicals has been done extensively during the past two decades. However, there is 

limited research on the biodegradation of TBBPA in the activated sludge.  

2.5 Fate Modeling and Persistence of TBBPA 

Fate modeling helps to understand the transport, migration and distribution of 

the contaminant in the environment. The partitioning parameters in the fate model 

provide a prediction for the distribution of the candidate compound in the different 

environmental phases. The fate models are the engineering tool to assess the transport 

and distribution of the compound due to its physical nature and environmental behaviour. 

Some general assumptions for fate modeling of TBBPA have to be considered for it to fit 

into empirical model equations. TBBPA, as a high molecular weight hydrophobic 

compound, provides more chances of partitioning to the sludge than the aqueous phase. 

Therefore, the determination of a sludge partition coefficient (KP) in the biological 

system is a necessary step for mass balance and fate modeling. The sludge-water partition 
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co-efficient (KP) is expressed as KP = CS/CW where sC is the concentration of the 

pollutants in the sludge (ng/g-MLSS) and wC  is the concentration in the aqueous phase 

(ng/L). 

 The transfer of pollutants from water to air or from air to water is an important 

fate process to consider in modeling. However, the rate of volatilization is related to the 

size of the molecule (as measured by the molecular weight). Due to a high molecular 

weight and low Henry’s law constant, the volatilization of TBBPA to the air is very 

negligible (Kuramochi et al., 2008; Grabda et al., 2009). The removal of TBBPA from 

the aqueous phase to the gaseous phase can be neglected for fate modeling. The mass 

transfer process of TBBPA from the aqueous phase to the sludge or the vice versa is a 

vital mass flow mechanism in wastewater. The biggest barrier to fate modeling is the 

aqueous phase quantification of TBBPA (Qu et al., 2013). The method for the aqueous 

phase determination of TBBPA in environmental level concentrations requires 

integration of all possible transport processes for the complete cycle of the fate model. 

Understanding the fate of TBBPA is the foundation for elucidating the effects and 

persistence of TBBPA to the global environment. 

The total mass balance can be achieved from the removal of pollutants by 

adsorption and biodegradation. Biodegradation in sewage treatment plants (STPs) by 

microorganisms can play important role to fate modeling of TBBPA along with 

biosorption. Fate modeling of TBBPA has not been done yet extensively  Song et al. 

(2006) studied the fate, partitioning and mass loading for PBDE during the treatment of 

municipal sewage in Windsor, Ontario. Therefore, biodegradation, biosorption and fate 
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kinetics of TBBPA in biological wastewater treatment processes need to be accomplished 

for estimating environmental distribution and persistence of TBBPA.  

2.6 Existence of TBBPA in Wastewater 

TBBPA has become a ubiquitous contaminant in wastewater over the past half-

century due to the massive emergence of the plastic products in everyday usage 

containing TBBPA as a fire retardant (Ake Bergman et al., 2012; Alaee et al., 2003). The 

sewage sludge samples from different geographical locations such as Sweden, 

Netherlands, UK, USA and Canada represent its widespread distribution, occurrence and 

prevalence in wastewater (Oberg et al., 2002; Sellstrom and Jansson, 1995; Morris et al., 

2004; Chu et al, 2005; Saint-Louis and Pelletier, 2004). The occurrence of TBBPA in 34 

out of 35 Canadian sludge samples indicates its widespread existence in wastewater (Lee 

and Peart, 2002). TBBPA has been detected in every sample of Guelph municipal 

wastewater at concentrations ranging from 10 ng/L to 145 ng/L during this study period 

(Islam et al., 2014). 

Most research has been accomplished for the solid phase quantification of 

TBBPA from the sludge. Due to its hydrophobic properties, TBBPA accumulates in the 

sludge phase from wastewater and consequently the concentration is multiplied an order 

of magnitude with respect to the concentration in wastewater. Therefore, quantitation and 

analysis of TBBPA from the sludge fraction provides advantages over wastewater 

sampling.   
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2.7 Measurement Challenges 

The aqueous phase quantification of TBBPA in wastewater is complicated and 

challenging. Development of an analytical method suitable and sensitive enough at 

environmental level concentration is the challenging task (Qu et al., 2013). Municipal 

wastewater contains a multitude of compounds coming from various sources. The target 

TBBPA is one of the compounds among the composite complex matrix. The presence of 

TBBPA in nano/pico levels poses difficulties for the detection and identification from 

wastewater.  

The first step for the detection of TBBPA is the separation of the candidate 

compound from the aqueous phase. Simple liquid-liquid extraction does not allow 

identification of the analyte from the complex system at environmental level 

concentrations. Therefore, solid phase extraction is the only viable option for capturing 

and concentrating the candidate compound. Solid phase extraction requires multiple steps 

of processing for clean-up and sample-prep. Every step is time consuming and 

complicated. The hydroxyl groups in the benzene ring are not suitable for the direct 

injection of TBBPA to GC-MS system. Accordingly, another supplementary step of 

derivatization for the analyte TBBPA is required (Frederiksen et al., 2007). 

The final step of quantification has to be done either by LC or GC coupled with 

MSD. Furthermore, a GC-NCI-MS system is very sensitive for detection and data 

processing. Continuous calibration checks, internal standards, as well as frequent 

reproduction of calibration curves are integrated components of complexity and 

challenges for the method and analysis process. A proper QA/QC program also imposes 

additional conditions of analysis to comply with Standard Methods (APHA, 2012). The 
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success of overcoming the aqueous phase measurement and the method development 

challenges have been demonstrated in the subsequent chapters.  

2.8 Summary   

In summary, further research is essential on the fate, biodegradation and 

metabolic mechanisms for TBBPA in wastewater based on the literature review. It is 

evident that there is a research gap in the wastewater treatment systems for the 

environmental fate of TBBPA in municipal wastewater, particularly for 

biotransformation, fate and quantification of aqueous phase TBBPA from wastewater. It 

has been a hot topic and is a priority area of research for the evaluation of health and 

environmental effects, endocrine disruption, persistence and fate of TBBPA according to 

the US EPA, European Union (EU), Australian Ministry of Health, Canadian 

Environmental Law Association (CELA) and other Environmental Authorities all over 

the world (Covaci et al., 2009; Jugan et al., 2010; CELA, 2006; Kavlock et al., 1996; 

Colborn et al., 1993). The investigation of biological transformation and elimination of 

TBBPA from wastewater by an engineered bioreactor system is an essential area of study 

for wastewater treatment design. Similarly, the metabolite formation and metabolic 

mechanisms of biotransformation have to be explored. This study has added research 

findings to the field of engineering to meet the research gap. The research findings 

evolved from the various aspects of investigations about TBBPA in the MBRs and CAS 

process of the GWWTP. The following chapters of the dissertation will provide details of 

the research study including innovations and contributions to engineering, specifically for 

these endocrine disruptors. 
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CHAPTER 3  
 

MEASUREMENT OF TBBPA IN WASTEWATER 

Chapter 3 illustrates the method development and quality control actions adapted 

during the experimental work of this research. The methodology for specific experiments 

can be found in the published/presented or submitted manuscripts mentioned in the 

relevant Chapters. Method development work and preliminary findings have been 

presented in some conferences. 

Research papers based on Chapter 3: 

1. Mohammad Showkatul Islam, Hongde Zhou and Richard G. Zytner (2013a). 

Distribution and degradation of brominated flame retardant, Tetrabromobisphenol 

A (TBBPA) in membrane bioreactors and conventional activated sludge process. 

Conference on Control of Emerging Contaminants in Water and Wastewater 

Systems, University of Waterloo, Waterloo, June 5. 

2. Mohammad Showkatul Islam, Hongde Zhou and Richard G. Zytner (2013b). 

Comparison of behaviour and fate of Tetrabromobisphenol A (TBBPA) in 

membrane bioreactors and conventional activated sludge process. The 7
th

 IWA 

Specialised Membrane Technology Conference for Water and Wastewater 

Treatment and Reuse, Toronto, August 25-29. 

3.1 Quantification of TBBPA from Wastewater 

Municipal wastewater contains a multitude of organic pollutants coming from 

multiple sources. Measurement of aqueous phase TBBPA in wastewater is laborious and 
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time-consuming due to the complex matrix composition. The variability in the flow, time, 

weather and other environmental factors causes fluctuations in the contaminant 

concentrations. Accordingly, the biological and the physicochemical processes for 

biosorption, biodegradation and overall fate kinetics are tremendously affected.   

Chapter 3 describes analytical approaches for the measurement of TBBPA, 

including overcoming process complexity and other challenges. In addition quantitative 

aspects of TBBPA analysis in wastewater, method development, system sustainability, 

quality assurance and quality control (QA/QC) protocol have been clarified for reliable, 

defensible and dependable analytical data. Data validation is an important component in 

the quality control for the quantitative analysis of wastewater sample. It is very vital 

when the level of detection in the determination of the environmental contaminant is in 

the nanoscale.  Every possible attempt has been made accordingly to adjust the 

methodology for the best quality outcome and process performance. Calibrations, 

corrections, standards and correlation coefficients were chosen for appropriate 

optimization, performance evaluation, suitable method validity and quality control. 

3.1 Quality Assurance and Quality Control  

Quality assurance for laboratory operations is the specific program that ensures 

the production of defensible data of known precision and accuracy. In each analytical 

method, a QA system has to be in place to demonstrate the competence of the laboratory 

procedure and to ensure the quality of analytical data. A standard quality assurance 

program according to the Standard Methods (APHA, 2012) has been followed for 

ensuring quality control of the laboratory work. 
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3.2 Method Detection Levels 

An initial test has to be conducted at least one time before analysis of any sample 

to demonstrate the proficiency and initial demonstration of capability for obtaining 

acceptable results. As a minimum, one reagent blank and at least one laboratory fortified 

blank (LFB) between tenfold of the method detection level (MDL) and the midpoint of 

the calibration curve or other level as specified by the method have to be included. A 

reagent blank or method blank consists of reagent water (Milli-Q water) and all reagents 

that normally come in contact with a sample during entire analytical procedure. The 

reagent blank was used to determine the error due to the contribution from the reagents 

and the analytical steps in the measurement. It has been ensured that the reagent blank did 

not contain any analyte of interest i.e., TBBPA. There are several detection levels such as 

instrument detection level (IDL), lower level of detection (LLD) and the method 

detection level (MDL). The IDL is the lowest concentration that would produce a 

recognizable signal in the instrument due to the response of the analyte TBBPA. The 

methods for the determination of these detection levels were followed as outlined in 

Standard Methods (APHA, 2012).  

Method performance was measured by processing and injecting the lowest 

concentration for the analyte TBBPA. Initial demonstration of the instrument capability 

was performed by processing and injecting 5 ng/L analyte concentrations in Milli-Q 

water. 

The method detection level (MDL) was determined as per Standard Methods by 

processing seven portions of Milli-Q water sample containing 10 ng/L of TBBPA over a 

period of 3 days. The standard deviation of these seven samples was multiplied by 3.14, 
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the Student’s t-factor for 7 replicates with 6 degrees of freedom at the 99% confidence. 

The resulting MDL was 2.4 ng/L, which was reasonable for the desired environmental 

level analysis. 

The ongoing demonstration of capability was carried out to ensure that the 

performance of the method remained in control during the period of sample analysis. At a 

minimum, QC check samples were analyzed on a regular basis. One TBBPA calibration 

standard was always in place for every batch of sample analysis to check any 

instrumental drift or method variation. Between batches, multiple fresh solvent injections 

were included to ensure that the injector was clean and the column was free from any 

sample carryover. 

Quality control data outside the acceptance limits, predicted occurrences of 

unacceptable error in the analytical process. Corrective actions have been initiated to 

determine and eliminate the source of error for the data qualifier. It was started when QC 

checks exceeded acceptable limits or sensitivity shift in the detections of the target 

TBBPA. Corrective measures were prompted at every time for checking data evaluation, 

sensitivity of detection or transcription error according to the prescribed protocol.  

Split-sample (parallel analysis from another person, place or laboratory) is used to 

increase the level of confidence in data when both results are in agreement. It was not 

possible to use any split-sample analysis due to the unavailability of an established 

method protocol for TBBBPA in another laboratory. However, building renovations and 

moving the laboratory to another place negatively impacted the analytical set up a couple 

of times. Dismantling followed by reassembling the instrumental set up and re-

establishing the method increased the confidence level similar to a split analysis.  
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3.3 Instrumental Calibrations and Standard Curves for TBBPA 

Instrument calibration has been performed regularly to maintain a good standard 

of output according to the stipulation of the instrumental manual and standard operating 

protocols (SOPs). Initial calibration curves for the method have been developed using 

more than three points for linear curve fitting. A regression analysis coefficient in the 

range of 0.99 or above was considered to indicate linearity. Method verification and 

validation was performed using calibration standards near the mid-point of the calibration 

curve on a regular basis.  

Sample concentrations of TBBPA were calculated from calibration curves. 

Calibration curves were constructed from known TBBPA standards analysed by a GC-

MS system. The area under the peak was estimated by the mass selective detector (MSD) 

from the mass abundance to quantify the corresponding concentration of TBBPA. The 

stock solution was prepared initially by dissolving TBBPA in acetone. Then standard 

solutions of various concentrations were obtained by serial dilution. A linear calibration 

curve (R
2
 = 0.9977) was obtained by injecting standard TBBPA solution in acetone in the 

range 0 to 200 µg/L.  

The distribution of experimentally determined concentrations in the wastewater 

sample for this study was in the range of detection for analysis.  Concentrations below the 

MDL of 2.4 ng/L were reported as non-detect per Standard Methods. Figure 3.1 shows 

the standard curve for TBBPA prepared from known standard solutions of concentrations 

in the range of 0 to 200 µg/L. Concentrations above 200 µg/L ranges produced a non-

linear calibration curve. Calibration curves were reproduced at every 3-4 months as 

specified by standard methods (APHA, 2012). However, any changes in the system or 
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laboratory set-up necessitated immediate reconstruction of the calibration curve to have a 

good QA/QC. 

 

Figure 3.1 Standard curve for TBBPA in the range of 0 to 200 µg/L 

3.4 Analytical Errors 

Analytical errors refer to the deviation of the estimated value from the true value. 

It is almost impossible to eliminate analytical errors completely from the measurements, 

so rather they are minimized. There are many sources of errors, of which some are known 

and some unknown. Unknown errors are uncontrollable and random in nature. Variations 

in replicate measurements occur due to the cumulative effect of uncertainties associated 

with the random errors. Constant variations of such errors tend to have a minimal effect 
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on the mean value. Thus the constant variation in the replicate determinations quantifies 

uncertainties and ascertains the stability of the method. The data quality is dependent on 

the stability of the method performance and the sustainability of the analytical system. 

The standard error of analysis is a parameter for the stable performance of the 

measurements.  If the standard error of analysis meets an acceptance criterion, then the 

method performance and the instrumental responses are regarded as reasonable. The 

standard error of analysis was calculated, in percentage, from the average of the 

estimated errors from the known standards of TBBPA. It was defined by the following 

formula 

Standard error of analysis = 


n

i TrueValue

alExperimentTrueValue

n 1

100
%---------- (3.1) 

TBBPA calibration standards at the midpoint concentration of the calibration 

curve were always included as part of the ongoing demonstration of capability of the 

analytical procedure. The theoretical value of the standard solution  was considered as the 

true value and the estimated value from the instrumental response was regarded as the 

experimental value. The average of all these cumulative errors of regular injections of 

calibration standards was converted to the percentage using the above definition from 

Equation 3.1. The standard error of analysis was used as a QA/QC parameter for the data 

qualifier and the method. Standard error of analysis estimated for the entire analysis 

process of the data acquisition was 8.1%±1.1. The general guideline for a good quality 

data is that the value should be below 10%. Anything less than 20% is acceptable but 

greater than 20% refers to bad quality data.  Any value above 30% is unacceptable and 

calls for a redo. Accordingly, the estimated value is in the reasonable range of good 
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quality data. Overall, the consistency of performance over the analysis period was a good 

indicator for the robustness of the method.   

3.5 Gas Chromatography Mass Spectrometry 

The gas chromatography mass spectrometry unit was an Agilent 6890N GC 

equipped with an autosampler injector (model HP 7683) coupled to an Agilent 5975 

MSD. A sample volume of 2 µL was introduced by pulsed splitless injection into an 

Agilent HP-5 5% phenyl methyl siloxane J & W GC column (Cat # 19091 J-415), 30 m 

in length, with a 0.319 mm internal diameter and coated with a 0.25 µm film thickness. 

The oven temperature was programmed as follows: constant at 100 ºC for 2 min 

at initial injection. Thereafter, the temperature was increased by 25 ºC /min up to 190 ºC 

and held for 2 min, then increased by 5 ºC/min up to 310 and held for 2 min at this final 

temperature. The interface, inlet and quadrupole temperatures were maintained at 250 ºC, 

250 ºC and 150 ºC respectively. Total run time for the oven programme was 33.6 min.  

Helium was used as the carrier gas, under a constant pressure of 80 kPa and 

methane was used as the reagent gas for the negative ion source at a flow of 40% the 

carrier gas. The system was used in select ion monitoring (SIM) mode. SIM mode 

provided an advantage for selecting the specific mass to charge (m/z) value for the 

bromine ion. In the case of the high electron affinity bromine atom, negative chemical 

ionization (NCI) would be 100 to 1000 fold more sensitive than electron ionization (EI) 

or positive chemical ionization (PCI) (Levsen, 1988). Accordingly, NCI was chosen for 

its soft ionization, high sensitivity and stability rather than EI. The internal standard, 

DDT, identical to the analyte of interest, without any interference was used for the target 

and qualifier ion monitoring. The ions monitored were 79 and 81 m/z for TBBPA, 71 and 
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74 m/z for DDT. Sellstrom and Jansson (1995) monitored the identical mass fragments in 

the quantitative analysis. Higher sensitivity of detection by monitoring the same ions in 

the SIM mode for brominated flame retardants was reported by other studies (Nylund et 

al., 1992; Thomsen et al., 2000; Bjorklund et al., 2003).  

3.5.1 Peaks and Chromatograms for TBBPA 

The target compound TBBPA was detected and quantified from wastewater 

samples using solid phase extraction (SPE) followed by GC-MS. TBBPA was first 

captured on to the solid media of SPE cartridges and was eluted afterward using organic 

solvents. The eluted fractions were cleaned-up by liquid-liquid extraction (LLE). The 

cleaned portions were evaporated and reconstituted for quantitative analysis by GC-MS.  

The chromatograms for TBBPA were obtained as graphical plots of the retention 

time versus signal intensity from the system. The target compound was separated while 

traveling through the GC column along with the mobile phase, requiring a particular time 

to reach the detector. The time taken by the individual target component to be eluted from 

the GC column is called the retention time. The retention time for TBBPA was 

determined from the specific peak of the target analyte during the run of standards. The 

retention time for TBBPA was 24.89 minutes. The sum of the area under the peak was 

proportional to the mass abundance and hence the concentration of TBBPA. The 

concentrations were calculated from the calibration curves by using the mass abundance 

of the relevant peaks. 
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Figure 3.2 shows a typical chromatogram for the response of the internal standard 

DDT and analyte TBBPA from a low concentration (30 ng/L) aqueous extraction. 

 

Figure 3.2 Chromatogram for aqueous extraction of TBBPA and DDT 
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CHAPTER 4  
 

BEHAVIOUR AND FATE OF TBBPA IN WASTEWATER SLUDGE 

Wastewater sludge serves as a sink for TBBPA in  environmental compartments 

(Jardine et al., 1989). Determination of fate and behavior of TBBPA in wastewater sludge 

is essential for understanding its distribution, transport and transformation in the 

environment. Toward this objective, comparison of the fate and behavior of TBBPA in 

two biological reactors has been completed. The research findings have already been 

published in the Journal of Water Research and Desalination. 

Research paper based on Chapter 4: 

1. Mohammad Showkatul Islam, Hongde Zhou and Richard G. Zytner (2014a). 

Comparison of behaviour and fate of Tetrabromobisphenol A (TBBPA) in 

membrane bioreactors and a conventional activated sludge process. Journal of 

Water Reuse and Desalination, Volume 4, No 3, 164-173, IWA Publishing. 

4.1 Abstract  

Research was completed on the behaviour and fate of TBBPA in pilot-scale 

membrane bioreactors (MBRs) and conventional activated sludge (CAS) process at the 

City of Guelph wastewater treatment plant. Emphasis was on the physicochemical 

processes, biological transformation and sorption kinetics. Measurement of TBBPA at the 

environmental level can be challenging, so the main focus of this paper was the 

development of an analytical method for the nano-level determination of TBBPA.  The 

approach used was gas chromatography-negative ion chemical ionization-mass 

spectrometry (GC-NCI-MS) in select ion monitoring (SIM) mode. For the wastewater 
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matrix studied, the developed method had a low MDL of 2.4 ng/L. The matrix effects for 

influent and activated sludge mixed liquour were determined to be 36.5 ± 5.9 % (n=10) 

and 79.2 ± 4.5 % (n=10) respectively. Preliminary results show that the CAS system 

demonstrates better performance for TBBPA removal, with removal at 83%. This was 

corroborated by the batch experiments that showed that the synergistic effects of 

biodegradation and biosorption potentially provide more removal of the TBBPA through 

the activated sludge process. 

4.2 Introduction 

Tetrabromobisphenol A is one of the most widely used brominated flame retardants 

in the world with a global annual consumption of 0.21 Mt (Alaee et al., 2003). 

Distribution of TBBPA in all environmental compartments and biosystems makes it an 

important candidate for fate investigation. The US EPA (2010) has listed TBBPA as a 

contaminant of emerging concern due to its adverse effect on human health and the 

ecosystem. Examples include feminization of fish, alteration of sex in birds and wildlife, 

birth defects, neurological and developmental problems in humans along with infertility. 

It has been identified that TBBPA exhibits one of the highest thyroid hormonal activity 

rates (Kitamura et al, 2005), which is most likely due to the structural resemblance of 

TBBPA with the thyroid hormone, tetraidothyroxine as shown in Figure 4.1. This 

resemblance may provide impetus for mimicking the endocrine disruption effect.  
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Figure 4.1 The chemical structures of TBBPA and thyroid hormone, thyroxine 

TBBPA is lipophilic due to the high octanol-water partition coefficient (logKow = 

6.5) with potential to bioaccumulate. Bioavailability of TBBPA renders ecotoxicity, 

neurotoxicity and developmental disorders in humans and wildlife. At high pH values, 

considerable ground water contamination is likely due to increasing solubility, plus there 

is increased mobility of TBBPA in soil (Segev et al., 2009). The dissociation of TBBPA 

in the environment is influenced by the pH change particularly above 7, since pKa1 and 

pKa2 are 7.5 and 8.5 respectively (Kuramochi et al., 2008). The negatively charged 

species of phenolate ion at the high pH range provides for less sorption to the soil surface 

and sludge matrix. The behaviour and fate of TBBPA in different treatment processes and 

landfills depends on the stability, sorption capacity, pH and physicochemical state of the 

system components. 

TBBPA is used mostly as a reactive intermediate in the production of epoxy, 

phenolic and polycarbonate resins. As a reactive component, the phenolic hydroxyl 

groups are bonded covalently, resulting in a strong attachment to the polymer structure. 

However, the additive component is not strongly held by the chemical structure and 

consequently can be readily released to the environment (Grabda et al., 2009; Birnbaum 

and Staskal, 2004). The bound portion of TBBPA also has the potential to leach out of 

the polymer matrix when placed in a landfill.  
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The concentration of dissolved TBBPA in wastewater is relatively high when 

compared to other brominated flame retardants. Everyday use of polymer and plastic 

products containing TBBPA as fire retardant component is the cause of its increasing 

abundance in wastewater. Migration of dissolved TBBPA in the aqueous phase and 

sludge matrix can be modeled from its physicochemical behaviour. TBBPA is considered 

to have a significantly low vapour pressure and as such volatilization loss of TBBPA is 

negligible at typical environmental conditions (Kuramochi et al., 2008; Grabda et al., 

2009). 

Much research has been focused on the sludge concentration whereas fate modeling 

in both sludge and aqueous phase concentration needs to be accomplished for achieving a 

good understanding on the distribution pathways of TBBPA in  environmental 

ecosystems. Our research goal is to establish a fate model considering all possible 

variables of phase transfer and degradation mechanisms. The data for the fate model 

comes from the robust method that has been developed to quantify aqueous phase 

TBBPA, specifically the gas chromatography-negative ion chemical ionization-mass 

spectrometry (GC-NCI-MS).  

4.3 Methodology 

4.3.1 Chemicals and Reagents 

All chemicals and reagents were purchased from Sigma-Aldrich Canada unless 

otherwise specified. Most chemicals were ACS grade and all solvents used were HPLC 

grade. Whatman GF/B filters (Cat. No 09-874-24A), Whatman GF/F (Cat. No 09-874-

71), Whatman 0.2 nylon membrane (Cat. No R02SP04700) and nucleopore 

polycarbonate filters (Cat. No 0930069) were purchased from Fisher Scientific. Helium 
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(99.9999%) and methane (99.9999%) were supplied by BOC Canada (Guelph, Ontario). 

Milli-Q water was produced from a Milli-pore Ultrapure Water System. 

4.3.2 GC-MS System 

The unit is an Agilent 6890N GC equipped with an autosampler injector (model 

HP 7683) coupled to an Agilent 5975 MSD. A sample volume of 2 µL was introduced by 

pulsed splitless injection into a 30 m length and 0.319 mm internal diameter Agilent HP-

5 5% phenyl methyl siloxane J & W GC column (Cat # 19091 J-415) coated with a 0.25 

µm film thickness. The oven temperature was held at 100 ºC for 2 min at initial injection. 

Thereafter, the temperature was increased by 25 ºC /min up to 190 ºC and held for 2 min, 

then increased by 5 ºC/min up to 310 and held for 2 min at this final temperature. Total 

run time for the oven programme was 33.6 min. Helium was used as the carrier gas, 

under a constant pressure of 80 kPa. Methane was used as the reagent gas for the negative 

ion source and was maintained at 40% of flow. The interface, inlet and quadrupole 

temperatures were maintained at 250 ºC, 250 ºC and 150 ºC respectively. Select ion 

monitoring mode was used. The ions monitored were 79 and 81 m/z for TBBPA, 71 and 

74 m/z for DDT, similar to the approach by Sellstrom and Jansson (1995). 

4.3.3 Sampling and Analysis of Wastewater 

The water samples for analysis were collected from different points of the CAS 

treatment process and the three pilot-scale MBRs situated at the Guelph Municipal 

Wastewater Treatment Plant. Amber glass containers were used for sampling, with the 

water samples placed in an ice cooler for transport to the laboratory. For both systems, 

composite sampling was done for the influent to make them representative. Using an 
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auto-sampler over a twenty four hour period, samples were collected at every half an 

hour and then combined. After collection, the composite samples were brought 

immediately to the Guelph Environmental Engineering Laboratory for analysis. Physical 

parameters such as pH, temperature and DO were measured onsite or in the laboratory. 

An Analysis process flow diagram is shown in Figure 4.2. 

 

Figure 4.2 Analysis process flow diagram 

The permeate and the final effluent samples were filtered through Whatman 0.2 

µm nucleopore membrane filters and collected in Erlenmeyer flasks. The influent and 

mixed liquor samples were filtered through 1.0 µm GF/B and 0.7 µm GF/F glass filters 

followed by 0.2 µm nucleopore membrane filters. After filtration, the samples were 

acidified (pH ~ 3) to prepare for the solid phase extraction (SPE). The internal standard 

DDT (dichlorodiphenyltrichloroethane) was added to all flasks containing the samples, 

except the blank, before loading the SPE column. 

SPE columns (Envi-18, vol. 3 mL, bed wt. 500 mg) were conditioned with 2 mL of 

dichloromethane (DCM), followed by 2 mL of methanol and 2 mL of Milli-Q water.  

Precautions were  taken to ensure that the SPE cartridges were never dried out once 
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conditioned. The acidified samples were then passed through SPE cartridges under 

vacuum pressure at a rate of 1~2 mL/min to capture the analyte of interest. The SPE 

cartridges were dried for 30 min under the same vacuum before elution. Gravimetric 

elution was carried out after soaking the sorbent for 15 min in 2 mL of DCM. Two 

volumes (each 2 mL) were eluted to ensure elution of all the analyte. At the end of 

gravimetric elution, forced elution by vacuum was performed to collect all traces of 

solvent from the column into glass test tubes.  

Clean up was done by Liquid-liquid extraction (LLE). To each test tube, 4 mL of 

0.05 N H2SO4 was added, followed by gentle shaking. The aqueous phase at the top was 

removed by using a glass Pasteur pipette. The organic phase was passed over anhydrous 

sodium sulphate to remove traces of water as the final clean up step. The resulting extract 

contained in the glass vial was evaporated to complete dryness by a gentle blow of N2. A 

multi-flow drying device was used to connect nitrogen flow to each glass vials. For 

quantitative estimation of the analyte concentration, the sample was reconstituted in 450 

µL of acetone and transferred to a 2 mL GC vial equipped with 500 µL borosilicate glass 

insert. TBBPA in the extract was then derivatized by adding 50 µL of acetic anhydride 

and pyridine (1:1) to each vial insert. Capped vials were heated in an oven for 30 min at 

60⁰ C. After 30 min heating, the vials were ready for injection into the GC-NCI-MS 

system for quantification. The derivation reaction scheme is given in Figure 4.3.  

 
Figure 4.3 Derivatization reaction 
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4.3.4 Membrane Bioreactors A, B and C 

The experimental MBR pilot plants were located at the City of Guelph 

Wastewater Treatment Plant.  The MBR pilot plant consists of three parallel full scale 

submerged MBR trains, with aeration tanks and membrane tanks housed separately for 

each train. The three MBR pilot plants are designated as Pilot A, B and C with three 

different SRTs (24, 28, 29 d respectively) during the sampling period. The HRTs for all 

three MBRs were 6 h. The pilot plant receives influent from the headworks after filtering 

through a 0.75 mm screen to remove large debris. The influent in each MBR pilot train 

passes through aeration tanks followed by membrane tanks. The effluent (permeate) from 

the MBR units are directed to the WWTP due to legal obligations to ensure compliance 

with the Certificate of Approval. A schematic of the MBR pilot plants is presented in 

Figure 4.4. 

 

Figure 4.4 Schematic of MBR pilot plants 

Basic water quality parameters for MBR pilot plants were routinely monitored. 

Filtered total organic carbon (TOC), chemical oxygen demand (COD) and total nitrogen 

(TN) were determined for influent and MBR mixed liquor. Unfiltered TOC, COD and 
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TN were measured for the MBR permeate. Dissolved oxygen (DO), pH and temperature 

were recorded as well. 

A Shimadzu TOC-V unit equipped with a solid sample module 5000A was used 

for TOC measurement.  Calibration curves were updated every 2-3 months as specified in 

standard methods (APHA, 2012). COD measurements were conducted colorimetrically 

using a Hach DR 2010 spectrophotometer.  Analyses for ammonia, nitrite and nitrate 

were all performed using Hach Test N Tube vials. DO, pH and temperature were 

recorded onsite using a pH/conductivity/DO meter (probe model sensION6, Hach, USA). 

All tests conformed to Standard Methods (APHA, 2012). 

4.3.5 Conventional Activated Sludge (CAS) System 

The Guelph Wastewater Treatment Plant (GWWTP) discharges the treated effluent 

into the Speed River. The GWWTP is owned and operated by the City of Guelph 

Municipality. An average daily flow of 64 MLD is the design capacity of the plant. The 

GWWTP receives domestic, institutional, commercial and industrial wastewater from the 

City as well as a portion of the village of Rockwood and the Gazer-Mooney subdivision 

located in the township of Guelph-Eramosa.  

All raw wastewater coming to the facility is first pumped into the headworks 

building using large Archimedes screw pumps. Within the headworks, the wastewater 

flows through bar racks followed by a step screen to remove both large objects and small 

particles. The wastewater exits from the headworks to the aerated grit chamber. 

Following preliminary treatment, the wastewater undergoes multiple stages of treatment 

consisting of primary, secondary, tertiary and disinfection. The final effluent is 

discharged to the Speed River. The typical SRT for the CAS system was 12 d, with an 
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HRT of 6-9 h. The schematic of the CAS system indicating the sampling points is shown 

in Figure 4.5. 

 

Figure 4.5 Schematic of CAS system with sampling points 

4.3.5 Matrix Effect 

The matrix refers to everything in the sample other than the analyte of interest. The 

extent of interference to the determination of analyte in the sample is the matrix effect. 

This is normally determined by spiking the target compound into the environmental 

sample. This process is also known as fortification. A laboratory fortified blank (LFB) is 

a reagent water sample to which a known concentration of the analyte of interest is 

spiked. LFB is used to evaluate the method performance or recovery. A laboratory 

fortified matrix (LFM) is a sample to which a known amount of analyte of interest is 

added before sample preparation. LFM is used to evaluate the matrix effect. The presence 

of complex matrices in wastewater adversely affects instrumental responses and 

recovery. The wastewater matrix differs from sample to sample depending on the source 

and time of sampling. The matrix effect was determined for the influent wastewater and 

activated sludge mixed liquour. Equation 4.1 was used to measure the percent matrix 

effect according to Standard Methods (APHA, 2012): 
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% Matrix effect = 1001 









LFB

LFM

C

C
 ------------------------------ (4.1) 

where, CLFB is the concentration measured in the LFB and CLFM is the concentration 

measured in the LFM for the candidate compound TBBPA.  

4.3.6 Biotransformation Batch Experiments 

Biotransformation was studied by spiking TBBPA (30 ng/L) in 1 mL of activated 

sludge with growth media and an inoculum of heterotrophic bacteria. Polyseed was used 

as an inoculum. Polyseed is a commercial inoculum approved by the US EPA, containing 

a blend of broad spectrum of heterotrophic bacteria for the biochemical oxygen demand 

(BOD5) test. The batch experiment was similar to the BOD test. In this case the reaction 

mixtures in the bioreactors were stirred continuously by placing a magnet bar inside the 

vessels at 20 ºC. In course of the experiment, the bioreactors were removed from the 

magnetic stirrer at different time intervals (0, 1, 3 and 5 d) to investigate biodegradation. 

For each sampling event, duplicates were extracted. Controls were also prepared where 

TBBPA (30 ng/L) was dissolved in Milli-Q water and stirred similar to the samples. 

Extraction and sample analysis were performed as described earlier in the method 

protocol.  

Sorption kinetics was investigated in a similar manner to compare biosorption 

with biotransformation. In this case only activated sludge solution containing 30 ng/L of 

TBBPA was extracted in duplicates at different time intervals. Neither inoculum nor 

growth medium was introduced for the biosorption kinetic study.  
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4.3.7 Biosorption Batch Experiments 

Biosorption of TBBPA was studied by using fresh activated sludge. Adsorption 

isotherms were developed to explain the biosorption behaviour of TBBPA in activated 

sludge. Most of the organic compounds in the activated sludge follow the Freundlich 

isotherm (Clara et al., 2004; Dobbs et al., 1989). US EPA guidelines (1996) recommend a 

minimum half an hour of stirring of the mixtures to achieving equilibrium. Therefore, the 

extraction was carried out after   spiking, followed by 2 h magnetic stirring. The spiked 

concentration of TBBPA in each reaction vessel was 30 ng/L and the volumes of fresh 

activated sludge added to the reaction vessels were 0, 1, 2, 4, 6, 8, 10, 12 and 15 mL 

respectively. The pH and temperature of the test solution were  recorded 7.1 and 21.5 ºC 

respectively. 

4.4 Results and Discussion 

4.4.1 Method Development 

Method performance and instrument response was measured by processing and 

injecting the lowest concentration that produced a recognizable signal in the instrument 

for the analyte, TBBPA. Initial demonstration of the instrument capability was performed 

by processing and injecting 5 ng/L analyte concentrations in Milli-Q water. A linear 

calibration curve (R
2
 = 0.9977) was obtained by injecting standard TBBPA solution in 

acetone in the range 0 to 200 µg/L. The calibration curve as seen in Figure 4.6 was 

produced from the solvent matrix without the SPE. This range 0 to 200 µg/L represents 

the 0 to 200 ng/L expected in the real environmental samples, as the injected samples 
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were one thousand fold more concentrated than the aqueous phase. Through the process, 

500 mL of aqueous sample became 500 µL that was injected after processing through the 

SPE. Thus the magnitude of "µg/L" of TBBPA concentration as detected by the 

instrumental signal was originally at the magnitude of "ng/L", which represents the 

TBBPA concentration in the aqueous phase in the environment. Concentrations above the 

200 ng/L range produced a non-linear calibration curve.  

 

Figure 4.6 Standard curve for TBBPA in the range of 0 to 200 µg/L 

The method detection level (MDL) was determined as per Standard Methods 

(APHA, 2012). Seven portions of Milli-Q water sample containing 10 ng/L of TBBPA 

was processed over a period of 3 days. The computation is as follows:  

MDL= )99.01,1(  nts ---------------------------------------------------- (4.2) 
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where 
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)99.01,1(  nt = One sided Student’s t-value at 99% confidence. 

The analytical data for the determination of MDL is presented in Table 4.1. 

Table 4.1 Experimental data for MDL determination 

Sample ID Date Abundance TBBPA(ng/L) 

Blank Jan04, 2013 ND 0 

MDL 1 Jan04, 2013 1217 8.9522 

MDL 2 Jan04, 2013 941 7.6156 

Blank Jan06, 2013 ND 0 

MDL 1 Jan06, 2013 1016 7.9788 

MDL 2 Jan06, 2013 1254 9.1314 

MDL 3 Jan06, 2013 961 7.7125 

Blank Jan09, 2013 ND 0 

MDL 1 Jan09, 2013 1064 8.2113 

MDL 2 Jan09, 2013 807 6.9667 

Relative Error = 




7

100

n Expected

alExperimentExpected

n
= 19% 

 

The standard deviation of these seven samples was multiplied by 3.14, the Student’s 

t-factor for 7 replicates with 6 degrees of freedom at the 99% confidence. The MDL thus 

determined was 2.4 ng/L which is reasonable for the environmental level analysis of 

TBBPA. 

Quality assurance, repeatability and reliability of the method was assured by adding 

method blank, LFB and LFM to each batch according to Standard Methods (APHA, 

2012). The relative error 19% is associated with the uncertainty of the extraction of 

TBBPA for sample preparation, extraction and analysis by the method protocol. 

Therefore, the recovery for the method is 81% for the quantification of TBBPA. 
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Data quality for measurements was assured by reporting mean values ± the standard 

errors of the mean. Statistically, approximately 30% of the data falls outside the true 

value if reported: (x̄  ± SE), only 5% data falls outside the true value for (x̄  ± 2×SE) at 

95% confidence level. Therefore, the mean values were reported with twice the standard 

error at 95% confidence level. Alternatively, student’s t-values were used for individual 

degrees of freedom at 95% confidence from the equation (x̄  ±
n

ts
). 

Uncertainty of measurements is given by 
2

minmax xx
x


 and uncertainty in the 

mean is given by
n

xx

n

x
xave

2

minmax 


 . The experimental value contains both the 

average value and the uncertainty. Thus the experimental value reported with uncertainty 

is represented as aveaveExp xxx  . 

4.4.2 MBR Pilot Plants 

Wastewater characteristics for influent and reactors effluent were routinely 

monitored during the study period. The average influent concentrations for the different 

parameters are as follows: COD at 334 mg/L, influent TOC at  26.5 mg/L, permeate TOC 

from reactors A, B and C were on average 5 mg/L, TN at  33 mg/L and pH ranged from  

7.2-7.6 for all three reactors during this study period. 

Influent TBBPA concentration during the study months were on average (32.7 ± 

9.4) ng/L. Permeate TBBPA concentration from reactors A, B and C were (8.8 ± 2.0) 

ng/L, (6.7 ± 1.4) ng/L and (6.6 ± 1.1) ng/L respectively. TBBPA concentrations varied 

from 2.4 to 11.0 ng/L for all MBR permeate. Below 2.4 ng/L (MDL) was reported as 
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non-detection due to the method detection uncertainty. Figure 4.7 shows TBBPA levels 

in the influent and permeate for reactors A, B and C. The average TBBPA removal 

efficiency for MBR was at (76.0±6.2)%. 

 

Figure 4.7 Influent and permeate concentrations of TBBPA in MBR pilot plants 

4.4.3 Conventional Activated Sludge Process 

Wastewater influent to the CAS system contained TBBPA concentrations in the 

range of 10 to 145 ng/L. Corresponding effluent concentrations were in the range of  ≥2.4   

to 8.0 ng/L during this study period. Figure 4.8 shows TBBPA concentrations for CAS 

system. The average MLSS concentration in the aeration basin was 2500 mg/L. The 

water content for activated sludge after centrifugation at 2000 g was 70% on average. 

Significant variability of TBBPA concentration in the influent was observed due to the 

daily and seasonal variation. Dilution due to rain or other wash water dilution may impact 

the concentration of TBBPA in influent wastewater. It was observed that the samples 
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collected during snow or rain events were having low concentrations of TBBPA. The 

TBBPA removal efficiency for CAS system was determined as (83.0±5.7)%. 

 

Figure 4.8 Influent and effluent concentrations of TBBPA in CAS system 

 

4.4.4 Matrix Effect 

The percent matrix effect for the influent was 36.5 ± 5.9 (n=10). The influent 

matrix changes depending on daily variation and other factors related to source of the 

wastewater. The percent matrix effect for activated sludge mixed liquour was 79.2 ± 4.5 

(n=10). The high matrix effect in the activated sludge was due to the presence of solids 

and biomass in the fresh mixed liquor. This study investigated matrix effect differently 

from other reports by considering all forms of physical, chemical, biological and 

instrumental interference due to suppression, sequestration and sorption in the activated 

sludge.  
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The data for the estimation of matrix effect is presented in the Table 4.2. 

Table 4.2 Data for matrix effect 

SAMPLE 

ID 

INFLUENT ACTIVATED SLUDGE 

Mass 

abundance 

TBBPA 

(ng/L) 

%Matrix 

effect  

Mass 

abundance 

TBBPA 

(ng/L) 

%Matrix 

effect  

LFB 19237 96.2  21306 106.2  

LFM1 12162 62.0 35.6 4610 25.4 76.1 

LFM2 11669 59.6 38.1 3710 21.0 80.2 

LFM3 9897 51.0 47.0 3150 18.3 82.8 

LFM4 12287 62.6 35.0 3845 21.7 79.6 

LFM5 12401 63.1 34.4 3750 21.2 80.0 

LFM6 13220 67.1 30.3 5419 29.3 72.4 

LFM7 12577 64.0 33.5 2110 13.3 87.5 

LFM8 10060 51.8 46.2 5101 27.8 73.9 

LFM9 13430 68.1 29.2 2940 17.3 83.7 

LFM10 12100 61.7 35.9 4661 25.6 75.9 

Average  36.5 

 

79.2 

 

The percentage of the matrix effect is the indication of the uncertainty of 

determinations associated with the presence of the matrix in the sample. Therefore, the 

dissolved phase measurements were approximately 63.5% for the influent sample. The 

matrix hindrance for freshly collected activated sludge was 79.2% whereas for the 

biodegradation, sorption and fate coefficients determinations, the associated uncertainty 

was reduced due to the dilution of the sludge.  
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4.4.5 Biotransformation and Biosorption 

The potential for biotransformation of TBBPA by heterotrophic and nitrifying 

bacteria was investigated. The depletion of TBBPA concentration in the bioreactor can be 

attributed to the bacterial degradation during incubation. Figure 4.9 shows the effect of 

biodegradation over biosorption. 

 

Figure 4.9 Comparison of biosorption and biodegradation with time 

Biotransformation of brominated compounds and organic micropollutants by 

heterotrophic and nitrifying bacteria has been reported by some researchers (Duddleston 

et al., 2000; Helbling et al., 2010; Kosjek et al., 2009). Higher depletion of TBBPA in 

activated sludge solution in comparison to biosorption indicates there is a  possibility of 

biodegradation. 
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4.4.6 Biosorption Isotherm Model 

Biosorption isotherms were developed by using the Freundlich equation. Ce is the 

equilibrium concentration of TBBPA (ng/L) in the aqueous phase and qe is the biosorbed 

TBBPA concentration in the solid phase (ng/mg) of activated sludge. Figure 4.10 shows 

the biosorption isotherm fitting for the Freundlich model.  

 

Figure 4.10 Freundlich isotherm model for TBBPA in activated sludge 

The goodness of fit for the experimental data was reasonable to the Freundlich 

isotherm due to the acceptable R
2
 value of 0.7406. The fate and behaviour of TBBPA in 

an activated sludge process can be explained from the parametric value of sorbate 

intensity. Sorption intensity of TBBPA in activated sludge, 0.92 (1/n=1.085) is indicative 

of favourable or higher adsorption to the sludge surface.  Therefore, one of the dominant 

contributors to the removal of TBBPA by activated sludge is biosorption. 
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4.5 Conclusion 

Method development was accomplished successfully for measuring aqueous 

phase TBBPA.  Having this ability was important to allow comparison of the behaviour 

and fate between MBR pilot plants and the CAS system. The sensitivity and 

reproducibility of the method is acceptable. The percent matrix effect suggests that the 

recovery of the candidate compound in the complex water matrices is challenging. 

However, this was overcome by the higher sensitivity for the lower level determination of 

TBBPA. The CAS system showed better removal efficiency at 83 % when compared to 

the MBR pilot system. The higher removal in activated sludge process may be due to the 

cause of microbial attachment of the TBBPA to the sludge biomass (Kiser et al., 2010; 

Subasioglu and Bilkay, 2009). The higher biosorption intensity (0.92) of TBBPA means 

higher biosorption to the sludge surface. The MBR sludge has a low biological mass 

which provides only adsorption sites rather than biosorption. The enhanced removal in 

the CAS system may also be impacted by the biotransformation of TBBPA by 

heterotrophic and nitrifying bacteria during biological wastewater treatment. Overall, the 

removal of TBBPA by the aerobic biological wastewater treatment system is due to the 

combined effect of biosorption and biodegradation. 
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CHAPTER 5  
 

BIODEGRADATION AND METABOLLIC MECHANISMS OF TBBPA  

Chapter 5 describes details of biodegradation kinetics and metabolic mechanisms 

for the environmental fate of TBBPA. This chapter integrates important research 

investigations about the aerobic degradation of TBBPA by heterotrophic bacteria. 

Degradation of TBBPA in anaerobic sewage sludge has been reported in the literature. 

However, degradation of TBBPA by heterotrophic bacterial species in activated sludge 

and aerated membrane sludge is not yet been reported based on the literature review. 

Biodegradation of TBBPA along with biosorption plays an interesting role to the 

environmental fate of TBBPA, particularly in wastewater treatment process. The research 

findings have been formatted  as a paper for submission to the Journal of Water 

Research. Some experimental work  from this research has been presented in the 49th 

Central Canadian Symposium on Water Quality and Wastewater Management 

Conference, Niagara Falls. 

Research papers based on Chapter 5: 

1. Mohammad Showkatul Islam, Hongde Zhou and Richard G. Zytner (2015a). 

Biodegradation and metabolism of Tetrabromobisphenol A (TBBPA) in the 

bioaugmented activated sludge batch bioreactor system by heterotrophic and 

nitrifying bacteria. Journal of Water Research, IWA Publishing (Submitted). 

2. Mohammad Showkatul Islam, Hongde Zhou and Richard G. Zytner (2014c). 

Batch experiments for modeling biodegradation of Tetrabromobisphenol A 

(TBBPA) in Guelph municipal wastewater. 49th Central Canadian Symposium on 
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Water Quality and Canadian Wastewater Management Conference, Niagara, 

Canada, March 5-7. 

5.1 Abstract 

Tetrabromobisphenol A [2,4´-isopropylidenebis(2,6-dibromophenol)] has been 

identified in wastewater samples collected from the Guelph municipal wastewater 

treatment plant (GWWTP). In order to assess the kinetics and metabolic mechanisms of 

the dissolved TBBPA, bench scale experiments were completed with batch bioreactors. 

The biodegradation test was conducted by taking aerobic sludge from the conventional 

activated sludge reactor (CAS) and the membrane bioreactor (MBR), and bioaugmenting 

both reactors with soil based strains of Bacillus brevis and Bacillus pumilus. This novel 

biodegradation process showed that the CAS bioreactor had a degradation rate of 0.127 d
-

1
, while the sludge from the MBR had degradation rate of 0.171 d

-1
.  This is the first 

reported aerobic degradation of TBBPA by heterotrophic and nitrifying bacteria in 

activated sludge bioreactor system. A tentative biotransformation metabolic scheme for 

TBBPA biodegradation and metabolite formation has been proposed as well. 

5.2 Introduction  

Biodegradation is the breakdown of the target compound to intermediate products 

and/or end products. It is a significant mechanism for the removal of most wastewater 

contaminants by heterotrophic microbial consortia (Lee and Peart, 2002). Biodegradation 

of TBBPA in wastewater by heterotrophic bacteria is a matter of grave concern for 

environmental engineers in order to protect the environment. It is one of the most 
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abundantly used fire retardants among the brominated flame retardants (BFRs). TBBPA 

is incorporated as a reactive ingredient in printed circuit boards and computer 

accessories. Accordingly, there exists an increasing occupational health concern for the 

exposure of TBBPA to computer technician, office staff, electronic assembly workers 

and facility personnel (Covaci et al., 2009; Thomsen et al., 2002; An et al., 2011; 

Muenhor et al., 2010; Zhang et al., 2009). TBBPA is released into the environment from 

the use of everyday essential plastic commodities (Osako et al., 2004; Sellstrom and 

Jansson, 1995) and is now ubiquitous in the environment due to the extensive application 

in plastic components (Li et al., 2014; De Wit., 2002; Alaee et al, 2003).  

TBBPA has become a contaminant of emerging concern due to its toxic effect on 

human health and other organisms (EPCRA, 2013; OSPAR, 2011; Birnbaum and Staskal, 

2004; Hakk and Letcher, 2003). TBBPA depuration half-life in  fish and oysters was 

found to be 3-5 days. However, a steady-state concentration of TBBPA existed in tissue 

samples of exposed organisms after the depuration period (BFRIP, 2001). There have 

been a significant number of research publications on the endocrine effect of TBBPA 

over the past decade. The main reason mentioned with regard to the endocrine disruption 

was the structural similarity of TBBPA with thyroid hormones (De Wit, 2002). 

Endocrine disruption and reduced reproduction have been reported at environmental level 

concentrations (Van der Ven et al., 2008; Kupier et al., 2007). Accordingly, it was 

expected that the aqueous phase TBBPA from wastewater discharge might impart 

adverse effect in humans and wildlife.   

Bisphenol A (BPA) is the precursor for the formation of TBBPA and 

consequently BPA was found as a degradation end product in metabolic 
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biotransformation studies (Green et al., 2009; Ronen and Abeliovich, 2000; Arbeli and 

Ronen, 2003; Voordeckers et al., 2002; Ravit et al., 2005; Liu et al., 2013). Degradation 

of TBBPA in the environment can be both biotic and abiotic. Abiotic degradation is 

initiated by heat, light, radicals or other physical agents (Luda et al., 2003; Eriksson and 

Jakobsson, 1998). Photolysis and radical attack may be the dominant method for the 

abiotic degradation of TBBPA similar to other BFRs (Horikoshi et al., 2008; Rayne et al., 

2003; Eriksson et al., 2004; Guo et al., 2012; Guo et al., 2014). The formation of bound-

residues in the sludge and sediment is a process of abiotic attenuation (Li et al., 2014). 

Biotic degradation takes place by biological activity. The rate of biodegradation is 

affected by the effectiveness and activity  of the microbial community. 

Modification or amendment of the biotic system sometimes increases the rate of 

degradation. The introduction of efficient microbes to enhance the degradation rate of the 

amended system is called bioaugmentation. Bioaugmentation process is effective for the 

bioremediation of brominated organic compounds (Haggblom et al., 2006; Arbeli and 

Ronen, 2003; Li et al., 2014). 

 Biodegradation of TBBPA has been reported in an anaerobic pilot scale sludge 

biodigester (Gerecke et al., 2006). Debromination of TBBPA by different microbial 

species from sewage sludge, soil and sediment is now well-known (Arbeli et al., 2006; 

An et al., 2011; Voordeckers et al., 2002; Ravit et al., 2005; Liu et al., 2013; Van Pee and 

Unversucht, 2003). It is yet to be shown whether TBBPA can be biotransformed in 

activated sludge and aerated membrane sludge.  

Microbial biotransformation of organic compounds normally takes place through 

species specific attack to the active site of the target molecule by adding, substituting or 
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modifying a functional group in the structure (Tamm, 1974; Allard et al, 1987; George 

and Haggblom, 2008). The ring cleavage or the reductive debromination is also mediated 

by the microbial activity (Ronen and Abeliovich, 2000; Zhang et al., 2013). The 

debromination process serves as an electron acceptor in an anaerobic biochemical 

reaction in absence of oxygen (Mohn and Tiedje, 1992; Arbeli and Ronen, 2003; Segev et 

al., 2009; Tokarz et al., 2008; Voordeckers et al., 2002).  Research articles about the 

aerobic degradation of TBBPA by microbial species are scarce (An et al., 2011; Nyholm 

et al., 2010; Li et al., 2014). Moreover, the metabolic mechanisms for the 

biotransformation of TBBPA are not yet established.  The proposed metabolic pathway 

for TBBPA was reported in few articles. The investigation of the TBBPA 

biotransformation in the aerobic condition for biological wastewater treatment is an 

emerging environmental issue of great interest. Accordingly, the aerobic 

biotransformation of TBBPA has been quantified in batch bioreactors using CAS and 

MBR sludge.  

The aim of this research was to investigate aerobic biodegradation and metabolic 

mechanisms of biotransformation for TBBPA in bioaugmented activated sludge and 

membrane sludge. Bioaugmentation is one of the useful strategies to apply for biological 

removal of dissolved TBBPA from wastewater. To date other researchers have 

emphasized the determination of the sorbed TBBPA, and not to the dissolved TBBPA in 

wastewater. This research established a novel biodegradation test method for the aqueous 

phase TBBPA in a batch bioreactor system. In addition, a tentative metabolic scheme has 

been proposed for the possible biotransformation mechanism and metabolite formation of 

TBBPA. 
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5.3 Methodology  

5.3.1 Sampling of Wastewater and Sludge 

Two types of biological reactors are located at the GWWTP in Guelph, Ontario 

and both were used for sludge sampling. One reactor system was a conventional activated 

sludge process for treating Guelph municipal wastewater and the other system was three 

parallel pilot scale membrane bioreactors equipped with separate aeration tanks and 

submerged membrane tanks. Identical influent flow was directed to both systems except 

some pretreatments for the MBR pilot plants. The typical SRTs and HRTs for the CAS 

system were 10-12 d and 5-9 h respectively. The HRT for all MBRs were 6 h with 

varying SRTs. For more process details, see Islam et al. (2014a). 

5.3.2 Laboratory Batch Bioreactors 

Biodegradation experiments were conducted using constantly stirred batch 

bioreactors in the laboratory at a temperature of (22±1) ºC. The batch bioreactors 

consisted of 300 mL BOD bottles containing a magnet bar in each bioreactor for stirring, 

placed on a Fisher Scientific Isotemp
TM

 magnetic stirrer at 500-700 rpm. Dilution water 

with optimal nutrients was prepared from Hatch nutrient buffer pillows (Cat No 

1486266). A seed solution consisting of 11 different strains of Bacillus bacteria was 

prepared from a polyseed
®
 capsule (Cat No 13297200). All strains were soil based 

consisting mostly of bacteria Bacillus brevis and Bacillus pumilus. Bioaugmentation with 

the seed solution was carried out to facilitate the aerobic biodegradation of TBBPA in the 

laboratory batch reactors. The experiments conducted without bioaugmentation were not 

as efficient as bioaugmentation. Therefore, on the basis of published research articles 

about biodegradation of TBBPA with soil bacteria, the modification to bacteria-mediated 
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bioaugmentation was adopted. Bioaugmented sludge showed a removal efficiency of 

48% compared to 22% removal without modification. 

Bioreactor bottles were first filled with approximately 150 mL of dilution water. 

Afterwards, 2 mL of fresh activated sludge or membrane sludge was added, followed by 

bioaugmentation with 4 mL of seed solution. TBBPA standard solution in acetone was 

spiked in each bioreactor for a final concentration of 30 ng/L. The MLSS concentrations 

were 25.3 mg/L and 43.3 mg/L for activated sludge and membrane sludge respectively. 

The reactor bottles were then topped up to their full volume capacity with dilution water. 

The bottles were closed with glass stoppers and wrapped with parafilm before incubation 

to magnetic mixing. The time course analysis for the biodegradation was carried out 

using sampling events at different time intervals. Extractions were carried out in 

duplicate, two parallel sample bottles at each sampling event. The initial extractions 

immediately after incubation was considered as zero time sample. The subsequent 

sampling events were at 1, 3, and 5 d for extraction and analysis. Separate set of control 

bottles were included for every batch to examine the effect of the matrix and/or 

bioaugmentation during the degradation process. One set of controls contained seed 

inoculum and the candidate compound in dilution water (i.e. no sludge added). The other 

set of controls contained only the candidate compound in Milli-Q water. All chemicals 

and supplies used for this study were purchased from Fisher Scientific, Canada unless 

otherwise mentioned.  

5.3.3 Nitrifying Bioreactors   

Biodegradation of TBBPA by nitrifying bacteria in activated sludge was 

investigated initially using standard BOD batch experiments. A series of experiments 
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were conducted for optimizing the degradation process in standard test conditions 

(APHA, 2012). The wastewater sludge was collected from the aeration tank of GWWTP 

operated with extended aeration for achieving nitrification. The tank volume was 6500 

m
3
 with an average MLSS concentration of 3,800 mg/L and SRT of 12 d. For estimating 

nitrifying biodegradation, exactly 5 mL of fresh mixed liquor inoculum was added to 

each 300 mL bottles containing BOD dilution water.  Two parallel sets were used to 

determine the degradation due to nitrifying bacteria, one containing nitrification inhibitor 

(2-chloro-6-trichloromethyl pyridine; CAS No 1929824) and the other without inhibitor 

(APHA, 2012).  

The oxygen demand measured without the inhibitory chemical is the sum of 

carbonaceous and nitrogenous demand. The effect of nitrogenous demand was prevented 

by chemical inhibition of nitrification. Nitrogenous demand (NBOD) was estimated by 

subtracting the carbonaceous demand (CBOD) from the uninhibited test results. Little 

modification was performed in the test procedure in order to achieve the best bioreaction 

condition for the degradation of the candidate compound. A magnet bar was introduced 

inside each bioreactor before incubation. The reactors were magnetically stirred twice 

every day during the incubation period. The spiking concentration chosen for nitrifying 

sludge bacterial biodegradation was 100 ng/L of TBBPA and each test was conducted in 

triplicate.     

5.3.4 Analysis and Estimation of  Biodegradation  

At each sampling event, sample bottles in duplicates were filtered, extracted and 

analysed for quantification from the incubated bioreactors. The sample bottles were 

withdrawn at different time intervals starting from 0 to 5 d after initial incubation with 
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continuous magnetic stirring. The incubation period was studied to simulate the test 

duration of the BOD5 for simultaneous degradation of TBBPA in activated sludge or 

membrane sludge. However, a longer incubation period of 14 days was adopted for 

uninhibited nitrifying bioreactors to achieve nitrification in the standard BOD test 

condition (APHA, 2012). Accordingly, the contribution of nitrogenous degradation was 

isolated from the contribution of carbonaceous organisms. 

The first step of analysis was filtration by nucleopore polycarbonate filters (pore 

size, 0.22 µm; Cat. No 0930069) for collecting the clean aqueous fraction.  The filtrate 

was acidified (pH~3) and passed through the SPE system for capturing TBBPA on to the 

solid phase of the Supelco Envi-18 cartridge. Gravimetric elution by soaking the sorbent 

in DCM was carried out for collecting the eluate. As a final clean-up step, a liquid-liquid 

extraction (LLE) was done, followed by dehydrating the extract by passing through 

anhydrous sodium sulphate packed in a small glass column. 

The organic fraction was evaporated to complete dryness by a gentle blow of 

nitrogen gas. The residual content in a glass vial was reconstituted using acetone. Acetic 

anhydride and pyridine were added as derivatizing agents. After the derivatization 

reaction, the sample was injected into the GC-MS system for quantitative measurement. 

The GC-MS system was an Agilent 6890N GC coupled to an Agilent 5975 MSD 

(mass selective detector). The unit was equipped with an autosampler injector (model HP 

7683). GC column (HP-5 5% phenyl methyl siloxane; J & W Cat # 19091 J-415), which 

was 30 m in length with a 0.319 mm internal diameter and 0.25 µm film thickness. 

Pulsed splitless injection (PSI) mode was chosen for introducing a sample volume of 2 

µL. The oven temperature was programmed as follows: temperature was held at 100 ºC 
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for 2 min after initial injection. Thereafter, the temperature was increased by 25 ºC /min 

up to 190 ºC and held for 2 min, then increased by 5 ºC/min up to 310 and held for 2 min 

at this final temperature. The interface, inlet and quadrupole temperatures were 

maintained at 250 ºC, 250 ºC and 150 ºC respectively. Total run time for the oven 

programme was 33.6 min. The ions monitored were 79 and 81 m/z for TBBPA, 71 and 

74 m/z for DDT, similar to the approach by Sellstrom and Jansson (1995). 

The quantification was accomplished from the abundance of the target ions from 

the mass detector using GC-NCI-MS in SIM mode. The abundance of the target ions was 

proportional to the quantity of the candidate compound, i.e., to the concentration of 

TBBPA. The concentrations were finally calculated from the standard curve developed 

by using known concentrations of TBBPA.    

5.4 Results and Discussions  

5.4.1 Batch Bioreactors 

Several studies have reported the microbial degradation of TBBPA in the 

laboratory, mostly in anoxic conditions (Arbeli et al., 2006; An et al., 2011; Voordeckers 

et al., 2002; Ravit et al., 2005; Liu et al., 2013; Van Pee and Unversucht, 2003). This 

research is reporting microbial mediated aerobic biotransformation of TBBPA in the 

simulated batch bioreactors similar to the standard BOD test.  

Figure 5.1 shows the biodegradation of TBBPA in batch bioreactor system. The 

experimental results indicate that the biotransformation of TBBPA took  place during the 

incubation time for both bioaugmented CAS and MBR sludge. The biological removals 

(secondary y-axis) at standard test conditions for both CAS and MBR bioreactors were 
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48% and 53% respectively. The test statistic values (p<0.05) were at confidence level of 

greater than 98%. The higher biodegradation for MBR sludge may be due to the 

enhanced adaptation of the soil based strains Bacillus brevis and Bacillus pumilus to the 

MBR sludge compared to the CAS sludge. A potential reason is that MBR sludge has 

higher density as compared to CAS, which might provide some similarity to the soil 

slurry where these bacteria thrive.   

The biodegradation conducted without bioaugmentation were not efficient. The 

bioaugmentation results were significantly different (p<0.05) with an increase of 26% 

removal efficiency. Seed supplement with soil based strains was used for 

bioaugmentation of the sludge similar to the strategy adopted for aerobic degradation of 

TBBPA by Li et al. (2014). The findings in this research thus support previously 

published findings for the biodegradation removal of TBBPA. The aerobic 

biodegradation of TBBPA in biological wastewater treatment is thus one of the potential 

mechanisms of removal.  

The rate of degradation for TBBPA in batch bioreactors was determined using 

universal first order degradation kinetics and is expressed by Equation 5.1: 

tkt bioe
C

C 


0

------------------------------------------------------------------- (5.1) 

where 0C = initial concentration of TBBPA (ng/L) and tC = concentration of 

TBBPA (ng/L) at incubation time, t; biok = first order biodegradation rate constant for 

TBBPA in the batch system (day
-1

). The biodegradation rate constant, biok can be 

obtained from Equation 5.2: 
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Figure 5.1 TBBPA Biodegradation in bioaugmented CAS sludge and MBR sludge.  

 

Figure 5.2 shows the degradation data plotted on a semi-log plot of the 

ln(concentration) versus time. Each point is the average of duplicate extractions with 

standard deviations. The calculated rate constant, biok , for activated sludge was 0.127 d
-1

 

and for MBR sludge was 0.171 d
-1

. Li et al. (2014) found aerobic degradation rate 

constants for TBBPA of k = 0.026 d
-1

 in an amended (bioaugmented) system and k = 

0.017 d
-1

 in unamended system. Chang et al. (2012) reported an aerobic degradation rate 

of 0.077 d
-1

 for TBBPA using river sediment. However, higher degradation rates in this 

case, when compared to the literature, were possible due to the optimum degradation 

conditions present in the bioreactors due to bioaugmentation.  
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Figure 5.2 TBBPA degradation rate constants in batch bioreactors. 

Thus the laboratory studies support the potential for TBBPA biodegradation by 

heterotrophic and nitrifying bacteria in CAS sludge. It can be concluded from the batch 

experiments that the biodegradation provides a  contributory effect to the removal of 

TBBPA in wastewater treatment. The average removal of TBBPA at 83% from Guelph 

municipal wastewater was thought to be the combined effect of biosorption and 

biodegradation (Islam et al., 2014a). 

5.4.2 Nitrifying Bioreactors 

Figure 5.3 shows the biodegradation trends of TBBPA in a nitrifying batch 

bioreactor system when TBBPA was incubated with nitrifying inhibitors. Both the 

inhibited and uninhibited tests for the concomitant degradation of organic matter with 

TBBPA were plotted in Figure 5.3. It should be noted that similar seed supplement was 

used for both experiments except that a longer incubation period was used for the 

uninhibited test. The uninhibited test with longer incubation was used to estimate NBOD 
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according to Standard Methods (APHA, 2012). The average CBOD was determined to be 

in the range of 300-350 mg/L while NBOD was estimated to be in the range of 80-100 

mg/L. The biological removals of TBBPA with the organic matter degradation during 

CBOD and NBOD tests were 78% and 88% respectively. The higher biological removal 

was observed for the test conducted without nitrifying inhibitor. In this case, higher 

incubation period may have affected the degradation. Accordingly, further studies are 

required to reach to a rigorous conclusion about the nitrifying bacterial degradation of 

TBBPA. 

 

Figure 5.3 Degradation in nitrifying bioreactors during CBOD and NBOD removal.  

 

5.4.3 Metabolites and Metabolic Mechanisms 

Microbial mediation of degradation processes is the key metabolic mechanism for 

the biological removal of TBBPA from wastewater. Aerobic biotransformation involves 

different metabolic pathways of metabolite formation than anaerobic degradation. 

Bioaugmentation of the activated sludge by the strains of Bacillus brevis and Bacillus 
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pumilus probably provided the stimulus for the aerobic metabolism. It might be possible 

that the standard BOD test condition amended with seed and sludge initiated biological 

activity for the concomitant biotransformation of the candidate compound along with the 

organic matter.  

The tentative metabolic mechanisms for the biotransformation of TBBPA in oxic 

conditions have been illustrated. It may be noted that previously published reports so far 

were not able to isolate and identify the metabolites rather suggested based on the 

degradation of TBBPA or from an unidentified peak or from the abundance of the 

fragment ions (Gerecke et al., 2006; Li et al., 2014; Ronen and Abeliovich, 2000). The 

proposed metabolic scheme for the biotransformation of TBBPA is shown in Figure 5.4.  

 

Figure 5.4 Tentative metabolic scheme for the dominant metabolite formation. 

In the aerobic condition, reductive debromination will be a less probable process 

for biotransformation. However, microbial mediation of reductive substitution with the 

hydroxyl group may take place (Li et al., 2014). O-methylation is a common microbial 

process of detoxification for phenolic hydroxyl groups in the aromatic ring (George and 

Haggblom, 2008; Watanabe et al., 1983). Methylation increases lipophilicity and hence 
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provides more potential for the persistence in the environment to the product of 

biotransformation (IPCS, 1995; Allard et al., 1987; Covaci et al., 2009).  

Microbial o-methylation of the hydroxyl groups may happen simultaneously (less 

probable) or sequentially. In the latter case the free hydroxyl group perhaps facilitates 

resonance delocalization to the structure (4) of the above Figure 5.4 for facile 

degradation. The stereochemistry plays a pivotal role in the biotransformation of complex 

molecules. The only stereogenic centre in the entire system of structure (1) is the 

quaternary carbon where stereo-specific microbial attack is probable. Accordingly, the 

bond between the quaternary carbon and the ring carbon becomes vulnerable site for the 

side chain cleavage of the microbial biotransformation. The phenolic group might have 

facilitated electron pushing and withdrawing from the resonance conjugate system as 

shown (4) in Figure 5.4.  

The proposed biosynthetic metabolic pathway probably leads to the formation of 

the metabolite (5) and an intermediate biosynthetic precursor (6) for rearrangement 

products (7, 8) as shown in Figure 5.4.  Li et al. (2014) reported the formation of the 

similar metabolites from a study of the aerobic degradation of TBBPA in soil slurries. 

The compound (7), substituted α-methyl styrene (AMS) might undergo further 

biotransformation for stable end products. AMS and its derivatives have been identified 

as the metabolic products of cumene (Chen et al., 2011). The naturally occurring cumene 

type compound (8) is a common component in crude oil. It was found in soil, water, air 

and industrial effluent samples (IPCS, 1999).  

The stereo-biosynthetic mechanisms of major metabolites formation from TBBPA 

have been illustrated by the proposed metabolic pathway. The only quaternary carbon 
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stereocentre (1) that is remote from the other functional groups might have played a vital 

role for the stereospecific bioactivity and microbial transformation. The proposed 

metabolic scheme will be helpful for better understanding and elucidating the degradation 

mechanisms, metabolite formation and fate kinetics of TBBPA biodegradation in 

wastewater. 

5.5 Conclusions  

This research quantified a biodegradation process for the concomitant 

biotransformation of TBBPA during degradation of wastewater organic matter. 

Bioaugmentation might have facilitated cometabolic biotransformation of TBBPA by 

heterotrophic bacterial community. The use of two soil based strains Bacillus brevis and 

Bacillus pumilus was the advantage of the bioaugmentation process. As a result of the 

stimulation effect by the modification of the bioreactor system by using two soil strains, 

effective biodegradation in the activated sludge or in the aerated membrane sludge was 

mediated.  

A metabolic pathway of biotransformation has been proposed on the basis of 

biosynthetic and stereo-mechanistic theories. The metabolic mechanisms will be useful 

for degradation and fate kinetic studies of TBBPA in wastewater. The potential for 

biotransformation of TBBPA has been indicated by the laboratory experiments of batch 

bioreactors and nitrifying bioreactors. The biotransformation of TBBPA with 

bioaugmentation may be a useful strategy to apply to the biological wastewater treatment 

process, a dominant process for most organic pollutants removal from wastewater (Lee 

and Peart, 2002). 
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CHAPTER 6  
 

FATE KINETIC COEFFICIENTS AND CORRELATION MODELS FOR TBBPA 

Chapter 6 illustrates various fate kinetic coefficients and correlation models for 

the removal of TBBPA from wastewater. This chapter is written in a publication format 

for submission to the Journal of Water Reuse and Desalination. However, some portions 

of research findings have been presented in the Joint Annual Conference of 

OWWA/OMWA, London, Ontario. 

Research papers based on Chapter 6: 

1. Mohammad Showkatul Islam, Hongde Zhou and Richard G. Zytner (2014b). 

Sorption kinetic coefficients for Tetrabromobisphenol A (TBBPA) in a 

wastewater sludge matrix from the Guelph municipal wastewater treatment 

system. Proceedings of OWWA/OMWA Joint Annual Conference, London, 

Ontario, Canada, May 4-7. 

2. Mohammad Showkatul Islam, Hongde Zhou and Richard G. Zytner (2015b). 

Fate kinetic coefficients and correlation models for Tetrabromobisphenol A 

(TBBPA) in membrane bioreactors and conventional activated sludge process. 

Journal of Water Reuse and Desalination, IWA Publishing (submitted). 

6.1 Abstract 

Tetrabromobisphenol A (TBBPA) is a fire retardant with endocrine disruption 

properties, which unfortunately has been detected in trace amounts in various 

environmental samples. Studies have shown that TBBPA enters the aquatic environment, 

sediments, soils and biota predominantly through the wastewater treatment process. The 
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dominant contributor to the fate and transport of TBBPA in wastewater is biosorption by 

the sludge matrix. Accordingly, the goal of this research was to determine the fate 

kinetics, biosorption correlation models and mechanisms of TBBPA from both 

conventional activated sludge (CAS) and membrane bioreactor (MBR) systems. One of 

the challenges in working with TBBPA is its adsorption to the glass vessel. As such, a 

series of experiments were conducted to determine the wall loss partition coefficient, KW 

and different fate kinetic coefficients. These coefficients for TBBPA are not available in 

the literature. Therefore, it was attempted to estimate them experimentally for 

corresponding substitution in to the empirical model values. The pertinent partitioning 

parameters such as the solid-liquid phase coefficient, logKP (4.53), sludge matrix organic 

carbon coefficient, logKOC (6.05) and glass wall partition coefficient, KW (0.053) were 

determined experimentally for the fate kinetics and partitioning models of TBBPA in two 

biological processes. The experimental data from the biosorption study were also fitted to 

Freundlich, Langmuir, Temkin, Toth, Redlich-Peterson, Sips, BET, Jovanovic and 

Dubinin-Radushkevich biosorption isotherm models to estimate the isotherm constants. 

The magnitude of the characteristic isotherm constants indicates the suitability of the 

models to engineering application. 

6.2 Introduction  

The environmental fate and transport of TBBPA has a strong inter-relation to the 

partitioning of TBBPA in aqueous phase and wastewater sludge matrix. TBBPA is 

introduced to the aquatic environment and ultimately to the other environmental 

compartments through wastewater (Lee and Peart, 2002; Covaci et al., 2009; Labadie et 

al., 2010; McPhedran et al., 2014). Essential plastic commodities of daily life containing 
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TBBPA as a fire retardant component are the major cause of its increasing abundance 

either in wastewater or in  landfills. TBBPA has been found in biota, blood serum, human 

milk and adipose tissues (Frederiksen et al., 2007; Thomsen et al., 2002; Cariou et al., 

2005). 

Organic carbon content may be the dominant constituent for the adsorption of 

TBBPA in the activated sludge (Gao et al., 1997; Field, 2006). As such, the sludge-water 

partitioning and the fate of the analyte TBBPA was investigated in this research from 

experimentally determined pertinent physical parameters. Schwarzenbach and Westall 

(1981) reported the relationship between partitioning of chemical pollutants and the 

fraction of organic carbon of the sorbent. The partition coefficients were significantly 

higher for the sorbents containing greater than 0.1% organic carbon. However, relatively 

small partition coefficients were found when the organic fraction was less than 0.1%. It is 

evident that the behaviour and fate of organic compounds in the environment is greatly 

affected by the presence of organic matter.  

The organic carbon is measured by the oxidation of the organic matter to carbon 

dioxide. The organic carbon content can be converted to the organic matter content by 

multiplying with a conversion factor. The factors 1.86, for peat soils, and 1.72, for 

mineral soils were found applicable for the estimation of organic matter (Delle Site, 

2001). Activated sludge is rich in biomass and the factor was found to be 1.59 for 

conversion of the total organic carbon content to the organic matter content (Dignac et 

al., 2000). The fraction of organic matter in the sludge can be obtained from the 

measurement of VSS and TSS. The direct measurement of the organic carbon 

concentration by TOC analyzer may allow estimation of organic fractions in the total 
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solids for developing the partitioning model. Accordingly, the normalized values for KOM 

or KOC can be used for the fate, transport and kinetics of organic chemicals in soil, 

sediment and sludge matrix (Karickhoff et al., 1979; Dobbs et al., 1989; Zhao et al., 

2006). 

The structure, texture, physical and biological composition of an activated sludge 

matrix is quite different from the soil matrix. In the activated sludge process, the sorbent 

is completely suspended in wastewater. There are many other factors that may influence 

the normal distribution of pollutants differently in the sludge matrices. Activated sludge 

containing microbial consortia provides enhanced sorption referred to as biosorption 

(Aksu, 2005; Vijayaraghavan and Yun, 2008; Srinivasan and Viraraghavan, 2010; Islam 

et al., 2014). Activated sludge is a composite of live and dead microorganisms with a 

large surface area, between 0.82 to 1.66 m
2
/g (Wang et al., 1993). Biosorption 

accompanied by diffusive penetration inside the cell membrane allows increased 

accumulation of organic contaminants in  the sludge. Biosorption depends on the 

chemical nature of the contaminant, the surface properties of biosorbent, diverse 

interactions and environmental conditions (Aksu and Isoglu, 2007).  

Biosorption is a consequence of surface energy due to the attractive force between 

the atoms of the sorbate and the sorbent surface. The atoms on the surface of a system 

experience bond deficiency since they are not surrounded by other atoms. Biosorption is 

a complex phenomenon involving physical, biological, chemical, kinetic, thermodynamic 

and mass transfer processes. Depending on the interpretation of the system interactions, 

there are numerous equations and models available in the literature (Fo and Hameed, 
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2010; Paska et al., 2014). Biosorption isotherm model equations have been reviewed for 

estimating the model coefficients for TBBPA from the experimental data.  

The applicability of various models was tested to extract the estimates of different 

partitioning coefficients for the fate and transport of TBBPA. Isotherm model fittings 

demonstrate the potential of biosorption capacity for the candidate compound with 

respect to the sorbate-sorbent interactions of the fitted model.  

If the experimental data show goodness of fit with multiple models, then the 

potential of biosorption for the candidate compound becomes more obvious, i.e., highly 

favourable in terms of the theoretical model assumptions. Multiple model fittings indicate 

high possibilities of diverse combinations of binding site availability and layer formation 

for biosorption process (Samarghandi et al., 2009; Foo and Hameed, 2010; Paska et al., 

2014). Therefore, it can be concluded from the excellent curve fittings for TBBPA with a 

number of models that the dominant mechanism for the removal of TBBPA from 

wastewater processes is biosorption.  

 The correlation models provide an easy means of assessing fate, partitioning and 

transport of the contaminant without time consuming laboratory effort. The important 

purpose of the correlation models is to develop engineering tools for environmental 

management planning, monitoring, problem identification, impact assessment, risk 

assessment, pollution load evaluation and mitigation of transboundary migration. 

Studies demonstrated that the partitioning parameters are directly related to the 

partition coefficients and constants (Birkett and Lester, 2003). The distribution of the 

target compound depends on the extent of the increase or the decrease in the model 

constants at equilibrium. An excellent linear relationship from the regression analysis 
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indicates high potential for the prediction of the parametric values by the correlation 

models (Schwarzenbach et al., 2003). The models developed from the experimental data 

produce more reliable results than empirical models and will be better predictors of what 

takes place in the field.  

 

 

 

 

 

 

 

 

 

 

 

 

 

6.3 Overview of Biosorption Isotherm Models 

The isotherm models (Paska, 2014; Foo and Hameed, 2010; Hadi et al., 2010) are 

justified from the curve fittings by plotting equilibrium sorbate concentrations in two 

phases (qe, Ce). The equilibrium concentrations are measured after establishing the 

equilibrium in the system with sufficient mechanical mixing and reaction time.  
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The summary of the notations and nomenclatures used for the various models are 

given in Table 6.1. 

Table 6.1 Notations and Nomenclature 

qe Equilibrium sorbate conc. in the solid 

(ng of sorbate TBBPA/mg of sludge) 

β Redlich-Peterson model exponent 

(-) 

Ce Equilibrium sorbate conc. in the liquid 

(ng of sorbate/L of liquid phase) 

KS Sips isotherm constant (L  liq. 

/mg sludge) 

KF Freundlich isotherm constant (L  

liq./mg sludge) 

m Sips isotherm exponent (-) 

n Freundlich biosorption intensity (-) B BET isotherm constant (L liq./mg 

sludge) 

qm Maximum biosorption capacity (ng 

sorbate/mg of sludge ) 

qs Biosorption saturation capacity 

(ng sorbate/mg sludge) 

KL Langmuir isotherm constant (L 

liq./mg sludge) 

Cs Saturation conc. for monolayer 

(ng sorbate/L liq.) 

RL Separation factor (-) KJ Jovanovic isotherm constant (-) 

C0 Initial sorbate concentration (ng 

sorbate/L liq.) 

BD Dubinin-Radushkevich constant 

(kJ energy/mol of sorbate) 

KT Temkin isotherm binding constant (L 

liq./mg sludge) 

Ε Polyani potential energy (kJ 

energy/mol sorbate) 

b Sorbate-biosorbent interaction energy 

(kJ energy/mol) 

KHJ Harkin-Jura isotherm constant (L 

liq./mg sorbate) 

R Universal gas constant (kJ energy/mol 

sorbate/K temperature) 

AHJ Harkin-Jura model coefficient (-) 

T Temperature (K) KH Halsey isotherm constant (-) 

Kt Toth equilibrium constant (ng 

sorbate/mg sludge) 

K Biosorption equilibrium constant 

(L liq./mg sludge)  

t Toth isotherm heterogeneity factor 

(fractional value) 

∆G Gibbs free energy change (kJ 

energy/mol sorbate) 

KR Redlich-Peterson isotherm constant (L 

liq./mg sludge) 

∆H Enthalpy change of biosorption 

(kJ energy/mol sorbate) 

αR Redlich-Peterson model coefficient (L 

liq./mg sludge) 

∆S Entropy change of biosorption (kJ 

energy/K temperature) 
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The Freundlich isotherm equation is the best suited model for partitioning of the 

most organic compounds in activated sludge (Clara et al., 2004; Dobbs et al., 1989). 

According to the Freundlich adsorption, the heat of sorption decreases exponentially with 

the coverage of the sorbent surface. In this case, the sorbate TBBPA undergoes 

interactions with the heterogeneous surface of the biosorbent activated sludge. The 

Freundlich isotherm model for activated sludge biosorption can be expressed as follows: 

n

eFe CKq 1 ----------------------------------------------------------- (6.1) 

where, KF is the Freundlich constant, indicating the biosorption capacity of sludge 

(L/mg) and 1/n is the exponent, indicating biosorption intensity of TBBPA. The linear 

form of the equation can alternatively be written as: 

)log()
1

()log()log( eFe C
n

Kq  --------------------------------- (6.2) 

The Langmuir isotherm model (Langmuir, 1916) was formulated for the 

monolayer formation with the fixed maximum capacity of surface coverage. This model 

is based on the following assumptions: i) finite number of identical sites homogeneously 

distributed over the biosorbent surface, ii) monolayer coverage of the biosorbent surface, 

iii) no interactions between molecules for the biosorption process. The Langmuir 

isotherm equation can be represented as:  

eL

eLm
e

CK

CKq
q




1
-------------------------------------------------- (6.3) 

where, qm (ng/mg) is the maximum biosorption capacity of the sludge to form a 

monolayer with TBBPA and KL is the Langmuir constant, indicating the affinity of the 

binding sites of sludge for TBBPA (L/mg). KL is related to the free energy of biosorption. 

The linear form of the Langmuir model can be written as: 
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mL

e

me

e

qK
C

qq

C 1
)(

1
 --------------------------------------------------------- (6.4) 

Alternatively, 
emLme CqKqq

111
 ------------------------------------------------------ (6.5) 

Hall et al. (1966) introduced a dimensionless constant known as separation factor, 

RL for predicting the suitability of the Langmuir isotherm. The separation factor is 

defined as: 

01

1

CK
R

L

L


 ---------------------------------------------------------------- (6.6) 

where, C0 is the initial concentration of TBBPA (ng/L) in solution. The values of the 

coefficient is indicative of whether the process will be favourable (0<RL<1), 

unfavourable (RL>1), linear (RL=1) or irreversible (RL=0). 

The Temkin isotherm model takes into account the biosorbent-sorbate interactions 

on biosorption. This model assumes that the heat of biosorption will decrease linearly 

with the monolayer coverage of the surface. The Temkin isotherm equation is expressed 

as: 

)ln( eTe CK
b

RT
q  ------------------------------------------------------------ (6.7) 

Alternatively, )ln()ln( eTe C
b

RT
K

b

RT
q  ------------------------------------------- (6.8) 

where, KT is the Temkin biosorption constant, indicating equilibrium binding 

constant (L/mg) and b is the variation in energy due to biosorbent-sorbate interaction, 

indicating the heat of biosorption (kJ/mol). R refers to the universal gas constant 

(J/mol/K) and T is the absolute temperature. 



 

 79 

The Toth equation is a modification of the Langmuir isotherm for describing 

multilayer formation in a heterogeneous biosorption process. The Toth isotherm model is 

expressed as:  

tt

et

em
e

CK

Cq
q

/1)( 
 --------------------------------------------------- (6.9) 

where, qm is the Toth maximum adsorption capacity (ng/mg), Kt is the Toth equilibrium 

constant and t is the isotherm heterogeneity factor, indicative of biosorption intensity. 

The Redlich-Peterson isotherm equation incorporates both Freundlich and 

Langmuir features for a best fit biosorption isotherm model. The isotherm equation is 

expressed as:  

 eR

eR
e

C

CK
q




1
-------------------------------------------------------- (6.10) 

where, KR is the Redlich-Peterson isotherm constant (L/mg) and αR is model coefficient 

(L/mg). 

Alternatively linear form: 

Re

e

eR C
C

qK
 lnln)1ln(  ---------------------------------------------- (6.11) 

The equation becomes Freundlich type isotherm model if the exponent β 

approaches zero and becomes Langmuir model if β approaches unity. 

The Sips isotherm model is a modified form of Langmuir equation for 

accommodating Freundlich isotherm model features. The Sips model equation is 

expressed as: 

m

eS

m

eSm
e

CK

CKq
q

/1

/1

1
 ----------------------------------------------------------- (6.12) 
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where, qm is the maximum sorption capacity (ng/L) and KS is the Sips isotherm constant 

(L/mg). 

At low sorbate concentrations, it reduces to a Freundlich isotherm equation while 

at high concentrations or at unity for the value of Sips exponent (m=1), it becomes equal 

to the Langmuir isotherm. 

The Brunauer, Emmett and Teller (BET) isotherm was formulated for multilayer 

formation. It assumes a random distribution of sites that are empty or that are covered 

with by one monolayer, two layers and so on. The main equation of this model is: 

)]/)(1(1)[( sees

es
e

CCBCC

BCq
q


 --------------------------------- (6.13) 

where B, qs, and Cs are BET adsorption constant (L/ng), the isotherm saturation 

capacity (ng/mg) and sorbate monolayer saturation concentration respectively. 

Jovanovic (1969) proposed a model for the monolayer formation upon criticism 

and correction of BET and Langmuir models. The Jovanovic isotherm model relationship 

is expressed as: 

)1( eJCK

me eqq  ---------------------------------------------------- (6.14) 

where, KJ is the Jovanovic constant. 

Dubinin and Radushkevich reported that the sorption characteristic is related to 

the porous structure of the biosorbent (Dubinin, 1960; Hutson and Yang, 1997). The 

Dubinin-Radushkevich isotherm equation is generally expressed as: 

]exp[ 2Dse Bqq  --------------------------------------------------- (6.15) 

where, BD is the Dubinin-Radushkevich model constant, related to the mean free 

energy of sorption per molecule of the sorbate. This energy term (  ) was coined from the 
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thermodynamic interpretation of Polyani adsorption potential energy (Hutson and Yang, 

1997; Hadi et al., 2010). The parameter ε can be calculated from the equation:  

)
1

1ln(
eC

RT  -------------------------------------------------------- (6.16) 

The mean free energy (E) per mole of sorbate for the transfer to the surface of the 

solid from infinite distance in the solution (kJ/mol) can be computed using the following 

relationship (Hobson, 1969; Hasany and Chauddhary, 1996):  

DB
E

2

1
 -------------------------------------------------------- (6.17) 

The Harkin-Jura isotherm accounts for multilayer formation with respect to the 

existence of heterogeneous pore distribution. The model equation is represented as: 

2/1)
log

(
eHJ

HJ
e

CK

A
q


 --------------------------------------------------- (6.18) 

The Halsey isotherm model is suitable for multilayer adsorption with an account 

for heteroporous nature of the biosorbent and is given by the relationship: 

)
lnln

exp(
h

CK
q eH

e


 ----------------------------------------------- (6.19) 

Biosorption is a consequence of surface free energy change due to the interaction 

of sorbate-biosorbent molecules. The thermodynamics of biosorption process can be 

studied from the thermodynamic equations of biosorption. The free energy change (∆G
0
), 

the enthalpy change (∆H
0
), and the entropy change (∆S

0
) can be computed using the 

following thermodynamic relationships: 

KRTG ln0  ------------------------------------------------------ (6.20) 

  
RT

H

R

S
K

00

ln





 ------------------------------------------------ (6.21) 
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e

e

C

q
K  -------------------------------------------------------------- (6.22) 

where, K is the equilibrium constant for biosorption (L/mg), R is the universal gas 

constant (J/mol/K), T is the absolute temperature (K), qe is the amount of TBBPA 

adsorbed on the sludge at equilibrium (ng/mg), Ce is the equilibrium concentration of 

TBBPA in the solution (ng/L). 

The fate and transport properties of organic pollutants in wastewater depend on 

the magnitude of partitioning coefficients. A number of transport and fate models are 

available for hydrophobic organic compounds in soil (Delle Site, 2001) whereas the 

existing fate models for brominated flame retardants in activated sludge are  very limited. 

The objective of this research was to determine the partition coefficients and the 

correlation models for TBBPA from the relevant experimental data.  

6.4 Methodology   

6.4.1 Materials 

All chemicals and reagents were purchased from Fischer Scientific Canada unless 

otherwise specified. Most chemicals were ACS grade and all solvents used were HPLC 

grade. Whatman GF/B filters, Whatman GF/F, Whatman 0.2 nylon membrane and 

nucleopore polycarbonate filters (Cat. No 0930069) were purchased from Fisher 

Scientific. Helium (99.9999%) and methane (99.9999%) were supplied by BOC Canada 

(Guelph, Ontario). Milli-Q water was produced from a Milli-pore Ultrapure Water 

System. 
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6.4.2 Extraction and Analysis 

The extraction and analysis of aqueous samples for injecting to the GC-MS 

system require multiple steps of processing. The analysis process flow diagram is shown 

in Figure 6.1. 

 

Figure 6.1 Process flow diagram for wastewater sample 

The quantitative estimation was performed by an Agilent 6890N GC equipped 

with an autosampler injector. The signal detector for quantification was an Agilent 5975 

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

was used as the reagent gas for the negative ion source and was maintained at 40% of 

flow. The system was run in negative chemical ionization (NCI) mode. The select ion 

monitoring (SIM) acquisition was chosen for higher sensitivity of the method. The 

interface, inlet and quadrupole temperatures were maintained at 250 ºC, 250 ºC and 150 

ºC respectively. The ions monitored were 79 and 81 m/z for TBBPA, 71 and 74 m/z for 

DDT.  



 

 84 

Total organic carbon (TOC) was measured by a Shimadzu TOC-V unit equipped 

with a solid sample module 5000A. Calibration curves were developed and updated 

frequently as specified in the standard methods (APHA, 2012). Basic water quality 

parameters such as dissolved oxygen (DO), pH and temperature were recorded 

immediately after sample collection using a pH/conductivity/DO meter (probe model 

sensION6, Hach, USA). 

6.4.3 Pertinent Equations for Experimental Measurements 

Adsorption losses on to the container wall for the determination of organic 

compounds have been reported (Kerr et al., 2000; Kokkola et al., 2014). Similar to other 

organic compounds, TBBPA has a tendency to be adsorbed on to the surface of the glass 

vessel indicating adsorptive losses (Covaci et al., 2009). Thus, care must be taken to 

compensate for the adsorption losses.  To account for TBBPA’s tendency to be adsorbed 

on to the surface of the glass vessel, the vessel-wall partition coefficient (KW) was 

determined, which represents the partition coefficient between the glass wall and the 

aqueous phase (after Backhus and Gschwend, 1990): 

KW mL cm
-2

 =
 

   VSATBBPA

TBBPA

Aq

Wall

/.

------------------------ (6.23) 

The organic carbon partition coefficient (KOC) of activated sludge was estimated 

from Equation 6.24: 

 
 

   VSAKOCK
TBBPA

TBBPA
WOC

Aq

Tot /1   ----------------- (6.24) 

where, KOC = Organic carbon partition coefficient (L/mg) 

KW = Vessel wall partition coefficient (mL/cm
2
) 
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[OC] = Organic carbon concentration (mg/L) 

[SA/V] = Surface area to volume ratio of the container (cm
2
/L) 

Sorptive partitioning to activated sludge was estimated from the sludge-water 

partition coefficient, KP (L/mg). The solid-liquid partition coefficient is given by the 

following Equation 6.25:  

 
 

   
 Aq

AqTot

Aq

Sorp

P
TBBPA

TBBPATBBPA

TBBPA

TBBPA
K


 --------------- (6.25) 

The solid phase concentration, Cs (ng/mg) was not measured in this study for the 

determination of sludge-water partition coefficient. But it was calculated from the 

difference of the total concentration and dissolved concentration of TBBPA. 

6.4.4 Batch Experiments 

6.4.4.1 Batch Experiments for KW 

The wall loss coefficient was determined by spiking 100 µL of TBBPA solution 

in acetone to 500 mL Milli-Q water in borosilicate glass Erlenmeyer flasks. The 

equilibration period was over 24 h to achieve complete equilibrium before extraction and 

analysis. The time recommended for establishing equilibrium is the minimum mixing of 

half an hour (US EPA, 1996). The flasks were wrapped with aluminum foil and placed in 

a dark chamber for 36 h in order to avoid photo-degradation losses. The concentration of 

the content by calculation was 100 ng/L after spiking. The initial aqueous concentration 

was estimated experimentally from the instantaneous extraction and quantification of the 

spiked solutions. The wall loss coefficient (KW) was determined from the geometry and 

equilibrium concentrations between aqueous phase and borosilicate glass surface by 

using Equation 6.23.  
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6.4.4.2 Batch Experiments for KOC and KP 

The fraction of organic carbon in the sludge was obtained from the measurement 

of the organic carbon concentration. Organic carbon content in activated sludge was 

measured by a TOC analyzer while the spiked concentration of TBBPA was extracted 

and analyzed in parallel by GC-MS following the method protocol (Figure 6.1) for the 

determination of KOC. For each sample analysis, diluted sludge (not filtered sludge) was 

used for organic carbon measurement by TOC analyzer. One mL of fresh activated 

sludge was diluted to 1000 mL in a volumetric flask. The diluted sludge was transferred 

to the bioreactor (300 mL BOD bottles) in varying amounts. TBBPA standard solution 

(90 µL) was spiked to each bioreactor while stirring. The TOC analyzer suction tube was 

inserted into the continuously stirred bioreactors approximately at the midpoint for actual 

representation of the organic carbon. The organic carbon concentration was recorded 

from the analyzer reading and the remaining solution was used for extraction, analysis 

and quantification by GC-MS. Equation 6.24 was used for the computation of the organic 

carbon coefficient, KOC. Sample calculations are shown in appendix section. 

Fate partitioning and distribution of TBBPA to activated sludge was estimated 

from the sludge-water partition coefficient (KP). The concentrations of TBBPA in the 

aqueous phase and sludge were determined as detailed in the process flow diagram of 

Figure 6.1. Fresh activated sludge and MBR sludge was added to BOD bottles in varying 

amounts. Standard solution of TBBPA (50 µL) was added to each bioreactor bottles in 

stirred condition. The mixtures were extracted and analyzed for TBBPA quantification in 

sludge phase and aqueous phase. The sludge phase TBBPA was estimated from the 

concentration difference of the total TBBPA and the dissolved phase TBBPA. In this 
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study only aqueous phase determination was accomplished by the developed method. 

Equation 6.25 was used for the computation of the required parameters. 

6.4.4.3 Batch Experiment for Biosorption Coefficients 

Biosorption of TBBPA was studied by using fresh sludge collected from the 

aeration basin of the CAS process and from the aeration tank of the MBR pilot plants at 

the Guelph municipal wastewater treatment plant (GWWTP). Biosorption isotherms were 

developed to explain the partitioning behaviour of TBBPA in both MBR and CAS 

sludge. Different mathematical models have been applied to evaluate the goodness of fit 

for the experimental data. A set of biosorption partition coefficients for TBBPA were 

generated from the analysis of experimental data using isotherm equations.  

Sludge samples from both biological reactors were collected in amber glass 

containers, placing them in an ice chamber. Samples were then brought immediately to 

the environmental engineering laboratory, University of Guelph for analysis.  

US EPA guidelines (1996) recommend a minimum half an hour of stirring of the 

mixture to establish equilibrium for an adsorption study. Accordingly, the extraction was 

carried out after 2 h of spiking to allow enough time for achieving equilibrium. The 

reacting vessels were continuously stirred during the equilibration period. Fresh sludge in 

varying amounts was added to each reaction vessel for developing biosorption isotherms. 

The volumes of sludge directly added to each reactor were 0, 1, 2, 4, 6, 8, 10, 12 and 15 

mL respectively. The spiked concentration of TBBPA in the reacting vessels was 30 

ng/L. The pH and temperature of the test solutions were recorded at 7.1 and 21.5 ºC for 

CAS sludge and 6.82 and 21.3 ºC for MBR sludge respectively.  
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The extraction, analysis and estimation of experimental samples were 

accomplished as shown in the process flow diagram of Figure 6.1 of the methodology 

section. Biosorption coefficients were estimated from the experimental data using various 

isotherm model equations. Sample model solutions for obtaining isotherm values are 

provided in the appendix section. 

6.5 Results and Discussions  

6.5.1 Partitioning Coefficients KW, KOC, KP 

The vessel-wall partition coefficient was determined in the laboratory. The 

measurement was done in triplicate experiments and the average experimental value was 

0.053 mL/cm
2
. This value serves as the correction coefficient for a unit volume of 

TBBPA solution per unit surface area of borosilicate glass. The correction coefficient 

compensates for the adsorptive losses on to the vessel wall for the determination of 

TBBPA. Table 6.2 shows the experimental result for the determination of the correction 

coefficient.    

Table 6.2 Experimental data for wall loss coefficient 

Aqueous phase 

TBBPA conc. 

TBBPA]Aq. ng/L 

Vessel wall  

TBBPA conc. 

[TBBPA]Wall ng/L 

Surface area to 

volume ratio 

[SA/V] cm
2
/L 

Wall loss coefficient  

 
   VSATBBPA

TBBPA
K

Aq

Wall

W
/.

  

mL/cm
2
 

83.58 16.42 4.26 0.047 

81.53 18.48 4.26 0.053 

79.98 20.02 4.26 0.059 

Average 0.053 

 



 

 89 

Backhus and Gschwend (1990) was the first to indicate the partitioning of the 

polycyclic aromatic compounds to the glass vessels with a wall loss coefficient, KW = 

0.33 mL/cm
2
. TBBPA has a low KW value as it is less hydrophobic than polycyclic 

aromatic compounds since it has two polar hydroxyl groups attached to each benzene 

ring. It was expected that the adsorption losses to glass vessel will be much less than 

polycyclic aromatic hydrocarbons. Accordingly, the estimated value KW = 0.053 mL/cm
2
 

is acceptable for the compound TBBPA.  

The organic carbon partition coefficients (KOC) and sludge-water partition 

coefficients (KP) for activated sludge were determined in the laboratory. The details of 

the experimental data are shown in Table 6.3.  

Table 6.3 Experimental data of activated sludge logKOC and logKP   

No  Vol. of diluted  

sludge 

mL  

[OC] 

mg/L  

logKOC  

L/mg 

logKP  

L/mg 

1  1  0.523 5.80 4.32 

2  2  0.615 5.87 4.50 

3  4  1.427 5.98 4.51 

4  6  1.743 6.00 4.54 

5  8  2.161 6.01 4.57 

6  10  2.299 6.10 4.61 

7  12  3.220 6.20 4.62 

8 15  3.717 6.21 4.63 

Average 6.02 4.54 
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The experimental data for the organic carbon partition coefficients (KOC) and 

sludge-water partition coefficients (KP) for MBR sludge are shown in Table 6.4. 

Table 6.4 Experimental data of MBR sludge logKOC and logKP   

No  Vol. of diluted  

sludge 

mL  

[OC] 

mg/L  

logKOC  

L/mg 

logKP  

L/mg 

1  1  0.96 5.64 4.21 

2  2  1.414 5.65 4.24 

3  4  1.556 5.71 4.30 

4  6  2.427 5.73 4.31 

5  8  3.050 5.82 4.32 

6  10  3.364 5.84 4.33 

7  12  3.914 5.85 4.34 

8 15  4.106 5.86 4.39 

Average 5.76 4.31 

The resulting logKOC value is 6.02, with logKP equal to 4.54 for activated sludge. 

The corresponding values for MBR sludge are 5.76 and 4.31 respectively. The organic 

carbon partition coefficient, KOC is more of an intrinsic parameter than KP. KOC is 

specific to the type of organic matter present in the biological process. The value of 

logKOC > 3 provides a high potential for sorption to the sludge (Birkett and Lester, 2003). 

Accordingly, the higher average value of KOC for TBBPA indicates the higher 

biosorption potential in activated sludge (Islam et al., 2014a). 

 The solid-water partition coefficient, KP is a phase equilibrium constant which 

approaches to Freundlich constant (KF) if the exponent of biosorption intensity (1/n) 

becomes unity. The linear partition coefficient KP can be combined with Langmuir 

isotherm or Freundlich isotherm to model complex biosorption mechanisms covering a 
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wide range of concentrations (Schwarzenbach et al., 2003; Wang et al., 1993). The 

resulting combined form of the biosorption isotherm equations can be expressed as: 

 
eL

eLm
ePe

CK

CKq
CKq




1
-------------------------------- (6.26) 

n

eFePe CKCKq /1 ------------------------------------ (6.27) 

Partitioning parameters are empirically related to each other for developing the 

fate model. If the proportion of organic carbon content increases, the propensity of 

sorptive partitioning to sludge increases (Birkett and Lester, 2003). The hydrophobicity 

of organic compounds is dependent on the organic carbon partition coefficient, KOC 

(Field, 2006). The sludge-water partition coefficient (KP) is directly related to the organic 

fraction of the sludge. The relationship was expressed empirically by Karickhoff et al. 

(1979).   

OCOCP fKK  ---------------------------------------- (6.28) 

where, fOC is the organic fraction of the sludge.  

KP is a useful parameter for prediction partitioning of organic compounds in 

biological wastewater treatment system. However, experimentally measuring the octanol-

water partition coefficient (KOW) is much easier than measuring KOC and KP from the 

sludge matrix. Accordingly, the empirical model given in Equation 6.29 was proposed for 

predicting KP from KOW, which as follows (Karickhoff, 1981):  

OWOCP KfK  41.0 --------------------------------------- (6.29) 

Later several researchers established relationships for predicting KP and KOC 

directly from KOW using the following partitioning models (Schwarzenbach et al., 2003; 

Carballa et al., 2008; Tokarz et al., 2008): 
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15.074.0  OWP KK ----------------------------------- (6.30) 

14.0log82.0log  OWOC KK ---------------------------- (6.31) 

To overcome the limitation of the empirical modeling and to establish reliable 

experimental values for the partitioning fate model of TBBPA, the partition coefficients 

have been estimated in the laboratory. 

The values obtained in this research were within the expected range of the 

estimated literature values as shown in Table 6.5. Table 6.5 provides a comparison of the 

experimental results of this study with that of the model estimated literature values. 

Table 6.5 Comparison of partitioning coefficients with Literature values 

Partitioning 

coefficients  

Experimentally 

Measured value 

 

Literature values  

(Estimated) 

logKOC 

(L/mg) 

6.02 5.43
a
 (KOCWIN, V.2.0, MCI) 

6.80
a
 (QSAR using logKOW) 

4.52
a
 (Derived from logKOW) 

logKP 

(L/mg) 

4.54 6.49
b
 (EPIWIN, V.3.04; BFRIP report) 

KW 

(mL/cm
2
) 

0.053 Not Found in Literature 

a 
Environment Canada: Physical and Chemical Properties of TBBPA 

b 
BFRIP: Data Summary and Test Plan for TBBPA 

 

6.5.2 Correlation Models 

It was observed that the organic carbon partition coefficient for TBBPA was 

linearly influenced by the increase of sludge organic carbon concentration. The fate and 

partitioning correlation models for TBBPA in the MBR and activated sludge processes 

are shown in Figure 6.2 and 6.3. The logKOC for TBBPA increases linearly (R
2
 = 0.94 for 

MBR, R
2
 = 0.91 for CAS) with the organic carbon content exhibiting similar correlation 
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with the solid-water partition coefficient logKP (R
2
 = 0.83 for MBR, R

2
 = 0.82 for CAS) 

in both biological processes.  

 

Figure 6.2 Correlation of logKOC with  logKP for MBR sludge and activated sludge 

Figure 6.3 shows linear relationship of logKOC with organic carbon for MBR sludge 

and CAS sludge. 

 

Figure 6.3 Correlation of logKOC with organic carbon  for MBR and CAS sludge 

Xia et al. (2005) reported a linear relationship of logKP with logKOW for selected 

compounds similar to the TBBPA experimental results observed in this study. The 

parameter logKOW is indeed indicative of the partitioning of the compound between 

organic and aqueous phases (Karickhoff, 1981; Dobbs et al., 1989; Schnoor, 1996). The 
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relationship between organic carbon and the octanol-water partition coefficient was 

reported for the non-polar organic compounds (Schwarzenbach and Westall, 1981; 

Birkett and Lester, 2003). The experimental data for a large set of organic compounds 

(n=186) summarized by Schwarzenbach et al. (2003) that follows the linear model:  

bKaK OWOC  loglog -------------------------------- (6.32) 

The correlation models developed in this study from the plotting of the 

experimental data for TBBPA in activated sludge can be represented as: 

bKaK POC  loglog -------------------------------- (6.33) 

dOCcKOC  ][log ----------------------------------- (6.34) 

The correlation models developed for TBBPA in MBR sludge can be given as: 

fKeK POC  loglog -------------------------------- (6.35) 

hOCgKOC  ][log ---------------------------------- (6.36) 

Experimentally determined model coefficients will be helpful for  environmental 

engineers to predict the fate of similar hydrophobic compounds in biological wastewater 

treatment processes (Dobbs et al., 1989; Struijs et al., 1991). Schwarzenbach et al. (2003) 

have already shown the usefulness of the identical models developed from experimental 

results. Table 6.6 shows the model constants for TBBPA and other studies of linear 

regression fittings. 
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Table 6.6 Comparison table of the model constants with other studies 

Compound Slope 

a 

Intercept b Correlation of 

parameter 

R
2
 

a
Brominated 

compounds 

0.50 0.81 logKOC with 

logKOW 

0.49 

a
PCBs, Chlorinated 

benzenes,  

0.74 0.15 logKOC with 

logKOW 

0.96 

a
Chlorinated 

phenols 

0.89 -0.15 logKOC with 

logKOW 

0.97 

a
PAHs 0.98 -0.32 logKOC with 

logKOW 

0.98 

b
TBBPA 1.37  2.00×10

-1
 logKOC with 

logKP (CAS) 

0.82 

b
TBBPA  1.50×10

-1
 5.76 logKOC with 

[OC] (CAS) 

0.91 

b
TBBPA 1.36  1.00×10

-1
 logKOC with 

logKP (MBR) 

0.83 

b
TBBPA  7.00 ×10

-2
 5.58 logKOC with 

[OC] (MBR) 

0.94 

a
Schwarzenbach et al., 2003; 

b
Present study 

 

The developed linear correlation models have high values of R
2
, indicates strong 

correlation among the measured partitioning parameters, supporting the evidence for the 

use of model constants for predicting the fate and partitioning of TBBPA in wastewater 

sludge. The environmental impacts of related compounds can be estimated from the 

experimental model coefficients. The equations presented in the present study will allow 

prediction of fate, persistence and partitioning of nonvolatile, nonbiodegradable organic 

pollutants in wastewater process, sludge treatment process and landfill operation process 

(Wang et al., 1993; Dobbs et al., 1989).  
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6.5.3 Isotherm Coefficients 

Isotherm models were verified by curve fitting to extract the isotherm 

coefficients. The experimental data for TBBPA biosorption were fitted to linear 

regression equations for determining isotherm model constants. These values have been 

reported in Table 6.7 and compared with other studies for TBBPA and similar 

compounds. BPA is structurally similar to TBBPA, and also has endocrine disrupting 

properties. Compounds having identical structural features generally display similar 

physicochemical and biological characteristics. 
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Table 6.7 Comparison of biosorption coefficients with other studies 

 

 

Compound 

(Isotherm) 

Constant Unit/ 

Unitless 

Estimate R
2
 Sorbent Reference 

Bisphenol A 

(Freundlich) 

logKF L/mg -0.61 0.97 Activated 

sludge 

Clara et 

al., 2004 n - 1.49 

Bisphenol A 

(Freundlich) 

logKF L/mg 1.83 0.94 Zeolite Tsai et al., 

2006 n - 4.55 

(Langmuir) qmax ng/mg 111.10 0.96 

KL L/mg 3.10 

(Redlich-

Peterson) 

KR L/mg 140.85 0.99 

α - 1.092 

β - 0.59 

TBBPA 

(Freundlich) 

logKF L/mg 0.58 0.99 Carbon 

nanotube/

CoFe2O4-

NH2 

Zhou et 

al., 2014 n - 1.57 

(Langmuir) qmax ng/mg 30.65 0.98 

KL L/mg 0.12 

TBBPA 

(Freundlich) 

logKF  L/mg 1.74 0.94 Carbon 

nanotubes 

Fasfous et 

al., 2010 n - 3.60 

(Langmuir) qmax ng/mg 64.40 0.97 

KL L/mg 8.00 

TBBPA 

(Freundlich) 

logKF  L/mg 1.89 0.99 Soil Sun et al., 

2008 n - 0.75 

TBBPA 
(Freundlich) 

logKF  L/mg -1.49 0.74 CAS 

sludge 
This 

study 

 

 

n - 1.09 

(Langmuir) qmax ng/mg  4.90×10
-1

 0.65 

KL L/mg  2.00×10
-1

 

RL -  7.00×10
-2

 

(Temkin) KT L/mg  1.10×10
-1

 0.75 

b kJ/mol 2.00×10
-3

 

TBBPA 
(Freundlich) 

logKF  L/mg -2.92 0.86 MBR 

sludge 
This 

study 

  

 

n - 1.75 

(Langmuir) qmax ng/mg  4.00×10
-1

 0.90 

KL L/mg 2.70×10
-3

 

RL -  8.80×10
-1

 

(Temkin) KT L/mg  8.60×10
-1

 0.85 

b kJ/mol 5.10×10
-3
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Biosorption is a complex process of physical, chemical and biological phenomena 

dependent on multiple factors of the system under study. Therefore, the results reported 

in the literature fall under a wide range in orders of magnitude. BPA is structurally 

similar to TBBPA containing additional bromine atoms. The coefficients measured by 

Clara et al. (2004) were studied in sewage sludge which resembled the present study. The 

values of isotherm coefficients for TBBPA are 2.5 to 4.5 times higher in order of 

magnitude than BPA. This is reasonable with respect to the higher hydrophobicity of 

TBBPA compared to BPA. Other literature values were studied for the different sorbents 

but were very similar to the current study. Multiple model fittings were not available in 

the literature for TBBPA.  It may be that the experimental data did not fit with models or 

the authors did not apply models other than the Freundlich and the Langmuir models.   

The RL value of 0.07 for activated sludge indicates favourable biosorption for 

TBBPA and 0.88 for MBR sludge indicates favourable biosorption but less favourable 

than CAS sludge. The RL values for TBBPA on a  carbon nanotube sorbent surface were 

found to be 0.01 and 0.04 at temperature 25 ºC and 45 ºC respectively (Fasfous et al., 

2010). 

The negative value of ∆G
0
 (Equation 6.20) refers to the thermodynamic 

spontaneity of the biosorption process. Generally for physical biosorption, the values of 

∆G
0
 are in the range of 0 to -20 kJ/mol (Yu et al., 2004). The negative values of ∆G

0
 = –

7.79 KJmol
-1

 (CAS) and ∆G
0
 = –10.84 kJmol

-1
 (MBR) were calculated from the 

biosorption equilibrium. Therefore, the biosorption removal of TBBPA is a favourable 

process both kinetically and thermodynamically. Fasfous et al. (2010) reported ∆G
0
 

values for TBBPA biosorption in the range of 10.2 to -17.9 kJ/mol. 
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The values of Freundlich intensity constant, n, equal  0.92 and 0.57 for the two  

types of sludge, indicate favourable biosorption (potentially chemisorption) and 

cooperative adsorption (Foo and Hameed, 2010; Samarghandi et al., 2009). The positive 

values of adsorption energies: 2 kJ/mol and 5.1 kJ/mol, for the  Temkin model constant b 

predicts an exothermic biosorption process (Samarghandi et al., 2009). Therefore, the 

biosorption removal of TBBPA is a favourable process both kinetically and 

thermodynamically. 

The higher order three parameter model equations did not allow linear plotting of 

the experimental data (Wang et al., 1993). Thus, the complex model equations could not 

be solved for the linear regression curve fittings. Nonlinear regression analysis was 

applied to experimental data for extracting model constants using the MS Excel data 

solver (Wong et al., 2004). Most models were suitable for the curve fittings by nonlinear 

regression analysis except the Harkin-Jura and the Halsey model isotherms. These two 

models account for the heteroporous nature of the adsorbent which is not the case for 

CAS sludge (Samarghandi et al., 2009). Thus, it is obvious that these two adsorption 

models, employing pore-filling mechanisms for heterogeneous porous media, will not be 

suitable for explaining biosorption processes of TBBPA by activated sludge and aerobic 

MBR sludge.  
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The estimated isotherm coefficients obtained from the experimental data by 

nonlinear analysis are reported in Table 6.8. 

Table 6.8 Isotherm constants for TBBPA by nonlinear regression analysis 

Isotherm 

model 

Isotherm 

constant 

Unit/ 

Unitless 

Value for 

activated sludge 

Value for 

MBR sludge 

Nonlinear regression analysis 

Redlich-

Peterson 

KR L/mg  1.60×10
-1

  6.00×10
-2

 

αR - 2.58 3.57 

b - 0 0 

SSR -  6.50×10
-1

  5.00×10
-2

 

Toth qmax ng/mg 4.00×10
-2

 3.90×10
-4

 

Kt ng/mg 1.40 1.80 

t -  2.40×10
-1

  1.00×10
-2

 

SSR -  8.00×10
-1

  5.00×10
-2

 

Sips qmax ng/mg 3.80×10
3
  0.32×10

-2
 

KS L/mg 6.50×10
-3

 0.43 

m - 5.40×10
2
 1.00×10

3
 

SSR -  6.50×10
-1

  5.00×10
-2

 

BET qmax ng/mg 4.00×10
3
 5.80×10

2
 

Cs ng/L 6.60×10
2
  0.78×10

2
 

B - 6.70×10
-3

 7.90×10
-4

 

SSR -  6.20×10
-1

  8.00×10
-3

 

Jovanovic qmax ng/mg -2.40×10
-2

 -5. 80×10
-2

 

KJ -  1.00×10
-1

  1.10×10
-1

 

SSR -  3.00×10
-2

  7.70×10
-1

 

Dubinin-

Radushkevich 

qs ng/mg  9.40×10
-1

 2.70 

BD kJ/mol  0.980××10
2
  0.88×10

2
 

SSR -  1.50×10
-1

  7.60×10
-1

 

Sum of the squared residuals, SSR = 
2

1

modexp )(



n

i

qq where expq = experimental 

TBBPA  biosorption and modq   = TBBPA biosorption predicted by the model 

isotherm 

 

The nonlinear regression analysis adopts a minimization approach for the sum of 

the squared residuals (SSR) to attain the closest matching of the model equation to the 
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experimental data. KR (L/mg) is the isotherm equilibrium constant for the Redlich-

Peterson equation, which is similar to the Freundlich constant, the Langmuir constant or 

the Henry’s constant. The values of α (2.58, 2.57) are in the reasonable range as 

compared to the literature results (Wong et al., 2004). β is the exponent with a value 

between 1 and 0. When β=0, then the isotherm equation becomes identical to the form of 

Freundlich equation. That was the case for the experimental data for this study. 

The Toth isotherm is a modified form of the Langmuir equation with the 

heterogeneity factor, t. The magnitude of the factor can be between the values of a small 

fraction to unity. The other isotherm constants may acquire different values depending on 

the adsorption type. qm (ng/mg) is the maximum adsorption capacity parameter 

applicable to all types of isotherm equations such as Sips, BET and Jovanovic models. 

The characteristic constant values obtained in this study for different isotherm models 

were in good agreement with the other adsorption studies (Samarghandi et al., 2009; 

Wong et al., 2004). However, those studies have been designed  to interpret dye 

adsorption phenomena. These models are widely used in the treatment of wastewater 

from textiles, dye industries, agricultural wastes and pulp and paper industries (Paska, 

2014; Dada et al., 2012; Foo and Hamid, 2010). The present study will extend these 

applications to municipal wastewater for the removal of TBBPA and similar nonvolatile, 

nonbiodegradable hydrophobic compounds. 
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6.6 Conclusions  

The partitioning coefficients presented in this paper were successfully measured 

experimentally. The developed correlation models for partition coefficients will be useful 

to determine the fate, persistence and partitioning of TBBPA in wastewater treatment 

processes, sludge treatment processes and landfill applications. These models will be 

applicable to the biosorption removal of wastewater contaminants with properties similar 

to TBBPA. The isotherm model equations presented in the present study will allow 

prediction of fate, persistence and partitioning of nonvolatile, nonbiodegradable identical 

organic pollutants in biological treatment processes.  The experimental values showed 

excellent goodness of fit with the theoretical models for applying to biosorption process 

modeling, measuring and predicting of persistent pollutants. In addition, the isotherm 

constant values were in the acceptable range according to the theories of those models. 

The partitioning and transport models of TBBPA in this study were based on the 

experimental data and estimated kinetic coefficients.  
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CHAPTER 7  
 

 SUMMARY AND APPLICATION OF RESEARCH FINDINGS 

Chapter 7 summarizes the purpose of the research and the completed 

experimental work in fulfilling the objectives. It also addresses the contribution of 

research findings towards environmental solutions and engineering applications. The 

analytical method development, biodegradation procedure, biodegradation kinetics, 

biosorption, fate kinetics, metabolic pathway, removal mechanisms and QA/QC 

components have also been described briefly. 

TBBPA is a widely used fire retardant, predominantly introduced to the 

environment through wastewater. It is a contaminant of emerging concern due to the 

ubiquitous nature of prevalence and persistence. The fate, persistence, partitioning and 

degradation of TBBPA in wastewater were reviewed in the literature review section to 

identify the need for further research.  

Most of the previous studies focused on the solid phase determination of TBBPA 

since the aqueous phase detection of TBBPA in the environmental level is challenging 

and time consuming. In addition, the sensitivity and sustained performance of the system 

is an issue for the multistep extraction processes, particularly from a complex wastewater 

matrix. The accumulation of TBBPA in the sludge due to its biosorption binding 

properties provides an advantage in using solid phase quantification. Thus the potential 

for biodegradation removal did not achieve much attention in the literature. The research 

gaps in the determination of fate and removal of TBBPA from wastewater have been 

identified and investigated accordingly.  
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A novel biodegradation procedure adaptable to the wastewater process operation 

has been established. The method development for the dissolved phase TBBPA 

determination was accomplished before completing the research investigation. Findings 

from the present study have   filled   a gap in BFR research for a sustainable future. The 

experimental outcomes will help in addressing and alleviating the environmental 

pollution problem of the endocrine disrupting compound TBBPA and related emerging 

contaminants of concern. 

7.1 Method Development, Validation and Challenges 

The first and foremost area of focus was to develop a method for the detection 

and determination of TBBPA from wastewater at environmental level concentrations. A 

GC-MS system was used as a final step of quantification. The success of the method 

development at the lower level detection (LLD) of dissolved phase TBBPA was the 

foundation for this research. The components of challenges include the selection of the 

appropriate extraction protocol from the complex wastewater matrix, conducting 

preliminary experiments, understanding the fate and behaviour of TBBPA in wastewater, 

comparison of behaviour in MBR and CAS processes, determination of the matrix effect, 

collection of multiple wastewater samples on a daily basis, the SPE system set-up, 

sample preparation and clean-up steps, the choice of the right solvent, derivatization and 

the development of quantification method using GC-NCI-MS.  

The preliminary studies during the method development provided the opportunity 

for stepwise modifications, improvements, adjustments, troubleshooting and quality 

assurance for  sustained method performance. Experimental work pertaining to the 



 

 105 

method development, measuring and monitoring of two biological reactors located at 

GWWTP have been summarized below: 

 An analytical protocol for the determination of aqueous phase TBBPA from 

wastewater has been developed. Method detection levels and performance were 

very reasonable when compared to literature values (Covaci et al., 2009).  

 Wastewater sample spiking, at a concentration of TBBPA as low as 5 ng/L, can 

be detected and quantified using the method protocol. The MDL for the method 

was determined to be 2.4 ng/L at 99% confidence. The linear regression 

coefficient for the calibration curves was always greater than 0.99. The relative 

standard error of analysis over the entire analytical measurement period was 8.1% 

for the calibration checks of known standard solutions of TBBPA in acetone. The 

method blank or the procedural blank did not show any appearance of the target 

compound, in compliance with the quality control requirements of the Standard 

Methods (APHA, 2012). 

 The developed method was suitable and reliable for the analysis of influent, 

effluent and mixed liquor samples of CAS process as well as influent, permeate 

and membrane sludge samples of MBR pilot reactors at GWWTP. The routine 

analysis results were not significantly different (p≤0.05) confirming the 

characteristics of typical values for the municipal wastewater of GWWTP. In 

conclusion, the data obtained for the duration of more than two years of study 

were not influenced or skewed by any bias or disparities. 
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 The average TBBPA concentrations in Guelph municipal wastewater were in the 

range of 10.0 to 145.0 ng/L. The corresponding effluent concentrations for the 

CAS process were in the range of 2.4 to 8.0 ng/L. The permeate concentrations 

for the MBR pilots A, B and C were 8.8±2.1, 6.7±1.4 and 6.6±1.1 ng/L 

respectively. The percent matrix effect for the activated sludge mixed liquor was 

79.2±4.5 (n=10). For influent wastewater, the percent matrix effect measured was 

36.5±5.9 (n=10). 

 The removal average efficiencies for CAS and MBR processes were 83 % and 

76% respectively. The highest removal obtained for CAS process during this 

study was 96% and the lowest removal was 46%. The highest and lowest 

removals for MBR process were 90% and 66% respectively.  The removal 

mechanisms involve both physical and biological processes that were confirmed 

by the laboratory experiments using the developed method.  

 Bisorption of TBBPA was tested by the biosorption batch studies. The values of 

isotherm coefficients e.g., biosorption intensity (n=0.92), separation factors 

(RL<1), negative free energy changes (∆G
0
=-7.79) and kinetic constants 

(Keq=0.043) strongly support the hypothesis that biosorption was a more 

favourable process than biodegradation.  

 The comparisons and differences of the fate and behaviour of TBBPA between 

MBR and CAS process, between biosorption and biodegradation, and between 

partitioning coefficients were practically very small and in the magnitude of nano-

scale. From the analytical view point, it was only possible to quantify such lower 

levels due to the merit of the method performance.   
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7.2 Fate Kinetics, Rate Constants and Partitioning Coefficients 

The ultimate investigation of biodegradation and environmental fate of TBBPA in 

municipal wastewater propelled the experimental estimation of the biodegradation rate 

constants and partition coefficients. The important mechanisms for the removal of 

hydrophobic organic contaminants from the municipal wastewater are either biosorption 

to the mixed liquour suspended solids or biodegradation by the indigenous bacteria (Clara 

et al., 2004; Lee and Peart; Duddleston et al., 2000; Helbling et al., 2010; Kosjek et al., 

2009). In order to investigate both biosorption and biodegradation removal mechanisms 

for TBBPA, the magnitude of the pertinent partitioning parameters at equilibrium and the 

biodegradation rate constants were essential. Accordingly, a series of experiments were 

conducted to determine the relevant fate constants using CAS and MBR sludge in the 

bench scale set-up of batch bioreactor system. The results of these laboratory studies have 

been summarized below: 

 The hydrophobic organic pollutants possess a tendency to stick to the glass 

surface due to the consequences of surface free energy. Similarly, TBBPA has a 

tendency to be adsorbed on to the surface of the glass vessel indicating adsorptive 

losses (Covaci et al., 2009). A correction coefficient, KW was introduced to 

account for the extent of glass wall adsorption at equilibrium (Equation 6.22). The 

estimated value for the vessel wall partition coefficient, KW is 0.053 mLcm
-2

 

(n≥3). This value is reasonable and expected  for TBBPA wall loss (Backhus and 

Gschwend, 1990). 

 A number of partition coefficients were estimated in order to establish fate, 

transport and correlation models for TBBPA. Organic carbon content in the 



 

 108 

sludge is related to the biosorption potential of TBBPA. The measured values of 

organic carbon partition coefficient, logKOC (L/mg) for CAS and MBR sludge 

were 6.02 (n=8) and 5.76 (n=8). The sludge-water partition coefficients, logKP 

(L/mg) for both biological reactors were 4.54 (n=8) and 4.31 (n=8). All these 

estimated values for the two  biological processes were statistically similar 

(p<0.05) with regard to paired t-tests (two tailed).  

 The developed correlation models from the linear curve fittings of the measured 

sludge organic carbon concentration and the partitioning constants displayed 

strong positive correlation with high regression coefficient values (0.82< R
2
 

≤0.94). The estimated values of the model coefficients a, b, c, d, e, f, g, and h 

were found to be 1.37, -0.20, 0.15, 5.76, 1.36, -0.10, 0.07 and 5.58 respectively 

for both biological reactors. 

 Several biosorption isotherm model fittings were tested by using experimental 

data. Model constant values (listed in Table 6.6) indicate strong potential for 

favourable biosorption processes, comparable to literature values of similar 

organic compounds (Schwarzenbach et al., 2003).  

 Biodegradation rate constants for TBBPA were estimated in the laboratory using 

bench scale batch bioreactors. The degradation rates foretell the environmental 

fate in terms of time for the biological removal of TBBPA in wastewater. The 

estimated rate constant values were reasonable compared to other studies (Chang 

et al., 2012: Li et al., 2014).  
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7.3 Contribution to Knowledge and Research 

 The completion of the project added new knowledge to the field of wastewater 

about the fate and biodegradation of TBBPA. The experimental findings of this research 

will provide researchers, consultants and professional engineers with knowledge that can 

be applied to a variety of settings. These include: 

 Analytical protocol for the determination of aqueous phase TBBPA from 

wastewater. The method is robust in terms of performance and compliance to the 

QA/QC and will allow others to save time and money on analysis.  

 A novel aerobic biodegradation method has been established for TBBPA in 

wastewater. Based on the literature, the author believes that this is the first report 

of aerobic biodegradation of TBBPA in activated sludge process. This has many 

positive impacts on the removal of TBBPA from the wastewater matrix. It should 

be noted that biodegradation of TBBPA is a slow process and substantial removal 

occurs due to biosorption. 

 Until now biosorption studies conducted for TBBPA in MBR and CAS sludge 

were rare. Experimental determination of the partitioning parameters for TBBPA 

is new and these values are important for the environmental fate and transport of 

TBBPA. Therefore, the typical values obtained will be an asset for environmental 

modeling for the fate, persistence and transport of TBBPA.  

 It was established from this research that the removal of TBBPA in biological 

processes is the combined effect of biosorption and biodegradation. The 
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conclusions from this study can be applied typically to other conventional 

treatment systems.   

 The study proposed a tentative metabolic pathway for TBBPA for 

biotransformation and metabolite formation. This will assist understanding the 

degradation pattern, reaction mechanisms, fate kinetics and transport of TBBPA 

in wastewater process. 

7.4 Recommendations  

The research project fulfilled its proposed objectives as a requirement of the 

graduate degree.  Due to time, funding, and practical limitations, outstanding issues 

remain that should be addressed in the future. These issues include: 

 The GC-NCI-MS method is very selective and sensitive. It requires continuous 

injection of known standards to check sensitivity in compliance with QA/QC. 

Calibration curves have to be reproduced frequently to collect reliable and 

defensive data. The SIM mode does not allow monitoring mass fragments which 

limits the detection of metabolites. Therefore, if metabolic products need to be 

measured, it is advisable that the system can be set in another ionization mode. 

 For measuring the mass balance of the target compound, a parallel pilot reactor 

with CAS process similar to MBR would be useful. 

  Dissolved phase TBBPA is pH dependent. Therefore, pH adjustments as well as 

monitoring the process pH during extraction and analysis should be done. 

 Degradation metabolite identification is a potential area of the future research. 
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 A biodegradation study using pure isolate should be done in the future. 

 TBBPA-degrading bacterial species from activated sludge have to be isolated for 

biodegradation studies.  
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APPENDIX 

1. Quality Assurance and Quality Control  

Quality assurance (QA) for laboratory operations is the specific program that 

ensures the production of defensible data of known precision and accuracy. In each 

analytical method, a QA system will be in place to ensure the quality of analytical data 

and to demonstrate the competence of the laboratory procedure. A good quality assurance 

program according to the Standard Methods will be followed for ensuring quality control 

(QC) of the laboratory work. The following elements will be included in each analytical 

method for QC purpose. 

Initial Demonstration of Capability (IDC): 

An initial test will be conducted at least one time before analysis of any sample to 

demonstrate the proficiency to perform the method and obtain acceptable results for each 

analyte. As a minimum, one reagent blank and at least four laboratory fortified blanks 

(LFBs) between 10 times the method detection level (MDL) and the midpoint of the 

calibration curve or other level as specified by the method. It must be ensured that the 

reagent blank does not contain any analyte of interest at a concentration greater than half 

the method quantitation level (MQL). 

Ongoing Demonstration of Capability (ODC): 

The ODC is used to ensure that the performance of the method remains in control 

during the period when samples are analyzed. At a minimum, QC check samples will be 

analyzed on a quarterly basis. 

Determination of Method Detection Level (MDL): 
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There are several detection levels such as instrument detection level (IDL), lower 

level of detection (LLD), the method detection level (MDL), and the level of quantitation 

(LOQ). The IDL is the lowest concentration that will produce a recognizable signal in the 

instrument. The details for the determination of these detection levels are given in the 

Standard Methods. The relationship among these levels is IDL: LLD: MDL: LOQ = 1: 2: 

4: 10.   

Reagent Blank or Method Blank: 

A reagent blank or method blank consists of reagent water (Milli-Q water) and all 

reagents that normally in contact with a sample during entire analytical procedure. 

Reagent blank is used to determine the error due to the contribution of reagents and 

analytical steps in the measurement.  

Laboratory Fortified Blank (LFB): 

A LFB is a reagent water sample to which a known concentration of the analytes of 

interest has been added. A LFB is used to evaluate laboratory performance and analyte 

recovery. At least 10 times the MDL concentration must be used. If LFB results are out 

of control, re-analysis of samples is required. 

Internal Standards: 

For GC-MS, internal standards are used for organic analysis. Internal standards are 

identical to the analyte of interest without any interference. An internal standard is 

included to each standard and samples just before sample analysis.  

Calibration: 

Instrument calibration will be performed regularly to maintain the good standard of 

output. It will be done according to the stipulation of the respective instrument manual. 
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Initial calibration curves for methods will be prepared using at least three points for linear 

curves and five points for non-linear curves. If linear regression is being used, a 

regression coefficient of 0.995 will be considered best fit for linearity. Verification will 

be performed using a single point near the mid-point of the calibration curve. 

Corrective Action: 

Quality control data outside the acceptance limits are evidence of unacceptable error 

in the analytical process. Corrective actions will be taken promptly to determine and 

eliminate the source of error. Corrective action begins when the analytical process is out 

of control or QC checks exceed acceptable limits. Corrective actions will be initiated for 

checking the data for calculation or transcription error, calibration standards and 

preparation and preservation of samples according to the prescribed method. If it was not, 

new samples, standards and calibration curves have to be analyzed and prepared. If a 

LFB fails, another LFB has to be analyzed. If reagent blank fails, another reagent blank 

has to be analyzed. If second reagent blank fails, affected samples have to be prepared 

again for analysis. 

2. Uncertainty and Accuracy related to reported data 

The method detection level (MDL) of 2.4 ng/L was a statistical measure of 

uncertainties associated with the detection for reporting data. Below MDL, all results 

were reported as non-detect. Sample processed through the entire method gives 81% 

recovery of TBBPA within detection level. This is based on the 19% relative standard 

error of sample processing for MDL determination. In addition, error of analysis was 

measured and monitored for quality assurance of the data by frequent injections of 
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TBBPA standard solution throughout the study. The standard error of analysis for the 

GC-MS system 8.1% was within the range of good quality (below 10%).  

The standard error of analysis was calculated, in percentage, from the average of the 

estimated errors from the known standards of TBBPA. It was defined by the following 

formula 

Standard error of analysis = 


n

i TrueValue

alExperimentTrueValue

n 1

100
%---------- (Eq. A.1) 

Sample calculations are presented in Table A.1. 

Table A.1 Sample calculation for standard error of analysis 

Date No Sample 
ID 

Concentration 
(Expected)                        

(ng/L) 

Concentration 
(Estimated)            

ng/L 

Absolute 
Errors 

% 
Errors 

12-Mar-13 1 
MI-37B-
CSTD 100.0 95.5 4.5 4.5 

28-Mar-13 2 
MI-41B-
CSTD 100.0 88.2 11.8 11.8 

2-Apr-13 3 
MI-44B-
CSTD 100.0 87.4 12.6 12.6 

11-Apr-13 4 
MI-49B-
CSTD 100.0 88.9 11.1 11.1 

18-Apr-13 5 
MI-51B-
CSTD 100.0 102.4 2.4 2.4 

23-Apr-13 6 
MI-53B-
CSTD 100.0 96 4.0 4 

25-Apr-13 7 
MI-55B-
CSTD 100.0 89.6 10.4 10.4 

29-Apr-13 8 
MI-57B-
CSTD 100.0 90.2 9.8 9.8 

2-May-13 9 
MI-59B-
CSTD 100.0 105.5 5.5 5.5 

9-May-13 10 
MI-61B-
CSTD 100.0 89.6 10.4 10.4 

12-May-13 11 
MI-62B-
CSTD 100.0 97 3.0 3 

15-May-13 12 
MI-63B-
CSTD 100.0 87.8 12.2 12.2 
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Uncertainties due to the presence complex matrix in wastewater were also 

determined and discussed in details in Chapter 4. The uncertainties arising from 

extraction, analysis and matrices were all identified and measured per Standard Methods. 

Therefore, the accuracy of data reported in this study was reliable and acceptable on the 

basis of data quality assurance.   

3. Cleaning Protocol 

Standards and other reagent solutions prepared in glassware should be free from 

the residual target analyte to avoid background contamination. Glassware, spatulas, 

stirring bars, etc., must be scrupulously cleaned. Glassware, spatulas, stirring bars should 

be rinsed with absolute ethanol or alternatively twice with methanol and once with 

acetone followed by ethanol. Failure to follow the appropriate cleaning procedure may 

result in the release of the compounds with possible detrimental effects to analysis and 

test method. One of the following procedures was used for cleaning of glassware except 

sterile glassware supplies. 

Glassware must be scrupulously cleaned and washed with de-ionized water 

followed by rinsing with MQ-water. Glassware should be treated overnight with 0.1M 

HCl and dried in an oven before ashing glassware to remove organic compounds. 

Glassware has to be covered with aluminum foil before heating in an oven at 550 °C for 4 

hours. Allow glassware to cool and rinse with ethanol before use. 

Glassware must be soaked overnight in a solution of sulfuric acid to nitric acid at 

a ratio of 3:1 by volume. Rinse with the sufficient tap water followed by de-ionized and 

MQ water. All glassware will be dried in an oven at 105°C wrapping with aluminum foil. 
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Oven-dry glassware will be rinsed with methanol and acetone followed by ethanol before 

use. 

Chromic acid wash has hydrolytic and oxidative capabilities for the chemical 

decomposition of biological molecules. The acid may also dissolve mineral deposits. To 

prepare a chromic acid solution, 20 g of sodium or potassium chromate will be mixed 

with de-ionized water for making a paste of chromate salt. 300 mL of concentrated 

sulfuric acid will be added to it. Larger amounts can be obtained by increasing the 

proportions. The chromic acid solution will be used until it turns to green colour. All 

glassware will be dried in an oven at 105°C wrapping with aluminum foil. Oven-dry 

glassware will be rinsed with methanol and acetone followed by ethanol before use. 

4. Surface Area to Volume Ratio from Flask Geometry for Calculation of KW 

Nominal volume of Erlenmeyer flask = 500 mL 

Height of liquid =9.5 cm (h) 

Lower radius = 5.5 cm (R1) 

Upper radius = 1.5 cm (R2) 

Conical flask is a frustum obtained by slicing the top of a cone. If R1 and R2 are the 

radii of the base and the top respectively, then the slope S is expressed by the equation: 

22

21 )( hRRS  = 90.25 cm; Surface area of the bottom = 95 cm
2
 

The inner surface area, SRRA )( 21  = 25.90)5.15.5(14.3   = 2035 cm
2
 

Total surface area = (95+2035) cm
2
 = 2130 cm

2
 

Surface area to volume ratio (
V

SA
) = 

mL

cm

500

2130 2

= 4.26 cm
2
/mL 
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Sample ID Time Absorbance Aqueous 
Conc. 
[TBBPA]A 

Total 
Conc. 
[TBBPA]T 

Wall 
Conc. 
[TBBPA]W 

SA/V KW 

MI-113B-36h.1 36 h 62125 83.58 100 16.42 4.26 0.047 

MI-113B-36h.2 36 h 60422 81.52 100 18.48 4.26 0.053 

MI-113B-36h.3 36 h 59153 79.98 100 20.02 4.26 0.059 

            Average 0.0053 

5. Calculation for KOC and KP 

Partition coefficients were calculated from the experimental data and were 

estimated as discussed in the methodology section. The following equations were used to 

calculate KOC and KP: 

 
 

   VSAKOCK
TBBPA

TBBPA
WOC

Aq

Tot /1  ----------------------------- (Eq. A.2) 

 
 

   
 Aq

AqTot

Aq

Sorp

P
TBBPA

TBBPATBBPA

TBBPA

TBBPA
K


 ----------------------- (Eq. A.3) 

Example:
49.8

10003.0
)

17.34

17.3427.39
(





PK =42380 

logKP= 6.31;   LngTBBPA Tot /27.39 ,   LngTBBPA Aq /17.34 , 300 mL BOD bottle 

=0.3 L, MLSS = 8.49 g/L, Dilution factor = 1000. 
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Raw data: 

Data for CAS Sludge 

Sample IDTBBPATotTBBPAAq

TBBPATot

/TBBPAAq SA/V Kw Kw(SA/V)OC Koc logKoc

Kp               

( L/mg) logKp

SORP1 69.27 35.14 1.99 0.953722667 0.053 0.051 0.523 1796276.67 6.2544 42482.00 4.6300

SORP2 69.27 34.17 2.03 0.953722667 0.053 0.051 0.615 1588468.446 6.2010 42380.33 4.6272

SORP3 69.27 27.92 2.48 0.953722667 0.053 0.051 1.427 1002365.853 6.0010 40795.27 4.6106

SORP4 69.27 17.29 4.01 0.953722667 0.053 0.051 1.743 1696128.204 6.2295 31754.55 4.5018

SORP5 69.27 22.12 3.13 0.953722667 0.053 0.051 2.161 963175.8614 5.9837 36851.05 4.5664

SORP6 69.27 17.69 3.92 0.953722667 0.053 0.051 2.299 1246424.693 6.0957 32240.40 4.5084

SORP7 69.27 20.12 3.44 0.953722667 0.053 0.051 3.220 742821.3604 5.8709 34945.86 4.5434

SORP8 69.27 9.92 6.98 0.953722667 0.053 0.051 3.717 1596002.246 6.2030 20803.90 4.3181

Ave. 1328957.917 6.1049 35281.7 4.5251  

Data for MBR Sludge 

TBBPATot TBBPAAq TBBPATot/TBBPAAqSA/V Kw Kw(SA/V)OC Koc logKoc LogKp Kp L/kg logKp

50.0 33.84 1.48 0.953722667 0.05 0.051 0.960 444924.6311 5.6483 4.39007 64417.96 4.8090

50.0 28.13 1.78 0.953722667 0.05 0.051 1.414 513966.5993 5.7109 4.33722 21738.05 4.3372

50.0 23.22 2.15 0.953722667 0.05 0.051 1.556 708787.2417 5.8505 4.341884 21972.71 4.3419

50.0 18.74 2.67 0.953722667 0.05 0.051 2.427 666463.5319 5.8238 4.315974 20700.19 4.3160

50.0 15.57 3.21 0.953722667 0.05 0.051 3.050 708315.2567 5.8502 4.277468 18943.86 4.2775

50.0 17.43 2.87 0.953722667 0.05 0.051 3.364 540263.0825 5.7326 4.302373 20061.93 4.3024

50.0 17.75 2.82 0.953722667 0.05 0.051 3.914 451281.2655 5.6544 4.305944 20227.60 4.3059

50.0 12.02 4.16 0.953722667 0.05 0.051 4.506 689706.7859 5.8387 4.207771 16135.06 4.2078

Ave. 590463.5493 5.7637 4.309838 25524.7 4.2984  
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6. GC Method Parameters 
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7. Experimental Raw Data for Guelph wastewater treatment plant 

 

TBBPA in conventional activated sludge  

Date No 

INFLUENT CONC. 
(ng/L) 

Ave. Conc. 
(ng/L) 

EFFLUENT CONC. 
(ng/L) 

Ave. Conc. 
(ng/L) 

12-Mar-13 1 MI-37B-INF 26.2 
 

MI-37B-EFF 5.8 
 28-Mar-13 2 MI-41B-INF 25.5 

 
MI-41B-EFF 8.6 

 2-Apr-13 3 MI-44B-INF 88.4 46.7 MI-44B-EFF 0 4.8 

11-Apr-13 4 MI-49B-INF 20.6 
 

MI-49B-EFF 6.5 
 18-Apr-13 5 MI-51B-INF 145.1 

 
MI-51B-EFF 7.5 

 23-Apr-13 6 MI-53B-INF 50.3 
 

MI-53B-EFF 3.6 
 25-Apr-13 7 MI-55B-INF 29.2 

 
MI-55B-EFF 15.7 

 29-Apr-13 8 MI-57B-INF 10.5 
 

MI-57B-EFF 0 
 2-May-13 9 MI-59B-INF 97.5 

 
MI-59B-EFF 6.8 

 9-May-13 10 MI-61B-INF 101.4 
 

MI-61B-EFF 4.0 
  

TBBPA in MBR pilot plants 

INFLUENT CONC. 
(ng/L) 

PERMEATE 
A 

CONC. 
(ng/L) 

PERMEATE B CONC. 
(ng/L) 

PERMEATE      
C 

CONC. 
(ng/L) 

MI-91B-INF 34.8 MI-91B-PA 7.6 MI-91B-PB 6.4 MI-91B-PC 6.1 

MI-97B-INF 50.5 MI-97B-PA 6 MI-97B-PB 4.7 MI-97B-PC 5.3 

MI-99B-INF 26.9 MI-99B-PA 10.9 MI-99B-PB 5 MI-99B-PC 5.2 

MI-100B-INF 36.5 MI-100B-PA 0 MI-100B-PB 8.3 MI-100B-PC 6.8 

MI-103B-INF 23.5 MI-103B-PA 8.9 MI-103B-PB 7.4 MI-103B-PC 7.9 

MI-105B-INF 24.1 MI-105B-PA 11.4 MI-105B-PB 8 MI-105B-PC 7.9 

MI-106B-INF 32.8 MI-106B-PA 8.2 MI-106B-PB 6.8 MI-106B-PC 6.7 

 

Basic water quality analysis 

Date 
 

TOC 
 

TN 
 

COD 

12-Mar-13 
 

22.8 
 

29.3 
 

309 

28-Mar-13 
 

6.3 
 

31.6 
 

272 

2-Apr-13 
 

40 
 

33.9 
 

263 

11-Apr-13 
 

19 
 

65 
 

324 

18-Apr-13 
 

52 
 

42.7 
 

456 

23-Apr-13 
 

18 
 

37 
 

284 

25-Apr-13 
 

16 
 

32 
 

423 

 
Average 24.87143 

 
38.78571 

 
333 
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8. Data for biodegradation experiments 

Biodegradation without bioaugmentation 

C1=[TBBPA]Aq 

in ng/L 

C2=[TBBPA]Aq 

in ng/L Days Mean 

24.83 24.32 0 24.58 

21.79 21.61 1 21.70 

20.61 20.80 3 20.71 

18.72 19.70 5 19.21 

 

Biodegradation with bioaugmentation 

Days C1 C2 Mean 

0 27.43 24.14 25.79 

1 21.00 20.50 20.75 

3 18.11 19.99 19.05 

5 13.41 13.15 13.28 

 

T-statistics for CAS  

t-Test: Two-Sample Assuming Unequal Variances 
 

   

  Variable 1 
Variable 

2 

Mean 25.79047 12.70104 

Variance 5.424678 0.023018 

Observations 2 2 

Hypothesized Mean Difference 0 
 Df 1 
 t Stat 7.931025 
 P(T<=t) one-tail 0.039924 
 t Critical one-tail 6.313752 
 P(T<=t) two-tail 0.079848 
 t Critical two-tail 12.7062   
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T-statistic for MBR 

t-Test: Two-Sample Assuming Unequal Variances 
  

   

  
Variable 

1 
Variable 

2 

Mean 23.67322 11.12817 

Variance 0.135628 0.148809 

Observations 2 2 

Hypothesized Mean Difference 0 
 Df 2 
 t Stat 33.26552 
 P(T<=t) one-tail 0.000451 
 t Critical one-tail 2.919986 
 P(T<=t) two-tail 0.000902 
 t Critical two-tail 4.302653   

 

CBOD and NBOD experiment 

CBOD removal for 5 mL mixed liquor     

Sample ID C1 = 
[TBBPA]Aq 

ng/L 

C2 = 
[TBBPA]Aq 

ng/L 

C3 = 
[TBBPA]Aq 

ng/L 

Days 

MI-121B-TBBPA 77.78 88.15 115.74 0 

MI-121B-TUFML 22.45 16.92 23.552 5 

  
   

  

NBOD removal for 5 mL mixed liquor 
 

  

MI-121B-TBBPA 77.78 88.15 115.74 0 

MI-126B-TUFML 13.36 10.91 10.66 14 

 

Incubation in MQ water 

Sample ID C1  = 
[TBBPA]Aq  

ng/L 

C2 = 
[TBBPA]Aq  

ng/L 

Days 

MI-144B-0d 27.27 27.36 0 

MI-144B-1d 25.10 25.33 1 

MI-144B-3d 24.20 24.00 3 

MI-144B-5d 24.69 25.35 5 
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CBOD removal for 5 mL mixed liquor       

Sample ID C1 = [TBBPA]Aq 

ng/L 
C2 = 

[TBBPA]Aq 

ng/L 

C3 = [TBBPA]Aq 

ng/L 
Days 

MI-116B-TBBPA 96.04 92.65 81.05 0 

MI-117B-TUFML 23.43 22.67 23.15 5 

  
   

  

NBOD removal for 5 mL mixed liquor 
  

  

MI-116B-TBBPA 96.04 92.65 81.05 0 

MI-119B-TUFML 13.98 10.63 14.09 14 

     CBOD removal for 25 mL filtered mixed liquor     

MI-116B-TBBPA 96.04 92.65 81.05 0 

MI-117B-TFML 62.86 71.66 58.64 5 

  
   

  

NBOD removal for 25 mL filtered mixed liquor 
 

  

MI-116B-TBBPA 96.04 92.65 81.05 0 

MI-119B-TFML 15.76 16.97 14.84 14 

 

 
 

   

Sample ID 
 

Abundance 

Sample Conc. 
in GC Vial 

(ug/L) 

Aqueous 
Concentration 

(ng/L)                                              

MI-116B-TBBPA#1 
 

82325 81.05 81.05 

MI-116B-TBBPA#2 
 

98821 96.04 96.04 

MI-116B-TBBPA#3 
 

95089 92.65 92.65 

CBOD removal  
    Sample Identification Biomass/ML

SS in mL 
Abundance Sample Conc. 

in GC Vial 
(ug/L) 

Aqueous 
Concentration 

(ng/L)                                              

MI-117B-TFML#1 25.00 62325 62.86 62.86 

MI-117B-TFML#2 25.00 72005 71.66 71.66 

MI-117B-TFML#3 25.00 57683 58.64 58.64 

MI-117B-TUFML#1 5.00 18638 23.15 23.15 

MI-117B-TUFML#2 5.00 18119 22.67 22.67 

MI-117B-TUFML#3 5.00 18949 23.43 23.43 

NBOD removal 
    Sample Identification Biomass/ML

SS in mL 
Abundance Sample Conc. 

in GC Vial 
(ug/L) 

Aqueous 
Concentration 

(ng/L)                                              

MI-119B-TFML#1 25.00 10514 15.76 15.76 

MI-119B-TFML#2 25.00 11848 16.97 16.97 
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MI-119B-TFML#3 25.00 9503 14.84 14.84 

MI-119B-TUFML#1 5.00 8674 14.09 14.09 

MI-119B-TUFML#2 5.00 8556 13.98 13.98 

MI-119B-TUFML#3 5.00 4876 10.63 10.63 

9. Data for bbiosorption isotherm coefficients 

Biosorption experimental data and model fittings 

Sample Identification Biomass/MLSS 
x in g/L 

Abundance Sample Conc. 
in GC Vial 

(ug/L) 

Aqueous 
Concentration (ng/L)                                              

MI-129B-CONT2 127.40 2743 8.69 8.69 

MI-129B-CONT1 0 69377 69.27 69.27 

MI-129B-SORP1 8.49 48452 50.25 50.25 

MI-129B-SORP2 16.99 30754 34.16 34.16 

MI-129B-SORP3 33.97 23885 27.92 27.92 

MI-129B-SORP4 50.96 12189 17.28 17.28 

MI-129B-SORP5 67.95 17501 22.11 22.11 

MI-129B-SORP6 84.93 12630 17.68 17.68 

MI-129B-SORP7 101.92 15307 20.12 20.12 

MI-129B-SORP8 127.40 4085 9.91 9.91 

 

Sorbate = x qe =x/m 
µg/g 

Lnqe LnCe 1/qe 1/Ce 

19.02 2.23 0.80 3.91 0.44 0.25 

35.11 2.06 0.72 3.53 0.48 0.28 

41.35 1.21 0.19671101 3.32938109 0.82142798 0.30035612 

51.99 1.02 0.0200535 2.84999435 0.98014623 0.35087789 

47.16 0.69 -0.3651164 3.0963496 1.44068169 0.32296095 

51.59 0.60 
-

0.49851342 2.87292135 1.64627213 0.34807775 

49.15 0.48 
-

0.72915826 3.00183369 2.07333466 0.33312971 

59.35 0.46 -0.7637118 2.29454938 2.14622782 0.43581542 

 

Biomass/MLSS 
x in mg/L 

Abundance Sample Conc. 
in GC Vial 

(ug/L) 

Aqueous 
Concentration (ng/L)                                             
(Vial Conc./dilution 

factor) *1000 
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326.00 5634 11.77562905 11.77562905 

0 69480 46.85199429 46.85199429 

21.73 45790 33.8369410 33.836941 

43.47 35407 28.13262279 28.13262279 

86.93 26463 23.21887705 23.21887705 

130.4 18311 18.74024832 18.74024832 

173.87 12544 15.57191517 15.57191517 

217.33 15933 17.43379848 17.43379848 

260.80 16509 17.75024723 17.75024723 

326.00 6086 12.02395341 12.02395341 

 

Sorbate = x qe =x/m 
µg/mg 

Lnqe LnCe 1/qe 

13.0150533 0.59885215 -0.51274055 3.52155313 1.66986126 

18.7193715 0.43066039 -0.84243546 3.33692986 2.32201528 

23.6331172 0.27185334 -1.30249254 3.14496561 3.67845394 

28.1117460 0.21558087 -1.53441915 2.93067353 4.63863042 

31.2800791 0.17990843 -1.71530728 2.74546898 5.55838321 

29.4181958 0.13535980 -1.99981889 2.85841076 7.38771795 

29.1017471 0.11158645 -2.19295562 2.87639944 8.96166129 

34.8280409 0.10683448 -2.23647455 2.48690078 9.36027384 

 

Biosorption coefficients for linear models were obtained from the values of the 

slopes and intercepts from curve fittings. 

Example: Linear form of Freundlich isotherm )ln()
1

()ln()ln( eFe C
n

Kq   

The values of n and logKF were calculated by plotting lnqe vs lnCe from the above 

mentioned experimental data. The slope and intercept from the linear regression equation 

in Figure 4.10 were 1.085 and -3.45 respectively generating the value of n = 0.92 and 

logKF=-1.49. Other linear isotherm coefficients were estimated in the same manner.   
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10. CAS Nonlinear Model fitting  

 

 

Redlich Model 

qe Ce Model SE 

2.23986 50.25605 2.276318 0.001329 

2.067148 34.16598 1.547528 0.270004 

1.217392 27.92106 1.264668 0.002235 

1.020256 17.28768 0.783036 0.056274 

0.694116 22.11707 1.00178 0.094657 

0.607433 17.68862 0.801196 0.037544 

0.482315 20.1224 0.911432 0.184142 

0.465934 9.919965 0.449319 0.000276 

 
 

 

Toth Model 

qe Ce Model SE 

2.23986 50.25605 2.034052 0.042357 

2.067148 34.16598 1.466771 0.360452 

1.217392 27.92106 1.235212 0.000318 

1.020256 17.28768 0.819497 0.040304 

0.694116 22.11707 1.012262 0.101217 

0.607433 17.68862 0.835798 0.052151 

0.482315 20.1224 0.93355 0.203613 

0.465934 9.919965 0.507385 0.001718 
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Sips Model 

qe Ce Model SE 

2.23986 50.25605 2.278325 0.00148 

2.067148 34.16598 1.549188 0.268282 

1.217392 27.92106 1.266118 0.002374 

1.020256 17.28768 0.784032 0.055802 

0.694116 22.11707 1.002997 0.095408 

0.607433 17.68862 0.802212 0.037939 

0.482315 20.1224 0.912562 0.185113 

0.465934 9.919965 0.44993 0.000256 

 
 

BET Model 
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qe Ce Model SE 

2.23986 50.25605 2.380043 0.019651 

2.067148 34.16598 1.536305 0.281794 

1.217392 27.92106 1.230927 0.000183 

1.020256 17.28768 0.737251 0.080092 

0.694116 22.11707 0.957472 0.069357 

0.607433 17.68862 0.755286 0.021861 

0.482315 20.1224 0.865724 0.147003 

0.465934 9.919965 0.413556 0.002743 

 
 

 

Jovanovic Model 

qe Ce Model SE 

2.067148 34.16598 2.345148 0.077284 

1.217392 27.92106 1.158628 0.003453 

1.020256 17.28768 0.323763 0.485102 

0.694116 22.11707 0.588261 0.011205 

0.607433 17.68862 0.340817 0.071084 

0.482315 20.1224 0.461977 0.000414 

0.465934 9.919965 0.11301 0.124556 
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Dubinin Model 

qe Ce ε2=RTln(1+1/Ce) Model SE 

2.23986 50.25605 0.002382896 2.254575 0.000217 

2.067148 34.16598 0.005108646 1.773724 0.086097 

1.217392 27.92106 0.007600843 1.424407 0.042855 

1.020256 17.28768 0.019410763 0.503798 0.266728 

0.694116 22.11707 0.012003876 0.966828 0.074372 

0.607433 17.68862 0.018564021 0.542775 0.004181 

0.482315 20.1224 0.01443924 0.780314 0.088803 

0.465934 9.919965 0.056622284 0.019056 0.1997 
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11. MBR nonlinear Model fitting  

Redlich Model 

qe Ce Model SE 

0.598852 33.83694 0.457556 0.019964 

0.43066 28.13262 0.38042 0.002524 

0.271853 23.21888 0.313975 0.001774 

0.215581 18.74025 0.253413 0.001431 

0.179908 15.57192 0.21057 0.00094 

0.13536 17.4338 0.235747 0.010078 

0.111586 17.75025 0.240026 0.016497 

 

 

Toth Model  

qe Ce Model SE 

0.598852 33.83694 0.462532 0.018583 

0.43066 28.13262 0.384815 0.002102 

0.271853 23.21888 0.317823 0.002113 

0.215581 18.74025 0.256718 0.001692 

0.179908 15.57192 0.213459 0.001126 

0.13536 17.4338 0.238884 0.010717 

0.111586 17.75025 0.243204 0.017323 
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Sips Model 

qe Ce Model SE 

0.598852 33.83694 0.455894 0.020437 

0.43066 28.13262 0.379949 0.002572 

0.271853 23.21888 0.314236 0.001796 

0.215581 18.74025 0.254105 0.001484 

0.179908 15.57192 0.211428 0.000993 

0.13536 17.4338 0.236521 0.010234 

0.111586 17.75025 0.240782 0.016691 
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BET Model 

qe Ce Model SE 

0.598852 33.83694 0.610319 0.000131 

0.43066 28.13262 0.398675 0.001023 

0.271853 23.21888 0.272991 1.29E-06 

0.215581 18.74025 0.188464 0.000735 

0.179908 15.57192 0.141191 0.001499 

0.13536 17.4338 0.167885 0.001058 

0.111586 17.75025 0.172722 0.003738 

 

Jovanovic Model 

qe Ce Model SE 

0.598852 33.83694 0.683507288 0.007166 

0.43066 28.13262 0.375940629 0.002994 

0.271853 23.21888 0.220677627 0.002619 

0.215581 18.74025 0.13234712 0.006928 

0.179908 15.57192 0.089891398 0.008103 

0.13536 17.4338 0.113199172 0.000491 

0.111586 17.75025 0.117610248 3.63E-05 
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Dubinin Model 

qe Ce ε2=RTln(1+1/Ce) Model SE 

0.598852 33.83694 0.005207038 0.564764604 0.001162 

0.43066 28.13262 0.00748891 0.4511714 0.000421 

0.271853 23.21888 0.010914228 0.322066401 0.002521 

0.215581 18.74025 0.016589252 0.184246004 0.000982 

0.179908 15.57192 0.023779222 0.090803551 0.00794 

0.13536 17.4338 0.019095592 0.143972163 7.42E-05 

0.111586 17.75025 0.018438791 0.153585358 0.001764 
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Sample solver output for the above data set 

qs 0.943

BD 98.411

SSE 0.015

ε2=RTln(1+1/Ce)  

Example Calculation:  

From the Excel solver output, matching of the experimental values with the 

predicted model equations through minimization of the sum of the squared residual 

(errors), SSR (SSE), the isotherm coefficient values qs = 0.94 ng/mg and BD = 98 kJ/mol 

were extracted.  

12. Experimental Units and Set-ups 

 
Figure A.1 Agilent Gas chromatography mass spectrometry unit 
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Figure A.2 Schematic of sampling and analysis system 

 

 
Figure A.3 Schematic of sampling points at GWWTP 
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Figure A.4 Schematic of sampling points for MBR pilot reactors 
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13. Guelph Wastewater Treatment Plant 

 

Figure A.5 Guelph municipal boundary and location map of GWWTP 

(Source: City of Guelph, 2014.) 
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Figure A.6 Schematic of GWWTP process flow 

(Source: City of Guelph, 2014.) 
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Figure A.7 Aerial view of Guelph Wastewater Treatment Plant 

(Source: City of Guelph, 2014) 

 

 


