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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 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 biodegradation rate of 0.127 d-1, while the sludge from the MBR had 

biodegradation rate of 0.171 d-1.  This is the first reported aerobic biodegradation 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. 
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1.0 INTRODUCTION  

Biodegradation 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 abundantly used fire 

retardants among the brominated flame retardants (BFRs). TBBPA is incorporated as reactive 

ingredients in printed circuit boards and computer accessories. Accordingly, there exists an 

increasing occupational health concern for the exposure of TBBPA to the computer technicians, 

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 

engineering applications 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 when exposed to fish and oysters was found to 

be 3-5 days. However, 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; Islam et al., 2014). Endocrine disruption and reduced 

reproduction have been reported at environmental level concentrations (Van der Ven et al., 2008; 
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Kupier et al., 2007). Accordingly, it was expected that the aqueous phase TBBPA from 

wastewater discharge might impart adverse effect on humans and wildlife.   

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

was found as a biodegradation end product in metabolic 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., 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 functionality of 

the microbial community. 

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

biodegradation. The introduction of efficient microbes to enhance the biodegradation 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 
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is yet to be shown whether TBBPA can be biotransformed in activated sludge and aerated MBR 

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 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 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 biodegradation 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 been established. Only the proposed metabolic 

pathway about TBBPA was reported in few articles. The investigation of the TBBPA 

biotransformation in the aerobic condition for the biological wastewater treatment is an emerging 

environmental issue of great interest. Accordingly, the aerobic biotransformation of TBBPA has 

been completed in the 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 MBR 

sludge. Bioaugmentation is one of the useful strategies to apply for biological removal of 

dissolved TBBPA from wastewater. To date other researchers have given emphasis on the 

determination of the sorbed TBBPA, and not to the dissolved TBBPA concentration in 

wastewater. This research established a novel biodegradation test method for the aqueous phase 
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TBBPA in batch bioreactor system. In addition, a tentative metabolic scheme has been proposed 

for the possible biotransformation mechanism and metabolite formation of TBBPA.  

2.0 METHODOLOGY  

2.1 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 conventional activated sludge process 

for treating Guelph municipal wastewater and the other system was three parallel pilot scale 

MBRs equipped with separate aeration tanks and submerged membrane tanks. Identical influent 

flow was directed to both systems except for some filtering pre-treatment for the MBR pilot 

plants. The typical solid retention time (SRTs) and hydraulic retention time (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. (2014). 

2.2 Biodegradation 

2.2.1 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 

IsotempTM magnetic stirrer at 500-700 rpm. Dilution water with optimal nutrient was prepared 

from Hatch nutrient buffer pillows (Cat No 1486266). Seed solution consisting of 11 different 

strains of Bacillus bacteria was prepared from polyseed® capsule (Cat No 13297200). All strains 

were soil based bacteria, consisting mostly of Bacillus brevis and Bacillus pumilus. 

Bioaugmentation with the seed solution was carried out to facilitate the aerobic biodegradation 
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of TBBPA in the laboratory batch reactors. The removal was negligible for the experiments 

conducted without bioaugmentation. Therefore on the basis of published research articles about 

biodegradation of TBBPA with soil bacteria, the modification for bacterial mediated 

bioaugmentation was adopted (Arbeli et al., 2006; An et al., 2011; Ravit et al., 2005; Liu et al., 

2013; Li et al., 2014). Bioaugmented sludge showed removal efficiency of 48% compare 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 MBR sludge was added followed by 

bioaugmentation with 4 mL of seed solution. TBBPA standard solution in acetone was spiked to 

each bioreactor for a final concentration of 30 ng/L. The reactor bottles were then topped up to 

the full volume capacity with dilution water. The bottles were closed with glass stoppers and 

wrapped with parafilm before incubation.  

The time course analysis for the biodegradation was carried out using sampling events at 

different time intervals. Sufficient sample volume was withdrawn at each sampling events for 

sample extraction and analysis. Controls were included for every batch to examine the effect of 

the matrix and/or bioaugmentation during the biodegradation process. One set of controls 

contained seed inoculum and the candidate compound with dilution water (i.e., no sludge added). 

The other set of controls contained only the candidate compound with Milli-Q water. All 

chemicals and supplies used for this study were purchased from Fisher Scientific, Canada unless 

otherwise mentioned.  

2.2.2 Nitrifying Bioreactors   

Biodegradation of TBBPA by nitrifying bacteria in activated sludge was investigated 

initially using standard BOD batch experiments. A series of experiments were conducted for 
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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 m3 with an average mixed liquour suspended 

solid (MLSS) concentration of 3,800 mg/L and SRT of 12 d. Exactly 5 mL of fresh mixed liquor 

inoculum was added to each bioreactor for estimating nitrifying biodegradation. Two parallel 

sets were used to determine the biodegradation due to nitrifying bacteria, one containing 

nitrification inhibition (2-chloro-6-trichloromethyl pyridine; CAS No 1929824) and the other 

without inhibition (APHA, 2012).  

The nitrogenous oxygen demand (NBOD) was estimated by subtracting the carbonaceous 

demand (CBOD) from the uninhibited test. The initial and final dissolved oxygen concentrations 

were around 8.8 mg/L and 1.9 mg/L. Little modification was performed in the test procedure in 

order to achieve the best bioreaction condition for the biodegradation of the candidate 

compound. A magnet bar was introduced inside each bioreactor before incubation. The reactors 

were magnetically stirred twice every day during incubation period. The spiking concentration 

chosen for nitrifying sludge bacterial biodegradation was 100 ng/L of TBBPA and each test was 

conducted in triplicate.   

2.2.3 Analysis and Estimation for Biodegradation  

At each sampling event, sample bottles in duplicate 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 continuous magnetic stirring. 

The five day incubation period was studied to simulate the test duration of BOD5 for 

simultaneous biodegradation of TBBPA in activated sludge or membrane sludge. However, a 

longer incubation period was adopted for uninhibited nitrifying bioreactors to achieve 



9 

 

nitrification in the standard BOD test condition (APHA, 2012). Accordingly, the contribution of 

nitrogenous biodegradation was isolated from the contribution of carbonaceous organisms. 

The first step of analysis was filtration (pore size, 0.22 µm; Cat No 0930069) for 

collecting the clean aqueous fraction. The filtrate was acidified (pH~3) and passed through the 

solid phase extraction (SPE) system for capturing candidate TBBPA on to the solid phase of the 

Supelco Envi-18 cartridge. Gravimetric elution by soaking the sorbent in dichloromethane 

(DCM) was carried out to collect 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.  

Dichlorodiphenyltrichloroethane (DDT) was used as internal standard (ISTD). The 

organic fraction was then evaporated to complete dryness by a gentle flow of nitrogen gas. The 

residual content in a glass vial was reconstituted using acetone. Acetic anhydride and pyridine 

was added as a derivatizing agent. After the derivatization reaction, the sample was injected into 

the GC-MS system for quantitative measurement. The wastewater analysis process flow diagram 

is shown in Figure 1. 

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) was 30 m in length with 

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 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 ºC and held for 2 min at this final temperature. The interface, inlet and quadrupole 
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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., the concentration of TBBPA. The 

concentrations were finally calculated from the standard curve developed by using known 

concentrations of TBBPA. The linear calibration curve (r2 = 0.998) was obtained from extracting 

0 – 200 ng/L concentration of TBBPA in aqueous solution. The method detection level (MDL) 

of 2.4 ng/L was determined following Standard Methods (APHA, 2012). 

3.0 RESULTS AND DISCUSSIONS  

3.1 Batch Bioreactors 

Research was completed on microbial mediated aerobic biotransformation of TBBPA in 

the simulated batch bioreactors similar to the standard BOD test. Figure 2 shows the 

biodegradation of TBBPA in batch bioreactor system. The experimental results indicated that the 

biotransformation of TBBPA takes 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 48% and 53% respectively. The test statistic values (p<0.05) for 

paired t-test of two biological processes were at a significance level of 95 percent. 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 than to the CAS sludge. A potential 
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reason is that MBR sludge has higher density as compared to CAS, which might provide some 

similarity to soil slurry that encourages biodegradation.  

The biodegradation studies conducted without bioaugmentation were not very efficient. 

The bioaugmentation results were significantly different (p<0.05) with an increase of 26% 

removal efficiency when compared to the controls. Seed supplement with soil based strains was 

used for bioaugmentation of the sludge similar to the strategy adopted for the biodegradation of 

TBBPA by Li et al. (2014). The findings in this research thus support the previously published 

findings for the biodegradation removal of TBBPA. The aerobic biodegradation of TBBPA in 

biological wastewater treatment is thus one potential mechanism of removal.  

The rate of biodegradation for TBBPA in the batch bioreactors was determined using 

universal first order degradation kinetics and is expressed by Equation 1: 

tkt bioe
C

C 
0

-------------------------------------------------------------------- (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. The biodegradation rate constant, kbio can be obtained from Equation 2: 

tk
C

C
bio

t 
0

ln -------------------------------------------------------------------- (2) 

Figure 3 shows the biodegradation 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 degradation rate constants for TBBPA k = 0.026 d-1 for amended system 
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and k = 0.017 d-1 without amendment. Chang et al. (2012) reported a biodegradation rate of 

0.077 d-1 for TBBPA using river sediment. However, higher biodegradation rates in this case, 

when compared to the literature, are possible due to the amended condition of bioaugmentation 

in the bioreactors.  

3.2 Nitrifying Bioreactors 

Figure 4 shows the biodegradation trends of TBBPA in 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 4. It 

should be noted that similar seed supplement and sludge quantity (5 mL) 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 according to Standard 

Methods (APHA, 2012). The average CBOD was in the range of 300-350 mg/L, while NBOD 

was estimated 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. Thus, 

laboratory studies support the potential for TBBPA biodegradation by heterotrophic and 

nitrifying bacteria in CAS process.  

It can be concluded from the batch experiments that biodegradation provides the 

contributory effect to the removal of TBBPA in wastewater treatment. The average removal of 

TBBPA at 83% from Guelph municipal wastewater was considered to be the combined effect of 

biosorption and biodegradation (Islam et al., 2014). 
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3.3 Proposed Metabolic Mechanisms 

Microbial mediation of the degradation process is the key metabolic mechanism for the 

biological removal of TBBPA from wastewater. Aerobic biotransformation might involve 

different metabolic pathways of metabolite formation than anaerobic biodegradation. 

Bioaugmentation of the activated sludge by the strains of Bacillus brevis and Bacillus pumilus 

provided the stimulus for the aerobic metabolism. 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 aerobic 

conditions have been proposed. It may be noted that previously published reports were not able 

to isolate and identify the metabolites, rather suggested from 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, 200). Isolation of these metabolites was also beyond the scope of 

this study. Only the proposed metabolic scheme for the biotransformation of TBBPA is shown in 

Figure 5.  

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 provides more potential for 

the persistence in the environment to the product of biotransformation (IPCS, 1995; Allard et al., 

1987; Covaci et al., 2009).  
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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 Figure 5 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 (4) in Figure 5.  

The proposed biosynthetic metabolic pathway likely leads to the formation of the 

metabolite (5) and an intermediate biosynthetic precursor (6) for rearrangement products (7, 8) as 

shown in Figure 4.  Li et al. (2014) reported the formation of the similar metabolites from a study 

of the aerobic biodegradation 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 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 of biodegradation mechanisms, metabolite 

formation and fate kinetics of TBBPA biodegradation in wastewater. 
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4.0 CONCLUSIONS  

The completed research established a novel 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 effective biodegradation in the activated sludge or aerated membrane sludge 

was mediated as a result of stimulation effect by the modification of the bioreaction system with 

soil based bacterial strains.  

The metabolic pathway of biotransformation has been proposed on the basis of 

biosynthetic and stereo-mechanistic perspective. The metabolic mechanisms will be useful for 

biodegradation 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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Figure 1 Wastewater analysis process flow diagram. 
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Figure 2 TBBPA biodegradation in bioaugmented CAS sludge and MBR sludge. 
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Figure 3 TBBPA biodegradation rate constants in batch bioreactors. 
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Figure 4 TBBPA biodegradation in nitrifying bioreactors during CBOD and NBOD removal. 
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Figure 5 Metabolic scheme for the dominant metabolite formation. 

 

 


