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Abstract 18 

The increasing occurrence of tetrabromobisphenol A (TBBPA) in the environment is raising questions 19 

about its potential environmental health impacts as it has been shown to cause various deleterious 20 

effects in humans. The fact that the highest concentrations of TBBPA have been reported in 21 

wastewater sludge is concerning as effluent discharge and biosolids land application are likely a route 22 

by which TBBPA can be further disbursed to the environment. Our objectives in this study were to 23 

evaluate the effect of biochar (BC) and activated carbon (AC) in promoting the biodegradation of 24 

TBBPA, and characterize the response of anaerobic sludge microbial communities following 25 

amendments. Both carbonaceous amendments were found to promote the reductive debromination of 26 

TBBPA. Nearly complete transformation of TBBPA to BPA was observed in the amended reactors ~20 27 

days earlier than in the control reactors. In particular, the transformation of diBBPA to monoBBPA, 28 

which appears to be the rate-limiting step, was accelerated in the presence of either amendment. 29 

Overall, microbial taxa responding to the amendments, i.e., ‘sensitive responders’, represented a small 30 

proportion of the community (i.e., 7.2%), and responded positively. However, although both 31 

amendments had a similar effect on TBBPA degradation, the taxonomic profile of the sensitive 32 

responders differed greatly from one amendment to the other. BC had a taxonomically broader and 33 

slightly more pronounced effect than AC. This work suggests that BC and AC show great potential to 34 

promote the biodegradation of TBBPA in anaerobic sludge, and their integration into wastewater 35 

treatment processes may be helpful for removing TBBPA and possibly other emerging hydrophobic 36 

contaminants.  37 
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1. Introduction 40 

Tetrabromobisphenol A (TBBPA) is currently the most widely used brominated flame-retardant in 41 

electrical and electronic equipment. The increasing occurrence of TBBPA in environmental samples, 42 

including aquatic sediments, agricultural soils, and wastewater sludge (Liu et al., 2016), has raised 43 

some concerns regarding wildlife  (Chen et al., 2016), and human health as TBBPA has been shown to 44 

disrupt thyroid and estrogen regulative functions, cause liver and kidney damage, and increase risks of 45 

uterine cancer in mammals (Dunnick et al., 2015). In wastewater sludge, TBBPA concentrations as 46 

high as 732 mg kg-1 dry weight have been recorded (Li et al. 2016), and wastewater effluents 47 

discharging into receiving waters still contain measurable levels of TBBPA (up to 18.8 ng l-1; Liu et al., 48 

2016). This suggests that conventional wastewater treatment plants do not efficiently remove TBBPA, 49 

hence making wastewater effluent discharge and biosolids land application likely routes by which 50 

TBBPA enters the environment (Liu et al., 2016). Although microbial reductive debromination of 51 

TBBPA to bisphenol A (BPA) has been reported in sewage sludge, the anaerobic natural microbial 52 

attenuation of hydrophobic organic contaminants is generally a slow process (Lefevre et al., 2016). 53 

Recently, there has been a growing interest in using carbonaceous sorbent amendments, such as 54 

biochar (BC) and activated carbon (AC), for the immobilization and removal of inorganic and organic 55 

contaminants from wastewater (Mohan et al., 2014; Inyang and Dickenson, 2015; Huggins et al., 2016). 56 

Both carbonaceous amendments are generated through the conversion of waste biomass (e.g., wood, 57 

manure, crop residues and municipal waste) under elevated temperatures (350-800 °C) and oxygen-58 

limited conditions (Inyang and Dickenson, 2015). The resulting pyrolytic carbon materials, due to 59 

their highly porous structures, large surface areas, and high ion-exchange capabilities, display great 60 

potential for the sorption of a wide range of contaminants (Inyang and Dickenson, 2015). However, 61 

conversely because of their extraordinary sorption capabilities, there is a concern that organic 62 

compounds strongly adsorbed onto BC and AC surfaces will no longer be bioavailable for microbial 63 
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degradation. Although carbonaceous amendments have been shown to slow down the biodegradation 64 

of some herbicides (Muter et al., 2014), and even prevent BDE-47 degradation by a degrading strain of 65 

Pseudomonas putida (Xin et al., 2014), most studies have reported an increase in the biodegradability 66 

of a wide range of organic pollutants in the presence of BC and AC, including, pentachlorophenol (Tong 67 

et al., 2014; Yu et al., 2015), azo dyes (Van Der Zee et al., 2003), phenanthrene (Leglize et al., 2008), 68 

2,6-Dichlorophenol (Agarry et al., 2013), and polychlorinated biphenyls (Kjellerup et al., 2014). These 69 

findings suggest that combining both carbonaceous amendment materials and microbial degradation 70 

could be a promising strategy to improve the removal of a wide range of contaminants from 71 

wastewater and sludge. Although BC and AC have been found to enhance the biodegradation of a wide 72 

range of contaminants, their effect on TBBPA biodegradation has yet to be tested. Therefore, our 73 

objective in this study was to evaluate the effect of BC and AC on TBBPA microbial reductive 74 

debromination in wastewater sludge, and characterize the response of microbial communities to BC 75 

and AC amendments. To this end, anaerobic sewage sludge bench-scale bioreactors degrading TBBPA, 76 

identical to the ones used in a previous study and for which we had provided an in-depth 77 

characterization of the microbial communities (Lefevre et al., 2016), were used. Bioreactors were 78 

amended with BC and AC, and over the course of 77 days, the concentration of TBBPA and its 79 

degradation by-products, as well as microbial community composition were monitored using liquid 80 

chromatography with tandem mass spectrometry (LC-MS/MS), and MiSeq Illumina high-throughput 81 

sequencing, respectively. 82 

 83 

2. Material and Methods 84 

2.1. Chemicals and black carbon amendment materials 85 

Tetrabromobisphenol A (TBBPA, 4,4′-Isopropylidenebis (2,6-dibromophenol), 97% purity, CAS 79-94-86 

7) was purchased from Sigma-Aldrich (St Louis, MO, US). High performance liquid chromatography 87 
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(HPLC) grade acetone was used to prepare the 0.4 g/L TBBPA stock solution used to spike the 88 

anaerobic sludge reactors. For LC-MS/MS analysis, TBBPA for calibration standards was purchased 89 

from Wellington Laboratories (Guelph, Canada), and Bisphenol A (BPA; CAS 80-05-7) was purchased 90 

from AccuStandard (New Haven, CT, US). Mono, di and tri-bromobisphenol A (CAS 6073-11-6, 29426- 91 

78-6, and 6386-73-8, respectively) used for LC-MS/MS analysis were provided by Dr. Göran Marsh, 92 

(Stockholm University, SE). 13C12-TBBPA (Wellington Laboratories, Guelph, Canada) served as the 93 

internal standard for TBBPA and lesser brominated BPAs, and 13C12-BPA (Wellington Laboratories, 94 

Guelph, Canada) served as the internal standard for BPA. D8-BPA (Wellington Laboratories, Guelph, 95 

Canada), and 13C12- 6-hydroxy 2,2',4,4'-tetrabromodiphenyl ether (Cambridge Isotope Laboratories, 96 

Tewksbury, MA, US) were used as recovery standards to assess recoveries of 13C12-BPA and 13C12-97 

TBBPA, respectively. Solvents used for LC-MS/MS analyses were purchased from Honeywell, Burdick 98 

& Jackson Laboratories (St. Muskegon, MI, US). Activated carbon (DARCO, 4-12 mesh particle size, 99 

granular, CAS 7440-44-0) was purchased from Sigma-Aldrich and used as received. Biochar (100% 100 

hardwood, Cowboy brand) was purchased from a local retail hardware store (ACE, Durham, NC), 101 

crushed and sieved to 10-20 mesh prior to use. 102 

2.2. Batch reactor operation and sampling  103 

Six bench scale anaerobic sludge reactors were assembled in 2 L glass media bottles previously treated 104 

for the removal of organic residues in a muffle furnace at 550 °C for at least 4 hours. Under an 105 

anaerobic workstation (operated with a gas mixture of 90% H2, 5% N2, and 5% CO2), reactors were 106 

filled with 1.5 L of activated sludge (with 4.3±0.6 g/L of suspended solids) collected the same day at 107 

the North Durham wastewater treatment facility (Durham, NC, US). While reactors #1 and 2 did not 108 

receive any amendments, reactors #3 and 4 were amended with 70 mg/L of biochar (2.5% by dry 109 

sludge weight), and reactors #5 and 6 with 70 mg/L of activated carbon (2.5% by dry sludge weight). 110 

Reactors #1, 3, and 5 (i.e., one for each treatment) were selected to represent the abiotic reactor and 111 
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were autoclaved three times at 121 °C for 45 min. To provide co-metabolic conditions, which have 112 

previously been shown to stimulate TBBPA degradation (Lefevre et al. 2016), all reactors received 5 113 

mM (final concentration) of sodium acetate trihydrate. Finally, all reactors were spiked with 12.4 mL 114 

of 0.4 g/L TBBPA stock solution for a target final concentration of 6 μM before being hermetically 115 

sealed with 45 GL polypropylene screw caps equipped with silicone o-rings and blue butyl rubber 116 

stoppers (Bellco Glass Inc., Vineland, NJ, US) to ensure anoxic conditions throughout the experiment. 117 

Reactors were kept at room temperature (23 ±0.7 °C) in the dark, and manually shaken once per day. 118 

Over the course of the experiment, pH was evaluated using a pH meter (Fig. S1a), and the volume of 119 

gas generated in the reactors was measured (Fig. S1b) by inserting a sterile needle attached to a 120 

graduated glass Luer lock™ syringe through the stoppers. For each reactor, on days 0, 2, 16, 29, 43, 63, 121 

and 77, 2.5 mL of sludge was subsampled in triplicate in an anaerobic workstation, stored at -20°C 122 

until later analyses of TBBPA and debromination products. Additionally, on days 0, 29, 43, and 63, 5 123 

mL of sludge was collected in triplicate, stored at -80°C, and later thawed for microbial community 124 

analysis. Overall, a total of 18% of the initial volume of the reactors was sampled. 125 

2.3. Physical and chemical characterization of the carbon amendment materials 126 

Amendment characterization included pore volume and distribution (Table S1), specific surface area, 127 

total and leachable C and N content, moisture, labile and resilient organic matter, and ash content 128 

(Table 1). Surface chemical functional groups were also analyzed (Fig. S2). Zeta potential over pH was 129 

measured for both amendments (Fig. S3). Finally, concentration of major inorganic elements was 130 

performed (Table S2). The details of the methods used for each analysis can be found as supplemental 131 

material. 132 

2.4. TBBPA and degradation by-products analyses  133 

For chemical analysis, 200 µL of thawed sludge sample was transferred to a polypropylene microfuge 134 

tube. Each extraction batch included triplicate blanks (200 µL LC-MS/MS -grade water) and a matrix 135 
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spike consisting of 200 µL LC-MS/MS -grade water and 100 µL of each of the TBBPA, BPA, and mixed 136 

mono, di and tri-BBPA calibration stock solutions. Blanks and matrix spikes were processed in 137 

microfuge tubes alongside samples. Each sample set included a QA/QC check sample prepared like the 138 

matrix spike in a LC-MS vial. All samples, blanks, matrix spike, and QA/QC check received 100 µL each 139 

of 13C12-TBBPA and 13C12-BPA internal standards and 400 µL of methanol. For extractions, microfuge 140 

tubes were homogenized for 10 sec using a vortexer, sonicated 5 min in an ultrasonic water bath, and 141 

centrifuged for 1 min at 6,000 X g. The supernatant was transferred to a LC-MS vial, and the samples 142 

were extracted twice more with 400 µL acetonitrile.  Extracts were concentrated to 100 µL under N2, 143 

then 800 µl LC-MS grade water and 100 µl of recovery standards were added. TBBPA and lesser 144 

brominated by-products were analyzed by LC-MS/MS using a Thermo Accela ultra-high pressure LC 145 

and Vantage triple quadrupole mass spectrometer. Analytes were separated on a Thermo Hypersil 146 

Gold 100 x 2.1 mm column with a methanol-water gradient (80% methanol 0-0.2 min, to 99% 147 

methanol at 1.5 min, held at 99% to 3.5 min; 300 µl/min). Analytes were detected by selected ion 148 

monitoring (Lefevre et al., 2016). 149 

2.5. Microbial community analyses 150 

2.5.1. Illumina MiSeq sample preparation  151 

Thawed sludge samples (collected in triplicate from each biotic reactor on during 4 time points for a 152 

total of 36 individual samples) were centrifuged at 8,000 X g for 15 min and total genomic DNA was 153 

extracted from the pelleted biomass using the MoBio Power Soil DNA isolation kit (MoBio, Carlsbad, 154 

CA, US) with modifications as described in Lefevre et al. (2016). The primers 314F and 805R 155 

(underlined; Takahashi et al., 2014) modified with the Illumina overhang adapter sequences (314F: 5’-156 

TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGCCTACGGGNBGCASCAG-3’ and 805R: 5’-157 

GTCTCGTGGGCTCGGAGATGTGTATAAAGAGACAGGACTACNVGGGTATCTAACC-3’) were used in a first 158 

PCR to generate amplicons of the V3-V4 16S rDNA regions, as described in the “16S Metagenomic 159 
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Sequencing Library Preparation” workflow outlined by Illumina (Illumina, Inc., San Diego, CA, 160 

US).  Three PCR reactions per sample were performed in order to account for preparation biases. The 161 

three reactions were then pooled together and 25 μL were purified using AMPPure XP beads 162 

(Beckman Coulter, Brea, CA, US) according to the manufacturer’s protocol. For each sample, 5 μL of 163 

cleaned-up PCR products were dual-indexed in a second PCR using the Nextera XT N7XX and N5XX 164 

index sequences according to the “16S Metagenomic Sequencing Library Preparation” workflow 165 

outlined by Illumina. Products were then purified using AMPPure XP beads and quantified on a Qubit 166 

2.0 fluorometer. Each of the 36 samples was then normalized to the same concentration, pooled 167 

together, and run on the paired-end MiSeq platform using the V3 sequencing technology at the Duke 168 

IGSP Genome Sequencing and Analysis Core Facility (Durham, NC, US). 169 

2.5.2. Illumina MiSeq data analyses  170 

QIIME was used to analyze the generated Illumina MiSeq reads (See workflow Fig. S4). After 171 

assembling forward and reverse reads, and filtering the assembled reads based on quality score and 172 

length, a total of 9,763,678 sequences were obtained. Sequences were clustered together in 173 

operational taxonomic units (OTUs) using Uclust with a similarity cutoff of 97%. Because generation of 174 

sequencing errors is a well-documented drawback of next-generation sequencing platforms (Loman et 175 

al., 2012), an additional filtering step removing OTUs with a minimum abundance threshold of 0.004% 176 

was applied (the justification for the selection of this threshold is presented in Fig. S5). This additional 177 

filtering step left 2,051,646 reads that clustered into 1,361 OTUs. OTUs taxonomic assignment was 178 

performed using the RDP classifier against the Greengenes taxonomy reference released in August 179 

2013, with a confidence threshold of 50%.  Microbial community analyses were performed using a 180 

Bray-Curtis similarity matrix-based principal coordinate analysis (PCoA). An analysis of similarity 181 

(ANOSIM) was performed in order to test for the effect of time (Day 0 vs. Day 29 vs Day 43 vs Day 63), 182 

and treatment (biochar vs. activated carbon vs control), on microbial community composition. 183 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

 10

 184 

3. Results and discussion 185 

3.1. TBBPA degradation  186 

Concentrations of TBBPA and its congeners were monitored in all reactors over 77 days using LC-187 

MS/MS. TBBPA was completely transformed to a stoichiometrically equivalent amount of BPA by Day 188 

63 in the biotic reactors (Fig. 1). In contrast, no TBBPA degradation and no gas production were 189 

observed in the abiotic reactors (Fig. S1b and S6), indicating that TBBPA degradation was microbially-190 

mediated. The pH of the abiotic control was consistently lower than that of the abiotic amended 191 

reactors (i.e., 6.0 and 6.3 when averaged over time, respectively; Fig. S1a), suggesting that both 192 

carbonaceous amendments have a liming effect, as previously observed in soils (Wang et al., 2017). 193 

Indeed the calculated pH of stability for BC and AC was 9.9 and 9.2 respectively (Table 1). The biotic 194 

reactors, however, whether they had received carbonaceous amendments or not, had a similar and 195 

slightly higher pH (i.e., 6.6) than the abiotic reactors (Fig. S1a), suggesting that despite the liming effect 196 

of BC and AC, the pH was ultimately controlled by microbial activity. During the course of the 197 

experiment, 3,3',5-tribromobisphenol A (3,3’,5-triBBPA), 3,3'-dibromobisphenol A (3,3’-diBBPA), and 198 

3-monobromobisphenol A (3-monoBBPA) were the only identified intermediary products of TBBPA 199 

transformation to BPA, and observed changes in parent and metabolites concentration were mass 200 

balanced, suggesting that reductive debromination was the only degradation pathway taking place 201 

(Fig. 1). Only one diBBPA isomer (3,3’-diBBPA) was detected, supporting the premise that biological 202 

reductive dehalogenation of TBBPA is position-dependent, as previously proposed in Arbeli and 203 

Ronen (2003). Indeed, if debromination of the three bromines on 3,3’,5-triBBPA was equally favorable, 204 

we would expect the proportion of 3,3’-diBBPA to be 50% of the two dibrominated BPA isomers. No 205 

further BPA degradation occurred in the biotic reactors. This finding is not surprising as BPA 206 

accumulation has been commonly observed under anoxic conditions (Arbeli and Ronen, 2003; Chang 207 
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et al., 2012; Liu et al. 2013; Lefevre et al., 2016), and is attributed to the presence of a methylene linker 208 

joining the two BPA molecule aromatic rings, preventing their cleavage by anaerobic microorganisms 209 

(Chang et al., 2012). Yet, anaerobic biotransformation of TBBPA to BPA ultimately brings the TBBPA 210 

degradation process closer to complete mineralization, since subsequent mineralization of BPA can 211 

rapidly occur if aerobic conditions are provided, thus making the contaminant well-suited to a two-212 

stage treatment process (Liu et al., 2013).  213 

In the present study, initial transformation of TBBPA occurred significantly (p<0.05) faster in the 214 

control than in the reactors amended with BC and AC (Fig. 1). Nearly all TBBPA (92.2±1.4%) had been 215 

depleted in the control by Day 29 while only 41.9±7.9 and 35.6±7.1% of the spiked TBBPA had been 216 

transformed in the BC and AC-amended reactors, respectively. Nevertheless, the complete 217 

debromination of TBBPA was significantly (p<0.05) more rapid (i.e., achieved 20 days earlier) in the 218 

amended reactors. By Day 43, 79.4±3.8 and 71.4±9.3% of initial TBBPA had been transformed to BPA 219 

in the BC and AC-amended reactors, respectively, whereas only 36.5±7.2% of TBBPA had been 220 

completely debrominated in the control reactor. These data suggest that BC and AC amendments 221 

modified the kinetics of TBBPA degradation and BPA formation in the anaerobic sludge reactors, and 222 

overall, accelerated the complete transformation of TBBPA to BPA. However, there was no significant 223 

difference in TBBPA debromination between the AC and BC-amended reactors at any time point, 224 

indicating that both amendments had the same effect on TBBPA debromination. 225 

Clear differences in the distribution of the three intermediary products of TBBPA debromination were 226 

observed between the amended reactors and the control. In both amended reactors, 3,3’,5-triBBPA, 227 

3,3’-diBBPA, and 3-monoBBPA were never detected at concentrations greater than 1 μM. In contrast, 228 

in the control reactor, 3,3’-diBBPA accumulated at Day 29 with a concentration reaching 4.9±0.4 μM, 229 

and 3-monoBBPA concentration was nearly twice that measured in the amended reactors (i.e., 230 

1.8±0.4) at Day 43. Our previous study (Lefevre et al., 2016), which used the same reactor settings 231 
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without the addition of carbonaceous materials, showed a similar distribution of TBBPA by-products 232 

to that presently observed in the control reactor. A transient accumulation of the di-halogenated 233 

congener during the microbial reductive debromination of TBBPA, or even TCBPA 234 

(tetrachlorobisphenol A), has been previously reported in the literature (Arbeli and Ronen, 2003; 235 

Chang et al., 2012; Sun et al., 2014). These observations suggest that the transformation of 3,3’-diBBPA 236 

to 3-monoBBPA may be the limiting step of TBBPA reductive debromination. A possible explanation 237 

for this finding is that the presence of an unequal number of halogens on each phenolic ring creates a 238 

stronger positive dipole moment of the tri- and monoBBPA molecules, which makes them more 239 

susceptible to undergo nucleophilic attack compared to diBBPA (Arbeli and Ronen, 2003). Thus, 240 

mono- and triBBPA are in theory more easily debrominated compared to diBBPA. The fact that no 241 

diBBPA accumulated in the amended reactors (Fig. 1) suggests that the presence of BC and AC 242 

facilitated the transformation of diBBPA to monoBBPA. Others have also observed this trend in 243 

polyhalogenated compounds. For instance, in a study of microbial degradation of Aroclor 1260, 244 

Kjellerup et al. (2014) noted that the addition of granulated AC resulted in the formation of more 245 

extensively de-chlorinated by-products compared to the amendment-free control. Several other 246 

studies have demonstrated that TBBPA microbial debromination could be facilitated by the presence 247 

of extracellular electron mediators such as vitamin B12, riboflavin, 2-hydroxy-1,4-naphthoquinone, 248 

humic acid (Chang et al., 2012; Wang et al., 2013), or solid amendments containing a relatively high 249 

level of organic carbon such as gray chalk, sediments and soil particles (Arbeli and Ronen, 2003). 250 

Similarly, BC was previously shown to function as an electron shuttle, promoting electron transfers 251 

from Geobacter sulfurreducens cells to adsorbed pentachlorophenol (PCP; Yu et al., 2015), and overall 252 

stimulating soil microbial community extracellular electron transfer (Tong et al., 2014), hence 253 

accelerating PCP dechlorination. Through the same electron-mediating properties, AC has also been 254 

shown to accelerate azo dyes microbial degradation (Van Der Zee et al., 2003). Surface redox-active 255 
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moieties (RAMs), which can function both as electron donors and acceptors, as well as the presence of 256 

conductive polycondensed aromatic structures, are likely responsible for BC and AC electron-257 

mediating properties (Van Der Zee et al., 2003). Our analysis or the functional groups displayed on the 258 

surface of AC and BC indicated the presence of a C=O stretching that might correspond to quinone 259 

redox-active moieties (Fig. S2) as suggested by Yu et al. (2015). Therefore, it is possible that a similar 260 

process takes place with TBBPA whereby the amendments accelerate the microbial extracellular 261 

respiration of adsorbed TBBPA and dehalogenation products, and promote the transformation of 262 

diBBPA to monoBBPA.  263 

3.2. Microbial community response  264 

Sequencing of DNA extracted from the sludge samples generated a total of 2,051,646 high quality 265 

reads that clustered into 1,361 OTUs. Chao1 individual-based rarefaction curves (Fig. S7) and Good’s 266 

coverage values (>99%; Table S3) indicated that the microbial communities were well sampled, 267 

allowing for diversity comparisons between samples. Shannon diversity indexes varied from 8.4 to 8.9 268 

(Table S3), which is in the range of what previous studies on similar systems have found (Lefevre et al., 269 

2016). The most represented phyla were Proteobacteria, Bacteroidetes, Actinobacteria, Chloroflexi, 270 

Verrucomicrobia, Planctomycetes, and Firmicutes, which accounted for 26.5, 16.3, 12.0, 8.4, 6.8, 5.3 271 

and 5.2% of the total community (averaged across samples; Fig. S8). Although the PCR primers used in 272 

this study (i.e., 314F and 805R; Takahashi et al., 2014) were designed to target both Bacteria and 273 

Archaea, only two archaeal OTUs, whose combined relative abundance remained below 0.1% 274 

throughout the experiment, were detected. This is much lower than previously reported on similar 275 

anaerobic sludge systems (i.e., ~6 %; Guo et al., 2015), and is likely a result of the preferential 276 

amplification of bacterial over archaeal taxa by the primers used in this study (Takahashi et al., 2014). 277 

Over the course of the experiment, whether they had received carbonaceous amendments or not, the 278 

reactors shared between 94.0 and 99.5% of their OTUs (Fig. S9). Although the kinetics of TBBPA 279 
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transformation to BPA differed between amended and control reactors (Fig. 1), in terms of overall 280 

microbial community composition, no marked differences could be seen at the phylum level (Fig. S10). 281 

All reactors displayed similar microbial population dynamics, characterized by a slight increase of 282 

Bacteroidetes and Actinobacteria, and a slight decrease of Verrucomicrobia relative abundances over 283 

time (Fig. S10). Bray-Curtis similarity matrix-based PCoA analysis (Fig. 2) revealed that samples 284 

clearly clustered by sampling dates, following a nearly identical pattern to that observed in our 285 

previous study on similar TBBPA-spiked anaerobic reactors (Lefevre et al., 2016).  When an analysis of 286 

similarity (ANOSIM) testing for the factor time was performed, an R-value of 0.75 (p<0.001) was 287 

calculated, indicating that time was the main factoring controlling microbial community composition 288 

dynamics, which is to be expected during the start-up phase of anaerobic reactors as the composition 289 

of microbial communities shifts during the settlement of anoxic conditions (Goux et al., 2016). More 290 

surprisingly, the R-value calculated when the factor treatment was tested also revealed an effect of the 291 

carbonaceous amendments on microbial community composition at the OTU-level. Though much 292 

weaker than that of time (i.e., R-value=0.13; p=0.039; Fig. 2), carbonaceous amendments also exerted 293 

an effect on microbial community composition dynamics.  294 

In order to further explore this effect, ‘sensitive responders’ to carbonaceous amendments were 295 

identified for each post amendment dates. Following the definition of Dai et al. (2016), we qualified a 296 

taxon (i.e., OTU) as ‘sensitive responder’ if its relative abundance significantly increased (positive 297 

responder) or decreased (negative responder) at least by a factor of two in the BC- or AC-amended 298 

reactors relative to the control. According to this definition, 153 out of the 1,361 OTUs detected in this 299 

study (i.e., 11.2%) were identified as sensitive responders (Fig. 3), which is in the range of what Dai et 300 

al. (2016) found in their study on the effect of BC on soil microbial communities. Although they were 301 

distributed among 22 phyla, two thirds of the sensitive responders affiliated to 4 phyla (i.e., 302 

Actinobacteria, Bacteroidetes, Chloroflexi, Proteobacteria; Fig. 3, Fig. S11). Overall, sensitive 303 
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responders represented 7.2% of the total community relative abundance, indicating that in terms of 304 

composition dynamics, only a few taxa were affected by BC and AC, while the major part of the 305 

community was not affected by the carbonaceous amendments. With the exception of two OTUs, 306 

identified responders always displayed the same type of response (i.e., positive or negative) to an 307 

amendment. While 95 OTUs were found to be consistently positive and represented overall 5.6% in 308 

terms of relative abundance, the 56 OTUs identified as negative responders only represented 1.3% of 309 

the community, suggesting that carbonaceous amendments had more of a positive effect on the growth 310 

of the responding taxa. Despite the fact that all responding OTUs were detected in both BC and AC-311 

amended reactors, only 8 were found to respond similarly to both amendments (Table S4). Among the 312 

other responders, 98 were found to respond only to BC, and 47 only to AC, suggesting that each 313 

amendment affected a different fraction of the microbial community, but also that BC had a broader 314 

effect compared to AC. As clearly shown in Fig. 3, the large majority of positive responders were 315 

detected in the BC-amended reactor at Day 29. This sampling time was also the only one for which we 316 

detected responders whose relative abundance increased more than 5 times compared to that of the 317 

control (Fig. 3, Table S5), and these ‘highly sensitive responders’ were mostly found in the BC-318 

amended reactor. The relative abundance of the positive responders in the BC reactor was twice that 319 

of the control at day 29 (Fig. 4). Positive responders to AC also saw their proportion significantly 320 

increase (p<0.05) compared to the control, but to a lesser extent (Fig. 4), suggesting that BC had a 321 

more important effect than AC. This observed effect was the most pronounced at Day 29. While at Day 322 

43, the effect of both amendments had already diminished, at Day 63 it became negligible, altogether 323 

suggesting that the response to the community to the black carbon was temporary. The non-324 

carbonized fraction of both BC and AC have been shown to provide nutrients and labile carbon readily 325 

utilizable by microorganisms, hence increasing their biomass and activity (Tong et al., 2014; Inyang 326 

and Dickenson, 2015). Carbonaceous amendments’ macroporous structures have also been shown to 327 
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be able to support the growth of microbial biofilms, as well as provide a protecting habitat against 328 

grazers (Leglize et al., 2008; Frankel et al., 2016). Thus, around Days 29 and 43, the observed 329 

temporary increase in positive responders’ population could result from the fact that these taxa might 330 

have colonized the porous structure of BC and AC, hence have had a facilitated access to the labile 331 

carbon and nutrients leaching from the amendment surfaces. In the present study, the more important 332 

stimulating effect of BC over AC could be attributed to the fact that, although both amendments 333 

displayed similar C and N contents, labile organic matter of BC was twice that of AC, and leachable C 334 

and N were ~20 times more important in BC than in AC (Table 1). In addition, AC typically possesses a 335 

higher proportion of micropores, unaccessible to most microbial cells, as compared to BC (Inyang and 336 

Dickenson, 2015; Huggins et al., 2016), and as measured in the present study (i.e., 70% of micropores 337 

are in the 2-10 nm size range for AC, while 74% are in the 20-80 nm size range for BC, Table S1). 338 

Finally, differences in amendments’ surface functional groups (Fig S2) might also have contributed to 339 

the differential growth of the microbial communities between AC and BC-amended reactors, as BC 340 

might display more redox-active moieties than AC, hence promoting bacterial growth (Yu et al., 2015).   341 

Although microbial toxicological studies on black carbon amendments are quite limited (Jonker et al., 342 

2009), the significant decrease of the negative responders at Day 29 suggests that carbonaceous 343 

amendments might exert a slight toxicity towards some microbial taxa, as inorganic mineral 344 

constituents potentially toxic to microbial cells can also be released from their surface (Inyang and 345 

Dickenson, 2015). The elemental composition analysis of the inorganic constituents of BC and AC 346 

(Table S2) revealed that AC contained higher concentrations of Al, Cr, Mn, Fe, Co, Ni, Cu, and As than 347 

did BC, some of which can be toxic to microbial species. However, further analyses would be required 348 

in order to assess the solubility, hence toxicity of these elements towards microbial taxa. 349 

Based on the present characterization of the microbial community response to carbonaceous 350 

amendments, two hypotheses can be proposed to link the effect of BC and AC to TBBPA microbial 351 
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degradation. First, it could be hypothesized that carbonaceous amendments directly affected the 352 

growth of the TBBPA-degrading taxa (i.e., the positive responders) by providing them with a source of 353 

nutrients and readily usable carbon for their growth, as suggested by Agarry et al. (2013). In addition, 354 

BC and AC could also have been used as a physical support for the formation of a TBBPA-degrading 355 

microbial biofilm. Leglize et al. (2008) showed that, by preferentially supporting the growth of 356 

phenanthrene-degrading bacterial strains that had the ability to form biofilms, AC addition promoted 357 

the degradation of phenanthrene. Frankel et al. (2016) also showed that BC-associated biofilms 358 

considerably increased naphtenic acids biodegradation in the treatment of oil sand process water. 359 

Among the ‘highly sensitive positive responders’ identified in this study, the most affected taxa 360 

affiliated to the genus Rhodoferax, from which species able to degrade a wide range of chlorinated 361 

compounds have been isolated (Ehrig et al., 1997). Additionally, many responders affiliated to the β-362 

proteobacteria order, Burkholderiales (Table S5, Fig. S11), for which an extensive genomic analysis 363 

has been performed, revealing the presence of an unexpectedly high number of genes involved in 364 

aromatics biodegradation (Pérez-Pantoja et al., 2012). Although the taxonomic composition of the 365 

positive responders greatly differed from one amendment to the other, many taxonomically distant 366 

bacterial strains are known to possess the ability to degrade TBBPA (An et al. 2011; Wang et al., 2013; 367 

Peng et al., 2014). In fact, although the reactors used in our previous study harbored taxonomically 368 

different microbial communities compared to that of the reactors used in this study (See Fig. S6 and 369 

S8, and Fig. S5 and S6 from Lefevre et al., 2016), TBBPA degradation kinetics were very similar 370 

between both studies (see Fig. 1, and Fig. 1 from Lefevre et al., 2016). Therefore although 371 

taxonomically different, both populations positively affected by BC and AC could have had similar 372 

TBBPA degrading capabilities, supporting that TBBPA degradation can be equally carried out by 373 

communities presenting distinct taxonomic profiles. However, based solely on the taxonomic 374 

community composition presented in this study, and the absence of evidence for the formation of AC- 375 
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and BC-associated biofilms, it is difficult to assert that the TBBPA degradation was a biofilm-mediated 376 

process. Alternatively, it is also possible that the positive responders identified in this study were not 377 

directly responsible for the observed TBBPA degradation. Rather, BC and AC might have stimulated 378 

the overall activity of TBBPA degrading taxa, without necessarily increasing their biomass. TBBPA 379 

anaerobic respiration could also have been promoted through the electron-mediating properties of AC 380 

and BC as suggested by others (Van Der Zee et al., 2003; Tong et al., 2014; Yu et al., 2015). These 381 

alternative mechanisms could not have been detected by the DNA-based sequencing employed in this 382 

study. Additional approaches, such as RNA-based molecular, enzymatic, or gene expression assays 383 

should be conducted to have a better understanding of the mechanisms behind AC and BC-promoted 384 

TBBPA degradation. Nevertheless, the present study shows that charred carbonaceous amendment 385 

could accelerate the debromination of TBBPA in wastewater anaerobic sludge, bringing the TBBPA 386 

degradation process a step closer to complete mineralization. As BPA has been shown to mineralize 387 

under oxic condition, future work could also be conducted to evaluate the effect of BC and AC on the 388 

microbial degradation of BPA under aerobic conditions. 389 

 390 

4. Conclusions 391 

For the first time, biochar and activated carbon were showed to accelerate the reductive 392 

debromination of TBBPA to BPA, a crucial step in complete decomposition of TBBPA, as subsequent 393 

mineralization of BPA can rapidly occur if aerobic conditions are provided. Particularly, the 394 

transformation of diBBPA to monoBBPA, which appears to be the most limiting step, was stimulated in 395 

the presence of either carbonaceous amendment. Only a small portion of the microbial community 396 

responded to BC and AC amendments, suggesting that the addition of carbonaceous material for 397 

wastewater treatment would likely not alter the bulk of the microbial community, responsible for 398 

other essential microbially-mediated wastewater treatment processes. Although TBBPA degradation 399 
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kinetics were similar in both BC and AC-amended reactors, each amendment affected distinct taxa 400 

within the microbial community. Overall, BC displayed a broader and more pronounced effect than AC 401 

on the microbial community. These differences are likely reflective of the physicochemical differences 402 

existing between the two amendments. Although more work needs to be conducted in order to 403 

unravel the mechanisms underlying BC- and AC-promoted TBBPA degradation, it is possible that 404 

carbonaceous amendment may have promoted the extracellular electron transfers involved in TBBPA 405 

reductive debromination, or stimulated the growth and activity of TBBPA-degrading taxa by providing 406 

readily usable carbon and nutrient, or a physical support for the formation of a TBBPA-degrading 407 

microbial biofilm. Nevertheless, this study suggests for the first time that BC and AC present great 408 

potential for the microbial degradation of TBBPA. Therefore, their integration to wastewater 409 

treatments, but also to soils and sediments decontamination strategies, may be promising to promote 410 

the removal of TBBPA and possibly other emerging hydrophobic contaminants. 411 
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Table 1. 

Sample pH 
EC  

�s/cm 

S
BET

  

(cm
2
/g) 

S
micro

 

(cm
3
/g) 

S
meso

 

(cm
3
/g) 

Vt  

(cm
3
/g) 

V
micro 

(cm
3
/g) 

V
meso

 

(cm
3
/g) 

Moisture 
w% 

Labile 
OM  
w% 

Resilient 
OM  
w%  

Ash  
w%  

C  
w% 

N  
w% 

leaching 
C (�g/g) 

leaching 
N (�g/g) 

AC 9.2 316.8 508 239 269 0.417 0.096 0.321 
8.7 
±0.2 

5.6 
±0.7 

77.6 
±0.5 

8.1 
±0.2 82.8 0.61 

52.5 
±5.8 

≤LQ  
(1 �g/g) 

BC 9.9 454.6 4.85 2.34 2.51 0.0096 0.0022 0.0074 6.0 
±0.1 

12.9 
±2.6 

78.4 
±2.6 

2.7 
±0.1 77.5 1.02 1091.7 

±38.2 
20.2 
±1.6 

Table 1. physicochemical characteristics of activated carbon (AC) and biochar (BC). From left to right: pH, electrical conductivity (EC), total 

BET surface area (SBET), micro- (Smicro) and mesopore (Smeso) surface area, total pore (Vt), micropore (Vmicro)and mesopore (Vmeso) volumes, 

moisture, labile matter, resident matter and ash contents (in weight %), C and N mass content, and leachate carbon and nitrogen content. 
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Fig. 1. TBBPA degradation and formation of BPA in the biotic reactors. Concentration of TBBPA, BPA, and 

transformation by-products (i.e., 3,3’,5-triBBPA, 3,3’-diBBPA, 3-monoBBPA) in the control reactor, and 

reactors amended with biochar and activated carbon over time. Error bars represent standard deviation 

from the mean. TBBPA reductive debromination pathway is shown below the graphs. No loss  

of TBBPA was observed in the abiotic controls (See Fig. S4). 
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 Factor tested 

 

 Day  

(0, 29, 43, 63) 

Treatment  

(Control, biochar, activated carbon) 

R-value (p-value) 0.75 (0.001) 0.14 (0.039) 

Fig. 2. Bray-Curtis matrix-based Principal Coordinate Analysis (PCoA) and Analysis of similarity (ANOSIM) 

results. The percentage of variation explained by the two axes is indicated on the graph. The table presents 

the results of the ANOSIM, with the null hypothesis (H0) stating that the community composition does not 

differ between days or treatments. H0 is rejected if p≥0.05. The closer the R-value is to 1, the more 

difference between the groups tested in terms of community composition. 
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ACCEPTED MANUSCRIPTFig.	3.	Fold	change	in	responding	OTUs’	relative	abundance	between	control	and	amended	reactors	for	each	
post‐amendment	 sampling	 date.	 Responders	 are	 defined	 as	 OTUs	whose	 relative	 abundance	 significantly	
(p<0.05)	increases	or	decreases	more	than	twice	in	the	amended	reactors	relative	to	the	control.	Each	black	
and	 white	 circle	 represents	 a	 responding	 OTU	 detected	 in	 the	 biochar‐	 and	 activated	 carbon‐amended	
reactors,	 respectively.	Dash	 lines	on	each	graph	are	visual	 references	 for	 a	 fold	 change	of	5.	Phylum‐level	
taxonomic	affiliation	is	indicated	at	the	bottom,	and	the	number	of	responding	OTU	in	each	taxonomic	group	
is	indicated	between	parentheses.	
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Fig. 4. Relative abundance of positive and negative responders in each reactor for each sampling day. Error 

bars represent the standard deviation from the mean. For each sampling day and category of responders, 

significant differences between treatments (t-test; p<0.05), when found, are indicated by a different letter 

(upper case for the positive responders, and lower case for the negative responders). C: control; BC: 

biochar; AC: activated carbon. 
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Highlights 

• Biochar (BC) and activated carbon (AC) promoted TBBPA microbial debromination 

• Responders to BC and AC represented a small proportion of the microbial community 

• BC and AC affected a taxonomically different part of the community 

• BC had a broader and more pronounced effect than AC on the microbial community 

 




