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Abstract 

Bisphenol A (BPA) is a monomer of polycarbonate plastic which is produced in a large volume. 

The environmental fate of BPA has been of great concern due to its estrogenic properties. BPA 

had been considered recalcitrant under anoxic conditions, but recent studies showed that BPA is 

degraded by synthetic manganese oxides (MnO2-syn) without the requirement of oxygen. 

Manganese oxides (MnO2) is a naturally occurring, strong oxidant, and its formation is mainly 

attributed to microbial Mn(II) oxidation in the environment. However, the reactivity of 

biologically produced MnO2 (MnO2-bio) towards BPA has not been demonstrated. MnO2-bio is the 

result of microbial Mn(II) oxidation to Mn(IV). This process involves two single-electron transfer 

reactions with Mn(III) as a transient intermediate, and generally prevails in nature as Mn(III) 

containing Mn(III/IV)-oxide. Mn(III) is also a strong oxidant and can contribute to the oxidation 

reaction of BPA. In this thesis, we first used three well-characterized Mn(II) oxidizing bacteria 

(MOB), Roseobacter sp. AzwK-3b, Erythrobacter sp. SD-21, and Pseudomonas putida GB-1 to 

determine if they can mediate BPA degradation by producing MnO2-bio. Then, we examined the 

relative contribution of Mn(III) in BPA degradation by MnO2-bio, using R. AzwK-3b as a model 

organism.  

In the first study, we demonstrated that R. AzwK-3b and E. SD-21 degraded BPA in absence of 

Mn(II) which has not been reported previously within these genera. In the presence of Mn(II), 

BPA degradation by the two strains became faster indicating MnO2-bio enhanced BPA degradation. 

P. putida GB-1 did not degrade BPA in the absence of Mn(II), but BPA degradation was observed 

in the presence of Mn(II). For all three bacteria, high BPA degradation rates were observed with 

10 μM Mn(II) and BPA degradation decreased with increasing Mn(II) concentrations even though 



 
 

more MnO2-bio was formed with higher Mn(II) concentrations, suggesting that excess Mn(II) 

blocked the MnO2-bio surface. 

In the second study, we examined the relative role of Mn(III) in BPA degradation by MnO2-bio. 

MnO2-bio produced by R. AzwK-3b is a hexagonal-birnessite-like colloidal phase. This initial phase 

is known to undergo “aging” process and transforms into triclinic-birnessite-like particulate phase. 

We prepared two phases of MnO2-bio (colloidal and particulate) and their synthetic counterparts 

(hexagonal and triclinic birnessite) and compared Mn(III) content, Mn(III) availability, and their 

impacts on BPA degradation rates. At neutral pH, both phases of MnO2-bio did not show significant 

BPA degradation, but degradation occurred when a chelating agent, pyrophosphate, was added, 

suggesting that Mn(III) plays a major role in MnO2-bio reactivities. The result was consistent with 

the high Mn(III) content in colloidal and particulate MnO2-bio (64% and 62%, respectively). 

Relatively high Mn(III) content was observed in triclinic MnO2-syn (36%), but BPA degradation 

rate was not as high as MnO2-bio. We measured Mn(III) release rates of each MnO2, and they 

showed high correlation with BPA degradation rates. Mn(III) release rates may account for 

accessible free Mn(III) from Mn(III)-pyrophosphate complex contributing to the higher BPA 

degradation rates. Combined, these results provide mechanistic understanding of Mn(III) 

containing Mn-oxides-mediated contaminant transformation that are relevant to natural and 

engineered environments. 
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Chapter 1 - Introduction 

Bisphenol A (2,2-bis[4-hydroxyphenyl]propane, BPA), a monomer for producing polycarbonate 

plastic and epoxy resins,1–3 is one of the most produced chemicals in the world. Chemically, it is 

a propane with two phenol functional groups (Figure 1.1). BPA was first discovered in 1905, and 

gradually gained its commercial popularity with time. In 2015, the global demand of BPA was 

more than 7.7 million tons and is predicted to grow further at a rate of 4.8% yearly, through the 

year 2022.4 About 65% of total BPA is used in the production of polycarbonate resins, 28% is used 

for epoxy resins and the rest is used in manufacturing other products.5 BPA is used in products of 

everyday use such as flame retardants, lacquer coatings on food cans, dental sealants, bottle tops 

and water pipes, and as antioxidants in plastics.6 It is also used in different products including 

compact disks, children’s toy, thermal papers, electronic equipment, automobiles and so on.1  

 

Figure 1.1 Molecular structure of bisphenol A (BPA). 

Despite its wide ranging usage in consumer products, BPA exposure has been reported to be 

detrimental to human body as well as to other mammalian and non-mammalian animals.3 BPA has 

weak estrogenic properties and it has been identified as an endocrine disrupting compound (EDC).1 

It can bind to an estrogen receptor like natural estrogens and regulate the activity of estrogen 

responsive genes.7 Cell function in human body can also be disrupted by estrogenic activity of 
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BPA.8 It can also cause reproductive disorder, cardiovascular disease, diabetes and liver disease 

in human.9  

Due to its massive production and improper disposal, BPA has entered into the environment. BPA 

concentrations of 0.5−343 μg kg-1 in fresh water sediments,10,11 0.5−776 ng L-1 in surface water 

bodies,11–13 0.02−149.2 μg L-1 in sewage effluents14,15 and 1.3−17,200 μg L-1 in landfill leachate16 

have been detected in the environment. BPA processing in the manufacture of plastic products, 

inefficient removal in wastewater treatment, unsupervised leaching of landfill leachate and 

disintegration of discarded BPA containing materials are the main reasons for the release of BPA 

into the environment.12,14,16–19 A recent survey showed that BPA was detected in human urine 

samples at a frequency of up to 99%.20 Hence, scientific studies on environmental fate of BPA is 

of great interest due to health concerns associated with BPA exposure.  

BPA can be transferred and degraded by several biotic and abiotic processes upon releasing into 

the environment. BPA is susceptible to adsorption by suspended solids and sediments, 

photodegradation, degradation by reactive minerals1,21 and biodegradation by diverse taxa of 

bacteria, fungi, algae and plants under oxic conditions.1,21,22 Known pathways and intermediates 

in BPA degradation process, mediated by diverse bacteria, fungi, algae and plants as well as 

reactive mineral phases and are well summarized by Im and Löffler (Figure 1.2).21 
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Figure 1.2 BPA degradation pathways and intermediates mediated by biological entities and 

reactive mineral phases demonstrated in the laboratory. (Im et al., 2016) 

Under anoxic conditions, on the other hand, many studies concluded that BPA is recalcitrant.23–26 

However, recently, different studies demonstrated that chemically synthesized manganese oxides 

(MnO2-syn) mediate BPA degradation without the requirement of oxygen.27–33 Manganese oxides 

(MnO2) are naturally occurring strong oxidants which are found in subsurface environments, 

including soils, marine and freshwater sediments.34 In the BPA degradation by MnO2-syn, 

hydroxycumyl alcohol (HCA) was detected as a major intermediate with up to 64% of conversion 

ratio.30 Nakamura et al. reported that HCA may have higher estrogenic activity than BPA,35 but 

HCA is also susceptible to MnO2-syn mediated degradation as well as to microbial degradation 
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under oxic conditions.30 MnO2 are highly reactive and known to affect the fate of metals, nutrients, 

organic and inorganic compounds36–39 including various phenolic compounds.40–43  

The formation of MnO2 (or biological MnO2-bio) is mainly attributed to microbial Mn(II) 

oxidation.34,44 Microorganisms that oxidize Mn(II) to MnO2 are abundant in nature. The oxidation 

of Mn(II) to MnO2 or Mn(III/IV) oxides is energetically favorable and microorganisms may 

harness and utilize energy from these reactions.34,45,46 However, the physiological function of 

Mn(II) oxidation has not been established. Bacteria catalyze Mn(II) oxidation by direct and 

indirect enzymatic reactions.34 The enzymes responsible for direct Mn(II) oxidation have been 

identified and studied. Two marine -proteobacteria: Roseobacter sp. strain AzwK-3b and 

Erythrobacter sp. strain SD-21 and a freshwater γ-proteobacteria: Pseudomonas putida strain GB-

1 oxidize Mn(II) using different enzymatic activities (Figure 1.3). R. AzwK-3b oxidize Mn(II) 

indirectly through the enzymatic production of extracellular superoxide radicals, named reactive 

oxygen species (ROS) superoxide.44 In E. SD-21, a Ca2+ binding heme peroxidase (HPO) enzyme, 

named MopA (manganese-oxidizing peroxidase) is responsible for Mn(II) oxidation.47 This 

enzyme catalyzes Mn(II) oxidation by utilizing Fe-heme to oxidize a substrate and reducing 

H2O2.
47 P. putida GB-1 employs two multicopper oxidase (MCO) enzymes for Mn(II) oxidation, 

named MnxG and McoA, and animal heme peroxidase enzyme, MopA.48 MCOs contain four Cu 

atoms and catalyzes four electron reduction of O2 to H2O.49 
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Figure 1.3 Microbial Mn(II) oxidation with different enzymatic systems in (a) R. AzwK-3b, 

(b) E. SD-21 and P. putida GB-1, (c) P. putida GB-1. 

Manganese oxidizing bacteria (MOB) oxidize Mn(II) to MnO2 by two sequential single-electron 

transfer reactions where Mn(III) is produced as a transient intermediate.50–52 In nature, this 

intermediate Mn(III) can prevail in a soluble ion phase or a solid phase.50 Mn(III) is very unstable 

and disproportionates into Mn(II) or Mn(IV) unless complexed by a soluble organic or inorganic 

chelating agents (Figure 1.4).53–55 In natural environment, diverse species of microbes have been 

reported to produce organic ligands which stabilize Mn(III) in aqueous solution. Erythrobacter sp. 

SD-21 produce pyrroloquinoline quinone (PQQ) that stabilizes the Mn(III) intermediate in the 

oxidation of Mn(II) to Mn(IV).56 A pyoverdine siderophore produced by the Mn(II)-oxidizing 

bacterium Pseudomonas putida MnB1 also promotes natural Mn(III) chelation by forming 

Mn(III)-siderophore (Fe-binding ligands) complexes.55 In laboratory settings, different ligands, 

such as pyrophosphate, EDTA, and citrate have been used to stabilize Mn(III) by forming Mn(III)-

ligand complex.53,54 Pyrophosphate (PP) is a widely used ligand because it makes strong Mn(III)-

PP complex at Mn concentrations and pH values common to aquatic environment.53 Mn(III)-PP 

complex can have half-life as low as 5 hours to as high as 500 days corresponding to PP/Mn(III) 

ratio of 5 to 50.54  

(a) (b) (c) 
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Figure 1.4 Mn(II) oxidation occurs via two single-electron transfer reactions with Mn(III) as 

a transient intermediate. 

Mn(III) is also a strong oxidant capable of oxidizing metal, phenols and organic compounds.57–59 

The reactivity and oxidative properties of Mn(III) can be related to their high redox potential.60 

Studies have measured Mn(III) content in MnO2-syn.
33,61 Huang et al. reported Mn(III) content from 

20 to 37% in MnO2-syn of different phase structures.33 Banerjee et al. showed birnessite contain 

25% of Mn(III) in their layer vacancy sites.61 MnO2 produced by microbial Mn(II) oxidation 

(MnO2-bio) contain Mn(III) in their layered structure.34,52,62 MnO2 have been reported to have 

different reactivity depending on the Mn(III) content.52 Although it is clear that Mn(III) 

participates MnO2-mediated contaminant transformation, the relative contribution of Mn(III) has 

not been elucidated.  

MnO2 is a biologically produced reactive mineral that has attracted attention for their roles in 

degradation of contaminants in the subsurface environments. Therefore, biologically mediated 

abiotic degradation (BMAD) could emerge as a manageable remediation process.63,64 This thesis 

aims at examining BMAD of BPA with three MOB in live culture experiments. The role of Mn(III) 

in the reactivity of biogenic MnO2-bio, produced by one MOB, towards BPA is also examined in 

this thesis. 
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 1.1 Goals and objectives 

The primary goal of this thesis is to determine the mechanistic understanding of MnO2-bio mediated 

BPA degradation. This thesis is combined of two studies. In the first study, BPA degradation in 

live cultures of three MOB: R. AzwK-3b, E. SD-21 and P. putida GB-1 in the presence and absence 

of Mn(II) is discussed. The objective of this study includes the understanding of the biological 

components generating mineral phase as well as the mineral phase itself to assess the impact of 

BMAD process on the fate of BPA in environmental system. The objective of the second study is 

to evaluate the relative roles of Mn(III) and Mn(IV) in biogenic MnO2-bio produced by the MOB, 

R. AzwK-3b, which is assessed by examining their impacts on BPA degradation under different 

experimental conditions. In this thesis, chapter 2 and 3 covers study one and two respectively. 

These two chapters covers detailed information regarding the studies, including the background, 

materials and methods, results and discussion and the environmental implications of the studies. 

Chapter 4 includes a brief summary and conclusion of this thesis.   
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Chapter 2 - Biologically mediated abiotic degradation (BMAD) of 

bisphenol A by three Mn(II) oxidizing bacteria 

 2.1 Introduction 

Natural MnO2 is recognized as a strong oxidant and it’s efficacy to mediate transformation of 

organic (e.g., antibacterial agents, pesticides, and endocrine disruptors)38,65 and inorganic 

contaminants (e.g., HS-, heavy metals)66 have been widely investigated. The formation of MnO2 

mineral phases is not fully understood but attributed to microbial activities. Microorganism 

catalyze Mn(II) oxidation and produce MnO2-bio. Three manganese oxidizing bacteria (MOB) - 

Roseobacter sp. strain AzwK-3B, Erythrobacter sp. strain SD-21 and Pseudomonas putida strain 

GB-1 have been extensively studied for their different enzymatic activities catalyzing microbial 

MnO2-bio formation.34,44,47,67,68. In this study, these MOB are selected to examine the biologically 

mediated abiotic degradation (BMAD) of BPA by MnO2-bio produced by these strains.  

Biologically produced reactive mineral phases have attracted attention for their roles in the 

degradation of priority pollutants in subsurface environments.64,69 The reactivity of biologically 

produced MnO2 (MnO2-bio) toward organic contaminants have been demonstrated in live cultures 

as well as mixed culture reactors amended with Mn(II)70–72. In this study, we examined abiotic 

BPA degradation in cultures of these MOB in the absence and presence of biologically produced 

MnO2-bio with a view to understanding BMAD process. The observations from this study 

emphasize the relevance of BMAD process in controlling the longevity of BPA in the natural 

environment. 
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 2.2 Materials and methods 

 2.2.1 Chemicals and preparation of MnO2-syn 

BPA (>99% purity), MnCl2.4H2O (>98% purity) and Leucoberbelin blue (LBB, 65% dye content) 

were purchased from Sigma-Aldrich (St. Louis, MO). Metyrapone [2-methyl-1,2-di-(3-pyridyl)-

1-propanone] was purchased from Cayman Chemical Company. MnO2-syn: Vernadite, was 

prepared according to established procedures.106 In brief, Vernadite was synthesized by adding 

2.96 g of KMnO4 in 74.1 mL of distilled water and placed on a hot plate under continuous stirring. 

When the solution was at 90 ̊C, 3.71 mL of 5 M NaOH solution was added followed by the addition 

of 5.55 g of MnCl2 dissolved in 27.8 mL distilled water slowly. MnO2-syn particles were collected 

and washed five times with DI water before storing. MnO2-syn was stored in liquid suspension 

which has a nominal concentration of 0.4 M. 

 2.2.2 BPA degradation by MOB with varying concentrations of Mn(II) 

R. AzwK-3b and E. SD-21 were maintained in an organic-rich K medium (2 g L-1 peptone, 0.5 g 

L-1 yeast extract, 20 mM HEPES buffer, pH 7.5) prepared with 75% (vol/vol) artificial seawater 

(K-ASW).44 P. putida GB-1 was grown in Lept media (0.5 g/L yeast extract, 0.5 g/L casamino 

acids, 5 mM glucose, 0.48 mM calcium chloride, 0.83 mM magnesium sulfate, 3.7 μM iron (III) 

chloride, trace metal solution containing: 0.04 μM copper sulfate, 0.15 μM zinc sulfate, 0.08 μM 

cobalt chloride, 0.06 μM sodium molybdate and 10 mM HEPES buffer pH 7.5).73 BPA was added 

in the mediums before sterilization, as it is not readily soluble at room temperature. Mn(II) was 

added from a 100 mM MnCl2 sterile stock solution aseptically. Culture vessels containing 100 ml 

medium in 250 mL Erlenmeyer flasks capped with aluminum foil were incubated at 30 °C and on 



10 

a shaker (120 rpm) in the dark. Un-inoculated (sterile) cultures were prepared as negative controls. 

All the experiments were done in triplicates. 

BPA degradation experiment without Mn(II) was conducted with R. AzwK-3b in a defined 

medium, J acetate medium (10 mM sodium acetate, 10 ml L-1 vitamin mix (in mg L-1: biotin, 320; 

niacin, 32; thiamin, 16; 4- aminobenzoic acid, 32; calcium pantothenic acid, 16; pyridoxine, 160; 

vitamin B12, 16; riboflavin, 32; folic acid, 32), 1 ml L-1 8% NH4Cl, 2 mM KHCO3, 0.2 ml L-1 10% 

KH2PO4, and 3.6 μM iron (as FeSO4.7H2O) complexed to 78 μM nitrilotriacetic acid, buffered to 

pH 7.6 with 20 mM HEPES, and prepared as 50% (volume) artificial seawater).74 Here acetate 

was used as the sole carbon source and BPA concentration was 9 M. E. SD-21 was grown in K 

medium with 20 M BPA in the presence and absence of 5mM metyrapone, which is an inhibitor 

to the enzyme cytochrome P450.75 

The inhibitory effect of BPA on the growth of R. AzwK-3b was assessed with 0, 9, 18 and 44 M 

BPA and on the growths of E. SD-21 and P. putida GB-1 with 0, 18 and 44 M BPA in the absence 

of Mn(II). The effect of different concentrations of Mn(II) on BPA degradation and MnO2-bio 

formation by R. AzwK-3b, E. SD-21 and P. putida GB-1 was examined by adding 9, 18 and 18 

M of BPA (non-inhibitory concentration) respectively amended with 0, 10, 100, and 500 M of 

Mn(II). The effect of different concentrations (0, 10, 100, and 500 M ) of Mn(II) on MnO2-bio 

formation by the three MOB without BPA was also observed. BPA was measured using HPLC 

analysis and MnO2-bio was measured using colorimetric LBB assay.76 

 2.2.3 Abiotic BPA degradation by MnO2-syn with and without Mn(II) 

Abiotic BPA degradation experiment in the presence and absence of 500 μM Mn(II) using MnO2-

syn was conducted. Experiment was conducted in 160 mL glass serum bottles in a total volume of 
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100 mL having a BPA concentration of 44 μM with and without 500 μM Mn(II) buffered with 5 

mM phosphate at pH 7. The reaction was initiated by mixing MnO2-syn from stock solution to 

achieve a concentration of 2 mM. Aliquots (0.5 mL) of the reaction mixture were collected 

periodically and transferred to 2 mL glass HPLC vials containing 20 μL of L-ascorbic acid solution 

(50 mg mL−1) and immediately vortexed for 5 sec. Ascorbic acid quenches the reaction by 

converting any remaining MnO2-syn to soluble Mn(II) and liberates any sorbed BPA and reaction 

products.30 The experiment was conducted in triplicates. 

 2.2.4 Analytical procedures 

Due to the hydrophobic nature of BPA (log Kow of 2.2 – 3.82),1 adsorption of BPA onto 

hydrophobic cell surface components has been reported by several studies77,78 but a validated 

methanol extraction procedure confirmed that the adsorption is negligible at the highest OD600 

value observed in this study for each culture.78 Therefore, for the quantification of BPA and HCA 

in live cultures, 1 mL of the samples were centrifuged for 10 minutes at 13,200 rpm to pellet solids, 

and then the supernatant was subjected to HPLC analysis. An Agilent 1100 Series HPLC system 

equipped with a diode array detector (DAD) and a fluorescence detector (FLD) in series was used. 

A reverse-phase Agilent Eclipse XDB C18 column (4.6 mm × 150 mm, 5 μm) was used for 

isocratic separation with an acetonitrile-water (50:50, v/v) eluent at a flow rate of 1 mL min-1.30 

The conversion efficiency of BPA to HCA was calculated on a molar basis, by dividing the amount 

(μmol) HCA formed by the amount BPA degraded (μmol) over time. MnO2 was quantified using 

a colorimetric LBB assay as previously described76 using flat bottom 96 well plate. For standard 

curve preparation, 30 µL of KMnO4 dilutions spanning a concentration range from 7 to 100 µM 

were aliquoted into empty wells followed by the addition of 270 L LBB solution (40 mg LBB in 

100 mL 45 mM acetic acid). For synthetic MnO2-syn, samples were diluted and mixed with LBB 
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solution at a ratio of 1:10. For MnO2-bio quantification in live cultures, 50 L samples were 

collected in 2 ml centrifuge tubes and mixed with 450 L LBB solution. All samples were 

incubated at room temperature for 15 minutes in the dark, centrifuged for 1 minute at 13200 rpm 

to pellet solids, and 300 L of the supernatant was transferred to the 96-well plate. Absorbance 

was measured at 618 nm using a plate reader, Epoch 2 microplate spectrophotometer (BioTek 

Instruments, Inc., Winooski, VT, USA). Growth of the strains were monitored by measuring 

absorbance of live cultures at 600 nm using the same instrument. 12 μL L-ascorbic acid solution 

(50 mg mL−1) was added to individual wells prior to growth measurement, to dissolve MnO2-bio 

and prevent interferences.  

 2.3 Results 

 2.3.1 BPA degradation by MOB without Mn(II) 

When the three MOB were incubated with BPA in the absence of Mn(II), degradation occurred 

(Figure 2.1 a, c, e). For R. AzwK-3b and E. SD-21, 30% and 87% BPA was degraded in 3 days at 

a rate of 0.12 ± 0.04 day-1 and 0.62 ± 0.28 day-1 (Table 2.1; Figure 2.1 a, c) respectively in the 

absence of Mn(II). For R. AzwK-3b, BPA degradation ceased in late stationary phase, suggesting 

that the degradation may be fortuitous. E. SD-21 degraded BPA completely in 4 days. P. putida 

GB-1 degraded only 10% of BPA over a time of 2 days at a rate of 0.05 ± 0.03 day-1 without Mn(II) 

(Table 2.1; Figure 2.1 e).  
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Figure 2.1 BPA degradation (left column) and MnO2-bio formation (right column) at different 

MnCl2 concentration for (a), (b) R. AzwK-3b, (c), (d) E. SD-21 and (e), (f) P. putida GB-1. 

Error bars represent the standard deviation of triplicate samples. Error bars smaller than 

the symbol size are not depicted. 

(a) 

(c) 

(e) (f) 

(d) 

(b) 
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To see if MOB can utilize BPA as source of energy, R. AzwK-3b and E. SD-21 were inoculated 

in mineral salt medium (separately) in the presence of BPA as a sole carbon source, but both of 

them did not grow (data not shown). However, R. AzwK-3b grew in J acetate medium74 amended 

with 9 µM BPA without Mn(II) and showed BPA degradation when incubated with BPA (Figure 

2.2). 

 

Figure 2.2 BPA degradation without Mn(II) in J acetate medium with R. AzwK-3b. Error 

bars represent the standard deviation of triplicate samples. Error bars smaller than the 

symbol size are not depicted. 

To examine if the inhibitor metyrapone affects the BPA transformation catalyzing enzyme 

cytochrome P450, E. SD-21 was incubated with 20 µM BPA in K medium in the presence and 

absence of 5mM metyrapone. However, BPA degradation showed similar trend in the presence 

and absence of the inhibitor (Figure 2.3). 



15 

 

Figure 2.3 BPA degradation in the presence and absence of inhibitor metyrapone with E. 

SD-21. Error bars represent the standard deviation of triplicate samples. Error bars smaller 

than the symbol size are not depicted. 

 2.3.2 BPA degradation by MOB with Mn(II) 

For all three strains, BPA degradation was significantly enhanced in the presence of Mn(II) (Figure 

2.1 a, c, e). The Mn(II) concentration that induced the highest BPA degradation rate was different 

among different strains. For R. AzwK-3b and P. putida GB-1, highest BPA degradation rates (0.44 

± 0.09 and 0.23 ± 0.02 day-1 respectively) were observed with 10 M Mn(II) even though MnO2-

bio produced was not high (Figure 2.1 a, b, e, f; Table 2.1). For E. SD-21, highest BPA degradation 

(1.33 ± 0.52 day-1) was observed with 100 M Mn(II) (Figure 2.1 c; Table 2.1). BPA degradation 

rates vs MnO2-bio formation was plotted for different Mn(II) concentration for all three MOB 

(Figure 2.4). With increasing Mn(II) concentrations, BPA degradation rates decreased. For R. 

AzwK-3b and P. putida GB-1, 100 µM Mn(II) amended cultures produced higher MnO2-bio (80 

and 52 µM) but BPA degradation rates (0.39 ± 0.1 and 0.08 ± 0.03 day-1 respectively) were not 

higher (Figure 2.1 a, b, e, f; Figure 2.4 a, c; Table 2.1). In vessels amended with 500 µM MnCl2, 

about 82 and 23 µM MnO2-bio was formed with the strains R. AzwK-3b and E. SD-21 respectively 
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but only 2.5 µM MnO2-bio was formed with P. putida GB-1 (Figure 2.1 b, d, f). Therefore, BPA 

degradation rates did not correlate with MnO2-bio amounts observed in the cultures (Figure 2.4). 

To examine the blockage of MnO2 by excess Mn(II), MnO2-syn mediated BPA degradation 

experiment was conducted with and without 500 µM MnCl2. MnO2-syn in the presence of MnCl2 

did not show any BPA degradation but in the absence of MnCl2, BPA was degraded at a rate of 

0.042 ± 0.002 min-1 (Figure 2.5).  

HCA, which has been observed as a major BPA degradation intermediate,30 was detected under 

all incubation condition with all three strains at all MnCl2 concentrations tested (Figure 2.6). The 

identity of HCA was confirmed by the peak in the HPLC at a retention time 1.7 min. BPA to HCA 

conversion was also calculated which is shown for all three bacteria (Figure 2.6).  

Table 2.1 BPA degradation rates by MOB at different Mn(II) concentrations. 

 

Strain 

BPA degradation rates, k (d-1) 

k0 µM
a k10 µM k100 µM k500 µM 

Roseobacter sp. strain AzwK-3b 0.12 ± 0.04 0.44 ± 0.09 0.39 ± 0.1 0.25 ± 0.06 

Erythrobacter sp. strain SD-21 0.62 ± 0.28 0.92 ± 0.42 1.33 ± 0.42 0.91 ± 0.33 

Pseudomonas putida strain GB-1 0.05 ± 0.03 0.23 ± 0.02 0.08 ± 0.03 0.06 ± 0.006 

a Subscript of k represents different MnCl2 concentrations. 
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Figure 2.4 BPA degradation vs MnO2 formation at different MnCl2 concentration for (a) R. 

AzwK-3b, (b) E. SD-21 and (d) P. putida GB-1. Error bars represent the standard deviation 

of triplicate samples. Error bars smaller than the symbol size are not depicted. 

(a) 

(b) 

(c) 
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Figure 2.5 BPA degradation in the presence and absence of 500 µM MnCl2 in solutions 

containing 44 µM BPA and 2 mM MnO2-syn. Error bars represent the standard deviation of 

triplicate samples. Error bars smaller than the symbol size are not depicted. 
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Figure 2.6 HCA formation (left column) and conversion ratio from BPA to HCA (right 

column) for (a), (b) R. AzwK-3b, (c), (d) E. SD-21 and (e), (f) P. putida GB-1 at different 

MnCl2 concentrations. Error bars represent the standard deviation of triplicate samples. 

Error bars smaller than the symbol size are not depicted. 

 

Time (d) 

(a) (b) 

(c) (d) 

(e) (f) 
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 2.3.3 MnO2-bio formation in MOB in the absence of BPA 

MnO2-bio formation did not correspond to MnCl2 added for all three cultures in the absence of 

BPA (Figure 2.7). For R. AzwK-3b, higher MnO2-bio formation was observed with higher 

MnCl2.With 10,100 500 µM MnCl2, nominal MnO2-bio concentration of 5, 89 and 96 µM was 

observed after 5 days for R. AzwK-3b (Figure 2.7 a). For E. SD-21, highest MnO2-bio formation 

for 10 and 100 µM MnCl2 was 2.35 and 51 µM respectively. However, for 500 µM MnCl2, MnO2-

bio formation was rather repressed showing 9 µM of nominal concentration (Figure 2.7 b). In the 

case of P. putida GB-1, MnO2-bio formation for 10 and 100 µM MnCl2 was positively correlated 

(7 and 78 µM respectively) but lower amount of MnO2-bio (1.4 µM) was formed in the incubation 

with 500 µM MnCl2 (Figure 2.7 c) 
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Figure 2.7 Effects of MnCl2 concentrations on MnO2-bio formation in the absence of BPA for 

(a) R. AzwK-3b, (b) E. SD-21, (c) P. putida GB-1 at different MnCl2 concentrations. Error 

bars represent the standard deviation of triplicate samples. Error bars smaller than the 

symbol size are not depicted. 

(a) 

(b) 

(c) 
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 2.3.4 Effect of BPA on the growth of MOB 

Higher BPA concentration can inhibit the growth of the bacteria culture in the absence of Mn(II). 

In the absence of BPA, growth rate of R. AzwK-3b, E. SD-21 and P. putida GB-1 was 1.44 ± 0.84 

day-1, 2.26 ± 0.47 day-1 and 5.96 ± 3.14 day-1 respectively (Figure 2.8, Table 2.2). For R. AzwK-

3b, BPA concentration of 18 µM and above showed significant growth inhibition (Figure 2.8 a). 

Also, the maximum growth yield decreased by 40% in the presence of 44 µM BPA. The addition 

of 100 µM MnCl2 relieved the inhibitory effect of BPA on R. AzwK-3b for a BPA concentration 

of 18 µM by forming MnO2-bio (Figure 2.9 a, b). For E. SD-21 and P. putida GB-1, growth 

inhibition was not apparent with BPA concentration up to 44 µM (Figure 2.8 b, c).  

Table 2.2 Growth rate constants at different BPA concentrations in the absence of Mn(II) by 

MOB. 

 

Strain 

Growth rate (d-1) 

For 0 µM For 9 µM For 18 µM For 44 µM 

Roseobacter sp. strain AzwK-3B 1.44 ± 0.84 1.57 ± 0.5 1.34 ± 0.27 0.642 ± 0.09 

Erythrobacter sp. strain SD-21 2.26 ± 0.47 x 2.16 ± 0.38 1.84 ± 0.25 

Pseudomonas putida strain GB-1 5.96 ± 3.14 x 5.62 ± 2.97 5.3 ± 2.66 
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Figure 2.8 Growth of (a) R. AzwK-3b, (b) E. SD-21, (c) P. putida GB-1 in the presence of 

different amount of BPA. Error bars represent the standard deviation of triplicate samples. 

Error bars smaller than the symbol size are not depicted. 

  

(a) 

(b) 

 

(c) 
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Figure 2.9 (a) Relief of growth inhibition for R. AzwK-3b with 18 µM BPA in the presence 

of 100 µM MnCl2 (b) MnO2-bio formed in the presence of 100 µM MnCl2 and 18 µM BPA. 

Error bars represent the standard deviation of triplicate samples. Error bars smaller than 

the symbol size are not depicted. 

  

(a) 

(b) 
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 2.4 Discussion 

MnO2 is an oxidizing compound that plays an important role in oxidative degradation of many 

organic and inorganic compounds and metals.79 Microorganisms including bacteria and fungi, are 

known to catalyze Mn(II) oxidation leading to MnO2 formation in natural and engineered 

environments. Mn(II)-oxidizing microorganisms discussed in this study are phylogenetically 

diverse80 but their Mn(II) oxidation process has some common traits: Mn(II) oxidation follows 

enzymatic activity, MnO2 formed are nanoparticulate, birnessite type minerals52,74,81 and Mn(II) 

oxidation to MnO2 consists of two sequential single-electron-transfer reactions. MnO2 formation 

occurred at different growth phases in these MOB. R. AzwK-3b oxidized Mn(II) in the mid-

exponential phase.82 In the culture vessels incubated with R. AzwK-3b, within 1 day, MnO2 

formation was visually apparent due to a golden color and the MnO2 concentration was less. After 

2 to 3 days, discrete brown MnO2 particles were formed with a higher MnO2 concentration (Figure 

2.1 b; Figure 2.7 a). E. SD-21 and P. putida GB-1 oxidized Mn(II) in their early stationary 

phase68,83 which is believed to form as a result of starvation.68 This caused apparent MnO2 

formation after 2 days (Figure 2.1 d,f; Figure 2.7 b, c).   

The experiments with all three MOB demonstrated that increasing MnCl2 concentrations impeded 

BPA degradation. For R. AzwK-3b and P. putida GB-1, BPA degradation was highest with 10 µM 

MnCl2 (Figure 2.1 and 2.4) whereas for E. SD-21, 100 µM Mn(II) induced fastest BPA degradation 

(Figure 2.1). BPA degradation was slower for the higher MnCl2 concentration for all three strains 

although more MnO2-bio formed at relatively higher MnCl2 concentration (Figure 2.1 and 2.4). A 

plausible explanation is that the sorption of excess Mn(II) to MnO2-bio impacted their reactivity. 

MnO2-syn in the presence of metal ions, particularly excess Mn(II) has been reported to suppress 

BPA degradation.27 This was further demonstrated with abiotic BPA degradation experiment with 
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MnO2-syn in the presence and absence of the 500 µM MnCl2 (Figure 2.5), which was used as the 

highest MnCl2 concentration in the live cultures.  

One of the attractive features of MnO2 as an effective scavenger of environmental contaminants is 

the ability of Mn-oxidizing bacteria to regenerate the reactive oxides.34,38 High BPA degradation 

rate occurred with 10 µM MnCl2 in all three MOB (Figure 2.1 and 2.4). This suggests, MnO2-bio 

was regenerated in the cultures with 10 µM MnCl2 which continuously degraded BPA. Microbial 

Mn(II) oxidation coupled with abiotic Mn(IV) reduction, i.e., contaminants transformation, 

constitutes an efficient cycle, and a small amount of Mn can potentially turnover a substantial 

amount of BPA. In other words, Mn flux is a relevant metric that has not been considered in many 

laboratory studies, but is obviously important to gauge the MnO2-bio-mediated degradation activity, 

particularly when the data are used to extrapolate to environmental conditions. 

In this study, R. AzwK-3b and E. SD-21 showed BPA degradation in the absence of MnCl2 (Figure 

2.1 a, c). K medium being a rich medium has trace amount (0.3 M calculated by ICP-MS) of Mn 

in it which was thought to induce BPA degradation in the absence of Mn(II) for these two strains. 

However, when R. AzwK-3b was grown in Mn free J acetate medium74, BPA was degraded (Figure 

2.2). Therefore, the BPA degradation by different MnCl2 for R. AzwK-3b is due to the combined 

effect of both the culture and the MnO2-bio. To date, diverse bacterial species belonging to the α-

proteobacteria, β-proteobacteria, γ-proteobacteria, bacillus, and actinobacteria have demonstrated 

BPA degradation.21 The enzyme cytochrome P450 catalyzed BPA degradation in many bacterial 

strains21 and this enzyme was found in E. SD-21 when searched in the NCBI database.107 

Cytochrome P450 can be inhibited by a chemical, metyrapone.84 BPA degradation experiment in 

live cultures of E. SD-21 with and without metyrapone showed similar BPA degradation trend 

suggesting no involvement of cytochrome P450 in BPA degradation within this strain (Figure 2.3).  
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Studies have shown that HCA is the major BPA transformation product in incubations with 

MnO2.
30,31 HCA was also proposed as a hypothetical BPA transformation product in aerobic 

bacterial degradation.75,85 In this study, all three MOB showed the formation of HCA in the 

incubation system. The concentration of HCA was corresponding with BPA degradation rates 

(Figure 2.6). Conversion ratio of BPA to HCA was not the same for all the incubation system as 

observed in a previous study for BPA degradation with MnO2-syn
30 (Figure 2.6). This may be due 

to the combined effect of both the culture and the MnO2-bio on BPA degradation.  

BPA concentrations at 18 µM and above inhibited growth of R. AzwK-3b (Figure 2.8 a). This 

growth inhibition was relieved when MnO2-bio was formed after the addition of 100 µM MnCl2 

(Figure 2.9). It is possible that MnO2-bio formation is a cellular defense for R. AzwK-3b in response 

to evade growth inhibition. Indeed, Mn(II) oxidation and MnO2-bio formation have been proposed 

to protect bacteria cells from toxic metals and reactive oxygen species.34,86 For E. SD-21and P. 

putida GB-1, growth was not affected by higher BPA concentration suggesting that their 

enzymatic activities relative to growth may be independent of external BPA concentrations.  

The experiments used optimized medium and incubation conditions for all three MOB. The 

limitations for microbial Mn(II) oxidation under in situ conditions are unclear but effects of carbon 

source87 and/or other nutrient availability71 has been demonstrated. Further research is needed to 

delineate conditions that affect microbial Mn(II) oxidation activity so that the contribution of 

MnO2-bio for in situ BPA degradation can be estimated. BPA has been detected in ecosystems at 

concentrations reaching 1 µM in seawater, 8.5 μg kg-dw
-1 in coastal sediment and 0.5−343 μg kg-1 

in fresh water sediments.10,21,88 Members of these bacteria are abundant in various marine and 

freshwater environments which play significant roles in the global carbon and sulfur cycles.89,90 

Therefore, the interplay between BPA and Mn(II)-oxidizing microorganisms in the ecosystem 



28 

should be further investigated not only in terms of BPA degradation by MnO2-bio, but also to 

evaluate possible BPA impacts on organisms involved in biogeochemical cycling.  

 2.5 Environmental implications 

BPA has been detected in anoxic sediments, but many studies concluded that BPA is recalcitrant 

to microbial degradation under anoxic conditions.24,26,91 The incubation of BPA with the Mn(II) 

oxidizing bacteria in the presence of MnCl2 demonstrated that (i) lower amount of MnO2-bio 

effectively degraded BPA, and (ii) Mn flux and regeneration of MnO2-bio was relevant for effective 

BPA degradation. Manganese is the second most abundant transition metal in the Earth’s crust, 

and a number of phylogenetically distinct Mn(II)-oxidizing bacteria and fungi have been identified 

in soil, sediment and aquatic environments.34 The new findings, combined with previous MnO2-syn 

studies, suggest that Mn(II) oxidation and MnO2-bio formation may play relevant roles in 

controlling the fate and longevity of BPA in the environment including the subsurface environment. 

A future research focus should be on the interplay between microbial Mn(II) oxidation and mineral 

phase-mediated contaminant degradation, which can lead to innovative engineering approaches 

that capitalize on the BMAD concept.  
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Chapter 3 - The relative roles of Mn(III) and Mn(IV) in BPA 

degradation by Mn-oxides 

 3.1 Introduction 

In nature, manganese prevails as Mn(II), Mn(III) and Mn(IV).34 Mn(II) exists as soluble cation 

and Mn(IV) occurs as insoluble Mn-oxides (MnO2). MnO2 formation is mainly attributed to 

microbial Mn(II) oxidation,34 which is a two sequential one-electron transfer process with 

dissolved Mn(III) as an intermediate.50 Because of this, MnO2 produced by Mn(II) oxidation 

mostly exist as Mn(III) rich Mn(III/IV) oxide in nature. Mn(III) is very unstable and 

disproportionate into Mn(II) or Mn(IV) in aqueous solution.34,92 Dissolved Mn(III) remains stable 

in the presence of ligands.34,53–55 In natural environment, various microbes have been reported to 

produce ligands stabilizing Mn(III).55,56 In laboratory settings, different ligands, such as 

pyrophosphate, EDTA, and citrate have been used to promote Mn(III) stability by forming 

Mn(III)-ligand complex.51,53,54 .  

Synthetic and biogenic MnO2s have been reported to contain 20 to 37%33 and 9 to 34%44,52 of 

Mn(III) content respectively.  Studies that showed the transformation of organic contaminants with 

Mn(III) was performed using Mn(III) rich MnO2-syn,
57,58 naturally occurring (biogenic) Mn(III/IV) 

oxides41 and soluble Mn(III) complexes.53 Although dissolved Mn(III) have been considered as a 

potent environmental oxidant, relative contribution Mn(III) in MnO2 in the degradation of 

compounds, that are susceptible to only MnO2 mediated degradation, such as BPA, are not 

elucidated. 

In this study, we examined the relative role of Mn(III) and Mn(IV) in biogenic and synthetic MnO2 

having similar structures. A Mn(II) oxidizing bacterium, Roseobacter sp. AzwK-3b was used for 
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the production of biogenic MnO2-bio. Mn(II) oxidation by R. AzwK-3b is mediated by extracellular 

superoxide production, and thus Mn(II) oxidizing activity can be maintained in cell-free 

filtrate.44,68 MnO2-bio produced by the cell-free (cf) filtrate is highly reactive colloidal birnessite-

like phase with hexagonal symmetry.52,82 They are highly disordered, nanocrystalline, 

phyllomanganate phase with large surface areas and vacancy sites.81 Cell free colloidal (cf-C) 

MnO2-bio goes through structural ripening and transforms into cell free particulate (cf-P) MnO2-bio 

which has a structure similar to triclinic birnessite.52 The goal of this study was to identify the role 

of Mn(III) and Mn(IV) in both of the cf-MnO2-bio and their synthetic counterparts, hexagonal and 

triclinic birnessite.  

 3.2 Materials and Methods 

 3.2.1 Chemicals and MnO2 preparation 

Mn(III) acetate dihydrate was bought from Sigma-Aldrich. Two different MnO2 were synthesized 

according to methods described elsewhere. Hexagonal birnessite was synthesized by adding 6.9 

mL of concentrated (36%) hydrochloric acid (dropwise) to a boiling solution of 100 mL 0.4 M 

potassium permanganate.93 After boiling for ten more minutes the precipitate was collected. 

Triclinic birnessite was synthesized by mixing 200 mL of 0.5 M MnCl2 with 250 mL 0f 5.5 M 

NaOH. The Mixture was oxygenated for about five hours at a rate of 1.5 L min-1 using a diffusing 

stone.94 Both MnO2 particles were collected and washed five times with DI water before storing.  

 3.2.2 Preparation of cell free biogenic MnO2-bio 

Cultures of R. AzwK-3b were grown at 30 ̊ C to early stationary phase in K medium (2 g/L peptone, 

0.5 g/L yeast extract, and 20 mM HEPES buffer, pH 7.5) prepared with 75% (volume) artificial 

seawater (K-ASW))95 and centrifuged at 12100 rpm for 10 minutes. The cell free supernatant was 
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filtered through a 0.22 μm PVDF filter [MilliporeSigma™ Stericup™ Quick Release-HV Vacuum 

Filtration System] followed by the addition of 100 μM MnCl2 to the filtrate.74 cf-C and cf-P MnO2-

bio were harvested by centrifuging at 12100 rpm for 25 minutes after 24 hours and 96 hours of 

incubation, respectively (Figure 3.1). The amount of MnO2-bio was quantified by colorimetric LBB 

assay76 in all four samples – synthetic (hexagonal and triclinic birnessite) and biogenic (cf-C and 

cf-P) MnO2. 

                                                       

Figure 3.1 Cell free MnO2-bio formation (a) Control, (b) cf-C MnO2-bio, (c) cf-P MnO2-bio. 

 3.2.3 Mn(III)-pyrophosphate complex preparation and measurement 

Mn(III) acetate was added to anoxic sodium pyrophosphate (Na-PP) at different concentrations to 

prepare Mn(III)-pyrophosphate (Mn(III)-PP) complex solution of different ligand to Mn(III) ratios. 

Mn(III) content in cf-C MnO2-bio, cf-P MnO2-bio hexagonal and triclinic birnessite was measured 

by observing the absorbance of Mn(III)-PP complex concentration at 258 nm (Mn(III)-PP complex 

shows a maximum absorbance at 258 nm wavelength) using UV-Vis spectrophotometer. Samples 

were filtered and diluted 10 times before measuring the absorbance. The absorbance were 

converted to concentrations using extinction coefficient. By developing a standard curve with 

different known amounts of Mn(III)-PP complex, the extinction coefficient of 6.97 mM-1cm-1 was 

(a) (b) (c) 
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measured which is compatible with published value of 6.75 mM-1cm-1.79,96 After adding PP, 

concentrations of the four MnO2s were measured by LBB assay. 

 3.2.4 Mn(III) extraction from MnO2-syn 

Mn(III) was extracted from MnO2-syn (triclinic birnessite) by a method mentioned elsewhere57. In 

brief, 3 mM of triclinic birnessite was suspended in 250 mL of 50 mM PP and stirred up to 3 days. 

After 3 days, the suspension was filtered through 0.22 μm filter paper and Mn(III)-PP 

concentration was quantified using extinction coefficient measured in the previous section. The 

Mn(III) free hexagonal and triclinic birnessite were prepared by the same extraction method. 

Briefly, 3 mM of hexagonal and triclinic birnessite were suspended in containing 250 mL of 50 

mM PP and stirred up to 3 days. After 3 days, the suspension was filtered through 0.22 μm glass 

fiber filter paper and the Mn(III) content was discarded. The filter papers containing Mn(IV) were 

suspended in DI water followed by discarding the filter papers from the suspension. Their nominal 

concentration was quantified with LBB assay. 

 3.2.5 BPA degradation kinetics 

BPA degradation kinetics were measured for cf-C MnO2-bio, cf-P MnO2-bio and MnO2-syns 

(hexagonal and triclinic birnessite). To examine BPA degradation with cf MnO2-bio, experiments 

were conducted in a total volume of 10 mL with 44 μM (10 mg/L) and 18 μM (4 mg/L) of BPA in 

5 mM phosphate buffer in the absence and presence of 5 mM sodium pyrophosphate respectively 

at pH 7. BPA degradation experiments were initiated by adding cf MnO2-bio into the vessels to 

achieve a concentration of 0.2 mM. Effect of MnO2-syn-hexagonal and triclinic birnessite loading 

on BPA was examined by conducting experiment in a total volume of 50 mL with 18 μM (4 mg/L) 

BPA in 5 mM phosphate buffer in the presence and absence of 5 mM sodium pyrophosphate at 
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pH 7. Mn(III) free MnO2-syn were also examined with 44 μM (10 mg/L) BPA in a total volume of 

50 mL 5 mM phosphate buffer without PP. Effect of Mn(III)-PP complex with various ligand 

concentrations (1, 5, 10 mM) on BPA was examined separately with 44 μM BPA in 50 mL volume. 

Mn(III)-PP extracted from triclinic birnessite (having a ligand concentration of 5mM) was also 

incubated with BPA in similar experimental setup. In all the experiments MnO2 and Mn(III)-PP 

complex concentration was 0.2 mM. Aliquots (50 μL) of the mixture was periodically collected 

and transferred to HPLC vial inserts containing 2 μL of L-ascorbic acid solution (50 mg mL-1) and 

vigorously mixed with a vortex mixer. Ascorbic acid converts any remaining MnO2 to Mn(II) ions 

and quenches the reaction.27,42 An Agilent 1200 Series HPLC equipped with a fluorescence 

detector (FLD) was used for the detection and quantification of BPA and HCA as mentioned in 

section 2.2.4. 

 3.3 Results 

 3.3.1 Abiotic BPA degradation with cell free biogenic and synthetic MnO2 

To examine the effect of Mn(III) in BPA degradation abiotic BPA degradation experiments were 

conducted in the presence and absence of PP. When BPA was incubated with cf-C MnO2-bio and 

cf-P MnO2-bio without PP, BPA disappearance was not observed at pH 7 (Figure 3.2 a). However, 

BPA was degraded when this experiment was conducted without PP at pH 4 (Figure 3.2 c). Again, 

when BPA was incubated with cf-C MnO2-bio and cf-P MnO2-bio in the presence of PP at pH 7, both 

cf-C MnO2-bio and cf-P MnO2-bio degraded BPA (Figure 3.2 b). BPA removal rate of 0.03 min-1 

and 0.01 min-1 was observed with cf-C MnO2-bio and cf-P MnO2-bio respectively in the presence of 

PP (Figure 3.2 b; Table 3.1). The BPA degradation rates of hexagonal birnessite in the presence 

and absence of PP were similar (0.006 min-1 and 0.007 min-1, respectively) (Figure 3.3 a, b; Table 
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3.1). However, BPA degradation rate by triclinic birnessite increased more than 10-fold in the 

presence of PP (0.006 min-1) than in the absence of PP (0.0007 min-1) (Figure 3.3 a, b; Table 3.1). 

Table 3.1 BPA degradation rates for synthetic and biogenic MnO2. 

 

MnO2 

BPA degradation rates (min-1) 

pH 7 without PP pH 4 without PP pH 7 with PP 

cf-C MnO2-bio x 0.014 ± 0.001 0.03 ± 0.003 

cf-P MnO2-bio x 0.01 ± 0.0007 0.01 ± 0.0007 

Hexagonal Birnessite 0.006 ± 0.0004 X 0.007 ± 0.0007 

Triclinic birnessite 0.0007 ± 0.0001 X 0.006 ± 0.0007 

Mn(III) free Hexagonal Birnessite 0.004 ± 0.001 X x 

Mn(III) free Triclinic Birnessite 0.0006 ± 0.0001 X x 
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Figure 3.2 BPA degradation with 0.2 mM cf-C MnO2-bio and cf-P MnO2-bio, (a) without PP at 

pH 7 (b) with PP at pH 7 (c) without PP at pH 4. Error bars represent the standard deviation 

of triplicate samples. Error bars smaller than the symbol size are not depicted.  

(a) 

(b) 

(c) 
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Figure 3.3 BPA degradation with 0.2 mM MnO2-syn (a) without PP at pH 7 (b) with PP at pH 

7. Error bars represent the standard deviation of triplicate samples. Error bars smaller than 

the symbol size are not depicted. 

To examine the role of only Mn(IV), BPA degradation experiment was conducted with Mn(III) 

free MnO2-syn (Figure 3.4). BPA degradation rates with hexagonal birnessite was 0.004 min-1 that 

was close to the BPA degradation rate (0.007 min-1) with hexagonal birnessite in the absence of 

PP (Table 3.1). For triclinic birnessite also, degradation rates with Mn(III) free and without PP 

condition were similar (0.0007 min-1 and 0.0006 min-1 respectively) (Figure 3.4; Table 3.1). BPA 

degradation for all MnO2 are summarized in table 3.1. For all the experiments, BPA degradation 

was not observed in negative control incubations. 

(a) 

(b) 
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Figure 3.4 BPA degradation with 0.2 mM MnO2-syn free of Mn(III). Error bars represent the 

standard deviation of triplicate samples. Error bars smaller than the symbol size are not 

depicted. 
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 3.3.2 Mn (III) availability in different MnO2 

Mn(III)-PP has a typical absorbance peak at 258 nm.79,96 To calculate the molar extinction 

coefficient of Mn(III)-PP at 258 nm, a standard curve of absorbance vs Mn(III)-PP complex was 

developed by measuring the absorbance of known concentrations (5, 10, 30, 50 and 100 M) of 

Mn(III) acetate-PP complex (Figure 3.5). The molar extinction coefficient was calculated to be 

6.97 mM-1cm-1.  

 

Figure 3.5 An example of a Mn(III)-PP standard curve. 

To examine the Mn(III) content in cf-C MnO2-bio, cf-P MnO2-bio and MnO2-syn (hexagonal and 

triclinic birnessite), Mn (III)-PP concentrations were measured over time (Figure 3.6). Table 3.2 

shows the Mn(III) concentration at the end of the incubation, i.e., Mn(III) content, of different Mn-

oxides. For cf-C MnO2-bio and cf-P MnO2-bio, more than 50% of the Mn(III) was released in one 

hour, whereas 2% and 25.4% Mn(III) was released from hexagonal and triclinic birnessite, 

respectively (Table 3.2). After six hours, Mn(III) contents in cf-C MnO2-bio and cf-P MnO2-bio were 

64.2% and 62.7%, and those in hexagonal and triclinic birnessite were 2.8% and 36%, respectively 
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(Table 3.2). Mn(III) release rate from these data were calculated for all four MnO2s. Mn(III) release 

rate for cf-C MnO2-bio, cf-P MnO2-bio, hexagonal and triclinic birnessite were 0.125 min-1, 0.078 

min-1, 0.005 min-1 and 0.045 min-1 respectively (Table 3.2). BPA degradation rates are correlated 

with Mn(III) release rate for all four MnO2 which is shown in Figure 3.7. 

  

Figure 3.6 Mn release rate for (a) cf-C MnO2-bio, (b) cf-P MnO2-bio, (c) hexagonal birnessite 

and (d) triclinic birnessite. Error bars represent the standard deviation of triplicate samples. 

Error bars smaller than the symbol size are not depicted. 

  

(a) (b) 

(c) (d) 
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Table 3.2 Mn(III) content and release rate from different MnO2. 

 

MnO2 

Mn(III)% 

extracted after 

2 minutes 

Mn(III)% 

extracted after 60 

minutes 

Mn(III) (%) 

extracted after 6 

hours 

Mn(III) 

release rate 

(min-1) 

cf-C MnO2-bio 14.33 50.1 64.2 0.125 ± 0.08 

cf-P MnO2-bio 18.9 49.7 62.7 0.078 ± 0.03 

Hexagonal 

birnessite 

1.7 2.01 2.8 0.005 ± 

0.0004 

Triclinic 

birnessite 

3.6 25.4 35.9 0.045 ± 0.018 

 

 

Figure 3.7 BPA degradation rates vs Mn(III) content release rates in four MnO2. Error bars 

represent the standard deviation of triplicate samples.  
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 3.3.3 BPA degradation by Mn(III) acetate -PP at different ligands and Mn(III) extracted 

from triclinic birnessite 

To examine the influence of ligand concentration on the BPA degradation rates, 44 µM BPA was 

incubated with 0.2 mM Mn(III) acetate-PP complex at different ligand concentrations (1, 5, 10 

mM) Figure 3.8 a shows that less BPA was removed with increasing pyrophosphate concentration. 

BPA removal rate of 0.03 ± 0.008 min-1 was observed in the presence of 1 mM pyrophosphate and 

a 30 times slower rate of 0.001 min-1 was observed with 10 mM pyrophosphate (Figure 3.8 b; 

Table 3.3). BPA was also incubated with 0.2 mM Mn(III)-PP extracted from triclinic birnessite in 

the presence of 5mM PP and same experimental condition. This showed a BPA removal rate of 

0.007 ± 0.001 min-1 which is similar to that of pure Mn(III) acetate-PP (0.006 ± 0.001 min-1) 

(Figure 3.8; Table 3.3). BPA degradation rates for all Mn(III)-PP at different ligand concentrations 

are showed in table 3.3. 
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Figure 3.8 (a) BPA degradation and (b) BPA degradation rates with 0.2 mM synthetic 

Mn(III) acetate-PP at different PP concentrations (Na-PP). The last legend is for Mn(III) 

extracted from triclinic birnessite. Error bars represent the standard deviation of triplicate 

samples. Error bars smaller than the symbol size are not depicted. 

Table 3.3 BPA degradation rates for Mn(III) mediated BPA degradation experiments at 

different ligand concentration. 

 

Mn(III) type 

Ligand concentration 

(mM) 

BPA degradation rate 

(min-1) 

Synthetic Mn(III) 1 0.03 ± 0.008 

Synthetic Mn(III) 5 0.006 ± 0.0007 

Synthetic Mn(III) 10 0.001 ± 0.0008 

 Mn(III) extracted from triclinic 

birnessite 

5  0.007 ± 0.001 

(a) (b) 
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 3.4 Discussion 

Mn(III) is an intermediate in the oxidation of Mn(II) oxidation to Mn(IV), which is a two one 

electron transfer process.50,51 In nature, Mn(III) is complexed by organic complexing agents 

produced by them53. Mn(III) is a strong oxidant that is known to effectively oxidize phenol, 

sulfide,57 triclosan97 etc. Surface Mn(III) in different phase of MnO2-syn have been reported to play 

an important role in the reactivity of MnO2-syn.
33 However, relative role of Mn(III) and Mn(IV) in 

MnO2 has not been assessed. The oxidation of Mn(II) by Roseobacter sp. AzwK-3b occurs in its 

cell-free spent medium.52,68,82 After incubation with Mn(II), oxidation occurs (8-25 hours) which 

was visually apparent due to a golden color of cf-C MnO2-bio in the media and this was followed 

by formation of brown cf-P MnO2-bio particles (>48 hours). According to previous studies, cf-C 

MnO2-bio is structurally similar to hexagonal birnessite which ripens into is less reactive cf-P MnO2-

bio, structurally similar to triclinic birnessite10. Due to their greater surface area and disordered 

structure, cf-MnO2-bios are more reactive than their synthetic counterparts.80,81,98 Reactivity of 

birnessite has been attributed to Mn(III) within the layers of the minerals99,100 which is also 

applicable for cf-C MnO2-bio and cf-P MnO2-bio as shown by a previous study.52 

cf-MnO2-bio is highly reactive and demonstrated oxidation of chromium. When cf-C MnO2-bio and 

cf-P MnO2-bio was incubated with BPA, BPA degradation was not observed (Figure 3.2 a). It was 

speculated that the cf-C MnO2-bio and cf-P MnO2-bio were not reactive towards BPA. However, 

degradation occurred for the same experimental conditions at pH 4. It is known that oxidation of 

organic compounds are pH dependent and exponentially increase at lower pH.42,101 MnO2-syn 

mediated BPA degradation was also faster at lower pH.30 This implies that cf-C MnO2-bio and cf-P 

MnO2-bio are reactive but the Mn(III) in them may have been transformed to Mn(II) or Mn(IV) 
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making them less reactive. It is known that aqueous Mn(III) ions are very unstable against 

disproportionation without ligands:53 

2Mn(III) + 2H2O = Mn(II) + MnO2 + 4H+ 

Also, the Mn(IV) in cf-C MnO2-bio and cf-P MnO2-bio is clearly not as reactive as the synthetic 

MnO2-syn, vernadite, previously reported to degrade BPA.30 BPA was incubated with hexagonal 

and triclinic birnessite without PP but BPA degradation rate was slower in triclinic birnessite 

(Figure 3.3 a). This suggests that, Mn(IV) may not be as reactive in triclinic as hexagonal 

birnessite. In the presence of pyrophosphate (PP), Mn(III) can be stabilized. When BPA was 

incubated with cf-C MnO2-bio, cf-P MnO2-bio, and triclinic birnessite in the presence of PP, BPA 

was degraded (Figure 3.2 b; Figure 3.3 b), although similar BPA degradation occurred for 

hexagonal birnessite in the presence and absence of PP. This suggests that the PP extracts and 

protects reactive Mn(III)-species and forms Mn(III)-PP complex from cf-C MnO2-bio and cf-P 

MnO2-bio. To observe the role of only Mn(IV) on BPA degradation synthetic MnO2 were made 

Mn(III) free by extracting Mn(III) from them and incubating with BPA. The similar BPA 

degradation rates with pure and Mn(III) free synthetic MnO2 speculates that Mn(III) is responsible 

for BPA degradation in triclinic birnessite whereas for hexagonal it is only Mn(IV). 

Studies have emphasized the importance of Mn(III) content for oxidation of compounds when they 

are extracted using a ligand from the Mn-oxides 57,58. Huang et al. suggested a strong positive 

correlation between Mn(III) content and reactivity in MnO2-syn.
33 We measured the Mn(III) content 

in cf-C MnO2-bio and cf-P MnO2-bio and their synthetic counterparts- hexagonal and triclinic 

birnessite and got much higher Mn(III) content in cf-C MnO2-bio and cf-P MnO2-bio than hexagonal 

and triclinic birnessite (Table 3.2). The Mn(III) content in hexagonal and triclinic birnessite are 

reported as 10%39 and 20%102 respectively and in this study we got 3% and 36% respectively. This 
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difference in Mn(III) content can be due to the different synthesizing techniques for these 

hexagonal and triclinic birnessite. A previous study has shown difference in Mn(III) content in 

same MnO2-syn  for different synthesis procedures.33  

In this study, lower Mn(III) in hexagonal birnessite can attribute to the similar BPA degradation 

with and without PP. However, for triclinic birnessite BPA degradation rates did not correlate with 

considerable amount of Mn(III) content in it, which was observed for both cf- MnO2-bio. This BPA 

degradation rates can be correlated to the Mn(III) release rate which was calculated by measuring 

Mn(III) content over time from all four MnO2. The rates of Mn(III) release from the MnO2 have 

not been demonstrated previously which we believe is the key factor for Mn(III) availability for 

the degradation of BPA. Mn(III) release rate of 0.125 min-1, 0.078 min-1, 0.005 min-1 and 0.045 

min-1 was observed for cf-C MnO2-bio, cf-P MnO2-bio, hexagonal and triclinic birnessite which 

correlates well with the BPA degradation rates (Figure 3.7). A previous study showed that even 

though Mn(III) content was similar in MnO2 they have different reactivity.33 This can be explained 

by the Mn(III) release rate from the cf-C MnO2-bio and cf-P MnO2-bio observed in this study. 

Therefore, even though structurally similar, Mn(III) content and release rate in synthetic and 

biogenic MnO2 are not the same and as a result reactivity towards BPA degradation is also 

different. 

Mn(III)-PP complex can equilibrate to free Mn(III)59 that is believed to be responsible for BPA 

degradation. A previous study emphasized the importance of free Mn(III) from Mn(III)-PP on the 

degradation of organic contaminants.59 However, PP exerts inhibitory effect through complexation 

on the surface of Mn-oxide.57 When BPA was incubated with same concentration of Mn(III) 

acetate complexed at different pyrophosphate concentrations, higher concentration of 

pyrophosphate showed slower degradation mechanism (Figure 3.8). This may be due to the fact 
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that Mn(III) was crowded by high concentration of pyrophosphate making it less accessible to 

BPA by forming stronger Mn(III)-pyrophosphate complex and rendering less free Mn(III). Hu et 

al. reported that, PP complexation with Mn(III) rendered less available Mn(III) to bond with 

organic contaminant and thereby reducing degradation rates.59 PP also affects the mobility of Mn 

species in nature and control the contribution of soluble Mn(III) content to a great extent.96 This 

experiment was also repeated with same concentration of Mn(III)-PP complex extracted from 

triclinic birnessite and it showed a similar BPA degradation rates (Figure 3.8) suggesting that there 

is no difference in synthetic Mn(III)-complex and Mn(III)-complex extracted from synthetic Mn-

oxides. 

 3.5 Environmental Implications 

BPA is present in anoxic sediments44,4 that can be degraded in the presence of reactive mineral 

like MnO2. In nature, MnO2 are mostly present as Mn(III/IV)-oxides. In laboratory settings, 

different type of Mn(III) rich MnO2-syn has demonstrated BPA degradation.33 This study shows that 

depending on Mn(III) content and release rate, BPA degradation can be facilitated in MnO2. As 

amount of BPA discharged in the environment continue to grow, fate of BPA can be predicted 

further by giving importance to the relative role of Mn(III) and Mn(IV) in MnO2 and taking Mn(III) 

release rate into consideration. We are hopeful that it can also lead to future studies of BPA 

degradation mechanism involving Mn(III) in live cultures in the presence of MnO2. 
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Chapter 4 - Conclusion 

This thesis aimed to explore the role of three manganese oxidizing bacteria (MOB) mediated 

abiotic BPA degradation in the presence of MnO2-bio and the relative role of Mn(III) and Mn(IV) 

in MnO2. Many studies have investigated MnO2-syn-mediated BPA degradation,27–30,38 but the 

relevance of these findings for in situ activity are not clear. Natural organic matter and metal ions 

affecting the mineral phase reactivity of MnO2 on BPA have also been assessed and 

demonstrated.27,29 However, the combined assessment of microbial activity and related abiotic 

degradation has not received adequate attention. In the first study, three MOB having different 

Mn(II) oxidizing enzymes showed different BPA degradation trends in the presence of different 

amount of Mn(II). Low amount of Mn(II) e.g. 10 M Mn(II) showed high BPA degradation rates 

for all three bacteria. This suggests, lower amount of Mn(II) can be reused to produce MnO2-bio to 

remove BPA to a great extent in the environment. However, higher Mn(II) is not always efficient 

in BPA degradation kinetics and can actually impede BPA degradation to some extent. In the 

environment, most of the MnO2 produced are the result of microbially catalyzed Mn(II) oxidation. 

This suggests, biologically mediated abiotic degradation (BMAD) of BPA concept is important in 

understanding BPA degradation better. 

In the second study, the relative role of Mn(III) and Mn(IV) in both biogenic and synthetic and 

MnO2 is assessed. Dissolved Mn(III) can disproportionate into Mn(II) or Mn(IV) in aqueous 

solution.92 and also become a part of MnO2 residing in the layer vacancy sites of the MnO2-bio.
44 In 

nature, organic ligands stabilize Mn(III) which can be available for BPA degradation in the 

subsurface or aquatic environment. Depending on the Mn(III) content and release rate over time 

from the MnO2, BPA degradation kinetics model can be developed for practical situations. 
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Assessing the role of Mn(III) and Mn(IV) in the MnO2 reactivity, degradation kinetics for 

compounds that are susceptible to degradation by Mn-oxides other than BPA can also be evaluated. 

BPA and BPA transformed compounds are, and will remain, part of modern societies for decades 

to come, and so will the associated concerns, unless clear understanding about the fate and the 

longevity of BPA in environmental systems are fully assessed by further research. A variety of 

biotic and abiotic processes can contribute to BPA transformation, degradation, and also 

incorporation into solid matrices (e.g., soil, sediment) which have been identified and documented 

in the laboratory. Many questions about the ultimate fate of BPA and its metabolites in the 

environment are still remaining. Further information about degradation pathways and mechanisms, 

contributing organisms, enzymes and genes, as well as favorable geochemical conditions that 

accommodate degradation is needed. Given the widespread distribution of Mn(IV)-reducing and 

Mn(II)-oxidizing microorganisms in subsurface and aquatic environment, active Mn cycling 

occurring in oxic-anoxic transition zones may be hotspots for MnO2-mediated BPA degradation. 
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