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Abstract 

Manganese oxide structure and transformation during 
oxidation of phenolic contaminants 

 
by 

Sarah Jane Balgooyen 

Doctor of Philosophy – Environmental Chemistry and Technology Program 

University of Wisconsin – Madison 

Assistant Professor Matthew Ginder-Vogel 

Associate Professor Christina K. Remucal 

 

 Manganese(III/IV) oxides are strong oxidants found in a wide range of natural 

environments. These oxides are formed through microbial activity and control the environmental 

fate of many harmful contaminants. Manganese oxides are able to oxidize a wide variety of 

inorganic and organic species, including phenols. Phenolic contamination is an issue driven by 

anthropogenic inputs. For example, bisphenol A (BPA) is an industrial environmental 

contaminant found at concentrations that are considered harmful for aquatic life. The focus of 

previous research is the initial kinetics of model phenol oxidation. In this dissertation, we 

investigate the oxidation of environmental contaminants and the concurrent changes to the 

manganese oxide substrate. Since the rate of phenol oxidation decreases as the reaction proceeds, 

analysis of extensive reactions is an important part of this study. 

 During twelve sequential additions of BPA to the same batch of δ-MnO2, BPA oxidation 

rate decreases by three orders of magnitude. Additionally, the production of its predominant 

oxidation product, 4-hydroxycumyl alcohol (HCA) decreases from 40% to 3%. This is attributed 

to the accumulation of interlayer Mn(II/III) produced during the reaction. This use of multiple 



	
   ii	
  

additions simulates the continuous introduction of BPA in near-surface environments or water 

treatment systems. 

 In stirred flow reactors containing δ-MnO2, higher influent BPA concentration (i.e., 

introduction rate) does not lead to higher production of polymeric products formed by radical 

coupling, including HCA. However, more extensive transformation of δ-MnO2 is observed at 

lower introduction rates. This is attributed to the longer reaction times required to normalize the 

total amount of BPA reacting with δ-MnO2 solids. Higher production of aqueous Mn(II) during 

longer reactions is due to the increased opportunity for disproportionation and 

comproportionation to occur.  

 The oxidation of four target phenolic contaminants (i.e., BPA, triclosan, estrone, and p-

cresol) show that interlayer cation species in birnessite (MnO2) determine its reactivity toward 

phenols. Synthetic birnessites that are pre-exchanged with Na+, K+, Mg2+, and Ca2+ react at 

different rates with the phenols. All four phenols follow the same trend where birnessite with 

Na+-interlayer reacts the fastest, then K+-interlayer, then Mg2+-interlayer, and finally Ca2+-

interlayer. This is attributed to cations changing the overall oxidation state and altering the 

electron transfer rate.  
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Chapter 1 

Introduction  

1.1 Motivation  

In this dissertation, we examine the oxidation of four target phenolic contaminants by 

manganese oxide. These phenolic contaminants (bisphenol A, p-cresol, triclosan, and estrone) 

were selected based on their presence in the environment, their toxicity, and their chemical 

structure. Manganese oxides are ubiquitous in the environment and can oxidize phenolic 

contaminants. The knowledge of the oxidation mechanism of simple model phenols has been 

widely studied,1–6 but the understanding of more complex contaminant transformation is poorly 

understood. Furthermore, the effect of manganese oxide mineral characteristics has not been 

assessed. For example, the rate of phenol decreases with time as the mineral transforms, but 

these changes have generally been neglect as most studies focus on the initial reaction kinetics. 

This dissertation applies novel techniques to couple the oxidation of phenols with concurrent 

changes to the mineral.  

 

1.2 Manganese in the Environment 

Manganese is the fifth most abundant metal in earth’s crust (Figure 1.1), existing 

primarily as manganese oxides or manganese carbonate.7 Manganese(III/IV) oxides are widely 

distributed in the environment and occur in a wide variety of environments, such as soils and 

sediments, ocean floors, and freshwater bodies.8–12 Most manganese oxides are formed via 

microbially mediated pathways where various biota catalytically oxidize Mn(II) to Mn(III/IV)-

oxides.13–18 Abiotic oxidation of Mn(II) by atmospheric O2 is kinetically limited below pH 8 and 
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does not greatly contribute to oxide formation.19 Since manganese oxides are redox active 

minerals and have a high sorptive capacity for metal ions, they often regulate the mobility and 

bioavailability of environmental contaminants.10 They are considered to be the strongest 

naturally occurring oxidants in the near surface and are capable of oxidizing many inorganic20–23 

and organic contaminants.1,2,24,25 

 

Figure 1.1. Elemental information about manganese. 

 

1.3 Structure of Manganese Oxides  

The building block of manganese oxides is the MnO6 octahedron. These octahedra can 

connect via edge sharing and corner sharing (Figure 1.2) to yield different structures.  

 

Figure 1.2. Schematic of corner-sharing (left) and edge-sharing (right) Mn octahedra in 

phyllomanganates. Adapted from Webb 2005.26 
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Manganese oxide structures can be divided into two categories that consist of 

tectomanganates (chain and tunnel structures) and phyllomanganates (layered structures). 

Phyllomanganates consist of planar sheets of edge-sharing octahedra that are stacked along the c-

axis.10,26 The layers often have Mn vacancies, where up to one out of every six MnO6 octahedra 

is vacant. Interlayer water molecules and cations compensate for charge created by defects in the 

layers.27,28 Manganese oxides studied as part of this dissertation are Mn(IV) phyllomanganates 

(Figure 1.3) with some amount of Mn(III). These oxides are considered birnessite-like materials, 

defined by their structure and presence of Na+ as an interlayer cation. Synthetic manganese 

oxides may be pure Mn(IV)-oxides, but most naturally occurring birnessites contain a significant 

amount of Mn(III) in the octahedral layers.17,26,29–33  

 

 

Figure 1.3. A representative phyllomanganate. Layers of MnO6 octahedra (purple polygons) are 

offset by hydrated interlayer cations (green spheres). 

 

1.4 Reactivity of Manganese Oxides 

Manganese oxide minerals generally have high surface areas, which is conducive for both 

sorption and electron transfer reactions. As manganese oxide crystallinity increases, surface area 

decreases. Studies have found that certain heavy metals are often associated with manganese in 

soils and sediments.34–37 Additionally, manganese oxides can oxidize inorganic metals such as 
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As(III) and Cr(III)20,21,23,38,39 and organic contaminants such as anilines and phenols.1,2,24,25 

Previous research has examined the oxidation of model phenols1,2,5,40–44 and anilines45–47 to 

determine the reaction mechanism. Here, oxidation of phenolic contaminants is studied. The aim 

is to apply these fundamental mechanisms to more complex systems, working toward 

understanding how environmental factors impact oxidation. 

 

1.5 Oxidation of Phenols 

Phenolic compound oxidation by MnO2 begins with diffusion to the mineral surface, 

followed by formation of a surface complex.1,2,45,48 The phenolate anion (ArO-) is then oxidized 

through a one-electron transfer via the surface complex.1,6,45,49 The phenoxy radical (ArO•) 

formed in this process either diffuses away from the surface and reacts with other radicals to 

form polymeric products1,24,45 or undergoes a second one-electron transfer to form a 

phenoxenium ion (ArO+).1,24,42,45,48 The phenoxenium ion then diffuses away from the mineral 

surface and undergoes hydrolysis to form a benzoquinone.24,49 For some phenolic contaminants, 

this process triggers its degradation, resulting in the production of potentially less harmful 

compounds.  

 

1.6 Phenolic Contamination  

Anthropogenic phenols can be harmful to both humans and ecosystems. These 

compounds enter the environmental through municipal and industrial wastewater.50–57 Many 

phenolic contaminants come from pharmaceuticals and industrial chemicals. Fortunately, 

phenols are susceptible to oxidation by manganese oxides via the mechanism presented above. 

Contaminants that are susceptible to oxidation by manganese oxide include antibacterial 
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agents,48,58–69 polyaminocarboxylate ligands,70 endocrine disruptors,69,71–75 brominated flame 

retardants,76 rubber additives,77 pain relievers,78,79 and anti-epileptic pharmaceuticals.80 The four 

target phenols presented in this dissertation are bisphenol A, p-cresol, triclosan, and estrone 

(Figure 1.4). 

 

Figure 1.4. Four phenols used in this dissertation as target contaminants. 

 

1.6.1 Bisphenol A 

Bisphenol A, or BPA, is the primary phenolic contaminant used in this study. It is a 

complex compound that is used in numerous studies and is a contaminant of public concern. 

BPA is a phenol that is used in industry for the manufacture of polycarbonate plastics and epoxy 

resins. Releases of BPA to the environment exceed 1 million pounds per year.81 BPA has been 

reported to be a reproductive, developmental, and systemic toxicant and weakly estrogenic.82 It is 

found in drinking containers, toys, the lining in metal cans, water pipes, eyeglass lenses, sports 

safety equipment, dental monomers, medical equipment and tubing, and consumer electronics.83 

Most human exposure is due to ingestion of food that has been stored in a BPA-containing 

material.84 In addition to the potential human health risks that BPA poses, it also threatens a 

severe disturbance to the environment. BPA is ubiquitous in the environment, appearing in 
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groundwater, soil, natural waters,85,86 and even in the muscle, brain, and liver of wild fish.87 BPA 

concentrations in the freshwater bodies in North America range from 0.45 to 8000 ng/L.88  

 

1.6.2 Triclosan 

Triclosan (5-chloro-2-(2,4-dichlorophenoxy)phenol) is an antibacterial agent used in 

personal care and consumer products. It is one of the most frequently detected contaminants of 

emerging concern in surface streams at a median concentration of 0.14 µg/L.89 Its methyl 

derivative is found in wastewater,90–92 surface water,92,93 sediments,93 and fish.93 The Food and 

Drug Administration banned the use of triclosan in liquid antibacterial hand soaps in 2016, citing 

risks of bacterial resistance and hormonal effects.94 The presence of antibacterial residues in the 

environment has the potential to promote growth of antibiotic resistant bacteria and may pose 

adverse health effects to humans.95 The FDA also reports that there is not enough science to 

show that antibacterial soaps are more effective at preventing illness than other soaps.96 

Triclosan is still used in personal care products such as deodorant, toothpaste, and shaving gel.  

 

1.6.3 p-Cresol 

Cresols are a group of natural and manufactured phenolic compounds. They are found in 

low levels in ambient air from car exhaust, power plants, and oil refineries.97 Acute inhalation or 

ingestion exposure by humans causes effects on the respiratory system, blood, liver, kidney, and 

central nervous system.98,99 The isomer used in this dissertation, p-cresol, is primarily used for 

antioxidant formulation in fragrances and dyes.97 This compound was chosen for the project to 

add a contaminant that is a simple substituted phenol to otherwise complex contaminants. 
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1.6.4 Estrone 

Estrone, or E1, is a natural steroid estrogen produced by humans and other animals. 

Elevated levels of estrogens are found in the environment due to the production of both natural 

and synthetic steroidal estrogens by human activity.100 This arises from birth control and other 

pharmaceuticals as well as a large amount from livestock.101 Estrogens enter the environment 

through discharge of wastewater effluent and direct application of manure onto agricultural 

land.102 Although these hormones are essential for human biology and physiology, adverse 

hormonal effects are seen in humans in even slightly elevated concentrations.103 At high levels, 

they are causally linked to breast cancer in females104 and prostate cancer in men.105 

Additionally, elevated estrogen levels in natural waters feminize male fish and vice versa.106–110 

Estrogens also influence growth rates in plants, although both growth inhibition and stimulation 

has been observed.100 

 

1.7 Potential for Water Treatment 

This research has the potential to be used in engineered systems to improve water quality 

in a variety of settings (Figure 1.5). Phenolic contaminants are frequently detected in wastewater 

effluent and stormwater runoff.53–57,111–113 Manganese oxides have been proposed for passive 

water treatment for contaminants in urban stormwater runoff, landfill leachate, green 

infrastructure, or water from other contaminated sources.1,2,14,40,46,51–53,111,113–116 In order to 

implement such a treatment system, knowledge of the fundamental chemistry of this reaction is 

required. Important factors would include the lifetime of a MnO2 filter, organic products formed, 

including those formed after repeated exposure, and production of aqueous Mn(II). The details 
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provided in the results of this research study greatly contribute to the knowledge base required 

for the development of such a product.  

 

Figure 1.5. Solid MnO2 oxidizes phenolic compounds, forming oxidation products and aqueous 

Mn(II). 

 

1.8 Identified Research Needs 

Initial studies of the oxidation of organic compounds in the presence of manganese 

oxides focus on reductive dissolution of the solids in the presence of high initial organic 

compound concentrations.1,2,48,58 More recent studies focus on the loss rates of the organic 

compounds, rather than dissolution of the mineral. These studies report changes in reaction rates 

while varying pH,48,59,73,115 in the presence of cations,71,117–120 and/or dissolved organic 

matter.118–120 Previous research provides extensive information describing the oxidation 

mechanism of model compounds. However, a missing component is the connection between 

oxidation kinetics and the mineral structure. One way that the structure could affect reactivity is 

via transformation during the reaction itself. As manganese oxide is reduced by an organic 

contaminant, it undergoes changes at the mineral surface. The effects of these changes have not 

been reported. Additionally, cations present in solution inhibit the reaction, but the effect of 
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interlayer cations on reactivity has not been assessed. Interlayer cations can affect the 

micromorphology of phyllomanganates121 and therefore have the potential to affect reactivity. 

 

1.9 Research Objectives 

The focus of previous studies on phenolic compounds and MnO2 is limited by the short 

exposure of MnO2 to the organic. Since the rate of phenol oxidation decreases as the reaction 

proceeds, analysis of extensive reactions is an important part of this study. Repeated or 

continuous exposure of MnO2 to an organic simulates redox-active MnO2 in the environment and 

allows for the characterization of mineral changes and their effect on reactivity. This dissertation 

aims to fill in knowledge gaps of this reaction by determining 1) the cause of changes in kinetics 

and thoroughly examining mineralogical transformations by conducting multi-addition reactions; 

2) if single-addition batch reactors used in previous studies are suitable surrogates for 

environmental reactions by comparing them to extended stirred-flow reactions; and 3) if the 

reported effects of cation cosolutes are representative of cations in solution or if they are 

integrating into the mineral as interlayer cations.  

In Chapter 2, we quantify bisphenol A (BPA) oxidation rates and the formation of its 

predominant product, 4-hydroxycumyl alcohol (HCA), in tandem with transformation of 

Mn(III)-rich δ-MnO2. We show how changes in the mineral, such as the production of reduced 

manganese on the surface, affect the oxidation kinetics of BPA. Since there is minimal 

information on phenol oxidation by manganese oxides over longer reactions, we perform multi-

addition batch reactions by adding BPA 12 times to the same batch of MnO2. We show that over 

the 12 additions, BPA oxidation rate decreases by three orders of magnitude and production of 

HCA decreases from 40% to 3%. The use of multiple additions simulates the continuous 
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introduction of BPA in near-surface environments or water treatment systems. By characterizing 

both the solution and solid phases, we provide a comprehensive conceptual model of this 

complex redox reaction. 

 In Chapter 3, we use δ-MnO2 in stirred flow reactors to determine if higher 

influent BPA concentrations, or introduction rates, lead to increased polymer production. HCA, 

which is formed through radical coupling, is used as one metric for polymer production. 

Calculated HCA yield and aqueous Mn(II) detection shows that influent BPA concentration does 

not affect polymeric production, but it does affect BPA oxidation rate and manganese reduction. 

Further research on Mn(II) production and sorption in stirred flow reactors show that 

disproportionation and comproportionation influence changes in manganese reduction, rather 

than increased single electron transfer reactions (i.e., polymeric production). Radicals formed via 

single electron transfer are of concern as they can couple with dissolved organic matter or other 

compounds in the environment, forming unknown high molecular weight products.122–124 By 

performing these reactions in a stirred flow reactor we are able to draw novel insights into the 

effects of contaminant loading over long time periods, which is more representative of 

contaminants in a flow-through treatment system.51,111 

 In Chapter 4, we investigate the effects of cations on the reactivity of birnessite towards 

four target phenols. Synthetic birnessites are pre-exchanged with interlayer cations (Na+, K+, 

Mg2+, and Ca2+) and are used to explore the effects mineral structure and reactivity. The four 

target phenols (i.e., BPA, triclosan, estrone, and p-cresol), react with birnessite at different rates, 

but all follow the same trend where Na+-interlayer birnessite reacts the fastest, then K+-

interlayer, then Mg2+-interlayer, and finally Ca2+-interlayer. This change in reactivity is driven by 

the interlayer cations and is attributed to lower electron transfer rate as cations reduce the overall 
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oxidation state. These results indicate why there may be a large difference in the reaction rate 

measured in a laboratory setting compared to an environmental or engineered setting.  
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Chapter 2 

Structural transformation of MnO2 during the oxidation of 
bisphenol A1 

 

2.1 Abstract  

Bisphenol A (BPA) is an endocrine-disrupting compound widely used in the plastic 

industry and found in natural waters at concentrations considered harmful for aquatic life. BPA 

is susceptible to oxidation by Mn(III/IV) oxides, which are commonly found in near-surface 

environments. Here, we quantify BPA oxidation rates and the formation of its predominant 

product, 4-hydroxycumyl alcohol (HCA), in tandem with transformation of a synthetic, Mn(III)-

rich δ-MnO2. To investigate the effect of Mn oxide structural changes on BPA oxidation rate, 

twelve sequential additions of 80 µM BPA are performed at pH 7. During the additions, BPA 

oxidation rate decreases by three orders of magnitude and HCA yield decreases from 40% to 3%. 

This is attributed to accumulation of interlayer Mn(II/III) produced during the reaction, as 
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  
1 Reproduced with permission from Environmental Science and Technology. Balgooyen, S.; 
Alaimo, P. J.; Remucal, C. K.; Ginder-Vogel, M. 2017, 51 (11), 6053–6062. Balgooyen 
performed laboratory experiments and analyses. Alaimo synthesized the HCA compound. 
Balgooyen, Remucal, and Ginder-Vogel wrote the manuscript. 
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observed using X-ray absorption spectroscopy as well as additional spectroscopic and wet 

chemical techniques. HCA is oxidized at a rate that is 12.6 times slower than BPA and 

accumulates in solution. These results demonstrate that BPA degradation by environmentally-

relevant Mn(III/IV) oxides is inhibited by build-up of solid-phase Mn(II/III), specifically in 

interlayer sites. Nevertheless, Mn oxides may limit BPA migration in near-surface environments 

and have potential for use in drinking and wastewater treatment. 

 

2.2 Introduction  

Manganese (III/IV) oxides (MnOx) are considered to be one of the strongest naturally-

occurring oxidants in near surface environments, and are capable of oxidizing several classes of 

inorganic1–4 and organic contaminants.5–8 They are found in a wide range of geologic settings, 

including ocean floors, soils and sediments, and marine and freshwater bodies.9–13 MnOx oxidize 

many phenolic compounds, including bisphenol A (BPA).14–16 BPA is a monomer used in the 

manufacture of polymeric products, such as epoxy and polycarbonate plastics.17 It is an 

endocrine disruptor and, at high concentrations, has deleterious effects on the human 

reproductive system and child development.18 It is also leads to teratogenic, endocrine, and 

pleiotropic effects in aquatic species.19 Due to its widespread use and incomplete removal during 

conventional wastewater treatment,20 BPA is commonly detected in both wastewater21,22 and 

surface water.23,24  

The general transformation mechanism of phenolic compounds by manganese oxides is 

well understood. Oxidation of phenolic compounds by MnOx begins with diffusion of the 

organic compound to the mineral surface, followed by formation of a surface complex.6,7,25,26 

The phenolate anion is then oxidized through a one-electron transfer via the surface 

complex.6,25,27,28 The phenoxy radical formed in this process either diffuses away from the 
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surface and reacts with other radicals to form polymeric products5,6,25 or undergoes a second one-

electron transfer to form a phenoxenium ion.5,6,25,26,29 The phenoxenium ion can then diffuse 

away from the mineral surface and undergo hydrolysis to form a benzoquinone.5,27 Up to 64% of 

BPA oxidized by MnOx reacts to form 4-hydroxycumyl alcohol (HCA; Figure A1) through 

radical coupling.15,30 

Mn(IV) undergoes reduction to Mn(III) and Mn(II) during its reaction with phenolic 

compounds, leading to changes in the overall reactivity of the oxide. The role of Mn(III) in 

organic compound oxidation is unclear. Mn(III) may act as a potent oxidant of organic 

compounds because it has a faster rate of ligand exchange31 and a higher redox potential 

compared to Mn(IV).8,28 However, the presence of Mn(III) decreases MnOx oxidizing capacity, 

metal sorption capacity, and photochemical activity under some conditions.32–38 In contrast, 

Mn(II) does not oxidize organic compounds. Once formed, Mn(II) initially remains sorbed on 

the solid and later undergoes desorption once the mineral surface reaches saturation with respect 

to Mn(II).6,7,39  

The study of organic chemical oxidation by manganese oxides has evolved from 

examining reductive dissolution of the mineral to quantifying organic contaminant 

transformation. Initial studies of the oxidation of organic compounds in the presence of 

manganese oxides quantify reductive dissolution of the solids in the presence of high initial 

organic compound concentrations, and suggest that the rate-limiting steps of the reaction are 

either the formation of the surface complex or the first electron transfer.6,7,26,40 Later studies 

determine the loss rates of the organic compounds and the organic compound transformation 

mechanism, rather than dissolution of the mineral. In general, the degradation rate of organic 

compounds follows pseudo-first-order kinetics during the initial phase, but later deviates from 
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this regime.15,26,41–43 Additionally, these studies examine changes in reaction rates while varying 

pH,26,41–43 in the presence of cations,14–16,44,45 or dissolved organic matter.15,16,45 While there has 

been little effort to comprehensively connect changes in the mineral surface with organic 

contaminant transformation, one previous study quantifies the decrease in Mn oxidation state 

after reaction with high initial concentrations of phenol, aniline, and triclosan (i.e., 1 mM) at pH 

5.46 However, the experimental conditions limit the environmental relevance of the study and the 

change in oxidation state is not compared with the reaction kinetics or organic product evolution.  

Here, we examine how changes to the mineral, such as the production of reduced 

manganese and change in structure, affect the oxidation kinetics of BPA by Mn(III)-rich δ-

MnO2, a mineral similar to biogenic birnessite.47–50 Experiments with single additions of BPA or 

HCA are used to characterize the aqueous-phase kinetics and probe the reactivity of the 

manganese oxide. Experiments with multiple, sequential additions of environmentally relevant 

concentrations of BPA at neutral pH are used to induce transformations in the solid phase from 

repeated exposure. Though this is a simplified system, the use of multiple BPA additions 

simulates the continuous introduction of BPA in near-surface environments or water treatment 

systems. By characterizing both the solution and solid phases using a suite of complementary 

techniques, we provide a comprehensive conceptual model of this complex redox reaction. 

 

2.3 Materials and Methods 

2.3.1 Materials 

Commercially available chemicals were used as received. HCA was synthesized by 

modifying a previous method.51 Ultrapure water was supplied by a Milli-Q water purification 
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system maintained at 18.2 MΩ·cm. Further details on the materials used and the HCA synthesis 

are provided in Supporting Information (Section A1).  

 

2.3.2 Preparation and Characterization of Mn(III)-rich δ-MnO2  

The mineral used in this study was prepared by rapidly adding 100 mL of 11.29 g 

Mn(NO3)2·4H2O to a 100 mL solution containing 2.4 g NaOH and 4.74 g KMnO4 and stirring for 

at least twelve hours. The resulting slurry was centrifuged and washed five times in Milli-Q 

water. The solids were then suspended in Milli-Q water, stored at 4°C, and used within 10 days. 

The slurry concentration was determined by gravimetric analysis. The starting material was 

characterized by X-ray diffraction (XRD; Rigaku Rapid II, Mo Kα source; λ = 0.7093 Å), X-ray 

absorption near edge structure (XANES) spectroscopy, X-ray photoelectron spectroscopy (XPS), 

oxalate titration,52–54 and Brunauer-Emmett-Teller (BET) surface area measurements 

(Quantachrome Autosorb-1, Nitrogen Adsorbate). XRD showed that δ-MnO2 was the only 

crystalline phase. BET measurements revealed a specific surface area of 113 ± 14 m2/g. XANES 

data showed that the valence state of the starting material is 3.55 valence units (v.u.), with 

percentages of Mn(IV), Mn(III), and Mn(II) at 62%, 31%, and 7%, respectively. These values 

were corroborated by XPS, which reported 65% Mn(IV), 32% Mn(III), and 3% Mn(II). Oxalate 

titration resulted in a valence state of 3.66 v.u.. Due to its low average valence state, the starting 

material is considered a Mn(III)-rich δ-MnO2, rather than a pure Mn(IV) mineral. The presence 

of Mn(III) in the starting material is due to incomplete comproportionation of Mn(II) and 

Mn(VII) during synthesis and yields a mineral similar to environmental solids.  
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2.3.3 Solution Preparation  

All reactions were performed in a pH 7 solution buffered with 10 mM piperazine-N,N’-

bis(2-ethanesulfonic acid) (PIPES) and adjusted to an ionic strength of 20 mM using NaCl. 

PIPES was selected as a buffer because it does not form complexes with Mn(II) or Mn(III)55,56 

and does not sorb to the manganese oxide surface.57 BPA (107 mM) and HCA (10 mM) stock 

solutions were prepared in methanol and stored at 4ºC.  

 

2.3.4 Kinetics of BPA and HCA Oxidation During Single-Addition and Triple-Addition 

Experiments  

The initial reactivity of Mn(III)-rich δ-MnO2 was determined using single addition batch 

reactions with either BPA or HCA. BPA or HCA (80 µM) was added to a 200 mL slurry of 0.33 

g/L Mn(III)-rich δ-MnO2 in the buffered solution. The reactors were stirred at room temperature 

for the duration of the reaction (30 minutes for BPA and 90 minutes for HCA). Two reaction 

slurry aliquots (1 mL each) were taken at pre-determined time points to quantify the 

concentration of BPA and HCA. One aliquot from each time point was quenched with excess 

ascorbic acid (40 µL of a 280 mM stock in Milli-Q stored at 4ºC) to reduce all Mn(III/IV) solids 

to dissolved Mn(II), while the other aliquot was filtered through a 0.2 µm 

polytetrafluoroethylene filter. The samples were analyzed by high performance liquid 

chromatography (HPLC; Section A2). Single-addition batch experiments were conducted in 

triplicate and the resulting data averaged. Loss rates were determined by fitting the data by 

assuming pseudo-first-order kinetics (Section A3). Error was calculated using the standard 

deviation of loss rates determined at various time points. HCA was confirmed as a product in 
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BPA reactors using HPLC retention time and UV spectroscopy (Section A4; Figures A6 and 

A7).  

HCA production rate and yield were calculated according to:  

HCA = 𝑘! ∙ 𝐹!"#    ∙   
!"# !
!!!!!

   ∙    𝑒!!!! − 𝑒!!!!              (2.1) 

where k1 is the rate constant of BPA oxidation, FHCA is the fraction of BPA converted to HCA, 

[BPA]0 is the initial BPA concentration (80 µM), k2 is the oxidation rate constant of HCA, and t 

is time after BPA addition. k1 was determined by fitting the BPA loss data by assuming pseudo-

first-order kinetics (Section A3). FHCA was calculated by least-squares minimization (Section 

A4). 

Organic sorption was determined by comparing concentrations in quenched and filtered 

aliquots over three sequential additions of 80 µM BPA to the same batch of MnO2. Quenched 

samples contained total BPA and HCA (aqueous and sorbed), whereas filtered samples contained 

only aqueous BPA and HCA. Sorbed BPA or HCA was calculated by [BPA]total – [BPA]aqueous or 

[HCA]total – [HCA]aqueous, respectively.   

 

2.3.5 Aqueous Chemistry During Twelve-Addition Experiments 

Twelve-addition experiments were conducted to observe changes in BPA oxidation 

kinetics with repeated exposure. Mn(III)-rich δ-MnO2 was reacted with BPA in duplicate 6 L 

batch reactors containing 0.33 g/L MnO2 in pH 7 buffered solution. BPA (80 µM) was 

introduced into the reactor at each of the twelve additions. Concentrations and addition intervals 

were dictated by the number of electrons estimated to induce structural changes.2 Reaction 

durations were determined by preliminary work. The first two reactions lasted 1 hour, the third 

was 1.5 hours, the fourth was 3 hours, the fifth was 6 hours, and reactions 6-12 were each twelve 
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hours in duration. The volume of BPA stock added was <0.8% of the reactor volume per 

addition. No variation in pH was observed over the course of the experiments. Aliquots were 

removed at pre-determined time points and quenched with excess ascorbic acid, as described 

above, and used to quantify total BPA and HCA concentrations using HPLC (Section A2). 

Additionally, dissolved Mn was quantified in filtered aliquots (0.2 µm polytetrafluoroethylene 

filters) by inductively coupled plasma-optical emission spectroscopy (ICP-OES; Section A2) at 

the end of each reaction period. 

 

2.3.6 Characterization of Solid-Phase from the Twelve-Addition Experiments 

Mn oxide solids obtained after each of the twelve additions of BPA were analyzed to 

determine mineralogical transformations. At the end of each reaction period, solids were 

collected by vacuum-filtration (0.7 µm borosilicate glass fiber filters) of 150 mL of slurry from 

each duplicate reactor. The solids were then rinsed with methanol to desorb organic reaction 

products and quench the reaction. The solids from both reactors were dried at room temperature, 

combined, ground, and used for solid phase characterization. Solids were characterized using 

XRD, calcium exchange, and spectroscopic analysis, as described below. 

XPS was performed using a Thermo Scientific K-Alpha XPS system with an Al Kα X-

ray source. Spectra from the Mn3p orbital were collected and analyzed to quantify the oxidation 

state of the multivalent manganese oxides. Briefly, data was processed in CasaXPS (2016 Casa 

Software Ltd.) using Shirley background subtraction and fit using a packet of correlated 

component peaks representing each possible oxidation state.58 The binding energies, intensities, 

and peak widths were allowed to vary. At these energies, XPS is expected to interrogate only the 
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top 10-50 Å of aggregated particles (not crystalline domains), therefore results are reported as a 

percentage of surface Mn(IV), Mn(III), and Mn(II).  

Extended X-ray absorption fine structure (EXAFS) and XANES data was collected at 

beamline 13-BM-D at the Advanced Photon Source at Argonne National Laboratory. This 

beamline has a bending magnet source equipped with a Si(111) double crystal monochromator, 

which was detuned by 40%. Samples were prepared by diluting 18 mg of solid MnO2 in 72 mg 

of boron nitride and ground until homogenous. Data was collected at room temperature in both 

transmission and fluorescence (Canberra 16-element Ge detector). Successive XANES scans 

were identical, indicating no change in Mn oxidation state during data collection. XANES and 

EXAFS data were processed using SIXPack.59 XANES data were fit using the multi-standard 

Combo method60 by fitting the first derivative of the XANES spectra with restriction to a non-

negative fit. XANES and EXAFS spectroscopies interrogate the average environment of all Mn 

nuclei in the sample and are therefore reported as the bulk valence state and percentages of bulk 

Mn(II), Mn(III), and Mn(IV). EXAFS fitting was done using a full, multiple scattering model of 

layered Mn-oxides.2,61 Phase and amplitude files were created using FEFF 7.2.62 SIXPack’s 

FEFF EXAFS fitting uses IFEFFIT as its primary fitting algorithm and fits were optimized by 

minimizing Χ2.63 The EXAFS model accounted for splitting of Mn-O and Mn-Mn distances in 

the MnO6 octahedral layer due to Jahn-Teller distortion, out-of-plane bending of the octahedral 

layer, vacancies in the Mn octahedral layer, and interlayer cations. Production of reduced 

manganese within the layer is detected by a change in the fractional occupancy of manganese 

centers within the layer as they fill in the vacancies in a Mn(IV) phyllomanganate 

structure.35,48,64 Reduced manganese sorbed onto the layer is detected by Mn at a slightly longer 

interatomic distance than the other Mn centers. This is because sorbed Mn generally forms a 
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corner-sharing complex with an interatomic distance of 3.45 Å, while Mn centers within the 

layer have an interatomic distance of 2.85-2.95 Å.61 

Calcium exchange experiments were performed to quantify Mn(II) sorbed on the surface 

of the solid phase. Weighed samples were suspended in 10 mM PIPES (pH 7) with 25 mM CaCl2 

and placed on a shaker table for 48 hours. After 48 hours, aqueous Mn(II) that was displaced by 

Ca2+ was quantified by ICP-OES. 

 

2.4 Results 

2.4.1 Kinetics of BPA and HCA Oxidation During Single-Addition and Triple-Addition 

Experiments 

When BPA is exposed to Mn(III)-rich δ-MnO2, rapid oxidation of BPA occurs (Figure 

A8). The loss of BPA initially follows pseudo-first-order kinetics, with a loss rate of 0.585 min-1 

over the first four minutes of the reaction. However, the reaction rate of BPA oxidation deviates 

from pseudo-first-order kinetics if the first 10 minutes of the reaction are considered (Figure A4). 

HCA appears in solution immediately after BPA addition; however, it is also oxidized by MnO2 

and does not accumulate in solution during single-addition experiments (Figure A8). The molar 

yield (moles of HCA produced/moles of BPA consumed) of HCA production from BPA 

oxidation is 32% for the 30-minute reaction. 

Additional experiments are conducted with HCA as the target organic compound to 

quantify its oxidation rate due to reaction with Mn(III)-rich δ-MnO2. The oxidation rate of HCA 

by MnO2 is 0.0465 min-1 over the first 10 minutes of reaction, which is 12.6 times slower than 

that of BPA under the same conditions (Figures A4 and A5). The slower oxidation of HCA by 

MnO2 relative to BPA is similar to a previous report, which found HCA to react 5 times 
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slower.30 As observed for BPA, the loss rate of HCA deviates from pseudo-first-order kinetics 

over longer reaction periods (e.g., 60 minutes; Figure A5).  

The amount of sorbed BPA and HCA is determined by quenching the reaction using two 

different methods (i.e., ascorbic acid addition or filtration). Over three additions of BPA to a 

batch of MnO2, BPA sorbs to the surface during the first addition (14.3 ± 7.4% of total BPA), but 

not during the second and third additions (Table A2). The amount of HCA generated as a 

product of BPA oxidation and then subsequently sorbed on the surface is negligible during the 

first addition, but increases with each addition of BPA up to 1.0 ± 0.9% in the third addition.  

 

2.4.2 Aqueous Chemistry During Twelve-Addition Experiments 

Twelve sequential additions of BPA are used to induce structural changes and to probe 

how the reactivity of the Mn oxide changes during the reaction. This approach allows the 

observation of the effects of repeated exposure of an environmentally-relevant amount of BPA to 

Mn(III)-rich δ-MnO2.   

Over sequential additions of BPA to the same batch of MnO2, both the BPA oxidation 

rate and the yield of HCA decrease with each addition. The first-order rate constant after one 

addition of BPA is 0.56 min-1 (t1/2 = 1.24 min), while the rate constant after twelve additions of 

BPA is 2.38 x 10-4 min-1 (t1/2 = 2910 min; Figure 2.1a). After the fifth addition, BPA is not 

completely consumed within the allotted reaction time and begins to accumulate in the reactors 

(Figure 2.2a). The main oxidation product, HCA, appears immediately in the reactors, but is 

quickly oxidized by the Mn(III)-rich δ-MnO2. After three additions of BPA, HCA begins to 

accumulate in solution (Figure 2.2b). Assuming that the ratio between BPA and HCA loss rates 

remains constant (i.e., 12.6:1), the mole percent of BPA converted to HCA decreases over the 
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sequential addition experiment. After the first addition of BPA, 39.7% of added BPA is 

recovered as HCA. After the twelfth addition, only 3.5% of added BPA is recovered as HCA 

(Figure 2.1b; Table A1).  

Aqueous manganese is not present above the detection limit after the first five reactions 

with BPA. After the sixth addition of BPA, aqueous manganese begins to accumulate in solution 

(Figure 2.1c). By the end of the twelfth addition of BPA, 2.6% of the total Mn (158.7 µM) is in 

solution. Strong ligands (e.g., pyrophosphate, citrate, or ethylenediaminetetraacetic acid) are 

required to solubilize Mn(III).65 Therefore, it is likely that the aqueous manganese detected is 

predominantly Mn(II).  

 

2.4.3 Solid-Phase Changes During Twelve-Addition Experiments 

The valence state at the surface of the mineral is measured using XPS, which probes only 

the top 10 – 50 Å of the aggregated particles at this energy. These aggregates are estimated to be 

hundreds of nanometers in diameter.50 A sample of the fitted data is provided in Figure A11. 

Overall, the amount of surficial Mn(III) increases while Mn(IV) decreases during sequential 

additions of BPA (Figure 2.3a). For example, surface Mn(III) increases from 32% (initial 

material) to 42% after the sixth addition, then decreases to 37% by the end of the twelfth 

addition. Conversely, surface Mn(IV) decreases from 65% (initial material) to 56% after the 

sixth addition, then increases slightly to 60% after the twelfth addition. A low percentage of solid 

Mn(II) is detected by XPS (3-10%), with no observable trends. 

The speciation and average oxidation state of the bulk solid is measured by XANES 

spectroscopy, which probes the entire sample. An example of the fitted data is provided in Figure 

A12. Over twelve additions of BPA, bulk Mn(III) decreases from 31% to 25%. As bulk Mn(III) 
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decreases, the quantity of bulk Mn(IV) increases from 62% to 69% (Figure 2.3a). A small 

amount of solid Mn(II) is detected in all samples (i.e., 3-5% in all analyzed samples), with no 

observable trends. The quantification limit for Mn(II) in this technique is 5% by mole Mn.60 The 

bulk valence state for the starting material (3.55 v.u.) increases to 3.63 v.u. by the end of the 

twelfth addition (Figure A13). The accuracy of this method is 0.04 v.u..60  

Analysis of the EXAFS data (Figure A14) using a full, multiple scattering model reveals 

that the fractional occupancy of Mn within the layer increases slightly upon reaction with BPA 

(Table A4), but does not follow a notable trend throughout the experiment (Figure 2.3b). Solids 

from the first three additions of BPA have no detectable corner-sharing Mn centers. After the 

fourth reaction with BPA, corner-sharing Mn centers are detected, and its coordination number 

steadily increases until the end of the experiment (Figure 2.3b).  

Changes in surface area over the twelve additions of BPA were negligible, as observed 

by BET measurements (Table A3). XRD data (Figure A15) show that no new phases form over 

twelve additions of BPA. However, qualitative changes in the diffraction pattern are observed, 

such as the reduced tailing of the hkl diffraction band at 37° and the appearance of a dip at ~47° 

after twelve additions of BPA.  

Calcium exchange experiments show that Ca2+-extractable Mn(II) increases with 

increasing additions of BPA (Figure A16). After the first addition of BPA, 0.11 µg/mg is 

extracted from the solid, while after seven additions of BPA, 2.88 µg/mg is extracted. The 

amount of Ca2+-extractable Mn(II) remains constant for the remainder of the experiment. Control 

experiments using only PIPES pH 7 buffer show that very little Mn is extracted in the absence of 

Ca2+ (i.e. 0-0.4 µg/mg). 
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2.5 Discussion 

2.5.1 Deviation from Pseudo-First-Order Kinetics 

The oxidation rate of model compounds6,7,25,41,66–68 and BPA14,15 follow pseudo-first-

order kinetics during the initial phase of the reaction, but the rates of oxidation decrease as the 

reaction proceeds. Previous studies show that the oxidation rates deviate from pseudo-first-order 

kinetics, but generally only examine solution kinetics during the first phase of the reaction by 

using the initial rate approach.14,15,41–46 A limited number of studies examine longer reactions by 

fitting data by empirical or semi-empirical equations42,69 or by applying a kinetic model based on 

the observed organic compound loss rate and the number of reaction sites.40 Here, this same 

kinetic deviation is observed in single addition batch experiments of BPA (Figure A4). 

Furthermore, the decrease in reactivity of the Mn oxide due to reaction with the phenolic 

contaminant is clearly observed in experiments with twelve sequential additions of BPA, with 

BPA oxidation rates slowing by three orders of magnitude over the course of the reaction (Figure 

2.1a).  

The connection between changes in oxidation kinetics and the mineral surface has not 

been closely examined. Previous studies demonstrate that the addition of aqueous Mn(II), which 

is a product of the reductive dissolution of MnOx, inhibits organic contaminant oxidation 

rates.14,15,44,45 This indicates that the accumulation of Mn(II) can change the reactivity of the 

mineral surface, but does not provide direct mechanistic evidence. Another study observes 

changes in MnOx oxidation state after a single exposure to triclosan, aniline, and phenol.46 An 

increase in the amount of Mn(II) and Mn(III) on the surface of the Mn oxide was detected by 

XPS, but not linked to the target organic oxidation kinetics. In the present study, changes in 

oxidation kinetics and concurrent structural changes are explored using a wide range of 

analytical techniques to examine both solution and solid-phase chemistry. The results are used to 
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systematically evaluate potential factors that may lead to the widely observed decrease in 

manganese oxide reactivity after exposure to organic target compounds.   

 

2.5.2 Changes in Surface Area 

Since the reaction between Mn oxides and target organic compounds occurs on the 

surface of the mineral,41 changes in MnOx surface area can potentially affect the reactivity of 

MnOx by decreasing the number of available reactive surface sites.70 However, only minor 

changes in the surface area are observed over the course of twelve additions of BPA (Table A3). 

The lack of correlation between changes in surface area and the wide range of BPA oxidation 

rates observed in this study (Figure 2.1a) indicates that the decrease in oxidation rate cannot be 

attributed solely to a decrease in overall number of reactive sites; however, this measurement 

does not account for changes in interlamellar spaces and micropores. 

 

2.5.3 Changes in MnOx Average Oxidation State 

A decrease in average oxidation state could affect the reactivity of the solid by decreasing 

the rate of electron transfer.40 Changes in average oxidation state have been reported under some 

conditions. For example, the oxidation state of a synthetic Mn(III/IV) oxide, determined with 

XPS, decreases from 3.7 v.u. to 3.3 v.u. after reaction with 1 mM triclosan for 24 hours at pH 

5.46 In this study, repeated reaction of MnO2 with 80 µM BPA for variable experimental 

durations (i.e., 1-12 hours for twelve sequential additions) at pH 7 decreases the surface 

oxidation state by 0.09 v.u. (quantified by XPS) and increases the bulk oxidation state by 0.08 

v.u. (quantified using XANES; Figure A13). At this energy, XPS only probes the top 10-50 Å of 

the aggregated particles. The increase in bulk oxidation state throughout the reaction is likely due 
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to the dissolution of Mn(II) during manganese reduction, lowering the fraction of reduced Mn 

centers present in the solid. The valence state at the mineral surface, as determined by XPS, 

differs from the bulk, decreasing slightly over the twelve additions of BPA (Figure A13). This 

small change may be one explanation for the decrease in oxidation rate, and the increasing 

disparity between the bulk and surface oxidation state may imply that electrons are not being 

conducted throughout the mineral assemblage and accumulate at the surface.  

Differences in the change in average oxidation state between this study and prior reports 

of a large decrease in average oxidation state46 may be attributable to the differences in the 

experimental conditions. While both studies use Mn(III)-rich δ-MnO2 synthesized with similar 

methods, and examine the oxidation of phenols, major differences between the studies remain. 

First, while the initial organic compound concentrations in the two studies are quite different 

(i.e., 80 µM compared to 1 mM), the total amount of BPA added in this study over the course of 

twelve additions is similar (i.e., 0.96 mM). Second, the total experimental duration in this study 

is 96.5 hours, compared to 24 hours. Finally, the oxidation of organic compounds by Mn oxides 

is highly pH dependent and typically faster under acidic conditions;26,41–43 although the initial 

rates of organic compound oxidation were not reported in the previous study, less than 30 µM of 

triclosan, phenol, and aniline remained in solution after only 5 minutes of reaction at pH 5. 

Additionally, the rate of Mn(III) disproportionation into Mn(II) and Mn(IV) increases in 

conjunction with pH,65 which could result in additional Mn(IV) accumulation on the mineral 

surface with concomitant Mn(II) production and release into solution. Collectively, these 

differences suggest that a rapid reaction with a high initial organic concentration is needed to 

induce substantial changes in Mn oxidation state, whereas a more gradual reaction of the same 

total amount of organic results in very small changes in the Mn oxidation state.  
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2.5.4 Sorption of BPA and Organic Products 

Sorption of the target organic compound (i.e., BPA) may enhance the overall reactivity of 

MnOx by facilitating the formation of a surface complex, while the sorption of organic reaction 

products (e.g., HCA) can decrease reactivity by obscuring reactive sites on the surface.25,26,40–42,66 

Sorption of organic compounds depends on both the type of compound and the experimental 

conditions (e.g., pH). For example, sorption of sulfonamides,71 lincosamides,72 and 

carbamazepine73 to Mn oxides is negligible. In contrast, sorption of triclosan to δ-MnO2 can be 

extensive, primarily under acidic conditions (e.g., 55% sorbed at pH 5 and 10% sorbed at pH 

8).26 While the sorption of organic transformation products on Mn oxides has received little 

attention, one previous study observes increased carbon and chlorine on the mineral surface after 

reaction with triclosan at pH 5, indicating that there are organic species sorbed on the mineral.46  

Here, over three additions of BPA, sorption of BPA occurs only during the initial 

addition of BPA into the reactor (i.e., 14.3 ± 7.4% sorbed; Table A2). The low steady-state 

concentration of sorbed BPA supports the supposition that the formation of the surface complex 

is the rate-limiting step in BPA degradation, rather than the first electron transfer,2,6,7,40 and 

suggests that the starting material has a higher binding affinity to BPA than the reacted material. 

Sorption of produced HCA is very small over all three additions (i.e., <1.0 ± 0.9%). This relative 

trend between BPA and HCA sorption is in agreement with the reported octanol/water 

partitioning coefficient (Kow) of HCA being much smaller than that of BPA (log Kow of 0.76 and 

2.76, respectively),30 and the reported solubility of HCA being much higher than BPA (2.65 g/L 

and 0.31 g/L, respectively).30  

The oxidation of BPA produces a suite of organic products15 which may have different 

affinity for the mineral surface. For example, polymeric products produced by radical coupling 
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are more likely to sorb to the mineral surface due to their larger size and decreased polarity, and 

may prevent sorption of BPA during sequential exposures. However, no major product peaks 

with a longer retention times than BPA, indicative of polymeric products, are observed by HPLC 

with either UV or fluorescence detection (Figures A9 and A10), while many peaks with shorter 

retention times are present in the chromatograms. Although identification of additional BPA 

oxidation products is beyond the scope of this study, the HPLC results indicate that many of the 

oxidation products are highly polar and that minimal polymeric products are produced in this 

reaction. While sorption of HCA does not appear to play a role in obscuring reaction sites 

because it sorbs less strongly than BPA, the relative sorption of other proposed organic 

products15 warrants further investigation. Collectively, the relative sorption of BPA and HCA 

(Table A2), the absence of less polar products (Figures A9 and A10), and the decreased sorption 

of phenols at circumneutral pH values26 suggest that sorption of organics does not contribute to 

the decrease in BPA oxidation rate observed over twelve sequential additions. 

 

2.5.5 Solid-Phase Accumulation of Reduced Manganese 

The production of reduced manganese could decrease the organic compound reaction rate 

by obscuring reactive sites on the mineral surface or by competitively reacting with the mineral 

surface. This mechanism has been proposed as an explanation for the deviation from pseudo-

first-order kinetics during the oxidation of several classes of antibacterial agents,26,40,72 

halogenated phenols,68,74 and naproxen75 by MnO2. Furthermore, the addition of aqueous Mn(II) 

consistently results in inhibition of BPA oxidation by Mn oxides.14,15,45 

Corner-sharing Mn is detected after the fourth addition of BPA, and its coordination 

number increases throughout twelve additions of the target compound (Figure 2.3b). Corner-
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sharing Mn is assumed to be Mn(III) or Mn(II) in interlayer positions. Surface-bound Mn(II) also 

increases after the fourth addition of BPA, as measured by Ca2+ exchange (Figure A16). In 

contrast, aqueous Mn(II) is not detected until after six additions of BPA (Figure 2.1c). Stone and 

Ulrich demonstrate that the desorption of Mn(II) from the surface of the mineral is a slow 

reaction compared to the desorption of organic molecules.76 This observation is confirmed in this 

study as Mn(II) is detected on the solid before it appears in solution (i.e., addition 4 compared to 

addition 6; Figures A16 and 2.1c). Our results show that accumulation of aqueous Mn(II) over 

sequential additions of BPA corresponds with the decrease in BPA oxidation rate (Figure 2.1). 

Therefore, the production of Mn(II), which may arise from Mn(III) reduction or 

disproportionation, is a likely cause of decreasing MnO2 reactivity with BPA. Additionally, while 

bulk measurements of the oxidation state remain relatively constant throughout twelve additions 

of BPA, XPS reveals that Mn(III) preferentially accumulates at the mineral surface (Figure 2.3a). 

The increase of Mn(III) at the mineral surface likely contributes to the decreased transformation 

rate of BPA even in the absence of large changes in the bulk MnO2 oxidation state. It is unlikely 

that the increase in Mn(III) is due to comproportionation of Mn(II) and Mn(IV), which would 

lead to the formation of orthogonal layered birnessite detectable by changes in the XRD 

pattern.77 

 

2.5.6 Structural Changes  

Changes to the mineral structure consist predominantly of the increase in interlayer Mn. 

Interlayer Mn could be Mn(II) or Mn(III), and exhibits corner-sharing geometry, as shown in the 

EXAFS model (Figure 2.3b). The increase of interlayer Mn is corroborated by the analysis of the 

diffraction patterns (Figure A15), which show a decrease in the high-angle scattering tail of the 
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peak at 37° and the appearance of a characteristic dip at 47°, both of which indicate capping of 

vacancies by metal cations (i.e. Mn(II) or Mn(III)).33,47,48,78,79 Previous studies have reported that 

these cation vacancy sites are of critical importance in adsorption and electron transfer processes 

that occur on the mineral surface.50,80,81  

 

2.5.7 Changes in HCA Yield 

Another example of the importance of quantifying changes in both aqueous- and solid-

phase geochemistry is the 10-fold decrease in HCA yield over twelve sequential additions of 

BPA (Figure 2.1b). The initial yield of HCA from BPA oxidation ranges from 32 – 39.7% in this 

study. In comparison, earlier work reports yields up to 64% under similar conditions (e.g., pH 

7.4); however, the MnO2 used in the previous study is synthesized under hydrothermal 

conditions30 and is likely more crystalline than the solid used in the present study. During the 

twelfth addition of BPA, only 3.5% of oxidized BPA is converted to HCA. Therefore, the 

production or relative stability of other transformation products becomes more important as the 

MnO2 solids undergo repeated reaction with BPA. Previous studies have identified 11 of the 

numerous products that form through radical coupling, fragmentation, substitution, and 

elimination, including HCA.15,30 Regardless of the identity of the suite of oxidation products, the 

mechanism of BPA oxidation and importance of HCA as a major product clearly changes as 

repeated additions to MnOx alter the reactivity of the Mn oxide. These results suggest that the 

products or yields identified in single-addition batch reactors may not be representative for more 

complex environments.  
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2.5.8 Conceptual Framework 

By systematically quantifying changes in the mineral structure during BPA oxidation by 

MnOx, it is possible to develop a conceptual model that provides direct evidence to explain why 

the reactivity of the mineral towards BPA decreases with time. The Mn(III)-rich δ-MnO2 starting 

material contains no detectable interlayer Mn, indicating the Mn(III) is located within the 

octahedral sheets. After diffusion of the phenol to the mineral surface and formation of a surface 

complex, the organic compound is oxidized through a one-electron transfer and Mn(IV) is 

reduced to Mn(III).6,25,27,28 The Mn(III) may then either remain in the interlayer, disproportionate 

to Mn(II) and Mn(IV), undergo a second one electron transfer with BPA or its degradation 

products to produce Mn(II), or migrate to a vacancy site in the octahedral sheet. Mn(III) does not 

appear to play a primary role in the transformation of BPA because BPA oxidation rates decline 

despite Mn(III) accumulation during the first five BPA additions. The data also suggests that, at 

a predominance above 40%, surficial Mn(III) is consumed by disproportionation to Mn(II) and 

Mn(IV), resulting in the decrease in surface Mn(III) and production of Mn(IV) and Mn(II) at the 

surface. Mn(III) does not appear to fill in vacancy sites as the fractional occupancy of the 

material does not notably increase over BPA additions (Figure 2.3b). Mn(II) accumulates on the 

mineral surface (Figure A16) until it reaches saturation.6,7,39 After this point, excess Mn(II) 

dissolves and is detected in solution (Figure 2.1c). As a result, the overall oxidation state of the 

Mn oxide remains within 3.60 ± 0.07 valence units (Figure A13), despite extensive reaction with 

BPA. With increasing BPA additions, reduced Mn centers migrate to the interlayer, capping 

highly reactive vacancy sites (Figures 2.3b and A15). By using BPA oxidation kinetics as a way 

to probe the reactivity of MnO2 (Figure 2.1a), it is clear that changes in reactivity due to 

accumulation of interlayer Mn and Mn(II) on the surface of the mineral happen prior to the 
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appearance of dissolved Mn(II), emphasizing the importance of these structural changes to the 

mineral. The accumulation of reduced manganese within the mineral, and ultimately in solution, 

is also correlated with the change in HCA yield (Figure 2.1b), suggesting that mineral 

transformation alters the mechanism of BPA oxidation and its intermediate products. In contrast, 

the observed decrease in BPA oxidation rate is not associated with changes in surface area, 

sorption of organics, or a change in bulk MnOx oxidation state. 

 

2.6 Environmental Implications  

BPA is an endocrine-disrupting compound18 that is found in elevated concentrations in 

many aquatic environments.23,82 It is especially damaging to fish and other aquatic species.19 

Manganese oxides are found in high concentrations in the environment as well, primarily in soils 

and sediments.83 Oxidation by MnO2 is a potential fate for BPA in the environment. The 

formation of HCA as an oxidation product of BPA could have effects on the environment 

because HCA is more mobile30 and less susceptible to oxidation by MnO2. It may also be more 

estrogenic than BPA; an in vitro estrogen receptor binding assay suggests that HCA has 100-fold 

higher binding affinity to the estrogen receptor than BPA.51 Nevertheless, HCA is removed by 

Mn oxides, albeit at a slower rate.  

The transformation of phenolic contaminants by Mn(III/IV) oxides could potentially be 

used in wastewater, urban stormwater, or landfill leachate treatment,84 preventing BPA, HCA, 

and other phenolic compounds from entering natural waters and disrupting wildlife ecosystems. 

Manganese oxides are capable of transforming a range of organic compounds, including 

antibacterial agents,26,40,42,46,69,72,85–91 polyaminocarboxylate ligands,92 endocrine 

disruptors,43,44,46,93–95 brominated flame retardants,96 rubber additives,97 pain relievers,75,98 and 
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anti-epileptic pharmaceuticals.73 The comprehensive approach used here provides details 

required for the implementation of Mn oxides for water treatment, such as mechanism, 

mineralogical changes, and changes in kinetics. 
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Figure 2.1. (a) BPA pseudo-first-order loss rate constants for duplicate reactors, (b) HCA 

production yield as a percent of oxidized BPA for reactor averages, and (c) aqueous manganese 

concentrations for duplicate reactors over twelve additions of 80 µM BPA with 0.33 g/L of 

Mn(III)-rich δ-MnO2 in a PIPES buffer (pH 7). Error bars for aqueous manganese concentrations 

are smaller than data point size.  
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Figure 2.2. (a) BPA and (b) HCA concentrations over twelve additions of 80 µM BPA with 0.33 

g/L of Mn(III)-rich δ-MnO2 in a PIPES buffer (pH 7). Data sets are for duplicate 6 L reactors. 

Note that kinetic data is collected in the first hour of each addition, but the total lengths of 

additions are not the same. The first two additions were 1 hour, the third was 1.5 hours, the 

fourth was 3 hours, the fifth was 6 hours, and additions 6-12 were twelve hours. 
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Figure 2.3. (a) Mole percentages of Mn(II), Mn(III), and Mn(IV) in a subset of solid samples 

determined by both XPS and XANES, and (b) variables obtained from the EXAFS spectra 

modeling of solids obtained over twelve additions of 80 µM BPA with 0.33 g/L of Mn(III)-rich 

δ-MnO2 in a PIPES pH 7 buffer. Corner-sharing Mn is reported as coordination number (CN). 

Error for fractional occupancy and corner-sharing Mn was calculated by SIXPack during the 

modeling process. Samples from both reactors were combined and then analyzed.  
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Chapter 3 

Impact of bisphenol A influent concentration and reaction time 
on MnO2 transformation in a stirred flow reactor2 

 

3.1 Abstract 

Bisphenol A (BPA) is an endocrine disrupting compound commonly found in natural 

waters at concentrations that are considered harmful for aquatic life. Manganese(III/IV) oxides 

are strong oxidants capable of oxidizing organic and inorganic contaminants, including BPA. 

Here we use δ-MnO2 in stirred flow reactors to determine if higher influent BPA concentrations, 

or introduction rates, lead to increased polymer production. A major BPA oxidation product, 4-

hydroxycumyl alcohol (HCA), is formed through radical coupling, and was therefore used as one 

metric for polymer production in this study. The influent BPA concentration in stirred flow 

reactors did not affect HCA yield, suggesting that polymeric production is not strongly 

dependent on influent concentrations. However, changes in influent BPA concentration affected 

BPA oxidation rates and the rate of δ-MnO2 reduction. Lower aqueous Mn(II) production was 

observed in reactors at higher BPA introduction rates, suggesting that single-electron transfer 

	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  
2 Reproduced with permission from Environmental Science: Processes & Impacts. Balgooyen, 
S.; Campagnola, G.; Remucal, C. K.; Ginder-Vogel, M. 2019, 21 (1), 19–27. Balgooyen and 
Campagnola performed laboratory experiments. Balgooyen performed all analyses.  Balgooyen, 
Remucal, and Ginder-Vogel wrote the manuscript.  
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and polymer production are favored under these conditions. However, an examination of Mn(II) 

sorption during these reactions indicated that the length of the reaction, rather than BPA 

introduction rate, caused enhanced aqueous Mn(II) production in reactors with low introduction 

rates and longer reaction times due to increased opportunity for disproportionation and 

comproportionation. This study demonstrates the importance of investigating both the organic 

and inorganic reactants in the aqueous and solid phases in this complex reaction. 

 

3.2 Introduction 

Manganese oxides (MnOx) are one of the strongest naturally-occurring oxidants and can 

oxidize a wide range of organic contaminants, including phenols.1–4 Previous studies have 

demonstrated oxidation of phenols by manganese oxides using model organic compounds2,3,5–10 

and complex pollutants.11–19 Bisphenol A (BPA) is an industrial plasticizer20 that is commonly 

found in wastewater,21 landfill leachate,22 and surface water.23,24 In the environment, BPA leads 

to teratogenic, endocrine, and pleiotropic effects in fish and other aquatic species.25  

BPA is susceptible to oxidation by manganese oxides.12,18,26,27 Similar to other phenols, 

BPA undergoes a one-electron transfer with manganese oxides to form a radical species that can 

form polymeric products through radical coupling or undergo further oxidation through a second 

one-electron transfer.1–3,10,11,28,29 BPA oxidation is affected by MnO2 concentration, pH, and 

metal cosolutes, and 11 transformation products have been identified, including 10 phenols and 4 

polymers.12 4-Hydroxycumyl alcohol (HCA) is a major product of BPA oxidation and is 

generated at yields up to 64% HCA per mole of BPA.30 Note that this yield is based on direct 

measurement of HCA and does not consider oxidation of HCA by manganese oxide.30 Since 
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HCA is formed through radical coupling, its production can potentially be used to probe the 

relative amount of polymeric coupling.  

Oxidation rates of organic compounds by manganese oxide are highly dependent on 

mineral properties. The reaction follows pseudo-first-order kinetics during the initial phase, but 

the rate of oxidation decreases as the reaction proceeds.11,12,14,31,32 Previous investigations of 

manganese oxide transformation during organic compound oxidation are limited, but they 

provide unique insights into changes to the mineral surface. For example, decreased rates of 

phenol, aniline, and triclosan oxidation by MnOx are associated with decreasing oxidation state 

and accumulation of reduced manganese species and organic species on the mineral surface.19 

Similarly, δ-MnO2 can transform to other phases after accumulating Mn(III) in the presence of 

high concentrations of fulvic acid.33 Our previous study using Mn(III)-rich MnO2 and BPA 

shows that changes at the mineral surface are enough to decrease the oxidation rate even without 

changes in the bulk mineral oxidation state.18  

Previous studies typically use batch reactors to characterize the reactivity of manganese 

oxides.1 These closed systems are experimentally simple and results can be readily compared to 

previous data. However, stirred flow reactors can provide further benefits, allowing for slow and 

constant addition of an influent media that can be easily altered. Additionally, batch reactors 

retain both organic and inorganic reaction products, which can affect the reaction. For example, 

the addition of Mn(II) can considerably decrease phenol oxidation rate by manganese 

oxides.12,13,26,27,34 In the environment and in stirred flow reactors, these products are constantly 

removed. A few studies use stirred flow reactors32,35 or column reactors36,37 to examine 

manganese oxide reactivity, but none have investigated both the changes in the aqueous and 

solid phases. 
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Here calculated HCA yield, aqueous Mn(II) production, and solid phase characterization 

are used to detect differences in BPA oxidation mechanism by δ-MnO2 in stirred flow reactors as 

a function of influent BPA concentration. This method is used to test the hypothesis that higher 

influent BPA concentrations lead to greater polymer production and therefore less overall 

electron transfer. Radicals formed via single electron transfer are of concern as they can couple 

with dissolved organic matter or other compounds in the environment, forming unknown high 

molecular weight products.38–40 HCA is used as an indicator of conditions that favor single-

electron transfer (i.e., polymer production), rather than two sequential electron transfers (i.e., 

benzoquinone production). Aqueous Mn(II) is produced by reductive dissolution and is used to 

quantitatively compare electron transfer across different solution conditions. We use this data, 

along with measurements from solid phase characterization using X-ray absorption near edge 

structure (XANES) spectroscopy and X-ray diffraction (XRD), to make inferences about the 

mechanism of the redox reaction and how the δ-MnO2 structure changes throughout the reaction. 

By performing these reactions in a stirred flow reactor, this study provides novel insights into the 

effects of contaminant loading over long time periods, which is more representative of 

contaminants in a flow-through treatment system.36,41 

 

3.3 Materials and Methods 

3.3.1 Materials 

Commercially available chemicals were used as received (Section B1). HCA was 

synthesized as described previously.18 Ultrapure water was supplied by a Milli-Q water 

purification system maintained at 18.2 MΩ·cm. BPA and HCA stock solutions were prepared in 

methanol and stored at 4ºC. Information on preparation and characterization of δ-MnO2 is 
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provided in Section B1. This synthesis yielded a mineral with an average valence state of 3.94 ± 

0.11 v.u. determined by oxalate titration,42 indicating that the mineral is predominantly Mn(IV). 

 

3.3.2 HCA Characterization 

The acid dissociation constant (pKa) of HCA was determined spectrophotometrically at 

240 nm by titration of 0.1 HCl into a solution of 100 µM HCA following a previously published 

method.43   

 

3.3.3 Solution Conditions 

All stirred flow reactions and batch reactors used to determine initial rates of BPA and 

HCA oxidation were performed at pH 5 in 10 mM sodium acetate to avoid experimental 

artifacts. Acetate did not affect δ-MnO2 reactivity with BPA over time at pH 5 (Figure B1), 

whereas many common circumneutral pH buffers can form complexes with Mn(II) or reduce 

manganese oxides.44–47 For example, preliminary experiments with 10 mM piperazine-N,N’-

bis(2-ethanesulfonic acid) (PIPES) at pH 7 demonstrated that the buffer decreases MnO2 

reactivity (Figure B1). Klausen et al. reported that PIPES sorbs to the manganese oxide surface, 

decreasing the number of reactive sites on the surface.32   

 

3.3.4 Batch Reactors 

Batch reactors were used to determine initial rates of BPA and HCA oxidation by δ-

MnO2. Prepared δ-MnO2 slurry (stock concentrations: 30-50 g/L) was equilibrated in a pH 5 

acetate buffered solution for 30 minutes before the addition of BPA or HCA (initial 

concentration: 40 or 80 µM). BPA and HCA concentrations were determined by high-
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performance liquid chromatography (HPLC; Agilent 1260) in samples that were quenched in 

excess ascorbic acid (10.8 mM) in order to completely dissolve the δ-MnO2. Aqueous 

manganese was quantified by inductively coupled plasma-optical emission spectroscopy (ICP-

OES; PerkinElmer Optima 4300 DV) analysis of filtered samples (0.2 µm 

polytetrafluoroethylene) diluted in 2% nitric acid. Batch reactor experiments were conducted in 

triplicate.  

 

3.3.5 Stirred Flow Reactors 

Each 12.7 mL stirred flow reactor contained 1.58 g/L δ-MnO2 slurry and a stir bar 

(Figure B2). A filter (0.1 µm VCWP, Millipore) and filter holder prevented δ-MnO2 from 

leaving the reactor. The solution was continuously stirred, with BPA in acetate buffer constantly 

being introduced at a rate of 1 mL/min (hydraulic retention time = 12.7 minutes). Each reactor 

was equilibrated with 10 mM acetate for 30 minutes before introducing BPA. The tubing used 

for the reactors was Pt-cured Si (2.06 mm I.D. Cole Parmer) and exhibited < 7% sorption of 

BPA and phenol in control experiments (Figure B3).  

Stirred flow reactor effluent was analyzed by HPLC and ICP-OES to quantify BPA, 

HCA, and aqueous manganese. These samples were not filtered or quenched using excess 

ascorbic acid since the reaction stops upon exiting the δ-MnO2 reactor. Media with varying BPA 

concentrations (20 – 160 µM, corresponding to a BPA introduction rate of 20 – 160 nmol/min) 

were used in stirred flow experiments to determine mechanistic differences due to influent BPA 

concentrations. The length of the experiment was adjusted so that 20 – 25 µmol BPA was added 

to each reactor in total.  
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Solids were recovered at the end of the reaction. This material was washed in methanol to 

remove organics, dried at room temperature, and ground before analysis. Average manganese 

oxidation number (AMON) was determined using XANES spectra collected at beamline 10-BM 

at the Advanced Photon Source at Argonne National Laboratory (Section B4). Samples were 

prepared by diluting 3 mg of manganese oxide into 8 mg of polyvinylpyrrolidone, grinding until 

homogenous, and pressing into a 7 mm pellet. XANES data was analyzed for AMON using the 

Combo method.48 XRD patterns were collected (Rigaku Rapid II, Mo Kα source; λ = 0.7093 Å) 

to determine changes in the order and crystallinity of the mineral. 

 

3.3.6 HCA Yield Calculation 

HCA is a phenolic product of BPA oxidation by manganese oxide that is also susceptible 

to oxidation by the mineral.18,30 In batch reactors, HCA yield was calculated as described 

previously:18  

HCA = 𝑘! ∙ 𝐹!"#    ∙   
!"# !
!!!!!

   ∙    𝑒!!!! − 𝑒!!!!                      (3.1) 

where k1 is the BPA oxidation rate constant, FHCA is the fraction of BPA converted to HCA, 

[BPA]0 is the initial BPA concentration, k2 is the HCA oxidation rate constant, and t is time after 

BPA addition. FHCA was calculated by least-squares minimization.  

In stirred flow reactors, a steady-state assumption was used to estimate the HCA yield 

once the reactions reach a plateau in BPA and HCA concentrations using the following equation:  

𝐹!"# =
![!"#]

!! !"# !!!!! !"# !!
                         (3.2) 

where Q is the flow rate of the reactor, V is the volume of the reactor, and k1 is calculated 

according to: 
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𝑘! =
![!"#]!!![!"#]

[!"#]!!
            (3.3) 

k2 is calculated using an initial rates ratio determined experimentally at each condition. 

Derivation of equations 3.2 and 3.3 is provided in Section B5. 

 

3.4 Results and Discussion  

3.4.1 HCA Production and Characterization 

Upon exposure to δ-MnO2, BPA concentration quickly decreases via oxidation, 

producing HCA as a major oxidation product (Figure 3.1). The production of HCA during BPA 

oxidation is consistent with its identification and characterization in two previous studies.18,30 

BPA oxidation by MnOx produces a multitude of products,12 but at up to 64% yield,30 HCA is 

the only product detectable by HPLC analysis (Figure B4). HCA only accounts for 60% of the 

carbon atoms present in BPA and it is likely that the C6 moiety formed during HCA production 

is susceptible to rapid degradation.30 The pKa of HCA is determined to be 10.24 ± 0.05 in this 

study (Figure B5), whereas the pKa values for BPA are 9.6 and 10.2.49 This is an important 

measurement for HCA since pKa values strongly affect sorption capacity of phenols. 

HCA is also susceptible to oxidation by δ-MnO2, albeit at a slower rate than BPA, which 

is consistent with previous literature.18,30 For example, the pseudo-first-order oxidation rate 

constants of BPA and HCA at pH 5 are 0.228 min-1 and 0.029 min-1, respectively (Figure B6; 

Table B1). As shown in Figure 3.1, HCA concentration increases with time in BPA oxidation 

reactions, but then reaches a maximum and slowly decreases. Using relative BPA and HCA 

initial oxidation rate constants determined in separate batch reactors, theoretical HCA yields can 

be calculated for BPA oxidation reactions in both batch reactors and stirred flow reactors using 
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equations 3.1 and 3.2. For example, the HCA yield in a batch reactor with 0.33 g/L δ-MnO2 and 

80 µM BPA at pH 5 is 44% (least-squares fit line in Figure 3.1). 

 

3.4.2 Characteristics of Stirred Flow Reactors 

In these reactions, the BPA solution is introduced into the reactor while the effluent is 

collected and analyzed. An example data set is presented in Figure 3.2. Initially, BPA is 

completely oxidized by δ-MnO2 and is not detected in the reactor effluent. Similarly, the HCA 

concentration in the effluent is initially below detection because all HCA produced through BPA 

oxidation is also completely oxidized by δ-MnO2. As the reaction rate decreases due to changes 

in the mineral during oxidation of BPA and its phenolic transformation products, BPA and HCA 

concentrations increase in the reactor effluent. After about 40 hours, or 200 µmol BPA 

introduced, δ-MnO2 is no longer capable of oxidizing BPA during the 12.7-minute hydraulic 

retention time. As the manganese oxide becomes less reactive, HCA concentrations increase and 

eventually reach a maximum before returning to zero as BPA ceases reacting with δ-MnO2 and 

therefore no longer produces HCA. 

Aqueous Mn(II) is a product of Mn(III/IV) reduction by phenols and is commonly used 

to quantify reductive dissolution.12–14,19,26,31,32,34 Here, Mn(II) appears in the reactor effluent after 

the first hour (Figure 3.2), showing that reductive dissolution of the mineral is occurring.2,3,50 

After six hours, dissolved Mn(II) reaches a maximum and returns to below detection limit as δ-

MnO2 stops reacting with BPA and its transformation products. The BPA concentration 

experiments described below focus on the early stages of this reaction, where 70 – 100% of BPA 

is oxidized by δ-MnO2 during the retention time, similar to previous studies investigating 

As(III)35,51 and aniline32 oxidation by MnO2. 
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3.4.3 Effect of BPA Influent Concentration  

Four stirred flow reactors with varying concentrations of influent BPA are used to 

determine the effect of BPA introduction rate on reaction kinetics, aqueous products, and mineral 

transformation. Influent BPA concentrations range from 20 – 160 µM, which correspond to BPA 

introduction rates of 20 – 160 nmol/min. All reactors have the same flow rate and retention time 

but vary in length of reaction time so that each reactor is exposed to the same amount of BPA 

(20 – 25 µmol). Due to this difference in time (150 – 1200 min), data is normalized by plotting 

as a function of BPA introduced to the reactor (Figure 3.3). Data is presented as a function of 

time in Figure B7 – B8.  

The BPA oxidation rate decreases with exposure of δ-MnO2 to BPA throughout the 

shorter time-scale of these experiments, as was observed in the 140-hour experiment (Figure 

3.2). The BPA concentration in the effluent reaches an apparent plateau in which 5 – 30% of the 

BPA is oxidized, depending on the concentration of the influent solution (Figure 3.3a). At the 

lowest BPA introduction rate (20 nmol/min), BPA appears in the effluent after 11 µmol of BPA 

are introduced and reaches a plateau almost immediately (i.e., after 13 µmol of BPA are 

introduced). This trend is also followed for the 40 and 80 nmol/min reactors. The plateau that is 

reached is modeled using a steady-state approximation to calculate BPA oxidation rate constants 

and HCA yields. At the highest BPA introduction rate (160 nmol/min), BPA also appears in the 

effluent after 11 µmol of BPA are introduced but no plateau is observed during the reaction 

period (25 µmol of BPA introduced).  

HCA concentration in the effluent varies with influent BPA concentration, with higher 

concentrations of BPA leading to higher concentrations of HCA in the effluent and vice versa 

(Figure 3.3b). HCA is found in the effluent earlier in the reaction with lower BPA introduction 



	
   62 

rates (e.g., after 8 µmol of BPA introduced for 20 nmol/min reactor and after 13 µmol of BPA 

for 160 nmol/min reactor). Furthermore, a plateau of HCA concentration is reached sooner in 

reactors with lower BPA introduction rate (i.e., after 11 µmol of BPA for 20 nmol/min reactor 

and after 25 µmol of BPA for 160 nmol/min reactor). However, when plotted as a fraction of 

BPA consumed in the reactor (Figure 3.3c), all reactors produce the same ratio of moles of HCA 

in effluent per moles of BPA consumed within 3.1% (30.0 – 33.1%) by the end of the reaction, 

excluding the 160 nmol/min reactor, which does not fully reach a plateau.  

The steady-state approximation (Section B5) and relative initial rates of BPA and HCA 

oxidation in batch reactors (Table B1; Figure B6) are used to calculate BPA oxidation rate 

constants and HCA yields in stirred flow reactors when the reaction reaches a plateau (e.g., after 

12 µmol of BPA introduced for the 20 nmol/min reactor). Although the system is not truly at 

steady-state because δ-MnO2 reactivity changes gradually over extended reaction times (Figure 

3.2), the steady-state approximation is valid because the BPA and HCA concentrations are not 

changing from one time point to the next within this shorter timeframe. However, it is not 

possible to calculate HCA yield with the 160 nmol/min introduction rate because this reactor 

does not reach a distinct plateau by the end of the reaction time. Calculated BPA oxidation rate 

constants steadily increase with BPA introduction rate in reactors with 20, 40, and 60 nmol/min 

introduction rates (Figure 3.4). This observation is in agreement with previous batch reactor 

studies that show an increase in oxidation rate with increases in either phenol concentration or 

MnO2 concentration.5,12  

HCA yields provide insight into changes in BPA reaction mechanism as a function of 

BPA concentration. Reactors with 20, 40, and 80 nmol/min BPA introduction rates have nearly 

identical HCA yields between 38 – 40% at the reaction plateau (Figure 3.4). As a major 
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oxidation product formed through radical coupling,30 the fraction of HCA production is 

theoretically proportional to the fraction of one-electron transfer reactions in this system. Since 

these polymeric products are more likely to form when there are high concentrations of BPA, we 

hypothesized that HCA yield would be higher when δ-MnO2 is exposed at a higher BPA 

introduction rate. However, the data indicates that there is no difference in HCA yield within this 

BPA concentration range.  

Additional experiments were conducted at different BPA influent concentrations to 

further test whether HCA yields change under different conditions. First, influent BPA 

concentrations below 20 µM were preliminarily examined but were inconclusive. For example, a 

trial using 5 nmol/min BPA, which corresponds to an initial concentration of 5 µM BPA for 83 

hours, shows that BPA is entirely consumed in the reaction (Figure B9). Therefore, HCA yields 

could not be determined at lower BPA influent concentrations due to complete BPA oxidation. 

Second, a separate experiment using longer reaction times compares HCA yields of 20 nmol/min 

and 160 nmol/min introduction rates after they have both reached a plateau (Figure B10). The 

observed yields of 44% and 40% respectively indicate that the higher introduction rate does not 

yield more HCA than lower introduction rate, further disproving our hypothesis that more 

polymeric products are produced at higher influent BPA concentrations.  

Although the organic data does not indicate a shift in BPA oxidation mechanism, the 

inorganic data shows a strong trend among the reactors. Aqueous manganese concentrations in 

stirred flow reactor effluent show that there is a relationship between influent BPA concentration 

and Mn(II) production (Figure 3.3d). At lower BPA introduction rates, Mn(II) is produced earlier 

in the reaction and in larger quantities than at higher BPA introduction rates. For example, the 20 

nmol/min introduction rate results in 19.8 µmol total Mn(II) beginning after 11.4 µmol BPA 
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introduced, while the 160 nmol/min introduction rate results in 6.3 µmol total beginning after 

18.7 µmol BPA introduced. Despite the difference in Mn(II) produced, minimal bulk 

mineralogical changes are observed in the XRD patterns or XANES data. Figure 3.5a shows that 

commonly observed changes, such as reduced tailing of the hkl diffraction band at 37° and the 

appearance of a dip at ~47°, only noticeably appear in the 20 nmol/min reactor. Analysis of 

XANES data using the Combo method fits the raw data and provides a calculated AMON for the 

sample. The AMON of the starting material is 3.85 v.u. (90% Mn(IV), 5% Mn(III), 5% Mn(II)). 

In samples recovered from stirred flow reactors, the AMON decreased due to reduction, but was 

the same value of 3.67 ± 0.01 v.u. for all BPA introduction rates (Figure 3.5b; Table B2). 

Unsurprisingly, no mineral phase changes occurred due to the low pH and relatively low 

accumulation of reduced Mn. This is consistent with previous work that shows changes in 

Mn(III)-rich δ-MnO2 reactivity can occur due to mineral transformation at the surface, such as 

increased interlayer Mn(II/III), and not necessarily changes to the bulk structure.18  

The differences in Mn(II) production, despite lack of changes in the bulk average 

manganese oxidation number, indicate that there are more overall electron transfer reactions 

occurring at lower BPA introduction rates, resulting in increased reductive dissolution of δ-

MnO2. This is further shown by the estimated net electron transfer from organic compounds to δ-

MnO2 calculated for each reactor (Table B3), where electron transfer in 20, 40, 80, and 160 

nmol/min reactors are estimated to be 79.7, 72.0, 64.9, and 50.7 µmol, respectively. There are 

several potential explanations for this observation. First, it is possible that two sequential single-

electron transfers are favored in reactors with lower BPA introduction rates, forming more 

Mn(II) through a second single-electron transfer, rather than just one single-electron transfer 

reaction to produce Mn(III). However, if HCA is used to determine the relative amount of 
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polymeric products formed, the absence of a trend in HCA yield over the 20 – 80 nmol/min 

reactors indicates that the proportion of single-electron transfer reactions, and therefore polymer 

production, is consistent over the range of BPA introduction rates. A second explanation is that 

the differences in reaction lengths allow for more redox reaction to take place, including 

oxidation of BPA oxidation products (e.g., HCA) and transfer of electrons within the manganese 

oxide mineral (i.e., disproportionation and comproportionation). This is supported by both data 

sets, but does not follow the generally accepted concept that more radical coupling and 

polymeric production will occur at higher concentrations of the target organic compound.52 A 

third possibility is that HCA does not accurately quantify polymeric production since other 

polymers can be formed by BPA oxidation.12  

One way to narrow down these possibilities is to determine how accurately Mn(II) 

production quantifies the total number of electrons transferred to δ-MnO2. When Mn(II), 

Mn(III), and Mn(IV) are present in the same system, the mineral is susceptible to 

disproportionation and comproportionation (equation 3.4).53–56 A Mn(II) center and Mn(IV) 

center can exchange electrons, or comproportionate, to form two Mn(III) centers. Conversely, 

two Mn(III) centers can disproportionate to form Mn(II) and Mn(IV) centers. Due to these 

reactions, the fraction of reduced Mn(II) species formed in a reaction is not necessarily the same 

as the reduced species measured in the aqueous phase.  

𝑀𝑛 𝐼𝐼 +𝑀𝑛 𝐼𝑉 ⇌ 2𝑀𝑛(𝐼𝐼𝐼)            (3.4) 

 

3.4.4 Desorption Experiments 

To determine if disproportionation and comproportionation reactions are occurring, Ca2+ 

is used as a desorption agent to quantify solid-bound Mn(II) concentrations at various points in 
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the reaction. These experiments use stirred flow reactors to introduce buffered BPA, buffer only, 

and Ca2+ solutions into a δ-MnO2 slurry. Disproportionation and comproportionation reactions 

can readily occur in mixed-valent manganese oxides,53–57 affecting the distribution of Mn(II), 

Mn(III), and Mn(IV) over time. These reactions make it difficult to characterize small changes in 

the mineral structure because they can be attributed to either the reaction of interest (i.e., reaction 

with BPA) or disproportionation and/or comproportionation. Here, Ca2+ is added to desorb 

Mn(II) from the δ-MnO2 solid after the oxide reacts with BPA. If aqueous Mn(II) is continually 

produced after all solid-associated Mn(II) and BPA has been removed, this would indicate that 

Mn(III) is undergoing disproportionation to form Mn(II) since there is no other reductant present. 

Preliminary experiments show that BPA and HCA undergo minimal sorption to δ-MnO2 (Section 

B7; Table B1), meaning negligible amounts of Mn(II) should be produced by continued reaction 

in this system. 

The desorption experiments indicate that Mn(III) disproportionation occurs under our 

experimental conditions. In Reactor A, exposure of δ-MnO2 to 20 µM BPA (buffered to pH 5 in 

10 mM acetate) for 20 hours produces a total of 6.75 µmol aqueous Mn(II). The addition of 25 

mM Ca2+ for three hours desorbs an additional 1.54 µmol of Mn(II) that was generated during 

BPA oxidation (Figure 3.6a). We then added 10 mM acetate with no BPA for 7 hours, which 

does not react with δ-MnO2 (Figure B1), but allows time for disproportionation of Mn(III) to 

occur; minimal Mn(II) is produced during this time (i.e., a total of 0.06 µmol). A second 

introduction of 25 mM Ca2+ for two hours yielded 0.37 µmol additional Mn(II), indicating that 

Mn(II) is produced via disproportionation during the time between Ca2+ introductions.  

In Reactor B, δ-MnO2 is exposed to a 20 µM BPA solution (buffered to pH 5 in 10 mM 

acetate) for 20 hours, 10 mM acetate buffer for 9 hours, and a final 25 mM Ca2+ solution for two 
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hours. Mn(II) is produced during BPA oxidation as described above, but does not desorb during 

exposure to 10 mM acetate (Figure 3.6b). When the Ca2+ solution is introduced, Mn(II) desorbs 

from the mineral and is found in the effluent. Reactor A produces 1.54 µmol Mn(II), while 

Reactor B produces a total of 0.3 µmol Mn(II). Since both reactors were exposed to the same 

amount of reductant (i.e., 24 µmol BPA), this indicates that the Mn(II) produced during BPA 

oxidation is able to undergo comproportionation with Mn(IV) to form Mn(III) if it is not 

desorbed from the mineral in a timely fashion. 

Three conclusions can be drawn from the desorption experiments. First, Mn(II) does not 

continue to desorb from the mineral after oxidation with BPA, indicating that desorption of 

Mn(II) occurs after the mineral reaches saturation either by Mn(II) or organics and is driven by 

exposure to organics and further production of Mn(II). Second, disproportionation, which is 

highly dependent on pH, occurs in the system within the timescale of the reaction (i.e., on the 

order of 7 hours at pH 5). Finally, the amount of Mn(II) desorbed by the first exposure to 25 mM 

Ca2+ in each reactor (i.e., 1.54 µmol in Reactor A with immediate exposure to Ca2+, and 0.3 

µmol in Reactor B with delayed exposure) indicates that comproportionation is occurring in 

Reactor B. Overall, these desorption experiments show that both disproportionation and 

comproportionation are possible within the reaction times of our stirred flow experiments. This 

indicates that the differences in aqueous Mn(II) production (Figure 3.3d) are due to the 

differences in reaction time rather than the BPA introduction rate, as increasing reaction time 

will lead to a proportional amount of electron transfer between manganese centers.  
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3.5 Conclusions 

This study demonstrates the importance of including both organic and inorganic analysis 

when examining oxidation of organic contaminants by an inorganic substrate. Although there are 

many studies on the degradation of BPA and other phenols by manganese oxides, most look only 

at the disappearance of the organic11,12,14,31,32 or the complete reductive dissolution of the 

mineral.2,11,50,58 Here, we see differences in aqueous Mn(II) production proportional to the 

introduction rate of BPA into stirred flow reactors. On its own, this information suggests that the 

introduction rate of BPA determines the redox mechanism, with higher introduction rates leading 

to more polymeric production via a single-electron transfer, as predicted. However, in tandem 

with the information from the HCA yield calculations that show no difference in HCA yield with 

varying introduction rates and the desorption experiments that show that both disproportionation 

and comproportionation occur in these reactions, we conclude that BPA introduction rate has 

minimal effect on BPA oxidation mechanism. The difference in aqueous Mn(II) production is 

likely due to the longer reaction times, which allow for more disproportionation of Mn(III) to 

occur in reactors with lower BPA introduction rates. This also explains why a plateau is not 

reached for BPA and HCA concentrations in the shorter 160 nmol/min reactor since not as much 

Mn(II) has formed via disproportionation, which would hinder the reaction. These findings 

indicate that Mn(III) is prevalent in reacted δ-MnO2, but undergoes disproportionation or further 

redox reactions over time in extended reactions.  
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Figure 3.1. Measured BPA concentrations and measured and theoretical HCA concentrations 

over time in a batch reactor containing 80 µM BPA and 0.33 g/L δ-MnO2 in a pH 5 acetate 

buffer.  

 

 

Figure 3.2. Concentrations of BPA, HCA, and aqueous Mn in the effluent of a stirred flow 

reactor containing 1.58 g/L δ-MnO2, 10 mM acetate buffer (pH 5), and 80 µM BPA over an 

extended reaction time of 140 hours. 
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Figure 3.3. (a) BPA and (b) HCA present in the effluent, as well as (c) the ratio of HCA 

produced to BPA consumed, and (d) aqueous Mn(II) produced in stirred flow reactors containing 

1.58 g/L δ-MnO2 in 10 mM acetate buffer (pH 5). Reaction times range from 2.5 – 20 hours. 
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Figure 3.4. Concentrations of BPA, HCA, and aqueous Mn in the effluent of a stirred flow 

reactor containing 1.58 g/L δ-MnO2 in 10 mM acetate buffer (pH 5) containing 80 µM BPA over 

an extended reaction time of 140 hours. 

 

Figure 3.5. (a) XRD patterns of solids from each reactor in red overlaid by the starting material 

in black and (b) fitted XANES data of solids recovered from each reactor and the starting 

material. XANES data was analyzed using the Combo method.48  
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Figure 3.6. Stirred flow reactors with 1.58 g/L δ-MnO2 exposed to (a) 20 µM BPA from 0-1215 

min, 25 mM Ca2+ from 1215-1395 min, 10 mM acetate at pH 5 from 1395-1800 min, and 25 mM 

Ca2+ from 1800-1905 min (Reactor A), and (b) 20 µM BPA from 0-1185 min, 10 mM acetate at 

pH 5 from 1185-1745 min, and 25 mM Ca2+ from 1745-1845 min (Reactor B).  
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Chapter 4 

The effects of interlayer cations on the oxidation of 
phenolic contaminants by acid birnessite 

4.1 Abstract 

Many phenolic contaminants found in natural waters are susceptible to oxidation by 

manganese oxides. The variability between oxidation rates reported in laboratory studies and 

those from environmental reactions is investigated in this study through the introduction of metal 

cations. Cation cosolutes inhibited the reaction rate of four target phenols: bisphenol A, estrone, 

p-cresol, and triclosan. Reaction rates for all phenols followed the same trend, Na+ > K+ > Mg2+ 

> Ca2+, which is consistent with previous studies. However, this study shows that the same trend 

applies to these cations when they act as interlayer cations, as well as cation cosolutes. Sorption 

analysis shows a difference in sorptive capacity among different cations both when they are 

sorbed and in the interlayer. Solid phase analysis shows that there are no notable changes to the 

manganese oxide mineral with variation in interlayer cation. These findings indicate that the 

inhibition driven by metal cosolutes is not due to competition for surface sites, as previously 

suggested. However, the inhibition seen in both interlayer and sorbed cations suggests that the 

electron transfer rate may be altered due to the variation in overall oxidation state of the mineral. 

This study has implications for engineered water treatment systems using manganese oxides as a 

reactive substrate. 
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4.2 Introduction  

 Manganese oxides are naturally occurring oxidants that drive redox reactions in a variety 

of environments. These minerals are found in soils and sediments, on ocean floors, in desert 

varnishes, and in marine and freshwater bodies.1–5 As one of the strongest environmental 

oxidants, they are able to oxidize organic6–9 and inorganic10–13 compounds, including 

contaminants and other harmful species. Here we look at the oxidation of phenolic compounds 

by acid birnessite, a reactive phyllomanganate similar to environmental manganese oxides.14–16  

 The phenolic compounds used in this study include bisphenol A (BPA), 5-chloro-2-(2,4-

dichlorophenoxy)phenol (triclosan), estrone (E1), and 4-methylphenol (p-cresol). Phenolic 

compounds such as these are found in wastewater effluents that drain into natural ecosystems.17–

26 The four target contaminants are considered harmful to the environment in various ways. They 

were chosen to provide a range of structures and sizes to test the oxidation mechanism by acid 

birnessite.27 

 Previous studies demonstrate that cations inhibit the reaction rate of phenols with 

manganese oxides.6,28–36 This has been largely attributed to the cation blocking reactive sites on 

the oxide surface. Other suggested possibilities include aggregation stimulated by metal 

sorption28,37 and competitive reaction with manganese oxide.38 Lu et al.28 demonstrate that 

oxidation rates of bisphenol F by manganese dioxide are inhibited by the addition of CaCl2, 

MgCl2, and NaCl as cosolutes; pseudo-first-order rate constants are decreased by up to 85% with 

inhibitory effects following the trend Ca2+ > Mg2+ > Na+. Lin et al.35 show that BPA oxidation by 

manganese coated sand is suppressed by the same cations following the same trend. This trend is 

inversely related to the sorption capacity of the cation cosolutes,39 which is likely why these 

effects are often attributed to cation cosolutes sorbing to and therefore blocking reactive sites.  
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 In contrast, studies focusing on the manganese oxide mineral structure demonstrate 

several reasons why cation cosolutes may not affect phenol oxidation by blocking reactive sites. 

Several studies have investigated the localized point of zero charge (PZC) in manganese oxides, 

showing that the PZC is not consistent across all surface sites. In general, the PZC of birnessites 

is about 3. However, at the edges sites of this phyllomanganate, the PZC ranges 6-8, yielding a 

relatively neutral charge at pH 7, whereas above vacancy sites, which are absences of Mn atoms 

to retain structure, the PZC is 2-3, yielding a negative charge at pH 7.40–42 This difference in 

surface charge suggests that positively charged cations and neutral phenols (or negatively 

charged phenolate ions) would likely sorb to different surface sites.  

 Furthermore, cations can change the structure of manganese oxides not only by sorbing to 

the surface as cosolutes, but also acting as interlayer cations. Phyllomanganate layers are 

negatively charged, drawing hydrated cations into the interlayer space to neutralize the overall 

charge. A study by Zhang et al.43 shows that when various cations are added during MnO2 

synthesis, the resulting interlayer cations lead to slightly varying structures. First, the analysis of 

extended X-ray absorption fine structure spectroscopy shows that distance between corner-

sharing manganese atoms increases with increasing cation radius. Second, X-ray diffraction 

(XRD) shows that Mg cations in the oxide interlayer leads to the formation of buserite within the 

sample, which is a tunnel structured manganese oxide. These findings indicate that small 

changes initiated by the cations present in the interlayer may contribute to the change in 

reactivity of birnessite in the presence of cosolutes.  

 This study investigates the effects of cations on the reactivity of birnessite towards 

phenols by investigating changes in both phenol oxidation rate and manganese oxide 

characteristics. Birnessites are exchanged with interlayer cations (Na+, K+, Mg2+, and Ca2+) and 
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analyzed for changes in solid characteristics. They are then reacted with BPA with and without 

corresponding cation cosolutes. This study aims to clarify the effects of sorbed cation cosolutes 

on reactivity and to determine if interlayer cations alone can affect the reactivity of birnessites. A 

thorough understanding of how cations affect this reaction is important to its environmental 

significance, as current laboratory studies do not represent the same matrices and conditions that 

are found in the environment.  

 

4.3 Materials and Methods 

4.3.1 Materials 

Commercially available chemicals were used as received. Ultrapure water was supplied 

by a Milli-Q water purification system maintained at 18.2 MΩ·cm. Further details on the 

materials used are provided in Appendix C (Section C1).  

 

4.3.2 Preparation and Characterization of Acid Birnessite 

The mineral used in this study was prepared using the method described by McKenzie.44 

Briefly, 6 M HCl was added dropwise to a solution of boiling KMnO4, which was allowed to 

boil for another 60 minutes. After the solution cooled, it was brought to 60°C and stirred for 20 

hours. The resulting slurry was centrifuged and washed six times in Milli-Q water. The solids 

were then dried at room temperature. The starting material was characterized by X-ray 

diffraction (XRD; Rigaku Rapid II, Mo Kα source; λ = 0.7093 Å), X-ray absorption near edge 

structure (XANES) spectroscopy, and Brunauer-Emmett-Teller (BET) surface area 

measurements (Quantachrome Autosorb-1, Nitrogen Adsorbate). XRD showed that birnessite 

was the only crystalline phase formed (Figure C1). BET measurements revealed a specific 
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surface area of 38 m2/g. XANES data showed that the valence state of the starting material is 

3.49 valence units (v.u.), with percentages of Mn(IV), Mn(III), and Mn(II) at 59%, 32%, and 9%, 

respectively.  

 

4.3.3 Interlayer Cation Pre-Exchange 

The acid birnessite starting material was pre-exchanged with each of four cations: 

potassium (K), magnesium (Mg), sodium (Na), and calcium (Ca) to act as the interlayer cation. 

Solutions of 25 mM K+, Mg2+, Na+, and Ca2+ were prepared and used to pre-exchange the 

starting material with each of the cations. Approximately 2 g of the starting material was added 

to 400 mL of each solution and stirred for 12 hours. The slurry was then centrifuged and the 

supernatant was decanted. The remaining slurry was re-suspended in another 150 mL of the 25 

mM cation solution, the pH of the slurry was adjusted to pH 5 (i.e., the pH used in experimental 

reactions) by titrating with 1 M HCl, and the mixture was stirred for 1 hour. Adjusting the pH 

ensures that the surface charge of the birnessite will not change when the material is added to pH 

5 buffer which could release excess cations into solution. The resulting slurry was then washed 

five times (centrifuged, decanted, and filled with fresh Milli-Q) to ensure all aqueous cations 

were removed. The concentrations of Mn, K, Mg, Na, and Ca in the solid were determined by 

inductively coupled plasma-optical emission spectroscopy (ICP-OES; Section C2) after 

digestion in 6 M HCl. Each of the pre-exchanged solids was characterized using XRD, XANES, 

and BET as described for the starting material. 
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4.3.4 Solution Preparation 

Reactions between birnessite and organic contaminants were performed in a pH 5 

solution buffered with either 10 mM sodium or potassium acetate. Acetate was selected as a 

buffer because it does not form complexes with Mn(II) or Mn(III)45,46 and does not sorb to the 

manganese oxide surface.47 We previously demonstrated that acetate does not impact MnO2 

reactivity with BPA over time.48 Reactions observing interlayer cations only used a solution of 

acetate adjusted to pH 5 with no additional solutes. In reactions observing cation cosolutes in 

addition to interlayer cations, 10 mM of the cation of interest was added to the reaction media in 

the form of the chloride salt. In all cases, potassium acetate was used for potassium-exchanged 

solids, whereas sodium acetate was used to buffer all other solids. From preliminary 

experiments, the sodium salt present in sodium acetate proved to exchange with interlayer 

potassium during experimental reactions, whereas all other cations were not substituted by the 

sodium salt within the timescale of the reactions (20 – 40 min; Table 4.1).  BPA (80 mM), 

triclosan, estrone, and p-cresol (8 mM) stock solutions were prepared in methanol and stored at 

4ºC.  

 

4.3.5 Kinetic Reactions with Organic Contaminants 

The reactivity of each of the prepared solids was quantified by calculating pseudo-first-

order rate constants for the oxidation of four organic contaminants. BPA, estrone, triclosan, and 

p-cresol were reacted with each of the four solids. Reactions took place in 50 mL of the buffered 

media. An aliquot of the solid slurry was added to the reactor five minutes before the reaction 

began. At the start of the reaction, the organic contaminant was added such that <0.25% of the 

solution contained methanol. For BPA, the concentrations used were 0.25 g/L birnessite and 80 
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µM BPA; data was collected for 15 minutes of the reaction. For triclosan, estrone, and p-cresol, 

the concentrations were 0.1 g/L birnessite and 20 µM of the organic; data was collected for 40 

minutes of reaction. The lower concentrations used for these phenols was due to their lower 

solubility.49 Higher concentrations were used for BPA to quantify sorption to the birnessite 

surface. Two reaction slurry aliquots (1 mL each) were taken at pre-determined time points to 

quantify the concentration of the organic contaminant. One aliquot from each time point was 

quenched with excess ascorbic acid (40 µL of a 280 mM stock in Milli-Q stored at 4ºC) to 

reduce all Mn(III/IV) solids to dissolved Mn(II), while the other aliquot was filtered through a 

0.2 µm polytetrafluoroethylene filter.  

The samples were analyzed by high performance liquid chromatography (HPLC; Section 

C2). Each combination of the pre-exchanged solid and contaminant was conducted in triplicate. 

Loss rates were determined by fitting the data by assuming pseudo-first-order kinetics (Section 

C3). Error was calculated using the standard deviation of the three replicates. The pH remained 

constant over the reaction with a standard deviation of 0.7 pH units. 

Organic sorption was determined by comparing concentrations in quenched and filtered 

aliquots.48,50 Quenched samples contained total concentrations of the organic (aqueous and 

sorbed), whereas filtered samples contained only aqueous species. Sorbed concentration was 

calculated by [organic]total – [organic]aqueous.   

 

4.4 Results and Discussion 

4.4.1 Impact of Cation Cosolutes on Phenol Oxidation 

When each of the four phenols is added to birnessite with any of the four cation 

cosolutes, the phenol concentration rapidly decreases via oxidation following pseudo-first-order 
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kinetics. The reaction rates presented here are from samples that have been quenched in ascorbic 

acid, which allows us to report the reaction rate of transformation only rather than transformation 

and sorption combined. The pseudo-first-order rate constants for the phenols vary, ranging from 

0.007 – 0.203 min-1 and follow the order p-cresol > BPA > estrone > triclosan. The reactivity of 

phenols is based on a number of variables, including the type and location of functional groups, 

oxidative potential, and sorption capacity.27 For example, parameters such as Hammett constants, 

acid dissociation constants (pKa), energy of the highest occupied molecular orbital (EHOMO), and 

energy required to oxidize a single electron (EOX) have been used to predict reactivity of simple 

substituted phenols as they affect how easily a compound is oxidized.51,52 BPA, triclosan, 

estrone, and p-cresol all react by electron transfer limited mechanism with δ-MnO2,27 which 

means sorption happens faster than electron transfer. This suggests that some amount of sorbed 

organic can be expected on the manganese oxide surface.  

 Reaction rates of all phenols are dependent on the cation cosolute added to the reactor 

(Figure 4.1). For example, BPA has a reaction rate constant of 0.203 min-1 when Na+ is added to 

solution and 0.0187 min-1 when Ca2+ is added to solution. For all phenols, the reaction rate 

constants follow the same trend of Na+ > K+ > Mg2+ >Ca2+.  

Previous studies observe differences in phenol oxidation rates by manganese oxide when 

cations are added into the reactor as cosolutes. These studies report the same trends in oxidation 

rate constants as seen here in which divalent cations lead to the largest suppression in the 

observed oxidation rate of the target phenol.6,28–32,34–36 The effect of cation cosolutes is 

environmentally relevant because it simulates the reaction conditions found in natural waters. 

Some studies also report effects of Mn2+, Fe3+, Zn2+, and Cr3+ as cosolutes, which tend to have an 

even greater suppression of phenol oxidation by manganese oxides. These metals were not 
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included in this study as their interaction with manganese oxide will be more complex due to 

their redox activity.  

For cations that are not redox active, the variation in reaction rates of phenols is often 

attributed to the competitive sorption of the cation cosolute. Cations with strong sorption 

capacity will sorb more readily to the manganese oxide surface, occupying surface sites.39 These 

studies suggest that the higher sorption of cations leads to fewer reactive sites on which the 

organic can sorb. However, several studies report competitive sorption may not be occurring due 

to the variation between the PZC at edge sites and the PZC at vacancy sites.40–42 The variation in 

PZC across the Mn oxide suggests that the positively charged cations will sorb to the edge sites, 

while the neutral or negatively charged phenol will sorb at the vacancy sites at neutral pH. 

Additionally, a kinetic model of the reaction predicts that surface sites are only minimally 

reduced by the presence of cosolutes.29 To test whether or not the difference in phenol oxidation 

is due to competitive sorption, the reactivity of birnessite with pre-exchanged interlayer cations 

in the absence of cosolutes are evaluated and used to compare rate constants to those found in 

cosolute experiments (Figure 4.1). Minimal information has been published on the effects of 

interlayer cations on transformation of organics.  

 

4.4.2 Characterization of Birnessite Interlayer Cation Stability 

To determine the effects of interlayer cations, each of the four cations is pre-exchanged 

into the birnessite interlayer. To distinguish effects that are due to cation cosolutes rather than 

interlayer cations, it is necessary for the interlayer cations to remain in the interlayer to keep the 

mineral structure constant and avoid any effects of aqueous cations. Control experiments are 

conducted to ensure that the interlayer cations are not released into solution during the reaction. 
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Each birnessite is equilibrated in four different solutions for 20 minutes and aqueous cation 

concentrations are collected. The four solutions used to test cation stability are Milli-Q water, 

Milli-Q water adjusted to pH 5 by titration with HCl (i.e., the pH used in reactors), 10 mM pH 5 

sodium acetate, and 10 mM pH 5 sodium acetate and 80 µM BPA (Table 4.1). During the Milli-

Q equilibration 0 – 2 ppm of each cation is released. During the pH 5 Milli-Q equilibration, 0.3 – 

3.3 ppm of each cation is released. During both the sodium acetate equilibration and the sodium 

acetate equilibration with BPA added, 1 – 4 ppm of Ca2+ and Mg2+ is released. A large amount of 

K+ is released during these equilibrations (23 – 25 ppm). The release of sodium cannot be 

determined during these last two equilibrations due to the large addition of Na+ in the sodium 

acetate.  

The large release of K+ in sodium acetate-buffered solution indicates that Na+ is able to 

replace K+ as an interlayer cation for birnessite. Na+ and K+ provide the same charge offset to the 

manganese oxide layer, have similar hydrated radii (K+ 3.31 Å and Na+ 3.58 Å, compared to 

Mg2+ 4.28 Å and Ca2+ 4.12 Å), and have been shown to quickly exchange for each other using 

real-time XRD.53 Drits et al.54 described how large mono- or di-valent cations occupy different 

space in the interlayer than small di- or tri-valent cations. The ionic radii of Ca2+ and Mg2+ (114 

pm and 86 pm, respectively) are small due to the strong pull of the nuclei; these ions would be 

octahedrally coordinated by layer oxygen atoms, while larger cations, such as K+ and Na+ (152 

pm and 116 pm, respectively), are located in interlayer prisms. Transformation from one of these 

polytypes to another requires layer translation, which might explain why Na+ was able to 

exchange with K+ so quickly (i.e., within 20 minutes), but not with Ca2+ or Mg2+. All reactions 

with K+-interlayer birnessite in this study use pH 5 potassium acetate as a buffer in order to 

avoid any interlayer exchange with sodium acetate.  
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4.4.3 Mineralogical Effects of Interlayer Cations 

Solid characterization shows that the four pre-exchanged birnessites have the same 

specific surface area according to BET measurements (31.4 ± 2.5 m2/g; Table 4.2). They also 

have the same bulk AMON according to XANES analysis (3.36 ± 0.9 v.u.; Table 4.3). The 

cation content of each of the solids is shown in Table 4.4. Each solid contains >2% of the desired 

cation by weight. Along with the desired cation, potassium is present in all of the samples, likely 

because it was the only cation used in the synthesis. Each of the dried samples yield the same 

XRD pattern showing peaks for crystalline acid birnessite (Figure C1).  

 

4.4.4 Impact of Interlayer Cations on Phenol Oxidation 

When the phenols are added to birnessite with varied interlayer cations, the reaction rate 

constant changes depending on the interlayer cation species. The variation in reaction rate 

follows the same trend as the cation cosolutes (Figure 4.1). For example, BPA has a reaction rate 

constant of 0.094 min-1 when reacted with Ca2+-interlayer birnessite and 0.267 min-1 when 

reacted with Na+-interlayer birnessite. With all phenols, the reaction rate follows the same trend 

where Na-interlayer birnessite rate constant is the highest and Ca2+-interlayer rate constant is the 

lowest. Overall, interlayer cations lead to the following trend in rate constants: Na+ > K+ > Mg2+ 

> Ca2+.  

 The presence of cations can affect the solid structure of manganese oxides in a number of 

ways. Certain interlayer cations can promote transformation from birnessite to other oxide 

phases.55–57 Additionally, cations present during oxide synthesis can influence micropmorpholoy, 

crystal structure, and transformation.43 For example, Ca2+ and Na+ enhance distribution of 
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Mn(III) within layers, while H+ and Ni(II) promote formation of vacancy sites.58 During 

interlayer exchange reactions, manganese oxide unit cell parameters are reported to undergo 

changes.53 Multiple studies show that divalent intercalating cations led to lower anodic O2 

evolution, which was attributed to the stabilization of Mn(III) within the layer compared to 

monovalent cations.59,60 Liu et al.37 demonstrate that Ca2+ ions increase the zeta potential of 

MnO2 and facilitate aggregation. However, Ca2+ also enhances sorption of both arsenic and 

humic acid due to bridging effects.37   

The effect of these structural changes due to the presence of cations on reactivity toward 

organic contaminants is not clear. One study has previously investigated the reactivity of 

manganese oxides with different interlayer cations and found that oxidation of formaldehyde is 

cation-dependent, with K+-interlayer manganese oxide being more reactive than oxides with 

Ca2+, Mg2+, or Fe3+ in the interlayer.61 Aside from this study, there is no further information on 

the effects of interlayer cations on manganese oxide reactivity toward organic compounds. Thus, 

the purpose of the interlayer cation experiments in this study is to evaluate how these cations 

affect the reactivity with phenolic compounds and determine if the inhibition seen in previous 

cosolute studies is due to competition for reactive sites or due to the structural changes in the 

manganese oxides discussed above.  

 

4.4.5 Comparison of Interlayer Cations and Cation Cosolutes 

In this study, both the interlayer experiments and the cosolute experiments use the same 

solids that have been pre-exchanged with interlayer cations. Therefore, the cosolute experiments 

show effects of both interlayer cations and cosolute sorption. Previous studies have not compared 

interlayer to cosolute cations and did not use pre-exchanged solids in cosolute research. The 
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comparison of results from these two experiments shows that the reaction rate for each cation 

and phenol pair is slower than the corresponding reaction without the cation cosolute in most 

cases. This indicates that sorbed cations do have some effect on the reactivity of the solid toward 

phenolic contaminants, contrary to the PZC theory. However, the trend among cations remains 

the same in both the interlayer and cosolutes reactions, indicating that the same effect is likely 

cause the trend in both cases. As previous studies indicate,28–30,32–36 the reactivity of birnessite 

with cation cosolutes both in previous studies and in this study follows the trend in cation 

sorption capacity (Ca2+ > Mg2+ > Na+ ≈ K+).39 

When cosolute rate constants are plotted as a function of interlayer rate constants, a 

relationship that is close to linear results for all four phenols (Figure 4.2). The R-values for BPA, 

triclosan, estrone, and p-cresol are 0.99, 0.89, 0.85, and 0.92 respectively. The presence of this 

relationship further indicates that the cation cosolutes are affecting the reactivity by the same 

mechanism as interlayer cations. In this case, that would mean that the mechanism for decreased 

reactivity is not driven by cations blocking reactive sites. It also would mean that the 

transformation to buserite due to certain interlayer cations is not likely involved. One alternative 

is that the cations either in the interlayer or sorbed to the surface are altering the overall 

oxidation state and therefore slow the rate of electron transfer.  

In order to test the competitive sorption theory, we examine the sorption of BPA to the 

manganese oxide surface during reactions with each pre-exchanged birnessite (Figure 4.3). BPA 

sorption collected at three time points in triplicate reactors show that the average sorption of 

BPA to the birnessite surface was <10% for all solids. Looking at the interlayer only sorption, 

there is a trend that inversely follows the reaction rate constants (Figure 4.4a). This indicates that 

the variation among interlayer cation rate constants correlates with changes in BPA sorption to 



	
   91 

the birnessite surface. The cosolute data follows the same trend, but not to the same amplitude 

(Figure 4.4b). When comparing the interlayer data to the cosolute data of each cation, there is no 

difference in BPA sorption. This indicates that the sorption of more cations in the cosolute 

experiments does not significantly affect the ability of BPA to sorb to the birnessite surface. As 

some previous studies suggest, sorbed cations can decrease the average oxidation state and 

therefore slow the rate of electron transfer. Since the cation cosolutes are not affecting the 

sorption rate of BPA, it is likely that is what is happening for birnessite. This would explain why 

the oxidation rate constants are inversely related to the sorption capacity of the cation cosolutes, 

but is not reflected in the BPA sorption.  

 

4.5 Environmental Implications 

The oxidation of organic contaminants by manganese oxides is an important reaction that 

influences contaminant fate in aqueous systems. Manganese oxides control the fate and 

partitioning of contaminants in natural systems.2,6,17,62–66 Additionally, they have been proposed 

for passive water treatment for contaminants in urban stormwater runoff, green infrastructure, or 

water from contaminated sources.7,8,17–20,23,50,67–71 Previous studies show that interlayer cations 

affect manganese oxide structure and behavior, yet the effect on reactivity towards organic 

contaminants has remained unknown. This information is important to determine if the reactivity 

demonstrated in laboratory studies is representative of the reactivity found in the environment or 

in engineered systems in which cations are often present.  

Here we determine that the interlayer cation has a large effect on the manganese oxide 

reactivity. K+-interlayer birnessites are much more reactive than Ca2+-interlayer birnessites. 

However, the effect of cation cosolutes follows the same trend as interlayer cations. This, along 
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with sorption of organics throughout the reaction, demonstrates that cations do not compete for 

sorption sites with phenols. The change in reactivity is likely due to the cations lowering the 

oxidation state of the mineral both when they are sorbed to the surface and when they are in the 

interlayer. As this study and previous studies show, the interlayer cations cannot be controlled 

indefinitely. This study observes Na+ exchanging with K+ within 20 minutes. The implications of 

this study are that interlayer cations have a larger effect on reactivity than previous thought, and 

that the reaction rates reported in laboratory studies will not translate to environmental or 

engineered settings.  
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Figure 4.1. Pseudo-first-order loss rate constants for each pre-exchanged solid with (a) BPA, (b) 

triclosan, (c) estrone, and (d) p-cresol in triplicate reactors. For BPA, each reactor contained 80 

µM of BPA and 0.25 g/L of the pre-exchanged birnessite. For triclosan, estrone, and p-cresol, 

each reactor contained 20 µM of the phenol and 0.1 g/L of the pre-exchanged birnessite. 

Cosolute reactors include 10 mM of the cation chloride salt. All reactions were conducted in a 

pH 5 acetate buffer. Error bars represent the standard deviation of the three reactors.  
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Figure 4.2. Pseudo-first-order rate constants determined in reactors with cation cosolutes 

compared to those with cations in the interlayer only. Relationships between the two types or 

reactions are shown for each pre-exchanged solid with (a) BPA, (b) triclosan, (c) estrone, and (d) 

p-cresol in triplicate reactors. For BPA, each reactor contained 80 µM of BPA and 0.25 g/L of 

the pre-exchanged birnessite. For triclosan, estrone, and p-cresol, each reactor contained 20 µM 

of the phenol and 0.1 g/L of the pre-exchanged birnessite. Cosolute reactors include 10 mM of 

the cation chloride salt. All reactions were conducted in a pH 5 acetate buffer. Error bars 

represent the standard deviation of the three reactors. 
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Figure 4.3. Sorbed BPA as a percentage of total remaining BPA over a 10-minute reaction of 

BPA with (a) Na+, (b) K+, (c) Mg2+, and (d) Ca2+ pre-exchanged birnessite in triplicate reactors. 

Each reactor contained 80 µM of BPA and 0.25 g/L of the pre-exchanged birnessite. Cosolute 

reactors include 10 mM of the cation chloride salt. All reactions were conducted in a pH 5 

acetate buffer. Error bars represent the standard deviation of the three reactors. 
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Figure 4.4. Sorbed BPA as a percentage of total remaining BPA over a 10-minute reaction of 

BPA with birnessite having (a) cations in the interlayer only, and (b) cations in the interlayer and 

as a cosolute. Each reactor contained 80 µM of BPA and 0.25 g/L of the pre-exchanged 

birnessite. Cosolute reactors include 10 mM of the cation chloride salt. All reactions were 

conducted in a pH 5 acetate buffer and were performed in triplicate. Error bars represent the 

standard deviation of the three reactors. 

 

 

Table 4.1. Concentrations of dissolved cations after soaking pre-exchanged solids in various 

solutions for 20 minutes each. Concentrations were measured by ICP-OES. 

Sample Measurement MQ 
Water 

 

pH 5 MQ 
Water 

pH 5 Sodium 
Acetate 

pH 5 Sodium 
Acetate + BPA 

Na+ Interlayer Naaq (ppm) 0.78 3.33 N/A N/A 
K+ Interlayer Kaq (ppm) 1.63 3.13 22.83 24.82 

Mg2+ Interlayer Mgaq (ppm) 0.00 0.32 1.14 2.04 
Ca2+ Interlayer Caaq (ppm) 0.00 0.38 1.97 4.11 
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Table 4.2. Surface area measurements for pre-exchanged solids determined by BET method. 

Sample Surface Area (m2/g) 
Starting Material 38.34 ± 5.3 

Na+ Interlayer 31.25 ± 5.3 
K+ Interlayer 29.74 ± 5.3 

Mg2+ Interlayer 34.98 ± 5.3 
Ca2+ Interlayer 29.62 ± 5.3 

 

Table 4.3. Average manganese oxidation number (AMON) for pre-exchanged solids determined 

by XANES fitting. 

Sample AMON (v.u.) 
Starting Material 3.49 

Na+ Interlayer 3.31 
K+ Interlayer 3.47 

Mg2+ Interlayer 3.26 
Ca2+ Interlayer 3.41 

 

 

Table 4.4. Mole percentages of MnO2, Na+, K+, Mg2+, and Ca2+ for pre-exchanged solids 

measured by ICP-OES analysis of the acid dissolved solids. 

Sample % MnO2 %Na+ %K+ %Mg2+ %Ca2+ 

Na+ Interlayer 92.05 3.10 5.09 0.00 0.04 
K+ Interlayer 91.44 0.03 0.00 8.77 0.04 

Mg2+ Interlayer 93.29 0.01 2.56 4.07 0.06 
Ca2+ Interlayer 91.63 0.01 0.00 2.41 6.27 
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Chapter 5 
 
Conclusions 
 
5.1 Summary 

The primary purpose of this dissertation is to elucidate details of phenolic contaminant 

oxidation by manganese oxides. A novel aspect of these studies is the integration of aqueous 

kinetic data with solid phase characterization, which provides new information about the 

reaction. We accomplish this by first inducing structural changes to the mineral and observing 

changes to the phenol mechanism and products. Second, we apply continuous introduction of the 

phenol to examine the effects of introduction rate on organic products and mineral 

transformation. Finally, we determine the influence of manganese oxide layer stacking by pre-

exchanging the mineral with metal cations in the interlayer and testing their reactivity with 

phenols. The results from these three studies demonstrate the importance of accounting for both 

the organic and inorganic reactants in this complex reaction.  

 In Chapter 2, we employ multi-addition batch reactors to quantify bisphenol A (BPA) 

oxidation rates and the formation of its predominant product, 4-hydroxycumyl alcohol (HCA), in 

tandem with transformation of a synthetic, Mn(III)-rich δ-MnO2. Twelve sequential additions of 

BPA are performed at neutral pH to induce structural changes to the mineral, simulating the BPA 

exposure that might be found in near-surface environments or water treatment systems. Over 

twelve additions, BPA oxidation rate decreases by three orders of magnitude and HCA yield 

decreases from 40% to 3%. We also determine that HCA is oxidized at a rate that is 12.6 times 

slower than BPA and accumulates in solution. The dramatic changes in the redox reaction over 

the course of twelve additions is attributed to accumulation of interlayer Mn(II/III) produced 

during the reaction, as observed using X-ray absorption spectroscopy.  
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 In Chapter 3, we use stirred flow reactors to determine if higher influent BPA 

concentrations (i.e., introduction rates) lead to increased polymer production when oxidized by 

δ-MnO2. Since HCA is formed through radical coupling, it is used as a metric for polymer 

production. We found that the influent BPA concentration does not affect HCA yield, suggesting 

that polymeric production is not strongly dependent on influent concentrations. However, 

changes in influent BPA concentration affect BPA oxidation rates and the rate of δ-MnO2 

reduction. Lower aqueous Mn(II) production is observed in reactors at higher BPA introduction 

rates, suggesting that single-electron transfer and polymer production are favored under these 

conditions. An examination of Mn(II) sorption during these reactions indicated that the length of 

the reaction, rather than BPA introduction rate, cause enhanced aqueous Mn(II) production in 

reactors with low introduction rates and longer reaction times due to increased opportunity for 

disproportionation and comproportionation.  

 In Chapter 4, we examine the significance of mineral structure by quantifying reactivity 

of birnessites toward four target phenolic compounds. Synthetic birnessite is pre-exchanged with 

four different cations: Na+, K+, Mg2+, and Ca2+. These cations migrate to the interlayer region of 

birnessite and induce changes such as d-spacing alteration and even transformation in the 

micromorphology. The four target phenols (i.e., BPA, triclosan, estrone, and p-cresol) react at 

different rates with the birnessites, but all follow the same trend where the birnessite with the 

Na+-interlayer reacts the fastest, then K+-interlayer, then Mg2+-interlayer, and finally Ca2+-

interlayer. This trend is found in previous studies that examine effects of cations as cosolutes,1–3 

but here, we see that even interlayer cations drive changes in reactivity. This trend is attributed to 

sorbed or interlayer cations changing the overall oxidation state and altering the electron transfer 

rate.  
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Together, these chapters demonstrate that the oxidation of phenols by manganese oxide 

cannot be described by the initial kinetics of the organic reductant alone or by the reductive 

dissolution of the manganese oxide alone. Investigation of both the organic and inorganic 

reactants, as done in this dissertation, provides critical insights into this reaction that has not been 

demonstrated before. Comprehensive knowledge of this oxidation reaction is important to 

understand how the mechanism and products of phenolic transformation may change based on 

mineral characteristics. Further environmental significance of this research is the investigation of 

factors that affect reactions in the environment, but generally not in laboratory settings.  For 

example, most laboratory studies typically use batch reactors to characterize the reactivity of 

manganese oxides.3 These closed systems are experimentally simple and results can be readily 

compared to previous data. However, batch reactors retain both organic and inorganic reaction 

products, which can affect the reaction. In the environment, these products are continuously 

diluted or removed. Stirred flow reactors used in Chapter 3 simulate environmental reactions by 

employing slow and constant addition of an influent media and constant removal of aqueous 

products. Finally, the investigation of different interlayer cations represents some of the disparity 

that might be seen between controlled lab experiments, which generally use synthetic Na+-

interlayer birnessite, and reactivity of environmental solids, which are exposed to different 

cations in natural waters.  

 

5.2 Suggestions for Future Research 

There are several topics within the scope of this research that have not yet been 

addressed. One is that the oxidation products are not known for all phenolic contaminants. MnO2 

is shown to degrade both triclosan4,5 and 17β-estradiol (E2),6,7 which are both frequently detected 
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in the environment,8 yet the mechanism and products of these reactions are still unknown. An 

understanding of the degradation process of these compounds is necessary to evaluate the effects 

of their presence in the environment and to determine whether or not oxidation by MnO2 is a 

beneficial process.  

Further, for phenols whose mechanism and products are relatively well understood (e.g., 

BPA), the identified products are determined in controlled laboratory settings and may not 

represent products formed in the environment. Radicals that are formed via single electron 

transfer during phenol oxidation are of concern as they can couple with dissolved organic matter 

or other compounds in the environment, forming unknown high molecular weight products.9–11 

The formation of these compounds need to be evaluated to determine the full impact of phenolic 

contaminants on the environment.  

To analyze the environmental impact of a contaminant, we must take into account the 

toxicity of the compound itself, its transformation products, and products it might form by 

interacting with environmental reactants. Without an understanding of the phenol degradation 

process, we do not know that the products are indeed less harmful than their parent compound.  

A full life-cycle analysis might reveal that some of these compounds are more harmful than 

previously determined when based solely on the toxicity of the original contaminant.  

 If this oxidation process were to be used in a water treatment system to prevent 

environmental exposure to dangerous phenolic compounds, a couple major aspects would need 

to be determined. The first is the competition between phenolic compounds. Assuming many 

phenolic compounds would be treated at the same time from urban stormwater runoff or green 

infrastructure settings,12 we would want to know how these different compounds compete to 

react to manganese oxide and if their products interact to form new products. One way to do this 
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is to predict mechanism and kinetics of a phenol, as was recently suggested.13 Trainer et al. 

discuss the two mechanisms by which phenols react, electron transfer limited and sorption 

limited, that could determine their reactivity and competition.  The second is how to regenerate 

the reactive manganese oxide. As we observe in this dissertation, the reactivity of manganese 

oxide does not last indefinitely. The reactivity decreases after one exposure to BPA (2:1000 

moles BPA:moles MnO2) in Chapter 2. One study investigates regeneration of manganese oxide-

coated sand in engineered systems by addition of HOCl.14 These techniques would need further 

research to prove that they are effective and safe.  
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Appendix A 

Supplementary Material for Chapter 2 

Section A1: Materials 

Acetonitrile (HPLC grade), methanol (HPLC grade), formic acid (ACS, 88%), calcium 

chloride dihydrate (ACS, 100%), and potassium permanganate (ACS), were purchased from 

Fisher Chemical. Bisphenol A (≥99%) and L-ascorbic acid (≥99%) were purchased from Sigma-

Aldrich. Manganese(II) nitrate tetrahydate (analytical grade), piperazine-N,N’-bis(2-

ethanesulfonic acid) (PIPES, 99%), and sodium oxalate (98.5%) were purchased from Acros 

Organics. Boron nitride (99.5%, 325 mesh) was purchased from Alfa Aesar. Sodium hydroxide 

(98%) was purchased from Sigma Chemical Co.  

 

A1.1 Preparation of 4-Hydroxycumyl Alcohol (HCA) 

This synthesis (Figure A1) is a modification of the method reported by Nakamura et al.,1 

and provides a significantly improved yield. A 100-mL round bottom flask charged with a 

teflon-coated stirbar was oven-dried overnight, fitted with a rubber septum, and cooled to room 

temperature under a stream of nitrogen gas. The flask was charged with p-acetoxyacetophenone 

(1.04 mL; 6.6 mmol) and dry Et2O (20 mL). The mixture was cooled to 0°C in an ice bath. A 

solution (3M in Et2O) of methylmagnesium iodide (7.0 mL; 21 mmol) was added dropwise over 

5 min, resulting in formation of a yellow precipitate. The ice bath was removed and the mixture 

was allowed to warm to room temperature with stirring overnight. The reaction was opened up to 

air and quenched by the slow addition of aqueous ammonium chloride (saturated, 100 mL). The 

mixture was extracted using EtOAc (3 x 35 mL). The combined organic layers were washed with 
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brine (35 mL), dried over MgSO4, and filtered. The volatile materials were removed in vacuo to 

afford a pink-colored residue. The product was crystallized from hot EtOAc to give 4-

hydroxycumyl alcohol (924 mg; 6.07 mmol; 92 % yield) as a white powder.  

 

Figure A1. Synthesis reaction of HCA. 

1H NMR (400 MHz, CD3OD): δ 7.28 (d, J = 8 Hz, 2H), 6.71 (d, J = 8 Hz, 2H), 1.48 (s, 

6H) ppm. This matches the literature characterization.1   

13C NMR (100 MHz, CD3OD): δ 156.8, 141.7, 127.0, 115.4, 72.7, 31.9 ppm.  

IR (KBr pellet): ν 3394, 3128, 2971, 2682, 2592, 2499, 1890, 1612, 1597, 1516, 1466, 

1448, 1397, 1379, 1303, 1239, 1179, 1160, 1111, 1102, 1016, 956, 935, 861 cm-1.  

LRMS (Agilent 6460 triple quadrupole, electrospray ionization, negative mode) 

calculated m/z for C9H12O2: 152.08; found m/z 151.10 [M-H]-, 133.10 [M-H3O)- (Figure A2). 

This matches the literature characterization.2 

O

O

O
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Figure A2. Mass spectrum of synthesized HCA collected using an Agilent triple quadrupole LC-

MS with electrospray ionization in negative mode. Molecular ion = 151.10; base peak = 133.10. 

 

Section A2: Analytical Methods 

A2.1 High Performance Liquid Chromatography (HPLC) Analysis 

HPLC analyses were performed with an Agilent 1260 instrument equipped with a 

fluorescence detector (Model 1260 FLD) and a UV detector (Model 1260 DAD). The peaks 

detected in experimental chromatograms were compared to authentic standards.   

Column:   Agilent Poroshell 120 EC-C18 (4.6 x 50 mm, 2.7 µm) 
Guard column:   Agilent EC-C18 (3.0 x 5 mm, 2.7 µm) 
Injection volume:  5 µL 
Mobile phase: A: 0.1% Formic Acid + 10% Acetonitrile (ACN) in Milli-Q water 

adjusted to pH 3 (filtered through a 0.2 µm nylon filter) 
    B: 100% ACN 
Flowrate:   0.6 mL/min 
Column temperature:  30¹C 
Isocratic:   % Solvent A  % Solvent B 
    60   40 
Method duration:  6.00 min 
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Target Analyte Excitation Wavelength 
(nm) 

Emission Wavelength 
(nm) 

Retention Time 
(min) 

BPA 280 310 2.65 
HCA 280 310 0.66 

 

 

Figure A3. HPLC chromatogram of a sample from the 12-addition experiment of 80 µM BPA 

with 0.33 g/L Mn(III)-rich δ-MnO2 in PIPES buffer (pH 7).  

  

A2.2 Inductively Coupled Plasma-Optical Emission Spectroscopy (ICP-OES) Analysis 

ICP-OES analyses were performed on a PerkinElmer Optima 4300 DV to quantify 

aqueous manganese in the reactors at various time intervals. All samples were filtered 

immediately and diluted in a solution of 2% nitric acid. Standards were made from a SPEX 

CertiPrep 1000 mg/L Mn stock diluted in 2% nitric acid. Error was calculated using relative 

standard deviations from four instrument responses.  
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Section A3: Rate Constant Analysis 

Rate constants for the oxidation of BPA and HCA by Mn oxides were calculated 

assuming pseudo-first-order kinetics according to:  

ln[A] = -kt + ln[A]ₒ          A1 

where A is the concentration of the organic (M), t is the time of the reaction (min), and k 

is the rate constant (min-1). Since the reaction deviates from pseudo-first-order kinetics after long 

reaction durations, only data from the linear portion of these plots were used to calculate rate 

constants (R2 ≥0.98 for the first 4 additions, R2 ≥0.90 for additions 5-12). Reported rate constants 

are averages of rate constants calculated at multiple time points. For example, the data in Figure 

A4a would be used to calculate an average rate constant by using the rate constant in the first 

two minutes, the first three minutes, and the first four minutes. This method was used in order to 

provide an average and standard deviation of the rate constant throughout each reaction of BPA 

with MnO2. As shown in Figure A4b, the data deviates from pseudo-first-order regime after a 

certain time point, and these later time points are not used in rate constant calculations or error 

determination. The error for each rate constant is the standard deviation of the rate constants 

collected at all useable time points. Half-lives (t1/2) were calculated using equation A2: 

t1/2 = !" !
!

           A2 

The reaction length of each addition was based on estimation to capture as much of the 

degradation process as possible. The first several reactions were designed to allow enough time 

to oxidize the entire aliquot of BPA.  
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Figure A4. Pseudo-first-order rate analysis of (a) the first four minutes and (b) the first ten 

minutes of 80 µM BPA oxidation by 0.33 g/L Mn(III)-rich δ-MnO2 in PIPES pH 7. 
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Figure A5. Pseudo-first-order rate analysis of (a) the first 10 minutes and (b) the first 60 minutes 

of 80 µM HCA oxidation by 0.33 g/L Mn(III)-rich δ-MnO2 in PIPES pH 7.  

 

Section A4: HCA Detection and Yield Calculation 

A4.1 HCA Identification 

The oxidation product in this reaction was identified as HCA by comparing its UV 

spectrum and HPLC retention time to pure HCA synthesized as described in Section A1. The UV 

spectra of the BPA product aligned with that of the synthesized HCA, with λmax of both 

compounds occurring at 221 nm and 260 nm (Figure A6). The molar extinction coefficient of 

HCA at 221 nm is 7173.5 M-1 cm-1 at pH 7. The retention times of both the authentic standard 

and the oxidation product were at 0.657 min using the HPLC method described in Section A2 

(Figure A7).  
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Figure A6. UV spectrum of the synthesized HCA at pH 7. 

 

Figure A7. HPLC chromatograms of the synthesized HCA and reaction products, measured 

using a fluorescence detector.  
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A4.2 HCA Quantification 

The rate of change of BPA with time was modeled by assuming pseudo-first-order 

kinetics according to: 

     ![!"#]
!"

= −𝑘![BPA]          A3 

where [BPA] is the concentration of BPA at time t and k1 is the measured pseudo-first-order loss 

rate of BPA. This differential expression integrates to: 

     BPA = [BPA]!e!!!!          A4 

where [BPA]0 is the initial concentration of BPA.  

 The differential expression describing the change in HCA concentration with time is 

given by: 

    ![!"#]
!"

= 𝑘!F!"# BPA −   𝑘! HCA                   A5 

where [HCA] is the concentration of HCA at time t and FHCA is the yield of HCA from BPA 

oxidation. k2 is the pseudo-first-order loss rate of HCA, which is assumed to be 12.6 times 

slower than k1 based on control experiments (Figures A4 and A5). Equation A5 can then be 

integrated to give an expression of the form: 

    HCA = !!!!"# !"# 𝟎
𝒌𝟏!𝒌𝟐

(e!!!! −   e!!!!)         A6 

FHCA is then determined by fitting the measured HCA concentrations according to equation A6, 

which is identical to equation 1 in the manuscript. 
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Figure A8. A sample single-addition batch reaction of 80 µM BPA with 0.33 g/L Mn(III)-rich δ-

MnO2 in PIPES pH 7 buffer. Theoretical HCA production is modeled using a least-squares 

minimization with Equation 1 in the manuscript and the measured data set. 

 

Table A1. Percentages of BPA recovered as HCA on a molar basis during each of the twelve 

additions of 80 µM BPA to 0.33 g/L Mn(III)-rich δ-MnO2, calculated using Equation A1. 

 

 

 

 

 

 

Additions of 
BPA 

HCA 
Yield (% 
of BPA) 

1 39.73 
2 42.31 
3 35.63 
4 21.33 
5 17.80 
6 5.63 
7 2.63 
8 2.98 
9 2.42 
10 3.58 
11 1.86 
12 3.54 
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Figure A9. HPLC chromatograms using a DAD detector (230 nm) from (a) the first minute of 

the first addition, and (b) the last minute of the twelfth addition during twelve additions of 80 

µM BPA with 0.33 g/L Mn(III)-rich δ-MnO2 in PIPES pH 7 buffer. 
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Figure A10. HPLC chromatograms using an FLD detector from (a) the first minute of the first 

addition, and (b) the last minute of the twelfth addition during twelve additions of 80 µM BPA 

with 0.33 g/L Mn(III)-rich δ-MnO2 in PIPES pH 7 buffer. 
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Section A5: Sorption Analysis 

Table A2. The percentages of BPA and HCA sorbed during three sequential additions of 80 µM 

BPA to 0.33 g/L Mn(III)-rich δ-MnO2 in PIPES pH 7 buffer. All reactions were 60 minutes in 

duration.   

BPA Addition 

# of BPA 
Additions 

% BPA 
Sorbed 

% HCA 
Sorbed 

1 14.3 ± 7.4 0 ± 0 
2 0 ± 0 0.9 ± 1.4 
3 0.2 ± 0.5 1.0 ± 0.9 

 

Section A6: Solids Analysis 

Table A3. BET analysis of surface area in a subset of solids collected after each addition. 

 
Surface Analysis 

# of BPA 
Additions 

Surface 
Area (m2/g) 

0 118 ± 15 
3 100 ± 15 
6 106 ± 15 
9 124 ± 15 
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Figure A11. Fitted XPS data from the starting material using the method described in the 

Materials and Methods section of the manuscript. Uncertainty in the mole fraction is ±0.02 for 

Mn(IV) and Mn(III) and  ±0.01 for Mn(II).  
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Figure A12. Fitted XANES data from the starting material using the Combo method described 

in the Methods and Materials section of the manuscript.  
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Figure A13. Oxidation state (measured by XANES and XPS) of a subset of solid samples over 

twelve additions of 80 µM BPA with 0.33 g/L of Mn(III)-rich δ-MnO2 in a PIPES pH 7 buffer. 

Data is an average of two reactors.   
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Figure A14. Raw and modeled data of (a) the chi functions and (b) relative radial distribution 

function from EXAFS analysis of solids over twelve additions of 80 µM BPA with 0.33 g/L of 

Mn(III)-rich δ-MnO2 in a PIPES pH 7 buffer. The addition number is indicated by the numbers 

next to each data set. Samples from both reactors were combined and then analyzed. 
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Figure A15. The crystallinity of Mn(III)-rich δ-MnO2 during twelve additions of 80 µM BPA to 

0.33 g/L Mn(III)-rich δ-MnO2 in PIPES buffer (pH 7), as measured by XRD. 
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Figure A16. Surface-bound Mn extractable by a solution of 25 mM CaCl2 on a Mn(III)-rich δ-

MnO2 during twelve additions of 80 µM BPA to 0.33 g/L Mn(III)-rich δ-MnO2 in PIPES buffer 

(pH 7). 
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Table A4. EXAFS fitting results. The S0
2 parameter was set to 0.865 for all samples. 

Sample e0 focc S02 χ2 Shell CN Dist (Å) σ2 
0 Additions 6.36 0.6(1) 0.66 621 Mn-O 4 1.89(5) 0.009(6) 

     
Mn-O 2 1.90(4) 0.002(4) 

     
Mn-Mn 2 2.71(4) 0.006(4) 

     
Mn-Mn 4 2.85(1) 0.002(2) 

     
Mn-O 4 3.30(4) 0.001(4) 

     
Mn-O 2 3.48(9) 0.001(4) 

     
Mn-Na inter 2(4) 4.2(2) 0.005 

     
Mn-O 4 4.5(1) 0.001(7) 

     
Mn-O 8 4.69(8) 0.001(7) 

     
Mn-Mn 4 4.92(8) 0.003(2) 

     
Mn-Mn 2 5.0(1) 0.003(2)  

     
Mn-Mn 2 5.59(9) 0.002(3) 

     
Mn-Mn 4 5.83(5) 0.002(3) 

         Sample e0 focc S02 χ2 Shell CN Dist (Å) σ2 
1 Additions 5.39 0.9(1) 0.66 779 Mn-O 4 1.87(6) 0.005(7) 

     
Mn-O 2 1.9(1) 0.002(1) 

     
Mn-Mn 2 2.71(2) 0.005(1) 

     
Mn-Mn 4 2.86 (1) 0.002(1) 

     
Mn-O 4 3.35(4) 0.004(5) 

     
Mn-O 2 3.6(1) 0.004(5) 

     
Mn-Na inter 2(3) 4.1(2) 0.005 

     
Mn-O 4 4.4(1) 0.002(7) 

     
Mn-O 8 4.65(5) 0.002(7) 

     
Mn-Mn 4 4.89(4) 0.001(2) 

     
Mn-Mn 2 5.03(7) 0.001(2) 

     
Mn-Mn 2 5.72(8) 0.002 

     
Mn-Mn 4 5.82(4) 0.002 

         Sample e0 focc S02 χ2 Shell CN Dist (Å) σ2 
3 Additions 5.23 0.9(1) 0.66 423 Mn-O 4 1.87(6) 0.005(6) 

     
Mn-O 2 1.9(1) 0.002(1) 

     
Mn-Mn 2 2.69(1) 0.005(2) 

     
Mn-Mn 4 2.85(1) 0.003(1) 

     
Mn-O 4 3.33(5) 0.006(6) 

     
Mn-O 2 3.6(1) 0.006(6) 

     
Mn-Na inter 0(2) 4.0(6) 0.005 

     
Mn-O 4 4.5(1) 0.005(1) 

     
Mn-O 8 4.68(9) 0.005(1) 

     
Mn-Mn 4 4.89(2) 0.002(2) 

     
Mn-Mn 2 5.00(4) 0.002(2) 

     
Mn-Mn 2 5.70(8) 0.002 

     
Mn-Mn 4 5.83(5) 0.002 

         Sample e0 focc S02 χ2 Shell CN Dist (Å) σ2 
4 Additions 4.08 0.7(1) 0.71 316 Mn-O 4 1.87(4) 0.009(6) 

     
Mn-O 2 1.91(6) 0.003(1) 

     
Mn-Mn 2 2.72(2) 0.005(2) 

     
Mn-Mn 4 2.85(1) 0.002(1) 
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Mn-O 4 3.35(6) 0.006(2) 

     
Mn-O 2 3.6(1) 0.006(2) 

     
Mn-Na inter 1(2) 4.1(1) 0.005 

     
Mn-Mn corn 0.2(2) 3.48 0.003 

     
Mn-O 4 4.4(1) 0.006(2) 

     
Mn-O 8 4.6(1) 0.006(2) 

     
Mn-Mn 4 4.91(6) 0.006(3) 

     
Mn-Mn 2 5.3(2) 0.006(3) 

     
Mn-Mn 2 5.6(1) 0.002 

     
Mn-Mn 4 5.83(3) 0.002 

         Sample e0 focc S02 χ2 Shell CN Dist (Å) σ2 
5 Additions 5.83 0.7(1) 0.66 841 Mn-O 4 1.87(3) 0.011(4) 

     
Mn-O 2 1.91(2) 0.001(1) 

     
Mn-Mn 2 2.71(2) 0.006(3) 

     
Mn-Mn 4 2.86(1) 0.003(1) 

     
Mn-O 4 3.41(6) 0.007(4) 

     
Mn-O 2 3.73(9) 0.007(4) 

     
Mn-Na inter 2(3) 4.0(1) 0.005 

     
Mn-Mn corn 0.6(3) 3.31(5) 0.003 

     
Mn-O 4 4.5(1) 0.004(3) 

     
Mn-O 8 4.69(9) 0.004(3) 

     
Mn-Mn 4 4.91(9) 0.005(2) 

     
Mn-Mn 2 5.2(2) 0.005(2) 

     
Mn-Mn 2 5.8(2) 0.002 

     
Mn-Mn 4 5.8(1) 0.002 

         Sample e0 focc S02 χ2 Shell CN Dist (Å) σ2 
6 Additions 6.13 0.7(1) 0.66 695 Mn-O 4 1.87(2) 0.007(2) 

     
Mn-O 2 1.91(3) 0.002 

     
Mn-Mn 2 2.75(2) 0.008(2) 

     
Mn-Mn 4 2.86(1) 0.003(1) 

     
Mn-O 4 3.23(4) 0.009(3) 

     
Mn-O 2 3.4(1) 0.009(3) 

     
Mn-Na inter 1(3) 4.1(1) 0.005 

     
Mn-Mn corn 0.6(2) 3.45(3) 0.003 

     
Mn-O 4 4.46(5) 0.005(3) 

     
Mn-O 8 4.67(3) 0.005(3) 

     
Mn-Mn 4 4.91(3) 0.005(3) 

     
Mn-Mn 2 5.44(5) 0.005(3) 

     
Mn-Mn 2 5.76(4) 0.001(1) 

     
Mn-Mn 4 5.86(2) 0.001(1) 

         Sample e0 focc S02 χ2 Shell CN Dist (Å) σ2 
7 Additions 6.42 0.9(1) 0.60 337 Mn-O 4 1.86(2) 0.006(4) 

     
Mn-O 2 1.93(4) 0.002 

     
Mn-Mn 2 2.72(2) 0.008(2) 

     
Mn-Mn 4 2.86(1) 0.004(1) 

     
Mn-O 4 3.38(3) 0.007(2) 

     
Mn-O 2 3.68(9) 0.007(2) 

     
Mn-Na inter 0(2) 4.0(2) 0.005 

     
Mn-Mn corn 0.4(3) 3.49(4) 0.003 

     
Mn-O 4 4.49(5) 0.001(1) 

     
Mn-O 8 4.71(3) 0.001(1) 

     
Mn-Mn 4 4.94(2) 0.004(1) 

     
Mn-Mn 2 5.19(5) 0.004(1) 

     
Mn-Mn 2 5.76(4) 0.002(1) 
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Mn-Mn 4 5.85(2) 0.002(1) 

         Sample e0 focc S02 χ2 Shell CN Dist (Å) σ2 
8 Additions 6.20 0.7(1) 0.66 299 Mn-O 4 1.86(1) 0.005(2) 

     
Mn-O 2 1.94(3) 0.002 

     
Mn-Mn 2 2.70(3) 0.007(2) 

     
Mn-Mn 4 2.85(1) 0.002(1) 

     
Mn-O 4 3.30(4) 0.003(3) 

     
Mn-O 2 3.57(4) 0.003(3) 

     
Mn-Na inter 0(2) 4.10 0.005 

     
Mn-Mn corn 0.7(3) 3.49(7) 0.003 

     
Mn-O 4 4.50(7) 0.002(4) 

     
Mn-O 8 4.70(5) 0.002(4) 

     
Mn-Mn 4 4.92(5) 0.004(2) 

     
Mn-Mn 2 5.26(9) 0.004(2) 

     
Mn-Mn 2 5.81(7) 0.002(2) 

     
Mn-Mn 4 5.85(4) 0.002(2) 

         Sample e0 focc S02 χ2 Shell CN Dist (Å) σ2 
9 Additions 5.35 0.9(1) 0.66 449 Mn-O 4 1.86(2) 0.006(4) 

     
Mn-O 2 1.91(4) 0.002 

     
Mn-Mn 2 2.73(3) 0.010(3) 

     
Mn-Mn 4 2.85(1) 0.004(1) 

     
Mn-O 4 3.22(6) 0.014(8) 

     
Mn-O 2 3.5(1) 0.014(8) 

     
Mn-Na inter 1(2) 4.1(1) 0.005 

     
Mn-Mn corn 0.6(2) 3.43(4) 0.003 

     
Mn-O 4 4.42(9) 0.009(6) 

     
Mn-O 8 4.64(6) 0.009(6) 

     
Mn-Mn 4 4.91(5) 0.010(3) 

     
Mn-Mn 2 5.3(1) 0.010(3) 

     
Mn-Mn 2 5.76(4) 0.003(2) 

     
Mn-Mn 4 5.85(3) 0.003(2) 

         Sample e0 focc S02 χ2 Shell CN Dist (Å) σ2 
10 Additions 6.08 0.7(1) 0.66 421 Mn-O 4 1.86(3) 0.009(4) 

     
Mn-O 2 1.92(3) 0.002 

     
Mn-Mn 2 2.71(2) 0.006(3) 

     
Mn-Mn 4 2.85(1) 0.002(1) 

     
Mn-O 4 3.31(6) 0.005(3) 

     
Mn-O 2 3.60(7) 0.005(3) 

     
Mn-Na inter 1(3) 4.1(1) 0.005 

     
Mn-Mn corn 0.9(3) 3.53(7) 0.003 

     
Mn-O 4 4.46(9) 0.007(7) 

     
Mn-O 8 4.68(8) 0.007(7) 

     
Mn-Mn 4 4.92(6) 0.008(4) 

     
Mn-Mn 2 5.29(9) 0.008(4) 

     
Mn-Mn 2 5.75(4) 0.006(2) 

     
Mn-Mn 4 5.84(2) 0.006(2) 

         Sample e0 focc S02 χ2 Shell CN Dist (Å) σ2 
11 Additions 6.23 0.8(1) 0.66 514 Mn-O 4 1.86(1) 0.005(2) 

     
Mn-O 2 1.93(2) 0.002 

     
Mn-Mn 2 2.72(1) 0.007(2) 

     
Mn-Mn 4 2.86(1) 0.003(1) 

     
Mn-O 4 3.33(3) 0.004(2) 

     
Mn-O 2 3.64(4) 0.004(2) 
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Mn-Na inter 

0.37 ± 
1.11 4.1(1) 0.005 

     
Mn-Mn corn 1.1(3) 3.52(2) 0.003 

     
Mn-O 4 4.23(3) 0.013(6) 

     
Mn-O 8 4.56(5) 0.013(6) 

     
Mn-Mn 4 4.88(4) 0.008(3) 

     
Mn-Mn 2 5.29(9) 0.008(3) 

     
Mn-Mn 2 5.82(3) 0.003(1) 

     
Mn-Mn 4 5.83(9) 0.003(1) 

         Sample e0 focc S02 χ2 Shell CN Dist (Å) σ2 
12 Additions 5.76 0.7(1) 0.66 379 Mn-O 4 1.87(2) 0.008(3) 

     
Mn-O 2 1.91(3) 0.002 

     
Mn-Mn 2 2.72(2) 0.008(2) 

     
Mn-Mn 4 2.85(1) 0.003(1) 

     
Mn-O 4 3.29(7) 0.003(2) 

     
Mn-O 2 3.62(3) 0.003(2) 

     
Mn-Na inter 1(2) 4.1(1) 0.005 

     
Mn-Mn corn 1.3(2) 3.49(2) 0.003 

     
Mn-O 4 4.48(8) 0.004(5) 

     
Mn-O 8 4.70(4) 0.004(5) 

     
Mn-Mn 4 4.94(4) 0.004(2) 

     
Mn-Mn 2 5.22(6) 0.004(2) 

     
Mn-Mn 2 5.79(5) 0.002(1) 

     
Mn-Mn 4 5.85(3) 0.002(1) 
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Appendix B 

Supplementary Material for Chapter 3 

Section B1: Materials  

B1.1 Purchased Chemicals 

Acetonitrile (HPLC grade), methanol (HPLC grade), formic acid (ACS, 88%), calcium 

chloride dihydrate (ACS, 100%), sodium acetate trihydrate (ACS, 100%), sodium chloride 

(ACS, 100%), polyvinylpyrrolidone (Molecular Biology Grade), and potassium permanganate 

(ACS) were purchased from Fisher Chemical. Boric acid (ACS) was purchased from Amresco, 

Inc. Bisphenol A (≥99%) and L-ascorbic acid (≥99%) were purchased from Sigma Aldrich. 

Manganese(II) nitrate tetrahydate (analytical grade) and piperazine-N,N’-bis(2-ethanesulfonic 

acid) (PIPES, 99%) were purchased from Acros Organics. Sodium hydroxide (98%) was 

purchased from Sigma Chemical Co.  

 

B1.2 Preparation and Characterization of δ-MnO2 

δ-MnO2 was prepared by dissolving 11.29 g Mn(NO3)2·4H2O in 100 mL of ultrapure 

water, followed by dropwise addition to a 100 mL solution containing 2.4 g NaOH and 4.74 g 

KMnO4 and stirring for at least twelve hours. The resulting slurry was centrifuged and washed 

five times in ultrapure water. The solids were then suspended in ultrapure water, stored at 4°C, 

and used within 10 days of synthesis. The slurry concentration was determined by gravimetric 

analysis. The starting material was characterized by X-ray diffraction (XRD; Rigaku Rapid II, 

Mo Kα source; λ = 0.7093 Å), showing that δ-MnO2 was the only crystalline phase produced. 
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This synthesis yielded a mineral with an average valence state of 3.94 ± 0.11 v.u. determined by 

oxalate titration,1 indicating that the mineral is predominantly Mn(IV).  

 
 
Section B2: Buffer Selection 
 

 

Figure B1: BPA oxidation rate constants with δ-MnO2, where the reaction begins after δ-MnO2 

is stirred with the buffer for a designated time. These delayed-addition rate constants are plotted 

as a fraction of the initial rate constant. Buffers used are PIPES (10 mM; pH 7) and acetate (10 

mM; pH 5). 
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Section B3: Stirred Flow Reactors 

 

Figure B2: Schematic of stirred flow reactors. 
 

 

Figure B3: Percentages of initial BPA and phenol concentrations (initial concentration = 20 µM) 

in effluent when pumped through a line of Pt-cured silicone tubing.  

 

Section B4: XANES Analysis 

XANES data was collected at beamline 10-BM at the Advanced Photon Source at 

Argonne National Laboratory. This beamline has a bending magnet source equipped with a 

Si(111) double crystal monochromator, which was detuned by 40%. Data was collected at room 
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temperature in transmission mode. Successive XANES scans were identical, indicating no 

change in Mn oxidation state during data collection. XANES data was processed using SIXPack2 

and was fit using the multi-standard Combo method3 by fitting the first derivative of the spectra 

with restriction to a non-negative fit.  

 

Section B5: HCA Yield Calculations  

The steady-state approximation is used in stirred flow reactors that have reached a 

plateau in BPA and HCA concentrations. These reactors are not truly at steady-state since 

manganese oxide is still oxidizing both BPA and HCA, but the reaction has reached a point 

where the oxidation rate is changing very little from one data point to the next. The steady-state 

approximation assumes that the concentration of any intermediates remain the same throughout 

the duration of the reaction, which is what is observed when the plateau is reached (i.e., BPA and 

HCA concentrations are generally constant throughout the reaction). When steady-state is 

assumed, the following mass balance equation can be used:  

![!"#]
!"

𝑉 = −𝑄 𝐻𝐶𝐴 + 𝐹!"#𝑘! 𝐵𝑃𝐴 𝑉 − 𝑘! 𝐻𝐶𝐴 𝑉 = 0      (B1) 

where Q is the flow rate of the reactor (1 mL/min), V is the volume of the reactor (12.7 mL), 

[BPA] and [HCA] are the concentrations of BPA and HCA, respectively, and k1 and k2 are the 

oxidation rate constants of BPA and HCA, respectively. FHCA is the fraction of BPA converted to 

HCA. This equation can be rearranged to form equation 2 in the manuscript. The BPA oxidation 

rate constant, k1, is calculated using the following mass balance equation: 

![!"#]
!"

𝑉 = 𝑄[𝐵𝑃𝐴]! − 𝑄 𝐵𝑃𝐴 − 𝑘! 𝐵𝑃𝐴 !𝑉 = 0          (B2) 

where [BPA]0 is the initial BPA concentration. This equation can be rearranged to form equation 

3 in the manuscript. Separate batch reactors comparing BPA and HCA oxidation rate constants at 
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each condition are used to determine k2, the HCA oxidation rate constant in each stirred flow 

reactor.  

  

Section B6: HCA Identification and Acid Dissociation Constant (pKa) Determination 

 

 
 
Figure B4: Example HPLC chromatogram from a batch reactor with 0.1 g/L δ-MnO2 and 40 µM 

BPA in a 10 mM sodium acetate buffer. Both BPA and HCA peaks are identified and their 

retention times were confirmed using authentic standards. 
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Figure B5: HCA (a) absorbance spectra at the pH values indicated in the legend and (b) 

absorbance at 240 nm versus pH. The dashed line represents the fit of the data using least squares 

minimization to determine the pKa. 

 

Section B7: Batch Reactor Experiments 

Sorption was determined by quantifying BPA and HCA concentrations in a quenched 

sample (10.8 mM ascorbic acid) and in a filtered sample (0.2 µm polytetrafluoroethylene). The 

difference between these concentrations was used to quantify the HCA or BPA associated with 

the solid. 

 

Table B1: BPA and HCA oxidation rate constants and percent sorption in identical batch 

reactors containing 0.1 g/L δ-MnO2 and 40 µM of the added phenol. Solutions contained 10 mM 

acetate buffer at pH 5 and were brought to an ionic strength of 25 mM using NaCl. 

 
 Rate Constant (min-1) Sorption (%) 

BPA 0.228 ± 0.005 13.57 ± 18.45 
HCA 0.029 ± 0.000 -0.72 ± 3.61 
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Figure B6: Pseudo-first-order rate analysis for BPA and HCA in identical batch reactors 

containing 0.1 g/L δ-MnO2 and 40 µM of the added phenol at pH 5. All solutions contained 10 

mM acetate and were brought to an ionic strength of 25 mM using NaCl. 
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Section B8: Stirred Flow Experiments 

 

Figure B7: BPA present in the effluent as a function of time in stirred flow reactors containing 

1.58 g/L δ-MnO2 (10 mM acetate; pH 5) containing variable initial BPA concentrations. 

 

 

Figure B8: HCA present in the effluent as a function of time in stirred flow reactors containing 

1.58 g/L δ-MnO2 (10 mM acetate; pH 5) containing variable initial BPA concentrations. 
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Figure B9: Concentrations of BPA, HCA, and aqueous Mn in the effluent of a stirred flow 

reactor containing 1.58 g/L δ-MnO2 containing 5 µM BPA and 10 mM acetate (pH 5) over 83 

hours. 
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Figure B10: Ratios of HCA produced to BPA consumed in stirred flow reactors containing 1.58 

g/L δ-MnO2 in 10 mM acetate (pH 5). 

 
 
Section B9: Solids Characterization 
 
Table B2: Average manganese oxidation numbers and speciation of solids recovered from 

stirred flow reactors containing 1.58 g/L δ-MnO2 (10 mM acetate; pH 5) containing variable 

initial BPA concentrations, as determined by XANES spectroscopy. 

 
Sample AMON (v.u.) % Mn(IV) %Mn(III) %Mn(II) 

Starting Material 3.85 90 5 5 
20 nmol/min 3.66 77 12 11 
40 nmol/min 3.67 78 12 10 
80 nmol/min 3.68 78 12 10 
160 nmol/min 3.67 78 12 10 
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Table B3: Estimated net electron transfer from organic compounds to δ-MnO2 calculated for 

each reactor using the method described in Wang et al.4 

 

Sample Net Electron 
Transfer (µmol) 

20 nmol/min 79.7 
40 nmol/min 72.0 
80 nmol/min 64.9 
160 nmol/min 50.7 
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Appendix C 

Supplementary Material for Chapter 4 

Section C1: Materials  

C1.1 Purchased Chemicals 

Acetonitrile (HPLC grade), methanol (HPLC grade), formic acid (ACS, 88%), calcium 

chloride dihydrate (ACS, 100%), sodium acetate trihydrate (ACS, 100%), sodium chloride 

(ACS, 100%), polyvinylpyrrolidone (Molecular Biology Grade), potassium acetate (ACS 

crystalline) and potassium permanganate (ACS) were purchased from Fisher Chemical. 

Bisphenol A (≥99%), potassium chloride (ACS reagent, ≥99%), p-cresol (99%), and L-ascorbic 

acid (≥99%) were purchased from Sigma Aldrich. Manganese(II) nitrate tetrahydate (analytical 

grade) and estrone (≥99%)  were purchased from Acros Organics. Sodium hydroxide (98%) was 

purchased from Sigma Chemical Co. Magnesium chloride hexahydate (≥99%) was purchased 

from DOT Scientific Inc. Triclosan (99.5%) was purchased from Crescent Chemical Co., Inc.  

 

Section C2: Analytical Methods 

C2.1 High Performance Liquid Chromatography (HPLC) Analysis 

HPLC analyses were performed with an Agilent 1260 instrument equipped with a 

fluorescence detector (Model 1260 FLD) and a UV detector (Model 1260 DAD). The peaks 

detected in experimental chromatograms were compared to authentic standards.   
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Column:   Agilent Poroshell 120 EC-C18 (4.6 x 50 mm, 2.7 µm) 
Guard column:   Agilent EC-C18 (3.0 x 5 mm, 2.7 µm) 
Injection volume:  5 µL 
Mobile phase: A: 0.1% Formic Acid + 10% Acetonitrile (ACN) in Milli-Q water 

adjusted to pH 3 (filtered through a 0.2 µm nylon filter) 
    B: 100% ACN 
Column temperature:  30¹C 
 
 
 

Target 
Analyte 

Flow 
Rate 

(mL/min) 

% 
Mobile 
Phase 

A 

UV Detector 
Wavelength 

(nm) 

Excitation 
Wavelength 

(nm) 

Emission 
Wavelength 

(nm) 

Retention 
Time 
(min) 

BPA 0.6 60 - 280 310 2.6 
Estrone 0.6 65 280 - - 2.4 

Triclosan 1 40 280 - - 1.2 
p-cresol 0.6 75 210 305 290 1.6 

 

C2.2 Inductively Coupled Plasma-Optical Emission Spectroscopy (ICP-OES) Analysis 

ICP-OES analyses were performed on a PerkinElmer Optima 4300 DV to quantify 

aqueous manganese in the reactors at various time intervals. All samples were filtered 

immediately and diluted in a solution of 2% nitric acid. Standards were made from a SPEX 

CertiPrep 1000 mg/L Mn stock diluted in 2% nitric acid. Error was calculated using relative 

standard deviations from four instrument responses.  

 

Section C3: Rate Constant Analysis 

Rate constants for the oxidation of organic contaminants by birnessite were calculated 

assuming pseudo-first-order kinetics according to:  

ln[A] = -kt + ln[A]ₒ            C1 

where A is the concentration of the organic (M), t is the time of the reaction (min), and k 

is the rate constant (min-1). The error for each rate constant is the standard deviation of the rate 
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constants collected each of three replicate reactors. Half-lives (t1/2) were calculated using 

equation C2: 

t1/2 = !" !
!

                C2 

 

 

Figure C1. XRD patterns of each pre-exchanged birnessite. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

0 20 40 60 80 100

C
ou
nt
s

°2θ#(Cu#Kα)

Ca2+

Starting material

Mg2+

Na+

K+



	
   148 

Appendix D 

Investigation of Solution Conditions 

Section D1: Introduction 

Solution conditions such as pH and presence of oxygen can affect redox reaction kinetics. 

Solution pH affects the rate of BPA oxidation, with increasing pH generally leading to decreased 

reaction rates.1,2 Presence of oxygen has no observed effect on manganese oxide dissolution rates 

when reacted with hydroquinone;3 however, re-oxidation of the mineral is observed in the 

presence of oxygen above pH 8.4 In this section, the effects of pH and presence of oxygen on the 

oxidation of bisphenol A (BPA) by δ-MnO2 are investigated. The formation of 4-hydroxycumyl 

alcohol (HCA), a major oxidation product of BPA, is observed to detect changes in mechanism 

or product formation. HCA is synthesized as described Section A1.1 and used to determine its 

oxidation rates with δ-MnO2 under the same conditions.  

 

Section D2: Methods 

Batch reactors were used to determine initial rates of BPA and HCA oxidation by δ-

MnO2, the effect of pH, and the effect of presence of oxygen. Prepared δ-MnO2 slurry (stock 

concentrations: 30-50 g/L) was equilibrated in buffered solution for 30 minutes before the 

addition of BPA or HCA (initial concentration: 40 or 80 µM). Batch reactors testing the effect of 

presence of oxygen were performed at pH 7 in 10 mM PIPES since these reactors were the same 

length and therefore exhibited the same amount of δ-MnO2 reduction by the buffer. Batch 

reactors testing the effect of pH used sodium acetate at pH 5, PIPES at pH 6 and 7, and borate at 

pH 8 with a concentration of 10 mM and ionic strength adjusted to 25 mM using NaCl. None of 
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these buffers affected the δ-MnO2 reactivity over the length of these short reactions (Table D1). 

BPA and HCA concentrations were determined by high-performance liquid chromatography 

(HPLC). HCA yield was calculated as described in Section A4.2. Sorption was determined by 

quantifying BPA and HCA concentrations in a quenched sample (10.8 mM ascorbic acid) and in 

a filtered sample (0.2 µm polytetrafluoroethylene). The difference between these concentrations 

was used to quantify the HCA or BPA associated with the solid. Experiments with varied pH 

were conducted in triplicate.  

To determine the impact of oxygen on BPA oxidation, multi-addition batch experiments 

were performed under ambient conditions or in an anaerobic chamber. In these experiments, 

duplicate 6 L reactors were prepared with 0.33 g/L δ-MnO2 (pH 7, 10 mM PIPES). BPA was 

added to these reactors 12 times sequentially. Aqueous samples were collected as described 

above. Aqueous manganese was quantified by inductively coupled plasma-optical emission 

spectroscopy (ICP-OES) analysis of filtered samples diluted in 2% nitric acid. Solid samples 

were collected by removing 150 mL from the reactor and filtering to isolate the solid phase. This 

material was washed in methanol to remove organics, dried at room temperature, and ground 

before analysis. Average oxidation state of manganese oxide was determined using X-ray 

absorption near edge structure (XANES) spectra collected at beamline 10-BM at the Advanced 

Photon Source at Argonne National Laboratory (Section B4). Samples were prepared by diluting 

3 mg of manganese oxide into 8 mg of polyvinylpyrrolidone, grinding until homogenous, and 

pressing into a 7 mm pellet.  
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Section D3: Results 

D3.1 Effect of pH on Oxidation Rate and Product Formation 

The oxidation rate of BPA by δ-MnO2 is pH dependent. BPA concentration quickly 

decreases upon reaction with δ-MnO2, resulting in generation of its major oxidation product, 

HCA (Figure 3.1). Observed BPA oxidation rates consistently decrease with increasing pH 

(Figure D1), with rate constants of 0.228 min-1 at pH 5 and 2.76 x 10-2 min-1 at pH 8. The rate 

constant decreases by a smaller margin between pH 6 and 7, which may be attributable to partial 

reduction of the manganese oxide by PIPES over the 20-minute reaction (Figure B1).  

HCA, the major product of BPA oxidation, is also susceptible to oxidation by δ-MnO2, 

which is consistent with previous literature.5,6 In order to calculate HCA yield from BPA 

oxidation, it is necessary to quantify the oxidation rate of HCA by δ-MnO2 in a separate reactor. 

As observed with BPA, HCA oxidation rate constants generally decrease with increasing pH 

values (Figure D1). BPA is oxidized by δ-MnO2 much more quickly than HCA and the ratio of 

BPA:HCA oxidation rate constants is dependent on pH (Figure D2). For example, BPA is 

oxidized 22 times faster than HCA at pH 6 and 8 times faster at pH 5. These ratios are used to 

calculate HCA yields using equations A5 and A6. 

The HCA yield from BPA oxidation increases steadily as a function of pH (Figure D2). 

At pH 5, 32% of BPA is converted to HCA, while 53% of BPA is converted to HCA at pH 8. 

This implies that BPA preferentially undergoes two sequential single-electron transfers before 

desorbing from the surface at lower pH, while at higher pH, BPA favors desorption from the 

surface before a second single-electron transfer can occur.   

The pH dependence of BPA and HCA oxidation confirms previous observations of faster 

BPA oxidation rates by manganese oxides under acidic conditions.1,2 Similar trends have been 
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observed during the oxidation of other organic pollutants by manganese oxides,7–15 which is 

commonly attributed to the decrease in redox potential (EH) of MnO2 as a function of pH.15 

Additionally, the negative charge density on the mineral increases with increasing pH, resulting 

in increased adsorption of Mn(II) produced during the reaction that can block potential reaction 

sites for phenols.1,2,16–18 However, the observed pH dependence is not explained by changes in 

sorption of BPA and HCA to the mineral surface. BPA sorbs at an average rate of 13.6 ± 1.1% 

across the pH range, with no observed pH dependence, and HCA sorption is negligible (Figure 

D3). This result is consistent with the high pKa’s of both phenols; BPA has pKa’s of 9.6 and 

10.2,19 while HCA was determined to have a pKa of 10.24 ± 0.05 in Chapter 3 (Figure B5). This 

data indicates that the surface charge is not changing enough to affect sorption.  

 

D3.2 Effects of Oxygen on BPA Oxidation 

The presence of oxygen can potentially alter the reactivity of manganese oxide with 

organic compounds. Since BPA oxidation forms carbon-centered radicals,2,20 the presence of 

oxygen may alter the types of products formed. Products formed from the first single-electron 

transfer may react very quickly with oxygen, preventing a second single-electron transfer with δ-

MnO2. Additionally, Mn(II) can regenerate to form Mn(III/IV) above pH 8 when in the presence 

of oxygen and a mineral surface, potentially preserving and/or increasing mineral reactivity.4  

To investigate the impact of oxygen on manganese oxide reactivity, BPA oxidation by δ-

MnO2 is observed under aerobic and anaerobic conditions. The reaction is performed using 12 

sequential additions of BPA to the same batch reactor containing δ-MnO2. This method induces 

changes to the mineral surface, amplifies Mn(II) production, and enables comparison with a 

previous study using Mn(III)-rich δ-MnO2  at pH 7.5 In both this study and previous work, the 
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BPA oxidation rate decreases over 12 sequential additions of BPA (Figure D4a). However, there 

is no difference in oxidation rate between aerobic and anaerobic conditions over the 12 additions 

(Figure D4a), indicating that oxygen has no effect on the rate of BPA oxidation by manganese 

oxide. This result is consistent with a previous observation of no difference in reaction rate of 

hydroquinone oxidation by manganese oxide with or without oxygen.3 

Calculated HCA yields remain the same in both aerobic and anaerobic reactors (Figure 

D4b), showing that the presence of oxygen does not affect the favored mechanisms and product 

distribution in this reaction. Additionally, there is minimal variation in HCA yield, indicating 

that the BPA oxidation mechanism remains constant even as the oxidation rate decreases during 

mineral transformation. Due to the slow kinetics during the final six BPA additions, the yield 

calculations are not reliable and are not included here.  

In contrast, the presence of oxygen does impact the reductive dissolution of the δ-MnO2. 

The concentration of aqueous manganese in each reactor increases across 12 sequential additions 

of BPA (Figure D4c). All aqueous manganese is considered to be Mn(II) since there are no 

strong ligands to solubilize Mn(III) present in the reactors.21,22 More Mn(II) is produced in the 

anaerobic reactors than in the aerobic reactors, with the difference between aerobic and 

anaerobic reactors increasing as the reaction proceeds. This indicates that some Mn(II) may be 

oxidized by O2 in the aerobic reactors, while Mn(II) preferentially desorbs and remains in the 

aqueous phase in the anaerobic reactors. Previous work shows that oxidation of Mn(II) is 

possible in the presence of rhodochrosite (MnCO3(s)) at a rate of approximately 4 µmol over 5 

days at pH 8.8, indicating the use of rhodochrosite as a surface catalyst in the reaction.4 Here the 

rate of oxidation is 39 µmol over 12 hours, indicating the increased efficiency of δ-MnO2 as a 

surface catalyst compared to rhodochrosite. These results agree with analysis of reactor solids by 
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XANES, which demonstrates that the average oxidation state of the solids decreases with each 

addition of BPA (Figure D4d). Oxidation state decreases more rapidly in the anaerobic reactor, 

suggesting that some regeneration of Mn(III/IV) solids occurs in the presence of oxygen. A 

Student’s T-test performed using pooled error variance demonstrates that the two regression lines 

are significantly different (p-value = 0.033; Table D2).  

 

 

Table D1: Observed pseudo-first order BPA oxidation rate constants in each of the three buffers 

in this study where the reaction begins either immediately after addition of δ-MnO2 to the buffer 

or one hour after δ-MnO2 has equilibrated with the buffer.  

 

kBPA (min-1) Acetate pH 5 PIPES pH 7 Borate pH 8 

0 hours after  
δ-MnO2 addition 0.790 ± 0.037 0.268 ± 0.016 0.329 ± 0.010 

1 hour after  
δ-MnO2 addition 0.815 ± 0.073 0.220 ± 0.010 0.372 ± 0.004 
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Figure D1: Observed BPA and HCA oxidation rate constants in identical batch reactors 

containing 0.1 g/L δ-MnO2 and 40 µM of the added phenol at varying pH. All solutions 

contained 10 mM buffer (acetate at pH 5, PIPES at pH 6 and 7, and borate at pH 8) and were 

brought to an ionic strength of 25 mM using NaCl. Error bars are standard deviation values from 

triplicate reactors. 
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Figure D2: Ratios of BPA and HCA oxidation rate constants in identical reactors and HCA yield 

from BPA oxidation in batch reactors containing 0.1 g/L δ-MnO2 and 40 µM of the added phenol 

at varying pH values. All solutions contained 10 mM buffer (acetate at pH 5, PIPES at pH 6 and 

7, and borate at pH 8) and were brought to an ionic strength of 25 mM using NaCl. Error bars are 

standard deviation values from triplicate reactors. 
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Figure D3: BPA and HCA sorption in identical batch reactors containing 0.1 g/L δ-MnO2 and 40 

µM of the added phenol at varying pH. All solutions contained 10 mM buffer (acetate at pH 5, 

PIPES at pH 6 and 7, and borate at pH 8) and were brought to an ionic strength of 25 mM using 

NaCl. Error bars are standard deviation values from triplicate reactors. 
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Figure D4: (a) Observed initial BPA oxidation rate constants, (b) calculated HCA yields, (c) 

aqueous Mn(II) concentrations, and (d) average manganese oxidation number of solids in aerobic 

and anaerobic batch reactors containing 0.33 g/L δ-MnO2 in 10 mM PIPES buffer (pH 7) over 12 

sequential additions of 80 µM BPA.  
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Table D2: Student’s T-test comparing average oxidation states of manganese oxide solids in 

aerobic and anaerobic batch reactors containing 0.33 g/L δ-MnO2 in 10 mM PIPES buffer (pH 7) 

over 12 sequential additions of 80 µM BPA. 

 

 Anaerobic Aerobic 
Mean 3.5243292 3.559710432 
Variance 0.00197969 0.001182025 
Observations 13 13 
Pooled Variance 0.00158086  
Hypothesized Mean Difference 0  
df 24  
t Stat -2.2687338  
p-value (two-tail) 0.03256063  
t Critical (two-tail) 2.06389856  
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