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Manganese oxides are capable of degrading bisphenol A (BPA) and other phenolic
compounds via oxidation in both environmental and engineered systems. Although the
oxidation mechanism of BPA is complex, the influent concentration of BPA into a
manganese oxide reactor does not alter the oxidation mechanism or products. The
concurrent reduction of manganese oxide is strongly driven by the introduction rate of
9 BPA, due to the longer reaction time at low introduction rates. BPA oxidation products
10 include polymers, which can couple with organic matter and other compounds found in
the environment forming unknown high molecular weight products. The results of this
study show that product distribution observed in a controlled setting will reflect that of
14 the environment, despite the 20 — 160 uM range of influent BPA concentrations used in
15 this study.
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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 6-MnOQO; 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 a
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 6-MnQO, reduction. Lower aqueous Mn(Il) production was
observed in reactors at higher BPA introduction rates, suggesting that single-electron transfer and
polymer production are favored under these conditions. However, an examination of Mn(Il)
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.
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Introduction

Manganese oxides (MnOy) are one of the strongest naturally-occurring oxidants and can
oxidize a wide range of organic contaminants, including phenols.' Previous studies have
demonstrated oxidation of phenols by manganese oxides using model organic compounds?3->-19
and complex pollutants.''=1° Bisphenol A (BPA) is an industrial plasticizer?® that is commonly
found in wastewater,?! landfill leachate,?? and surface water.23-** In the environment, BPA leads
to teratogenic, endocrine, and pleiotropic effects in fish and other aquatic species.?

BPA is susceptible to oxidation by manganese oxides.!>182627 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.!3-10.11.28.29 BPA oxidation is affected by MnO, concentration, pH, and
metal cosolutes, and 11 transformation products have been identified, including 10 phenols and 4
polymers.!? 4-Hydroxycumyl alcohol (HCA) is a major product of BPA oxidation and is
generated at yields of up to 64% HCA per mole of BPA.3? Note that this calculation is based on
direct measurement of HCA and does not consider oxidation of HCA by manganese oxide.3°
Since 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.!!:12143132 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 MnOy are associated with decreasing oxidation state
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and accumulation of reduced manganese species and organic species on the mineral surface.!”
Similarly, 6-MnO, can transform to other phases after accumulating Mn(III) in the presence of
high concentrations of fulvic acid.?* Our previous study using Mn(III)-rich MnO, 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.'®

Previous studies typically use batch reactors to characterize the reactivity of manganese
oxides.! 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.!»13.26.27.34 In the environment and in stirred flow reactors, these products are constantly
removed. A few studies use stirred flow reactors’>3 or column reactors’®3’ to examine
manganese oxide reactivity, but none have investigated both the changes in the aqueous and solid
phases.

Here calculated HCA yield, aqueous Mn(II) production, and solid phase characterization
are used to detect differences in BPA oxidation mechanism by 6-MnO, 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.’¥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.,
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benzoquinone production). Aqueous Mn(Il) is produced by reductive dissolution and is used
along with solid-phase Mn speciation 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 6-MnO, 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.36:4!

Materials and Methods

Materials. Commercially available chemicals were used as received (Electronic
Supplementary Information Section S1). HCA was synthesized as described previously.!®
Ultrapure water was supplied by a Milli-Q water purification system maintained at 18.2 MQ-cm.
BPA and HCA stock solutions were prepared in methanol and stored at 4°C. Information on
preparation and characterization of 6-MnQ, is provided in Section S1. This synthesis yielded a
mineral with an average valence state of 3.94 + 0.11 v.u. determined by oxalate titration,*?
indicating that the mineral is predominantly Mn(IV).

HCA Characterization. The acid dissociation constant (pK,) of HCA was determined
spectrophotometrically at 240 nm by titration of 0.1 HCI into a solution of 100 uM HCA
following a previously published method.*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 6-MnO, reactivity with BPA over time at pH
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5 (Fig. S1), whereas many common circumneutral pH buffers can form complexes with Mn(II) or
reduce manganese oxides.***’ For example, preliminary experiments with 10 mM piperazine-
N,N’-bis(2-ethanesulfonic acid) (PIPES) at pH 7 demonstrated that the buffer decreases MnO,
reactivity (Fig. S1). Klausen et al. reported that PIPES sorbs to the manganese oxide surface,
decreasing the number of reactive sites on the surface.??

Batch Reactors. Batch reactors were used to determine initial rates of BPA and HCA
oxidation by 6-MnQ,. Prepared 6-MnO, 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 uM). BPA and HCA concentrations were determined by high-
performance liquid chromatography (HPLC; Agilent 1260) in samples that were quenched in
excess ascorbic acid (10.8 mM) in order to completely dissolve the -MnO,. Aqueous manganese
was quantified by inductively coupled plasma-optical emission spectroscopy (ICP-OES;
PerkinElmer Optima 4300 DV) analysis of filtered samples (0.2 um polytetrafluoroethylene)
diluted in 2% nitric acid. Batch reactor experiments were conducted in triplicate.

Stirred Flow Reactors. Each 12.7 mL stirred flow reactor contained 1.58 g/L 6-MnO,
slurry and a stir bar (Fig. S2). A filter (0.1 pm VCWP, Millipore) and filter holder prevented o-
MnO, 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 [.D. Cole Parmer) and exhibited < 7% sorption of
BPA and phenol in control experiments (Fig. S3).

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
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ascorbic acid since the reaction stops upon exiting the 6-MnO, reactor. Media with varying BPA
concentrations (20 — 160 uM, 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 umol BPA was added
to each reactor in total.

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 S4). 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.*8 XRD patterns were collected (Rigaku Rapid II, Mo Ka source; A = 0.7093 A)
to determine changes in the order and crystallinity of the mineral.

HCA Yield Calculation. HCA is a phenolic product of BPA oxidation by manganese
oxide that is also susceptible to oxidation by the mineral.!33% In batch reactors, HCA yield was

calculated as described previously:!®

[BPA] B ~
[HCA] = k1~ Fica - ,—, - (e~ —e™") (1)

where k; is the BPA oxidation rate constant, Fyca 1S the fraction of BPA converted to HCA,
[BPA], is the initial BPA concentration, &, is the HCA oxidation rate constant, and 7 is time after
BPA addition. Fiyca 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:

Q[HCA]
Fruca= k1[BPA]oV — ka[BPA]oV @
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where Q is the flow rate of the reactor, V is the volume of the reactor, and k; is calculated

according to:

Q[BPA]o — Q[BPA]
1= [BPA]oV A3)

k> 1s calculated using an initial rates ratio determined experimentally at each condition. Derivation

of equations 2 and 3 is provided in Section SS.

Results and Discussion

HCA Production and Characterization. Upon exposure to 6-MnQO,, BPA concentration
quickly decreases via oxidation, producing HCA as a major oxidation product (Fig. 1). The
production of HCA during BPA oxidation is consistent with its identification and characterization
in two previous studies.'®3? BPA oxidation by MnO, produces a multitude of products,'? but at
up to 64% yield,’® HCA is the only product detectable by HPLC analysis (Fig. S4). HCA only
accounts for 60% of the carbon atoms present in BPA and it is likely that the Cs moiety formed
during HCA production is susceptible to rapid degradation.?® The pK, of HCA is determined to be
10.24 + 0.05 in this study (Fig. S5), whereas the pK, values for BPA are 9.6 and 10.2.%° This is an
important measurement for HCA since pK, values strongly affect sorption capacity of phenols.

HCA is also susceptible to oxidation by 6-MnQO,, albeit at a slower rate than BPA, which
is consistent with previous studies.'®3° For example, the pseudo-first-order oxidation rate
constants of BPA and HCA at pH 5 are 0.228 min! and 0.029 min’!, respectively (Fig. S6; Table
S1). As shown in Fig. 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 equations 1 and 2.
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For example, the HCA yield in a batch reactor with 0.33 g/L 6-MnO, and 80 uM BPA at pH 5 is
44% (least-squares fit line in Fig. 1).

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 Fig. 2. Initially, BPA is completely oxidized by 6-MnO, 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 6-MnO,. As
the reaction rate decreases due to changes in the 6-MnQO, during oxidation of BPA and its
phenolic transformation products, BPA and HCA concentrations increase in the reactor effluent.
After about 40 hours, or 200 pmol BPA introduced, 8-MnO, 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 6-MnQO, 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.!>14.19.26.31,32.34 Here  Mn(II) appears in the reactor effluent after the
first hour (Fig. 2), showing that reductive dissolution of the mineral is occurring.>3% After six
hours, dissolved Mn(II) reaches a maximum and returns to below detection limit as 6-MnQO, 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 6-MnO, during the retention time, similar to previous studies investigating As(IIT)*>>! and
aniline*? oxidation by MnO,.

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
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reaction kinetics, aqueous products, and mineral transformation. Influent BPA concentrations
range from 20 — 160 uM, 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 umol). Due to this difference in time
(150 — 1200 min), data is normalized by plotting as a function of BPA introduced to the reactor
(Fig. 3). Data is presented as a function of time in Fig. S7 — S8.

The BPA oxidation rate decreases with exposure of 6-MnO, to BPA throughout the
shorter time-scale of these experiments, as was observed in the 140-hour experiment (Fig. 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 (Fig. 3a). At the lowest BPA
introduction rate (20 nmol/min), BPA appears in the effluent after 11 pmol of BPA are
introduced and reaches a plateau almost immediately (i.e., after 13 pmol 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 pmol of BPA are introduced but no plateau is observed during the reaction period (25
umol 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
(Fig. 3b). HCA is found in the effluent earlier in the reaction with lower BPA introduction rates
(e.g., after 8 umol of BPA introduced for 20 nmol/min reactor and after 13 umol 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 umol of BPA for 20 nmol/min reactor and after
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25 umol of BPA for 160 nmol/min reactor). However, when plotted as a fraction of BPA
consumed in the reactor (Fig. 3c¢), all reactors produce the same ratio of moles of HCA in effluent
per moles of BPA consumed (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 S5) and relative initial rates of BPA and HCA
oxidation in batch reactors (Table S1; Fig. S6) 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 umol
of BPA introduced for the 20 nmol/min reactor). Although the system is not truly at steady-state
because 6-MnOQO, reactivity changes gradually over extended reaction times (Fig. 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 (Fig. 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 MnO, concentration.>!?

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 (Fig. 4). As a major oxidation
product formed through radical coupling,®® 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 6-MnQO, is exposed at a higher BPA

11
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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 uM were preliminarily examined but were inconclusive. For example, a
trial using 5 nmol/min BPA, which corresponds to an initial concentration of 5 uM BPA for 83
hours, shows that BPA is entirely consumed in the reaction (Fig. S9). 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 (Fig. S10). 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 (Fig. 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 umol total Mn(II) beginning after 11.4 pmol BPA is
introduced, while the 160 nmol/min introduction rate results in 6.3 pmol total beginning after
18.7 umol BPA is introduced. Despite the difference in Mn(Il) produced, minimal bulk
mineralogical changes are observed in the XRD patterns or XANES data. Fig. 5a shows that

commonly observed changes, such as reduced tailing of the Akl diffraction band at 37° and the
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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(1V), 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 (Fig. Sb; Table S2).
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 6-MnQO, reactivity can occur due to mineral transformation at the surface, such as
increased interlayer Mn(II/IIT), and not necessarily changes to the bulk structure.!®

The differences in Mn(Il) 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 d-
MnO,. This is further shown by the estimated net electron transfer from organic compounds to 6-
MnO, calculated for each reactor (Table S3), 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 umol, 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 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

13
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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.’?> A third
possibility is that HCA does not accurately quantify polymeric production since other polymers
can be formed by BPA oxidation.!?

One way to narrow down these possibilities is to determine how accurately Mn(II)
production quantifies the total number of electrons transferred to 6-MnO,. When Mn(II), Mn(III),
and Mn(IV) are present in the same system, the mineral is susceptible to disproportionation and
comproportionation (equation 4).335¢ A Mn(II) center and Mn(IV) center can exchange electrons,
or comproportionate, to form two Mn(IIl) centers. Conversely, two Mn(IIl) centers can
disproportionate to form Mn(Il) 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)=22Mn(I1]) 4

Desorption Experiments. To determine if disproportionation and comproportionation
reactions are occurring, Ca’>" is used as a desorption agent to quantify solid-bound Mn(II)
concentrations at various points in the reaction. These experiments use stirred flow reactors to
introduce buffered BPA, buffer only, and Ca?* solutions into a 8-MnO; slurry. Disproportionation
and comproportionation reactions can readily occur in mixed-valent manganese oxides,>?’
affecting the distribution of Mn(Il), Mn(Ill), 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
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comproportionation. Here, Ca?" is added to desorb Mn(II) from the 5-MnO, solid after the oxide
reacts with BPA. If aqueous Mn(Il) 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 6-MnO, (Section S7; Table S1), meaning negligible amounts
of Mn(II) should be produced by continued organic oxidation reactions in this system.

The desorption experiments indicate that Mn(III) disproportionation occurs under our
experimental conditions. In Reactor A, exposure of 3-MnO, to 20 uM BPA (buffered to pH 5 in
10 mM acetate) for 20 hours produces a total of 6.75 umol aqueous Mn(II). The addition of 25
mM Ca?" for three hours desorbs an additional 1.54 pmol of Mn(II) that was generated during
BPA oxidation (Fig. 6a). We then added 10 mM pH 5 acetate with no BPA for 7 hours, which
does not react with 6-MnQO, (Fig. S1), 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 umol). A second introduction of
25 mM Ca?* for two hours yielded 0.37 pmol additional Mn(II), indicating that Mn(II) production
via disproportionation occurs during the time between Ca?* introductions.

In Reactor B, 6-MnQO, is exposed to a 20 uM 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 Ca?" solution for two
hours. Mn(II) is produced during BPA oxidation as described above, but does not desorb during
exposure to 10 mM acetate (Fig. 6b). When the Ca?>" solution is introduced, Mn(II) desorbs from
the mineral and is found in the effluent. Reactor A produces 1.54 pmol Mn(II), while Reactor B
produces a total of 0.3 umol Mn(II). Since both reactors were exposed to the same amount of

reductant (i.e., 24 umol BPA), this indicates that the Mn(II) produced during BPA oxidation is

15
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able to undergo comproportionation with Mn(IV) to form Mn(IIl) 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(IT) 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
Ca?" in each reactor (i.e., 1.54 umol in Reactor A with immediate exposure to Ca?*, and 0.3 umol
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 (Fig. 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.

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 organic!'!!>1431.32 or the complete reductive dissolution of the
mineral.>11°%38 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
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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 6-MnQO,, but undergoes disproportionation or further

redox reactions over time in extended reactions.
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This study combines analysis of both organic and inorganic components in bisphenol A oxidation

by MnOQO; in a stirred flow reactor.
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