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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 6-MnO,.
To investigate the effect of Mn oxide structural changes on BPA oxidation rate, 12 sequential
additions of 80 uM BPA are performed at pH 7. During the additions, BPA oxidation rate decreases
by 3 orders of magnitude, and HCA yield decreases from 40% to 3%. This is attributed to the
accumulation of interlayer Mn(II/III) produced during the reaction, as 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 the
buildup of solid-phase Mn(II/III), specifically in interlayer sites. Nevertheless, Mn oxides may limit
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BPA migration in near-surface environments and have potential for use in drinking and wastewater treatment.

B INTRODUCTION

Manganese (I1I/IV) oxides (MnO,,) are considered to be one of
the strongest naturally occurring oxidants in near surface
environments and are capable of oxidizing several classes of
inorganic' ~* and organic contaminants.’”® They are found in a
wide range of geologic settings, including ocean floors, soils and
sediments, and marine and freshwater bodies.””"* MnO,
oxidize many phenolic compounds, including bisphenol A
(BPA)."*™'® BPA is a monomer used in the manufacture of
polymeric products, such as epoxy and polycarbonate plastics.'”
It is an endocrine disruptor and, at high concentrations, has
deleterious effects on the human reproductive system and child
development.18 It also leads to teratogenic, endocrine, and
pleiotropic effects in aquatic species.'” Due to its widespread
use and incomplete removal during conventional wastewater
treatment,”” BPA is commonly detected in both wastewater”"**
and surface water.”**

The general transformation mechanism of phenolic com-
pounds by manganese oxides is well-understood. Oxidation of
phenolic compounds by MnO, begins with diffusion of the
organic compound to the mineral surface, followed by the
formation of a surface complex.””*>*® The phenolate anion is
then oxidized through a one-electron transfer via the surface
complex.””*”** The phenoxy radical formed in this process
either diffuses away from the surface and reacts with other
radicals to form polymeric products®®** or undergoes a second
one-electron transfer to form a phenoxenium ion.”****%*’ The
phenoxenium ion can then diffuse away from the mineral
surface and undergo hydrolysis to form a benzoquinone.”” Up
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to 64% of BPA oxidized by MnO, reacts to form 4-
hydroxycumyl alcohol (HCA; Figure S1) through radical
coupling.'>*

Mn(IV) undergoes reduction to Mn(III) and Mn(1I) during
its reaction with phenolic compounds, leading to changes in the
overall reactivity of the oxide. The role of Mn(Ill) 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 exchange’' and a higher redox potential compared to
Mn(IV).**® However, the presence of Mn(III) decreases MnO,
oxidizing capacity, metal sorption capacity, and photochemical
activity under some conditions.””** 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(11).%7%

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
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first electron transfer.””?**° 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 this regime.'>***'~** Additionally, these
studies examine changes in reaction rates with varying

H2"™ in the presence of cations, 71O or with
dissolved organic matter.">'**> 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 (ie, 1 mM) at pH 5.* 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 6-MnO,, a
mineral similar to biogenic birnessite."” > 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. Although 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.

B MATERIALS AND METHODS

Materials. Commercially available chemicals were used as
received. HCA was synthesized by modifying a previous
method.”" Ultrapure water was supplied by a Milli-Q water
purification system maintained at 18.2 MQecm. Further details
on the materials used and the HCA synthesis are provided in
section S1.

Preparation and Characterization of Mn(lll)-Rich &-
MnO,. The mineral used in this study was prepared by rapidly
adding a solution of 112.9 g/L Mn(NO;),-4H,0 to a solution
of 24 g/L NaOH and 47.4 g/L KMnO, and stirring for at least
12 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 Ka source; 4 = 0.7093 A), X-ray
absorption near edge structure (XANES) spectroscospy, X-ray
photoelectron spectroscopy (XPS), oxalate titration,”>* and
Brunauer—Emmett—Teller (BET) surface area measurements
(Quantachrome Autosorb-1, nitrogen adsorbate). XRD showed
that -MnO, was the only crystalline phase. BET measurements
revealed a specific surface area of 113 + 14 m?/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 vu. Due to its low average valence state, the

starting material is considered a Mn(III)-rich 6-MnO,, rather
than a pure Mn(IV) mineral. The presence of Mn(IIl) 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.

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(111)*>*° and does
not sorb to the manganese oxide surface.”” BPA (107 mM) and
HCA (10 mM) stock solutions were prepared in methanol and
stored at 4 °C.

Kinetics of BPA and HCA Oxidation during Single-
Addition and Triple-Addition Experiments. The initial
reactivity of Mn(IIl)-rich 6-MnO, was determined using single-
addition batch reactions with either BPA or HCA. BPA or HCA
(80 uM) was added to a 200 mL slurry of 0.33 g/L Mn(III)-
rich 6-MnO, in the buffered solution. The reactors were stirred
at room temperature for the duration of the reaction (30 min
for BPA and 90 min for HCA). A pair of reaction slurry aliquots
(1 mL each) were taken at predetermined time points to
quantify the concentration of BPA and HCA. A single aliquot
from each time point was quenched with excess ascorbic acid
(40 pL of a 280 mM stock in Milli-Q stored at 4 °C) to reduce
all Mn(III/IV) solids to dissolved Mn(Il), while the other
aliquot was filtered through a 0.2 ym polytetrafluoroethylene
filter. The samples were analyzed by high-performance liquid
chromatography (HPLC; section S2). 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 S3). Error was
calculated using the standard deviation of loss rates determined
at various time points. HCA was confirmed as a product in BPA
reactors using HPLC retention time and UV spectroscopy
(section S4; Figures S6 and S7).

HCA production rate and yield were calculated according to

[BPALy i -k

HCA] =k Eyepr—— (e — e

[ 1= fafica ky =k ( : (1)
where k; is the rate constant of BPA oxidation, Fyc, is the
fraction of BPA converted to HCA, [BPA], is the initial BPA
concentration (80 uM), k, is the oxidation rate constant of
HCA, and t is time after BPA addition. k; was determined by
fitting the BPA loss data by assuming pseudo-first-order kinetics
(section S3). Fyyca was calculated by least-squares minimization
(section S4).

Organic sorption was determined by comparing concen-
trations in quenched and filtered aliquots over three sequential
additions of 80 uM BPA to the same batch of MnO,.
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
[BPAluw — [BPAlguon of [HCAly — [HCA]
respectively.

Aqueous Chemistry during 12-Addition Experiments.
The 12-addition experiments were conducted to observe
changes in BPA oxidation kinetics with repeated exposure.
Mn(IIl)-rich 5-MnO, was reacted with BPA in duplicate 6 L
batch reactors containing 0.33 g/L MnO, in pH 7 buffered
solution. BPA (80 uM) was introduced into the reactor at each
of the 12 additions. Concentrations and addition intervals were

aqueous aqueous’
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dictated by the number of electrons estimated to induce
structural changes.” Reaction durations were determined by
preliminary work. The first two reactions lasted 1 h, the third
was 1.5 h, the fourth was 3 h, the fifth was 6 h, and reactions 6—
12 were each 12 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 predetermined time
points and quenched with excess ascorbic acid, as described
above, and used to quantify total BPA and HCA concentrations
using HPLC (section S2). Additionally, dissolved Mn was
quantified in filtered aliquots (0.2 um polytetrafluoroethylene
filters) by inductively coupled plasma-optical emission spec-
troscopy (ICP-OES; section S2) at the end of each reaction
period.

Characterization of the Solid Phase from the 12-
Addition Experiments. Mn oxide solids obtained after each
of the 12 additions of BPA were analyzed to determine
mineralogical transformations. At the end of each reaction
period, solids were collected by vacuum filtration (0.7 pm
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 Ka 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.>®
The binding energies, intensities, and peak widths were allowed
to vary. At these energies, XPS is expected to interrogate only
the top 10—S0 A 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 were 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 MnO, in 72
mg of boron nitride and ground until homogeneous. 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.”” XANES data were fit using the
multistandard Combo method® 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.”®' Phase
and amplitude files were created using FEFF 7.2.°” SIXPack’s
FEFF EXAFS fitting uses IFEFFIT as its primary fitting
algorithm, and fits were optimized by minimizing X>.*> The
EXAFS model accounts for splitting of Mn—O and Mn—Mn
distances in the MnOg 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.”>**** 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 corner-sharing complex with an interatomic
distance of 3.45 A, while Mn centers within the layer have an
interatomic distance of 2.85-2.95 A.'

Calcium exchange experiments were performed to quantify
Mn(1I) sorbed on the surface of the solid phase. Weighed
samples were suspended in 10 mM PIPES (pH 7) with 25 mM
CaCl, and placed on a shaker table for 48 h. After 48 h,
aqueous Mn(II) that was displaced by Ca®* was quantified by
ICP-OES.

B RESULTS

Kinetics of BPA and HCA Oxidation during Single-
Addition and Triple-Addition Experiments. When BPA is
exposed to Mn(III)-rich 5-MnO,, rapid oxidation of BPA
occurs (Figure S8). The loss of BPA initially follows pseudo-
first-order kinetics, with a loss rate of 0.585 min~" over the first
4 min of the reaction. However, the reaction rate of BPA
oxidation deviates from pseudo-first-order kinetics if the first 10
min of the reaction are considered (Figure S4). HCA appears in
solution immediately after BPA addition; however, it is also
oxidized by MnO, and does not accumulate in solution during
single-addition experiments (Figure S8). The molar yield (mol
HCA produced/mol BPA consumed) of HCA production from
BPA oxidation is 32% for the 30 min reaction.

Additional experiments are conducted with HCA as the
target organic compound to quantify its oxidation rate due to
reaction with Mn(III)-rich 5-MnO,. The oxidation rate of HCA
by MnO, is 0.0465 min~' over the first 10 min of reaction,
which is 12.6 times slower than that of BPA under the same
conditions (Figures S4 and SS). The slower oxidation of HCA
by MnO, relative to BPA is similar to a previous report, which
found HCA to react 5 times slower.>° As observed for BPA, the
loss rate of HCA deviates from pseudo-first-order kinetics over
longer reaction periods (e.g, 60 min; Figure SS).

The amount of sorbed BPA and HCA is determined by
quenching the reaction using two different methods (ie.,
ascorbic acid addition or filtration). Over three additions of
BPA to a batch of MnO,, 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 S2). 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.

Aqueous Chemistry during 12-Addition Experiments.
A total of 12 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(Ill)-rich §-
MnO.,.

Over sequential additions of BPA to the same batch of
MnO,, 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~" (f,, = 1.24 min), while the
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Figure 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 12 additions of 80 yuM BPA with 0.33 g/L of
Mn(III)-rich 6-MnO, in a PIPES buffer (pH 7). Error bars for aqueous
manganese concentrations are smaller than data point size.
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Figure 2. (a) BPA and (b) HCA concentrations over 12 additions of
80 uM BPA with 0.33 g/L of Mn(III)-rich 5-MnO, 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 h, the third
was 1.5 h, the fourth was 3 h, the fifth was 6 h, and additions 6—12
were 12 hours.

rate constant after 12 additions of BPA is 2.38 X 10™* min™
(t1/2 = 2910 min; Figure 1a). After the fifth addition, BPA is not
completely consumed within the allotted reaction time and
begins to accumulate in the reactors (Figure 2a). The main
oxidation product, HCA, appears immediately in the reactors
but is quickly oxidized by the Mn(IIl)-rich 6-MnO,. After three
additions of BPA, HCA begins to accumulate in solution
(Figure 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 sequential-addition
experiment. After the first addition of BPA, 39.7% of added
BPA is recovered as HCA. After the 12th addition, only 3.5% of
added BPA is recovered as HCA (Figure 1b; Table S1).
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 1lc). By the end of the 12th addition of BPA, 2.6% of
the total Mn (158.7 uM) is in solution. Strong ligands (e.g,
pyrophosphate, citrate, or ethylenediaminetetraacetic acid) are
required to solubilize Mn(III).”> Therefore, it is likely that the
aqueous manganese detected is predominantly Mn(II).

Solid-Phase Changes during 12-Addition Experi-
ments. The valence state at the surface of the mineral is
measured using XPS, which probes only the top 10—50 A of
the aggregated particles at this energy. These aggregates are
estimated to be hundreds of nanometers in diameter.”” A
sample of the fitted data is provided in Figure S11. Overall, the
amount of surficial Mn(III) increases while Mn(IV) decreases
during sequential additions of BPA (Figure 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
12th addition. Conversely, surface Mn(IV) decreases from 65%
(initial material) to 56% after the sixth addition, then increases
slightly to 60% after the 12th 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 S12.
Over 12 additions of BPA, bulk Mn(III) decreases from 31% to
25%. As bulk Mn(IIl) decreases, the quantity of bulk Mn(IV)
increases from 62% to 69% (Figure 3a). A small amount of
solid Mn(Il) is detected in all samples (ie, 3—5% in all
analyzed samples), with no observable trends. The quantifica-
tion limit for Mn(1I) in this technique is $% by mole Mn.** The
bulk valence state for the starting material (3.55 v.u.) increases
to 3.63 v.u. by the end of the 12th addition (Figure S13). The
accuracy of this method is 0.04 v.u.*’

Analysis of the EXAFS data (Figure S14) using a full,
multiple scattering model reveals that the fractional occupancy
of Mn within the layer increases slightly upon reaction with
BPA (Table S4) but does not follow a notable trend
throughout the experiment (Figure 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 3b).

Changes in surface area over the 12 additions of BPA were
negligible, as observed by BET measurements (Table S3). XRD
data (Figure S15) show that no new phases form over 12
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 12 additions of BPA.

Calcium exchange experiments show that Ca*'-extractable
Mn(1I) increases with increasing additions of BPA (Figure
S16). After the first addition of BPA, 0.11 ug/mg is extracted
from the solid, while after seven additions of BPA, 2.88 yg/mg
is extracted. The amount of Ca>"-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 Ca®* (ie., 0—0.4 ug/

mg).

B DISCUSSION

Deviation from Pseudo-First-Order Kinetics. The
oxidation rate of model compounds®”***"%°~% and BPA'*'*®
follow pseudo-first-order kinetics during the initial phase of the
reaction, but the rates of oxidation decrease as the reaction
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Figure 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 12 additions of 80 uM BPA with 0.33 g/L of Mn(III)-rich 5-MnO, 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.

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.'®'>*'~*% A limited number of studies
examine longer reactions by fitting data using empirical or
semiempirical equations**” or by applying a kinetic model
based on the observed organic compound loss rate and the
number of reaction sites.*” Here, this same kinetic deviation is
observed in single addition batch experiments of BPA (Figure
S4). Furthermore, the decrease in reactivity of the Mn oxide
due to reaction with the phenolic contaminant is clearly
observed in experiments with 12 sequential additions of BPA,
with BPA oxidation rates slowing by 3 orders of magnitude over
the course of the reaction (Figure 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 MnO,, inhibits
organic contaminant oxidation rates."”">***> 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 MnO, oxidation
state after a single exposure to triclosan, aniline, and phenol.*®
An increase in the amount of Mn(II) and Mn(IlI) 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 systematically evaluate potential factors that may
lead to the widely observed decrease in manganese oxide
reactivity after exposure to organic target compounds.

Changes in Surface Area. Because the reaction between
Mn oxides and target organic compounds occurs on the surface
of the mineral,”" changes in MnO, surface area can potentially
affect the reactivity of MnO, by decreasing the number of
available reactive surface sites.”” However, only minor changes

in the surface area are observed over the course of 12 additions
of BPA (Table S3). The lack of correlation between changes in
surface area and the wide range of BPA oxidation rates
observed in this study (Figure 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.

Changes in MnO, Average Oxidation State. A decrease
in average oxidation state could affect the reactivity of the solid
by decreasing the rate of electron transfer.*” 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 to 3.3 v.u. after
reaction with 1 mM triclosan for 24 h at pH 5.*° In this study,
repeated reaction of MnO, with 80 yM BPA for variable
experimental durations (i.e, 1—12 h for 12 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 S13). At this
energy, XPS only probes the top 10—50 A of the aggregated
particles. The increase in bulk oxidation state throughout the
reaction is likely due to the dissolution of Mn(Il) 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 12 additions of BPA (Figure S13). 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 Gprior reports of a large decrease in average
oxidation state”® may be attributable to the differences in the
experimental conditions. While both studies use Mn(III)-rich §-
MnO, synthesized with similar methods and examine the
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oxidation of phenols, major differences between the studies
remain. First, while the initial organic compound concen-
trations in the two studies are quite different (ie, 80 yM
compared to 1 mM), the total amount of BPA added in this
study over the course of 12 additions is similar (i.e, 0.96 mM).
Second, the total experimental duration in this study is 96.5 h,
compared to 24 h. Finally, the oxidation of organic compounds
by Mn oxides is highly pH-dependent and typically faster under
acidic conditions;***'~* although the initial rates of organic
compound oxidation were not reported in the previous study,
less than 30 uM of triclosan, phenol, and aniline remained in
solution after only S min of reaction at pH 5. Additionally, the
rate of Mn(Ill) disproportionation into Mn(II) and Mn(IV)
increases in conjunction with pH,"* which could result in
additional Mn(IV) accumulation on the mineral surface with
concomitant Mn(Il) 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.

Sorption of BPA and Organic Products. Sorption of the
target organic compound (ie., BPA) may enhance the overall
reactivity of MnO, 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.”**97*>% Sorption of organic compounds depends
on both the type of compound and the experimental conditions
(e.g, pH). For example, sor7ption of sulfonamides,”’ lincosa-
mides,”” and carbamazepine > to Mn oxides is negligible. In
contrast, sorption of triclosan to 6-MnO, can be extensive,
primarily under acidic conditions (e.g.,, 55% sorbed at pH S and
10% sorbed at pH 8).”° 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 S, indicating that there are organic species sorbed on the
mineral.*®

Here, over three additions of BPA, sorption of BPA occurs
only during the initial addition of BPA into the reactor (i.e.,
143 + 7.4% sorbed; Table S2). 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,>*”*°
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 (K,,) of HCA being much smaller than that of
BPA (log K, of 0.76 and 2.76, respectively),”” and the
reported solubility of HCA being much higher than BPA (2.65
and 0.31 g/L, respectively).”

The oxidation of BPA produces a suite of organic products,”
which may have different affinity for the mineral surface. For
example, polymeric products produced by radical coupling 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 longer retention times than BPA, indicative of polymeric
products, are observed by HPLC with either UV or
fluorescence detection (Figures S9 and S10), 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 products'’
warrants further investigation. Collectively, the relative sorption
of BPA and HCA (Table S2), the absence of less-polar
products (Figures S9 and S10), and the decreased sorption of
phenols at circumneutral pH values™ suggest that sorption of
organics does not contribute to the decrease in BPA oxidation
rate observed over 12 sequential additions.

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
:1gents,26’4o’72 halogenated phenols,”®”* and naproxen” by
MnO,. Furthermore, the addition of aqueous Mn(II)
consistently results in inhibition of BPA oxidation by Mn
oxides, 141545

Corner-sharing Mn is detected after the fourth addition of
BPA, and its coordination number increases throughout 12
additions of the target compound (Figure 3b). Corner-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 Ca** exchange (Figure S16). In
contrast, aqueous Mn(Il) is not detected until after six
additions of BPA (Figure lc). Stone and Ulrich demonstrate
that the desorption of Mn(I) from the surface of the mineral is
a slow reaction compared to the desorption of organic
molecules.”® This observation is confirmed in this study as
Mn(1l) is detected on the solid before it appears in solution
(i.e, addition 4 compared to addition 6; Figures S16 and 1c).
Our results show that accumulation of aqueous Mn(II) over
sequential additions of BPA corresponds with the decrease in
BPA oxidation rate (Figure 1). Therefore, the production of
Mn(II), which may arise from Mn(III) reduction or
disproportionation, is a likely cause of decreasing MnO,
reactivity with BPA. Additionally, while bulk measurements of
the oxidation state remain relatively constant throughout 12
additions of BPA, XPS reveals that Mn(IIl) preferentially
accumulates at the mineral surface (Figure 3a). The increase of
Mn(Il) at the mineral surface likely contributes to the
decreased transformation rate of BPA, even in the absence of
large changes in the bulk MnO, oxidation state. It is unlikely
that the increase in Mn(III) is due to comproportionation of
Mn(1I) and Mn(IV), which would lead to the formation of
orthogonal layered birnessite detectable by changes in the XRD
pattern.77

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 3b). The increase of interlayer Mn is corroborated by
the analysis of the diffraction patterns (Figure S15), which
show a decrease in the high-angle scattering tail of the peak at
37° and the appearance of a characteristic dip at 47°, both of
which indicate capping of vacancies by metal cations (ie,
Mn(II) or Mn(III)).>>""**77 Previous studies have reported
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that these cation vacancy sites are of critical importance in
adsorption and electron transfer processes that occur on the
mineral surface.””*"!

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 12 sequential additions of BPA (Figure 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 MnO,
used in the previous study is synthesized under hydrothermal
conditions’ and is likely more crystalline than the solid used in
the present study. During the 12th 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 MnO, 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.">*° 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 MnO,, 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.

Conceptual Framework. By systematically quantifying
changes in the mineral structure during BPA oxidation by
MnO,, it is possible to develop a conceptual model that
provides direct evidence to explain why the reactivity of the
mineral toward BPA decreases with time. The Mn(III)-rich §-
MnO, 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(II1).****”*® The Mn(Ill) 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(I1I) 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 suggest 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(Il) 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 3b). Mn(II)
accumulates on the mineral surface (Figure S16) until it reaches
saturation.””*’ After this point, excess Mn(II) dissolves and is
detected in solution (Figure lc). As a result, the overall
oxidation state of the Mn oxide remains within 3.60 + 0.07
valence units (Figure S13) despite extensive reaction with BPA.
With increasing BPA additions, reduced Mn centers migrate to
the interlayer, capping highly reactive vacancy sites (Figures 3b
and S15). By the use of BPA oxidation kinetics as a way to
probe the reactivity of MnO, (Figure la), 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
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 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 MnO, oxidation state.

Environmental Implications. BPA is an endocrine-
disrupting compound'® that is found in elevated concentrations
in many aquatic environments.””** It is especially damaging to
fish and other aquatic species."” Manganese oxides are found in
high concentrations in the environment as well, primarily in
soils and sediments.”” Oxidation by MnO, 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 mobile’® and less
susceptible to oxidation by MnO,. 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.”' 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,®* 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,”>**>*>*%7>%=91 olvaminocar-
boxylate ligands,”* endocrine disruptors,*******=*% bromi-
nated flame retardants,”® rubber additives,” pain relievers,”>%%
and antiepileptic pharmaceuticals.”” The comprehensive
approach used here provides details required for the
implementation of Mn oxides for water treatment, such as
the mechanism, mineralogical changes, and changes in kinetics.
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