Downloaded via UNIV OF TENNESSEE KNOXVILLE on December 1, 2021 at 17:03:07 (UTC).
See https://pubs.acs.org/sharingguidelines for options on how to legitimately share published articles.

Eglgllilll‘ﬂuﬂ& 6c IIII(;[I%ll]

pubs.acs.org/est

Degradation of Adsorbed Bisphenol A by Soluble Mn(lll)

Yanchen Sun, Jeongdae Im, Nusrat Shobnam, Sofia K. Fanourakis, Lilin He, Lawrence M. Anovitz,
Paul R. Erickson, Huihui Sun, Jie Zhuang, and Frank E. Loftler™

Cite This: Environ. Sci. Technol. 2021, 55, 13014-13023

I: I Read Online

ACCESS |

[l Metrics & More |

Article Recommendations |

@ Supporting Information

ABSTRACT: Bisphenol A (BPA), a high production volume
chemical and potential endocrine disruptor, is found to be
associated with sediments and soils due to its hydrophobicity
(log Kow of 3.42). We used superfine powdered activated carbon
(SPAC) with a particle size of 1.38 + 0.03 um as a BPA sorbent
and assessed degradation of BPA by oxidized manganese (Mn)
species. SPAC strongly sorbed BPA, and desorption required
organic solvents. No degradation of adsorbed BPA (278.7 + 0.6
mg BPA g~' SPAC) was observed with synthetic, solid a-MnO,
with a particle size of 15.41 + 1.35 um; however, 89% mass
reduction occurred following the addition of 0.5 mM soluble
Mn(III). Small-angle neutron scattering data suggested that both
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adsorption and degradation of BPA occurred in SPAC pores. The findings demonstrate that Mn(III) mediates oxidative
transformation of dissolved and adsorbed BPA, the latter observation challenging the paradigm that contaminant desorption and
diffusion out of pore structures are required steps for degradation. Soluble Mn(III) is abundant near oxic-anoxic interfaces, and the
observation that adsorbed BPA is susceptible to degradation has implications for predicting, and possibly managing, the fate and

longevity of BPA in environmental systems.
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B INTRODUCTION

Bisphenol A (BPA) is widely used in manufacturing of
polycarbonate })lastics, epoxy resins, flame retardants, and
other products.” The global BPA market was about 8 million
metric tons in 2016, and a further increase is projected.” BPA
has been detected in numerous environmental matrices,
ranging from 0.5 to 325 ng g~' (dry weight) in soil,” 0.2 to
39.1 ug g~' (dry weight) in dust,” 1.49 to 13370 ng g~* (dry
weight) in sediments,” and 0.5 to 776 ng L™" in surface water
bodies.” The presence of BPA in environmental systems has
raised concerns due to the estrogenic properties observed in
laboratory studies,”® and the environmental fate of BPA is,
therefore, of significant interest.” A number of studies have
reported transformation and degradation of dissolved BPA
under oxic conditions by bacteria, fungi,10 and algae,11 and in
addition to biotic processes, dissolved BPA is susceptible to
abiotic degradation mediated by Mn(IV) dioxide mineral
phases,'>'” photodegradation,"* and advanced oxidation using
hydroxyl radicals."

Following iron and titanium, manganese (Mn) is the third
most abundant transition metal in the earth’s crust and
commonly occurs in three oxidation states, Mn(II), Mn(III),
and Mn(IV), in the environment.'® Mn(IV) in the form of
MnO, polymorphs is abundant in soils and sediments'”"® and
a strong oxidant (Ey®mav)ma)) = 1.23 V) capable of
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oxidizing a variety of organic compounds, including

BPA.'>" Mn(III) can be formed via the oxidation of
Mn(II),”! the one-electron reduction of Mn(IV),” and a
conproportionation reaction between Mn(II) and Mn(IV).*
Mn(III) is found in the minerals bixbyite (Mn,0;),
feitknechtite, groutite, and manganite (MnO[OH]), the
mixed-charge phase hausmannite (Mn;0,), and in minerals
with more complex chemistries. Free aqueous Mn(III) is prone
to disproportionation to yield dissolved Mn(II) and solid
Mn(IV) and is assumed to be short-lived in solution, which has
led to a general underappreciation of Mn(1III) in the traditional
paradigm of Mn redox cycling.”* Several studies have now
demonstrated that soluble Mn(III) commonly occurs near
oxic-anoxic interfaces”>*® and is an important environmental
oxidant (Ep® vinuyamm@y) = 1.51 V).”” Both Mn(III) and
Mn(IV) are environmentally relevant oxidants,'>*”** but only
Mn(IV) has been demonstrated to degrade BPA.
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With an n-octanol—water partition coefficient log Koy of
3.42,” BPA has a tendency for sorption to hydrophobic
matrices, which are major sinks for, and reservoirs of, BPA in
the environment.”* Although BPA sorbed to a porous matrix is
considered stable, environmental perturbations could result in
the desorption and release of BPA,**~** thereby increasing the
exposure risk. For example, the presence of co-contaminants
(ie., heavy metals),’’ elevated temperatures,32 and elevated
pH? has been shown to increase BPA desorption. Experiments
using advanced chemical oxidation (e.g., Fenton) suggested
that desorption and diffusion were required for degradation to
occur,”* and the fate of adsorbed BPA within porous
materials is unclear. The pore structure of solid matrices
characteristically contains macro- (>50 nm), meso- (2—50
nm), and micropores (<2 nm) and represents the major zones
for adsorption.” Sorptive processes diminish the pore size,
whereas desorption and diffusion cause the opposite effect.

Due to the widespread distribution of BPA in the
environment and associated human health concerns, a detailed
understanding of the fate and the longevity of BPA adsorbed to
soils and sediments is needed. The objective of this study was
to explore the reactivity of soluble Mn(III) toward BPA and to
investigate if Mn(III) and Mn(IV) species can initiate
oxidation and degradation of adsorbed BPA. To do so, we
have employed small-angle neutron scattering (SANS) to
quantify changes in the structure of a porous matrix following
BPA sorption and treatment with oxidized Mn species. SANS
is an established technique to obtain pore geometry
information at a mesoscopic scale in the range of 1—100 nm
and can provide information about the distribution of organic
compounds within the solid matrix pore structure.***’

B MATERIALS AND METHODS

Chemicals. BPA (>99% purity) was purchased from Sigma-
Aldrich (St. Louis, MO, USA), and deuterated BPA-d16 (98%
purity) was obtained from Cambridge Isotope Laboratories
(Andover, MA, USA). Ethyl acetate, L-ascorbic acid,
Leucoberbelin blue (LBB), potassium permanganate
(KMnO,), Mn(III) oxide (Mn,O;) (>98% purity), Mn(II)
chloride tetrahydrate (MnCl, X 4 H,0), and sodium
pyrophosphate decahydrate (Na,P,0, X 10 H,0) were
obtained from Thermo Fisher Scientific (Waltham, MA,
USA). All chemicals used were of reagent grade or higher
purity. Superfine powdered activated carbon (SPAC) com-
posed of 1.38 + 0.03 pum sized activated carbon particles was
obtained from REGENESIS (San Clemente, CA, USA).

Soluble Mn(lll) and MnO, Preparation and Quantifi-
cation. Soluble Mn(III) stock solutions were prepared
according to an established procedure.”” Briefly, 8 g of
Mn,O; was added to 100 mL of 40 mM Na,P,0, X 10 H,0
solution and the pH was adjusted to 6.5 with 4 mM
hydrochloric acid and S mM sodium hydroxide (NaOH).
After 3 days of continuous stirring at room temperature, the
mixture was centrifuged (6000g, 10 min), and the supernatant
was filtered through a 0.22 um polyethersulfone (PES)
membrane (Nalgene, Rochester, NY, USA) to remove any
remaining solids.

The synthesis of MnO, followed a described procedure.*®
Briefly, 2.96 g of KMnO, was dissolved in 74.1 mL of Milli-Q
water (at least 18.2 MQ X cm) and heated to 90 °C on a hot
plate under continuous stirring. With the solution at 90 °C,
3.71 mL of 5 M NaOH was added, and then 5.56 g of MnCl, X
4 H,0 dissolved in 27.8 mL of Milli-Q water was slowly added.

The resulting suspension was stirred for 30 min and cooled to
room temperature. The solids were collected by centrifugation
at 6000g for 10 min and washed five times with Milli-Q water.
The MnO, precipitate was suspended in 100 mL of
deoxygenated Milli-Q water.

Mn(III) concentrations were measured at 258 nm with a
PerkinElmer Lambda 35 UV-—vis spectrophotometer in the
presence of pyrophosphate (Figure S1).** A molar extinction
coefficient of 6750 M™' cm™ was used to calculate Mn(III)
concentrations.”> The Mn content of MnO, stock solutions
was quantified by monitoring the absorbance following the
addition of LBB at 623 nm (see the Supporting Information
for details).”” Standard curves were prepared with LBB and
KMnO, (Figure S2). X-ray powder diffraction (XRD) analysis
was performed to confirm that the crystal structure and
chemical composition of the material matched a-MnO,
(Figure S3).

Incubation Conditions. The experiments were performed
under ambient air conditions and at room temperature (~21
°C), and all vessels were incubated in the dark on a rotary
shaker (200 rpm, unless indicated otherwise) with the stoppers
facing up.

Oxidative Transformation of BPA by Soluble Mn(lll)
and MnO,. Experiments were performed in 60 mL glass
serum bottles with a total volume of 40 mL of S mM potassium
phosphate buffer, pH 7.2, containing 44 yM BPA. Sodium
chloride (NaCl) was added to reach a constant ionic strength
of 10 mM. The bottles were closed with black butyl rubber
stoppers and agitated at 120 rpm. To test the effect of Mn on
the BPA transformation rate, Mn(III) and MnO, were added
from stock solutions to achieve concentrations of 0.05, 0.1,
0.25, and 0.5 mM (nominal concentrations in the case of
MnO,). Aliquots (0.5 mL) were periodically collected after
shaking and transferred to 1.5 mL plastic centrifuge tubes
containing 20 uL of r-ascorbic acid solution (S g L™') and
immediately vortexed. The samples were then centrifuged at
10 000g (Eppendorf centrifuge 5415D, Hamburg, Germany)
for 5 min, and the supernatant was transferred to 2 mL glass
autosampler vials. The pseudo-first-order rate constants were
obtained by plotting the natural log of BPA concentrations as a
function of time using five early time points, where linear
relationships were observed.

Adsorption Experiments. The average size of the SPAC
particles was determined by laser diffraction spectroscopy
(Table S1). BPA sorption isotherms on SPAC were obtained
using a batch equilibration method.”" Briefly, 36 mg L™ (dry
weight) SPAC was suspended in S mM phosphate buffer (pH
7.2) containing 10 mM NaCl. The adsorption experimental
incubations received 1.5 mM sodium azide (NaNj,) to prevent
microbial growth.42 Glass serum bottles (60 mL of the total
volume) received 40 mL of the SPAC suspension and 4—40
mg L' BPA. The bottles were closed with black butyl rubber
stoppers and agitated. All experiments were performed in
triplicate. Aliquots (0.5 mL) were withdrawn over time and
passed through 0.2 um Basix™ polytetrafluoroethylene
(PTFE) membrane filters (Thermo Fisher Scientific, Waltham,
MA, USA), and the supernatant was subjected to high-
performance liquid chromatography (HPLC) analysis. The
aging of adsorbed BPA was determined by measuring the
extracted amount of BPA after 2, 19, 40, 50, and 60 days. The
amount of BPA adsorbed onto SPAC was calculated by
subtracting the aqueous phase BPA from the initial amount of
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BPA. The Freundlich and Langmuir isotherm models (eqs 1
and 2) were used to fit the BPA adsorption data.’”

Freundlich isotherm:
q, = k-G 1)

Langmuir isotherm:

_ Qo'kL'Ce
T T4 k.C ()

where g, is the amount of BPA adsorbed per unit mass of
SPAC at equilibrium (mg BPA g~' SPAC), k; is a constant of
the Freundlich isotherm, C, is the liquid-phase concentration
of BPA at equilibrium (mg L7'), 1/n is an indicator of
adsorption intensity, Q, is the maximum adsorption capacity
(mg ¢g7'), and k; is a constant of the Langmuir isotherm (L
g )

Desorption Kinetics. To assess the desorption kinetics,
experiments were conducted with two types of SPAC with
adsorbed BPA. To prepare SPAC with freshly adsorbed BPA,
1.76 pmol of BPA dissolved in 40 mL of 5 mM phosphate
buffer, pH 7.2, was incubated for 0.5 h with 1.44 mg (dry
weight) of SPAC in 60 mL glass serum bottles. The bottles
were closed with black butyl rubber stoppers and agitated.
Prolonged incubations for 60 days generated aged SPAC with
adsorbed BPA. The suspensions were transferred to 50 mL
Falcon conical centrifuge tubes (Thermo Fisher Scientific,
Oneonta, NY, USA) and centrifuged for 15 min at 15000g
before the supernatant was carefully removed with a pipette.
Each SPAC pellet was suspended in 40 mL of freshly prepared
sodium phosphate buffer solution (pH 6, 7.2, and 8.2), and the
suspensions were transferred to 60 mL glass serum bottles. The
bottles were closed with black butyl rubber stoppers and
agitated in horizontal position. Desorption experiments using
fresh and aged SPAC lasted for 15 and 8 days, respectively.
Suspension aliquots (0.5 mL) were withdrawn over time with
plastic syringes and filtered through 0.2 ym PTFE syringe
filters, and the BPA concentration in the filtrate was then
measured.

Degradation of BPA Adsorbed to SPAC. Fresh and aged
SPAC loaded with 278.7 + 0.6 mg BPA g' were prepared to
examine the degradation of adsorbed BPA by soluble Mn(III)
and solid @-MnO,. SPAC (1.44 mg) with adsorbed BPA was
washed and then suspended in 40 mL of 5 mM phosphate
buffer (pH 7.2) containing 10 mM NaCl, and 0.0, 0.1, 0.25,
and 0.5 mM Mn(III) or 0.5 mM MnO, (nominal
concentrations) was added to 60 mL glass serum bottles.
Samples (1 mL) were withdrawn over time and extracted with
ethyl acetate (see below), and BPA concentrations were
determined by HPLC.

Extraction Procedures. The amount of BPA adsorbed to
SPAC was measured following established liquid—liquid
extraction procedures.””** Each 1 mL aqueous sample was
transferred to 10 mL vials, and 3 mL of ethyl acetate was
added. The closed vials were agitated for 12 h and then
centrifuged at 5000g for 10 min. Longer extraction periods did
not increase the recovery of BPA. The organic phases from
three successive extractions were combined and dried under a
gentle stream of nitrogen. Each residue was dissolved in 1 mL
of acetonitrile and water (1:1, v/v) and analyzed by HPLC. To
test the recovery of BPA from SPAC, 1.76 umol of BPA was
added to 60 mL serum bottles containing 1.44 mg of SPAC

suspended in 40 mL of a S mM phosphate buffer (pH 7.2) and
agitated at 200 rpm. After 30 min, BPA was extracted with
ethyl acetate as described above. All experiments were
performed in triplicate, and the recovery of BPA was 101 +
1.3%.

SANS Experiment and Data Analysis. SANS measures
the changes in the scattering intensity as a function of
scattering angle, and the comparative analysis of pore sizes
derived from these data can provide information about BPA
adsorption, desorption, and degradation within the SPAC pore
structure. Three samples including “neat” SPAC, SPAC with
adsorbed BPA, and SPAC with adsorbed BPA after the
Mn(III) treatment were collected for SANS measurements. To
facilitate the SANS measurements, deuterated BPA was used
because its scattering length density (SLD) is very similar to
that of SPAC carbon (i.e., 5.9 X 107 versus 6.0 X 107 A=,
respectively), and thus the scattering intensity from the SPAC/
BPA interface was expected to be very low.*® Because of the
contrast at this boundary, adsorption and degradation of BPA
within the pores modulate the scattering intensities, and
modeling of the scattering profile data can provide information
about pore size changes, and thus BPA adsorption and
degradation. To generate SPAC with adsorbed BPA, 880 yimol
of deuterated BPA was incubated with 1 g (dry weight) of
SPAC in a total volume of 75 mL of 5 mM phosphate buffer,
pH 7.2, on a rotary shaker (120 rpm) for 10 days. Preparation
of SPAC samples without BPA followed identical procedures.
Duplicate samples of SPAC with adsorbed deuterated BPA
were analyzed with SANS to characterize the distribution of
BPA within the SPAC matrix (i.e., pore size <100 nm) prior to
and after treatment with 0.5 mM soluble Mn(III). To account
for the effect of 2.5 mM pyrophosphate introduced with the
soluble Mn(III), SPAC with adsorbed BPA was added to a
solution with the same pyrophosphate concentration. All
samples used in the degradation experiment were incubated on
a shaker table (120 rpm) for 1S days. The three different SPAC
suspensions were then transferred to individual 50 mL plastic
tubes and centrifuged for 15 min at 15000g before the
supernatant was carefully removed with a pipette. The SPAC
pellets were dried at 40 °C for 48 h and homogenized with a
porcelain mortar prior to the SANS measurements.

For SANS analysis, the samples were loaded into quartz cells
with a flight path length of 1 mm (Hellma USA Inc., Plainview,
NY, USA) on the General-Purpose SANS beamline (CG-2) at
the Oak Ridge National Laboratory’s high flux isotope reactor
(HFIR).® Three configurations with A = 12 A with a
wavelength spread, A4/, of 0.13 and a sample-to-detector
distance (SDD) of 19.2 m and A = 4.75 A with AA/4 = 0.13
and SDDs of 6.8 and 1.0 m were used to cover the scattering
vector Q range between 0.0015 and 0.7 A™". All measurements
were conducted under ambient conditions. The total scattering
cross sections were calibrated using porous silica and corrected
for empty cell scattering, sample transmission, thickness, and
detector sensitivity. The azimuthally isotropic two-dimensional
scattering patterns were then reduced to one-dimensional
intensity I values as a function of Q. The data were analyzed
with the polydisperse sphere (PDSP) model using PRINSAS, a
software widely used to analyze the small-angle scattering
(SAS) data of porous materials.***” In addition, the unified
model for the analysis of SAS data from hierarchical materials
was used (see the Supporting Information for additional

details).*®
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Analytical Procedures. BPA was quantified using an
Agilent 1200 Series HPLC system equipped with a diode array
detector and a fluorescence detector (FLD) in serial
configuration.'” Separation was performed on an Agilent
Eclipse XDB C18 column (4.6 mm X 150 mm, S ym) using
isocratic elution at a flow rate of 1 mL min~" acetonitrile and
Milli-Q_ water (50:50, v/v) at pH 7.2. The FLD was set at
excitation and emission wavelengths of 226 and 310 nm,
respectively. For standard curve preparation, vials containing
0.4, 1.1, 2.2, 11, 44, and 88 yM BPA and S0 mg mL™' L-
ascorbic acid were prepared in triplicates (Figure S4). The
limit of detection and the limit of quantification were 0.4 and
1.1 uM BPA with signal-to-noise ratios of 3:1 and 10:1,
respectively.

B RESULTS
BPA Degradation by Oxidized Mn Species. Batch

experiments demonstrated BPA degradation with solid phase
MnO,, a finding corroborating prior reports.' "> BPA
degradation was also observed in incubation vessels with
soluble Mn(III), indicating that both solid phase MnO, and
soluble Mn(III) degrade BPA (Figure 1). No BPA loss was
observed in incubations lacking oxidized Mn species, indicating
that the sorption of BPA to the experimental vessels was
negligible (Figure 1).

The initial MnO, loading significantly affected the rate of
BPA degradation, an effect that was less pronounced with
Mn(III) as an oxidant (Figure 1 and Figure S5). The initial
BPA concentration decreases followed pseudo-first order

—m— 0 mM Mn(lll)
0.05mM
101 —a-o01mm
—9—0.25 mM
—9-05mM
0 . . . . T :
0 10 20 30 40 50 60
50
B
401 " _m0mMMnO,
0.05mM
—_ —&—0.1 Mm
= 304 —¥—0.25mM
2 —-05mM
<
o 20
m
10+
0
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Time (min)

Figure 1. BPA concentration profiles in the presence of different
concentrations of oxidized Mn species. (A) Mn(IIl)-mediated BPA
degradation in incubation vessels with S mM phosphate buffer (pH
7.2) initially containing 44 uM BPA over a 1 h incubation period. (B)
a-MnO,-mediated BPA degradation in incubation vessels with
phosphate buffer (pH 7.2) initially containing 44 yM BPA. MnO,
is expressed as nominal concentration. Error bars represent the
standard deviation of duplicate samples and are not depicted when
smaller than the symbol size.

reaction kinetics, but the rates decreased after about 8 min
in both systems that received with MnO, or Mn(III) (Figure
1). An initial BPA removal rate of 0.04 + 0.003 min~' was
measured with 0.0S mM Mn(III), and a slightly higher rate of
0.05 + 0.002 min™' was observed with 0.5 mM Mn(III)
(Figure SSA). While the initial degradation rate data suggested
that BPA removal was not sensitive to the Mn(III) loading, the
limited temporal resolution of the discontinuous analytical
approach may have masked initial rate differences (Figure 1A).
Over longer incubation periods, the amount of BPA removed
was clearly Mn(III) loading-dependent (Figure S6). Increased
MnO, loadings resulted in progressively higher initial BPA
degradation rates (Figure 1B). In vessels with 0.05, 0.1, 0.2,
and 0.5 mM MnO,, BPA removal rates of 0.02 + 0.003, 0.03 +
0.001, 0.06 + 0.004, and 0.10 + 0.01 min™}, respectively, were
measured (Figure SSB). The maximum BPA degradation rate
observed with MnO, was 2.0 + 0.03-fold faster than the
maximum rate observed in vessels with soluble Mn(III)
(Figure SS). Over a 1 h reaction period, 49.7 + 1.20% of the
initial 1.76 pmol of BPA was removed with 0.05 mM MnO,,
and nearly complete removal (98.8 + 0.01%) was achieved
with 0.5 mM MnO,. In contrast, approximately half (59%) of
the initial 1.76 ymol of BPA was degraded within 1 h in vessels
with 0.5 mM Mn(III) (Figure 1A). To achieve the same BPA
removal with Mn(I1I), longer incubation periods were required
(e.g, 4 days in the presence of 0.5 mM Mn[III]) (Figure S6).

Adsorption Isotherms. The adsorption of BPA to SPAC
reached equilibrium within 0.5 h, indicating that BPA sorption
is a fast process. Analysis of the data showed that a Langmuir
isotherm (R* = 0.99) fits the adsorption data slightly better
than did the Freundlich isotherm (R* = 0.96) (Figure S7).
Using the Langmuir model, a maximum adsorption capacity of
357 mg BPA per g of SPAC was determined. The amount of
BPA that could be extracted with ethyl acetate gradually
decreased as a function of time, whereas the fraction of non-
extractable BPA increased (Figure S8). The aging process
followed pseudo-first-order reaction kinetics and occurred at a
rate of 5.54 + 0.02 day . Following a 60 day incubation, only
20.1 + 0.2% of the initial 1.76 (£ 0.02) umol of BPA adsorbed
to SPAC could be extracted with ethyl acetate (Figure S8).

Degradation of BPA Adsorbed to SPAC. To explore if
adsorbed BPA is susceptible to oxidative transformation, SPAC
with adsorbed BPA was incubated with Mn(III) or MnO,.
Both Mn(IIl) and MnO, degraded dissolved BPA (Figure 1);
however, only soluble Mn(III) degraded fresh and aged BPA
adsorbed to SPAC (Figure 2). Following a 15 day incubation
period, only about 11% of the initial 1.76 + 0.02 umol of
freshly adsorbed BPA remained in incubations with 0.5 mM
soluble Mn(III) (Figure 2B). In incubations with aged
adsorbed BPA and 0.5 mM Mn(III), the initial 0.37 + 0.01
umol of solvent-extractable BPA was completely degraded
during an 8 day incubation (Figure 2C). Degradation of
adsorbed BPA followed pseudo-first-order reaction kinetics,
and rates of 0.27 & 0.01 and 0.78 + 0.03 day ™' were observed
for freshly prepared and aged adsorbed BPA, respectively, in
the presence of 0.5 mM soluble Mn(III). In contrast, no BPA
degradation was observed with up to 2 mM MnO, (nominal
concentrations) (Figure 2A). In control incubations without
oxidized Mn species, no BPA was detected in the aqueous
phase over a 15 day incubation period (Figure S9), indicating
that no BPA desorption had occurred.

Addition of 0.05 and 0.1 mM Mn(III) into vessels with 44
uM (1.76 umol) dissolved BPA caused removals of 59 + 1.7
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Figure 2. Degradation of BPA adsorbed to SPAC by oxidized Mn
species. (A) Lack of removal of freshly adsorbed BPA in incubation
vessels amended with solid @-MnO,. BPA was incubated with SPAC
for 30 min before the initiation of the experiments. (B) Soluble
Mn(III)-mediated degradation of freshly adsorbed BPA. (C)
Degradation of aged BPA adsorbed to SPAC by 0.5 mM soluble
Mn(II) and 0.5 mM MnO,. BPA was incubated with SPAC for 60
days before initiation of the experiment. Experiments were performed
using 1.44 mg of SPAC with 401 ug of adsorbed BPA. The amount of
BPA remaining was determined by HPLC following ethyl acetate
extraction of suspension samples. @-MnO, is a solid and indicated are
the nominal concentrations. Error bars represent the standard
deviations of triplicate vessels and are not depicted when smaller

than the symbol size.

and 86 =+ 0.6% of BPA, respectively, after 4 days. Complete
(100%) removal was observed with 0.25 and 0.5 mM Mn(III)
(Figure S6). In vessels with the same amount of BPA freshly
adsorbed to SPAC and the same Mn(IIl) concentrations,
smaller amounts of BPA, ranging from 9.1 to 88.8%, were
removed over the same period (Figure 2B). Apparently,
Mn(III) degraded adsorbed BPA at lower rates than dissolved
BPA, indicating that adsorption affects the rate and extent of
BPA degradation.

Changes in Pore Size Due to BPA Adsorption and
Degradation. To develop an understanding of BPA
adsorption and degradation within the SPAC pore structure,
SANS analysis was performed and the data were analyzed with
the PDSP model. Figure 3A shows the SANS curves in the
log—log space where I(Q) is the scattering intensity, and Q is

the scattering vector related to the neutron wavelength (4) and
the scattering angle (6) as Q = (%)sin(%), which is a

restatement of Bragg’s law.*” Nanoporous materials often
exhibit hierarchical structures, which are reflected in these data
by the two Guinier “knees” indicated by the arrows on the
SANS curves in Figure 3A. These knees result from separate
distributions of scatterers (pores in this case) with similar sizes,
and their locations correlate with the radii of gyration (R%) of
the size limits of those distributions where R, ~27/ Q.>%" R,
was used to represent the pore size because the pores of SPAC
have irregular and tortuous shapes. The volume-weighted pore
size distributions (Figure 3B) indicate the presence of two
major populations of pores in all three samples (Figure 3A).
One is represented by micropores with an average size of ~8 A
and a noticeable shoulder at ~13 A. The other population
exhibits a broad size range from 100 to 900 A in diameter (i.e.,
macropores). Adsorption of BPA caused little change to the
micropore population other than a slight increase in the
intensity of the ~13 A shoulder (green line in Figure 3B and
Figure S10). In contrast, the average size of the macropores
decreased, suggesting that the BPA molecules adsorbed on the
internal walls of these larger pores and formed a surface layer.
As a result, the pores became smaller, an effect that was
measurable with SANS because the SLD of deuterated BPA is
close to that of activated carbon (green line in Figure 3B and
Figure S10). Addition of soluble Mn(III) shifted the position
of the main micropore peak from 8 to 7 A, and its intensity
decreased (blue line in Figure 3B). This shift was attributed to
the migration of smaller BPA transformation products into the
micropores. The shoulder also shifted from 13 to 11 A, and its
intensity increased significantly, presumably also a result of the
penetration of BPA transformation products into micropores
or due to a layer of BPA (approximately 11 A in size) on the
surface of the macropores. The SANS analysis further
suggested that the average size of the larger pore population
(level 2) decreased following Mn(III) treatment (blue line in
Figure 3B and Figure S10).

Results obtained using the unified fit model, which was
developed for modeling hierarchical materials,** support these
conclusions. In this model, each structural level is defined by
an equation with two parts: with a Guinier section defining a
maximum intensity (G) and R, defining the upper size limit of
the level (see the Supporting Information for details), below
which (e.g,, at higher Q) the intensity of the Guinier section of
the curve drops off rapidly.”> The rapid drop in intensity
corresponds to the position of the knees mentioned above. A
structurally limited power-law term contains a prefactor B
governing its intensity and a power-law slope P related to
surface roughness as well as the same R; used in the Guinier
section. This power-law term defines the slope and intensity at
Q values above each knee. The prefactor B is often defined in
terms of G, R,, and P and thus is not an independent variable.

Based on the observation of two knees in the log—log
scattering plots (Figure 3 and Figure S11), the SPAC appears
to consist of two structural levels (i = 2) within the size range
analyzed by SANS. Level 1 corresponds to the micropores, and
level 2 corresponds to the population of pores ranging from
100 to 900 A (Figure 3B). The scattering contributions from
the different structural levels are decomposed in Figure S11,
and the parameters obtained through the model fitting are
shown in Table S2. The average R, values for the macropores
and micropores are 728.1 + 0.3 and 7.9 + 0.1 A, respectively
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Figure 3. SANS profiles and data modeling. Panel (A) shows the background-subtracted SANS profiles for dried SPAC, dried SPAC with adsorbed
deuterated BPA, and dried SPAC with adsorbed deuterated BPA after Mn(III)-mediated degradation. The solid black lines represent the best fit
based on the PDSP model (see the Supporting Information for details). The arrows indicate the locations of knees where the slopes of the
scattering curves change significantly. Panel (B) illustrates the volume-weighted f(r) distributions of three samples obtained from the PDSP model.
f(r) represents the probability density of the pore size distribution, which is defined as the number of pores within an interval between r and r + dr
normalized to the total number of pores. A two-level unified model was also applied to fit SANS data, and the results are shown in Table 1 and

Figure S11.

(Table 1). Upon sorption of deuterated BPA, the size of the
macropores decreased by ~10%, indicating adsorption of BPA

Table 1. Radii of Pore Structure Levels of SPAC, SPAC with
Adsorbed Deuterated BPA, and SPAC after Mn(III)-
Mediated Degradation of Adsorbed Deuterated BPA

R, (A)
structure level SPAC SPAC-BPA SPAC-BPA-Mn(III)
level 1 79 £ 0.1 85+ 0.1 89+ 0.1
level 2 728.1 + 0.3 653.8 + 0.2 494.2 + 0.1

(Figure S10). A 6% size increase in the micropores (level 1
structure) was also observed, which presumably reflects the
adsorption of 11 A BPA molecules in the macropores,” an
interpretation supported by the PDSP fitting results.

After the addition of soluble Mn(IIl), the larger pores
experienced a further reduction in average size by ~24%, while
the R, values for the micropores showed a measurable increase
of 4%. These observations suggest migration of BPA
transformation products into the micropores as well as a
continuation of the processes adding an adsorbed layer to the
macropores. Overall, the SANS data provide direct evidence
for adsorption of transformation products of deuterated BPA
throughout the SPAC pore structure.

B DISCUSSION

Sediments are major sinks for and reservoirs of BPA in the
environment, and an understanding of the processes that affect
the fate and the longevity of BPA is relevant to predicting
potential human exposure. MnO, is a reactive phase with a
high oxidation potential capable of oxidizing various types of
organic and inorganic compounds, including BPA.'”>**> A
primary source of natural MnO, minerals is microbial
oxidation of Mn(Il), a process that can occur under both

. 56,57 . 58,59 .
oxic>®”” and anoxic>™” conditions. MnO, polymorphs occur

commonly in natural sediments, and 26—348 mg L' MnO,
has been reported in freshwater sediments’>" and 2—16 mg
L7! in the surface layer of marine sediments.”> In addition to
Mn(IV), Mn(Ill) is a strong oxidant, which has been
recognized to play a role in biogeochemical cycling,”*~*® and
is an intermediate in biotic Mn(II) oxidation,®” biotic MnO,
reduction,”” and abiotic permanganate reduction.”® Free
aqueous Mn(III) is short-lived and undergoes disproportiona-
tion to soluble Mn(II) and solid Mn(IV)*' but commonly
occurs in environmental systems such as soils,”* natural water
bodies,”® and sediments.”> This is due to the formation of
stable, water-soluble Mn(III) complexes with natural ligands,
including pyrophosphate,”” oxalate,* citrate,”” and side-
rophores.”'

BPA Degradation by Oxidized Mn Species. The
experimental efforts reported here have demonstrated that, in
addition to MnO,, Mn(III) mediates BPA degradation.
Reactivity with BPA was observed at Mn(III) and MnO,
(nominal) concentrations as low as 50 M. Mn concentrations
in this range have been reported in various environmental
settings,”’ > suggesting that BPA degradation by oxidized Mn
can occur in situ, and Mn-mediated oxidation may be a relevant
natural attenuation process.”'” The BPA degradation rates in
experimental vessels with Mn(III) decreased over time (Figure
1A), similar to what was observed in MnO,-bearing systems
(Figure 1B)."”"® The highest BPA degradation rates with
Mn(III) were observed during the initial reaction phase and
were largely independent of the initial Mn(III) loading (Figure
1A and Figure SS) but then decreased within minutes (Figure
1A). A possible explanation for the decreasing rates over time
is the formation of transformation products, such as 4-
hydroxycumyl alcohol (HCA), which are also susceptible to
oxidation by Mn(III). Further, Mn(II) may affect the reactivity
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of Mn(III), and passivation of solid MnO, by Mn(II) has been
described.">”’

Adsorption of BPA to Activated Carbon (SPAC)
Nanopores. With a log Koy of 3.42,>” an aqueous solubility
of 300 mg L™ at 25 °C,”" and Henry’s law constant of 1.0 X
107" atm m® mol ' BPA is not volatile at ambient
temperature and has a tendency to adsorb on hydrophobic
surfaces. In our experiments, BPA sorption to SPAC reached
the capacity expected for carbon-based porous materials
(Figure S7),”>”* and SANS analysis confirmed the adsorption
of BPA within the macropores of the SPAC pore structure.
BPA adsorption could be described by a Langmuir isotherm
indicative of monolayer adsorption.”” A decrease in organic
solvent extractable BPA was observed with increasing
incubation time (i.e., aging) (Figure S8), suggesting that
BPA adsorption changed from physisorption based on van der
Waals forces to chemisorption. In support of this hypothesis,
prolonged extraction periods (e.g., 3 days) to recover more
sorbed BPA were not successful. A previous study demon-
strated increases in macropore and micropore porosity
following organic solvent extraction,”* suggesting that the
extraction solvent can reach BPA adsorbed in the SPAC
macropores. Most likely, the formation of bound residues (i.e.,
covalent bond formation between SPAC and BPA) limited
extractability of aged BPA adsorbed to SPAC, a phenomenon
that has been described for a variety of organic compounds,
including BPA and tetrabromobisphenol A, adsorbed to solid
matrices.”*”°

SANS Analysis of Mn(lll)-Treated SPAC. Treatment with
Mn(III) decreased the amount of extractable BPA, and SANS
analysis revealed that this process was coupled with changes to
the sizes of macro- and micropores of SPAC. The observed
pore size changes suggest that adsorbed BPA degradation
mainly occurred in the larger SPAC pores in the 100—900 A
size range. BPA has a molecular size of ~11 A7 which makes
it physically impossible for BPA molecules to penetrate the
SPAC micropores. Degradation of BPA molecules led to a shift
of the shoulder peak from 13 to 11 A and increased its volume
fraction (Figure 3B). In addition, the intensity of the smaller
micropore peak decreased and shifted from 8 to 7 A. The latter
is presumably due to the formation of BPA transformation
products of smaller molecular size (e.g,, HCA, 4-isopropenyl-
phenol)'*”® that can diffuse out of the larger pores and migrate
into the micropores (Figure S10). The 4% increase in the
average size of level 1 structures obtained with the unified
modeling method was attributed to the significant increase in
the volume fraction of the shoulder peak (Figure 3B).

The SANS analysis also suggested a decrease in the size of
the larger pores following Mn(III) treatment. This shift of the
average macropore size (indicated by the blue line in Figure
3B) is much larger than the size of a single BPA molecule,
suggesting the formation of molecules that are larger than BPA
(e.g, BPA dimers) in response to the Mn(III) treatment.'””®
The macropores also provide diffusion channels for Mn(I1I),
and thus, a pore size reduction may hinder the deeper
penetration of soluble Mn(IIl) into the SPAC, a possible
explanation for the observed incomplete degradation of
adsorbed BPA (Figure 2).

The discussion above presents a sensible interpretation of
the SANS data focused on the changes in pore size of SPAC
caused by BPA and its transformation products; however, a few
uncertainties should be considered. For example, the reduction
of Mn(I1I) leads to the formation of Mn(II), and adsorption to

different types of activated carbon has been demonstrated.””*

The SPAC used in our experiments was loaded with adsorbed
BPA, and the BPA transformation products formed following
Mn(III) treatment also adsorb to SPAC, possibly limiting the
adsorption sites for Mn(II).”>’® Further, the Mn(II) ion is
much smaller than a BPA molecule,”” and it is unlikely that
Mn(II) adsorption affected the experimental results. Another
potential issue is the formation of Mn(Il) phosphate (i.e.,
Mn,;[PO,],) precipitate. We never observed precipitate
formation presumably because the reaction conditions were
not conducive for precipitate formation,”" and interference by
Mn;(PO,), precipitate is unlikely. Pyrophosphate was present
in all experiments and was therefore not a variable, indicating
that the adsorption of pyrophosphate was not a factor
complicating the interpretation of the SANS data. Further, it
is theoretically possible that Mn(III) oxidizes SPAC, causes
dissolution, and alters the pore size structure; however,
experimental evidence for such processes is lacking.

Degradation of dissolved BPA by MnO, is an established
process;[z’13 however, our results demonstrated that the a-
MnO, particles used in our experiments could not mediate
degradation of BPA adsorbed to activated carbon (i.e., SPAC).
The a-MnO, particle size exceeded that of a SPAC particle by
more than 10-fold (i.e, 15.41 + 1.35 versus 1.38 + 0.03 um,
respectively) and was much larger than the pores of the SPAC
particles. The experimental data indicated strong adsorption of
BPA to SPAC as no BPA was released over time. As a result,
physical separation prevented oxidation of BPA by solid-phase
MnO,. In contrast, soluble Mn(III), which could enter the
pore structure of the SPAC, mediated the degradation of
adsorbed BPA. Generally, desorption of hydrophobic com-
pounds and their diffusion out of the pore structure are
thought to be required steps for degradation;*>**** however,
the findings reported here indicate that the diffusion of BPA
out of the SPAC pore structure was not required for
degradation to occur. It remains to be determined if Mn(III)
directly interacts with adsorbed BPA or if desorption within
the pore structure is required for oxidative attack within the
pores.

Environmental Implications. Adsorbed BPA occurs in a
number of environmental systems and has been reported in
soils (0.5—325 ng BPA ¢/, dry weight),3 sediments (1.49—13
370 ng BPA ¢/, dry weight),4 and sewage sludge (4—1363 ng
BPA L7}, dry weight),6 which are considered major sinks and
reservoirs for BPA. Although these materials have unique
physicochemical properties that distinguish them from
SPAC,”" they often possess broadly similar hydrophobic
pore structures in the nanometer to micrometer size range.sz’83
Mn(III) also occurs in various environmental systems, and the
finding that Mn(I1I) contributes to BPA degradation, including
the degradation of adsorbed BPA, advances our understanding
of natural attenuation processes that affect the fate and
longevity of BPA as well as other hydrophobic compounds
susceptible to Mn(III) degradation. By extension, these
findings also suggest a possible method for treating BPA-
contaminated environments. Areas with elevated Mn(III)
concentrations and active Mn cycling, such as oxic-anoxic
transition zones are, therefore, likely hotspot zones for oxidized
Mn-mediated BPA degradation. Such transition zones may
function as natural barriers controlling the release of BPA to
the overlying water column, minimizing human exposure risk.
The new findings can inform models that more accurately
predict BPA behavior in sediments and soils and generate
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opportunities for engineering solutions aimed at reducing BPA
release to surface waters, thereby mitigating human health
concerns.
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