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ABSTRACT: Manganese dioxides (MnO,) are among important environ-
mental oxidants in contaminant removal; however, most existing work has only
focused on naturally abundant MnO,. We herein report the effects of different
phase structures of synthetic MnO, on their oxidative activity with regard to
contaminant degradation. Bisphenol A (BPA), a frequently detected
contaminant in the environment, was used as a probe compound. A total of
eight MnO, with five different phase structures (a-, f-, y-, 5-, and A-MnO,) were
successfully synthesized with different methods. The oxidative reactivity of
MnO,, as quantified by pseudo-first-order rate constants of BPA oxidation,
followed the order of 6-MnQO,-1 > 6-MnO,-2 > @-MnO,-1 > @-MnO,-2 = y-
MnO, > A-MnO, > -MnO,-2 > #-MnO,-1. Extensive characterization was then
conducted for MnO, crystal structure, morphology, surface area, reduction
potential, conductivity, and surface Mn oxidation states and oxygen species. The
results showed that the MnO, oxidative reactivity correlated highly positively
with surface Mn(III) content and negatively with surface Mn average oxidation state but correlated poorly with all other
properties. This indicates that surface Mn(III) played an important role in MnO, oxidative reactivity. For the same MnO, phase
structure synthesized by different methods, higher surface area, reduction potential, conductivity, or surface adsorbed oxygen led
to higher reactivity, suggesting that these properties play a secondary role in the reactivity. These findings provide general
guidance for designing active MnO, for cost-effective water and wastewater treatment.
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B INTRODUCTION

Nowadays, the continuous release of a variety of organic
contaminants (OCs) to surface and groundwater has received
a great deal of attention. The persistence of these contaminants
in the environment poses serious threats to ecosystems and
human health. For example, the widespread of antibiotic
resistance has been closely linked to the accumulation of
antibiotics in the environment." Endocrine-disrupting chem-
icals (EDCs) have deleterious effects on the normal
functioning of the endocrine system in humans and wildlife.””

and strongest O, adsorption ability.'"” The abundance of
Mn(III), the presence of mixed Mn oxidation states (II[/IV),
or both are often considered critical to high activity in water
oxidation (WO).'°~"> However, in studies using electro-
catalytic assays or chemical oxidants to examine the catalytic
activity, Mn(IV) oxides exhibited higher activity than Mn,O;
and Mn;0O,, implying that Mn(IV) oxides having higher
activity.'® In the total oxidation of VOCs and CO, the high
catalytic activity of an octahedral molecular sieve (OMS-2) and
AMO was mostly attributed to the mobility and reactivity of

Therefore, developing cost-effective treatment technologies to
remove these contaminants is imperative. One promising
technology relies on the oxidative ability of manganese
dioxides (MnO,)*™® because they are one of the strongest
natural oxidants and are among the most-attractive oxide
materials due to their high natural abundance, low cost, low
toxicity, and environmental friendliness.” ™’

MnO, can exist in many phase structures, such as a-, -, y-,
5-, and A-MnO,, with the same basic octahedron units [MnO]
linked in different ways. Different phase structures of MnO,
exhibited a wide range of catalytic activity due to different
factors. For instance, @-MnO, was reported to have higher
catalytic activity in oxygen evolution reaction (OER) than /-
MnO,, 6-MnO,, and amorphous Mn oxide (AMO) because of
its abundant di-y-oxo bridges, low charge-transfer resistance,
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lattice oxygen, although other factors, including the presence of
Mn(IILIV) couple, high porosity, acidity, and surface hydro-
phobicity, were also believed to be important.'”~*° In addition,
urchin-like y-MnO, was reported to be more reactive than a-,
f-, and 6-MnO, in NO oxidation because y-MnO, had more
active surface oxygen species.21

Given the important role of structural properties in MnO,
catalytic activity, it is highly likely that MnO, of different phase
structures can have significantly different oxidative reactivity
toward OCs. So far, naturally abundant MnO, have been
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widely examined for removal of many OCs,*”** includin

phenols,6’8’9 anilines,* ﬂuoroquinolones,24 and N-oxides.™
These studies have evolved from investigating reductive
dissolution of the oxides to quantifying contaminant trans-
formation,® with focuses on changes in reaction rates with
varying pH and initial reactant concentrations’ and in the
presence of cations,4 natural organic matter (NOM),4’6’9 or
secondary metal oxides.”” Many studies have also reported the
products and oxidation mechanisms of the OCs.>*>***¢
However, most of the MnO, used in these studies are naturally
abundant MnO, such as birnessite, and only a very small
number of studies have compared the oxidative reactivity of
different MnO, phase structures.”’ >' Among the latter
studies, conflicting findings were reported for the effect of
MnO, structural properties. For example, some studies showed
that higher Mn average oxidation states (AOS) resulted in
higher reactivity,””*° while others reported the opposite
results.”” Several studies discovered higher reactivity of &-
and @-MnO, than - and -MnO,,””*’ while others reported
that the reactivity of various MnO, either followed the
opposite trend or was affected more by the synthesis methods
than by the MnO, phase structure.””’

Because of the complexity in and limited understanding of
MnO, oxidative reactivity, it is imperative to systematically
investigate the effect of MnO, phase structures on their
oxidative reactivity so that MnO,-based, cost-effective water-
treatment technologies can be developed to selectively remove
OCs. To this end, we examined the degradation of bisphenol A
(BPA) by five different structured MnO,, including a-, f-, 7-,
8-, and A-MnO, and three Mn(III) oxides (two Mn,O; and
one MnOOH). BPA, one of the most frequently studied
EDCs, is commonly detected in natural environments, such as
wastewater, surface water, soil and sewage sludge.‘%3 Therefore,
it was used as a chemical probe to quantify the oxidative
reactivity of MnO,. A pair of synthesis methods were followed
for a-, -, and 6-MnO, to examine the effect of different
synthesis approaches. Various characterization techniques,
including X-ray powder diffraction (XRD), scanning electron
microscopy—energy-dispersive X-ray spectroscopy (SEM/
EDX), high-resolution transmission electron microscopy
(HRTEM), X-ray photoelectron spectroscopy (XPS), cyclic
voltammetry (CV), and electrochemical impedance spectros-
copy (EIS), were employed to examine the oxide morphology,
structural properties, and surface composition. Correlations
between the observed activity and surface and structural
properties were then conducted to understand the most
important factors for the reactivity. Finally, the impact of the
most important factor, Mn(III) contents, and several
secondary factors were discussed and compared to the
reported catalytic activity of various MnO, values.

B EXPERIMENTAL SECTION

Details on the chemical reagents and MnO, synthesis methods
and some additional details regarding characterization
techniques are listed in the Supporting Information.

BPA Oxidation Kinetics. All kinetic experiments were
conducted in duplicates in 50 mL amber bottles with Teflon
caps. The reaction bottles were continuously stirred on a
magnetic stir plate at room temperature (23 + 2 °C). The
reaction solutions were maintained at pH 5.0 using 25 mM
acetate buffer. 0.01 M NaCl was added to maintain the ionic
strength. Reactions were initiated by adding a known amount
of BPA to the reactors. Aliquots of samples were collected at

predetermined time intervals and quenched with excess
amounts of L-ascorbic acid to rapidly convert the remaining
MnO, to Mn(Il) ions. The concentration of BPA in the
solution was analyzed by an Agilent 1260 Infinity II reverse-
phase high-performance liquid chromatography (HPLC)
system with a diode array detector, and a Zorbax XDB-C18
column (4.6 X 250 mm, S pum) at a flow rate of 1 mL/min.
The mobile phase was methanol and 0.1% acetic acid (57:43).
Rate constants for the oxidative reactivity (k) were calculated
based on the pseudo-first-order kinetics.

Characterization. X-ray diffraction (XRD) data were
collected using a Bruker D8 Advance powder X-ray
diffractometer with Cu Ke radiation (A = 0.154056 nm) at a
beam voltage of 40 kV and a 40 mA beam current. XRD scans
were collected over the 26 range of 10°—=60° with a step size of
0.05° and a sampling time of 2 s per step. The Brunauer—
Emmett—Teller (BET) specific surface areas were determined
by nitrogen adsorption—desorption isotherms that were
measured on a Micrometritics TriStar II instrument. XPS
was done on a PHI VersaProbe 5000 Scanning XPS instrument
using a monochromatic Al Ko radiation as the radiation source
operating at 25 W. Spectra of standard manganese oxides
(MnO, Mn,0;, and MnO,) were recorded under the same
conditions. For each structure, triplicate samples were
analyzed. Data analysis and curve fitting were performed
using MultiPak XPS software following previous work by
Cerrato et al.””** HRTEM images were collected using a
Tecnai TF30 ST transmission electron microscope, and SEM
images and EDX were recorded using a FEI Quanta 400F
scanning electron microscope operated under a high-vacuum
mode. The electrochemical studies were conducted in a three-
electrode configuration electrochemical cell using 0.5 M
phosphate buffer (pH ~ 7.0) or 0.5 M Na,SO, buffered in a
10 mM HAc-NaAc buffer solution at pH S. Bulk Mn AOS was
determined by chemical titration following a previous paper.’

B RESULTS AND DISCUSSION

Characterization of MnO, Materials. The phase
structures of the eight synthesized MnO, were confirmed by
the XRD patterns (Figure 1), in which the peak positions of
each MnO, sample were precisely fitted to the corresponding
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Figure 1. XRD patterns of different MnO, structures. The vertical
lines are the corresponding standard patterns for the MnO, in the
inorganic crystallographic database.
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Table 1. BET Surface Area, Mn Average Oxidation State, Surface Mn and O Chemical Composition, Reduction Potential (E,),

and Oxidative Reactivity of MnO,

MnO, surface area (m?/g) AOS“ AOS? percent Mn(III)°  E, (V)  percent 0.7 percent O’ K/Mn® ratio”
a-MnO,-1 175 3.67 + 0.04 3.72 + 0.11 25.1 + 1.0 0.665 142 £ 09 85.8 £ 09 0.12 1.07
a-MnO,-2 74 3.72 + 0.04 3.67 + 0.04 264 + 1.0 0.642 11.0 + 3.9 89.0 + 3.9 0.10 1.36
f-MnO,-1 18 3.86 + 0.03 3.80 + 0.07 203 + 2.1 0.583 19.7 + 3.2 80.4 + 3.2 0 1.69
p-MnO,-2 168 3.81 + 0.05 3.92 + 0.09 209 + 1.5 0.585 15.1 + 3.7 84.9 + 3.7 0 15.23
6-MnO,-1 106 3.56 + 0.05 349 + 0.14 36.6 + 3.6 0.632 152 + 2.8 84.8 + 2.8 0.27 1.52
6-MnO,-2 34 3.58 + 0.03 3.64 + 0.07 294 + 1.3 0.618 124 + 0.8 87.6 + 0.8 0.24 1.38
7-MnO, 73 3.78 + 0.03 3.83 + 0.07 237 £ 1.2 0.585 209 + 2.2 79.1 £ 2.2 0 1.94
A-MnO, 8 3.74 + 0.0 3.94 + 0.03 214 + 1.0 0.559 24.0 + 3.9 69.9 + 2.6 0 2.07

“Obtained from Mn 3s multiplet splitting. ®Obtained from chemical titration. “Percentage compositions of Mn 3p spectra by fitting Mn(1II),
Mn(III), and Mn(IV). dPercentage compositions of O 1s spectra by fitting O,y Oy and Oy “The ratio of K to Mn was obtain by EDX. FThe
ratio of the pseudo first-order kinetics rate constants of MnO, in the presence of pyrophosphate (PP) vs that of MnO, alone. Conditions: [MnO,]

138 uM; BPA 6 uM; [NaCl] 0.01 M; PP 20 uM; pH S.

standard patterns in the inorganic crystallographic database or
previous reports.'”'® However, their peak intensities and
shapes (e.g., narrow or broad) differed distinctly from each
other even for the same phase structure, which were mainly
attributed to their intrinsic discrepancy as well as different
synthesis methods. a-, -, and A-MnO, have high crystallinity
based on their narrow peak width and high intensities. 6-MnO,
demonstrated much-broader and weaker XRD peaks than
those of a- and f-MnO, because 6-MnO, generally has
disordered structures in certain crystallographic directions.”*”
Similar to 6-MnO,, y-MnO, also showed low crystallinity
because it is typically the product of irre%ular intergrowth of
elements of ramsdellite and pyrolusite.”””® This was further
confirmed by HRTEM (Figure S1), in which vague lattice lines
with partial disorder were observed for 5-MnO,-1, 6-MnO,-2,
and y-MnO,, while easily recognized lattice lines with fine
regular arrangement were found in @-MnO,, f-MnO,, and -
MnO,.

For the same structures (e.g, @-MnO,-1 and @-MnO,-2),
the differences in peak shapes and intensities were mainly due
to the different synthesis methods. The effect of synthesis
methods is fully reflected in the morphologies of the MnO,
(Figure S1), in which various morphologies with different sizes
were obtained, including particle (a-MnO,-1 and A-MnO,),
needle or fiber (a-MnO,-2 and y-MnO,), rod ($-MnO,-1 and
B-MnO,-2), sheet (§-MnO,-1), and flower-shape (5-MnO,-2).
These differences in morphology would directly result in
differences in the BET surface areas (Table 1). Other
physicochemical properties were also examined and listed in
Table 1 (details in sections below). There is a slight difference
in many physicochemical properties for the same structured
MnO,, such as surface adsorbed oxygen (O,,y), lattice oxygen
(Opy) species and Mn(IIl) contents in pairs of a-MnO,, f5-
MnO,, and 6-MnO,; so are the properties of Ej, AOS, and K/
Mn (Table 1). The relationship between these structural
properties and their oxidative reactivity will be discussed in
detail below.

Kinetics of BPA Oxidation by Different MnO,. As
shown in Figure 2 and Table S1, 5-MnO,-1 has the highest
reactivity, while the reactivity of both -MnO, is very low. The
reactivity decreases in the order: 6-MnO,-1 > 6-MnO,-2 > a-
MnO,-1 > @-MnO,-2 > y-MnO, > A-MnO, > -MnO,-2 > f-
MnO,-1. Dong et al. found similar results showing the
oxidative degradation of 2-mercaptobenzo-thiazole following
the order: 5-MnO, (CM) > @-MnO, (CM) > a-MnO, (OM)
> y-MnO, (OM) > -MnO, (OM)-2, where CM and OM

m 0

Figure 2. Pseudo-first-order oxidation rate constants (k) of BPA by
different MnO, structures at pH 5. Error bars are the standard
deviation of duplicate samples. Conditions: [MnO,] 138 uM; BPA 6
uM; [NaCl] 0.01 M.

stand for two MnO, synthesis methods: comproportionation
and liquid-phase oxidation, respectively.”’ However, some
previous studies have shown different orders of MnO,
oxidative reactivity when other OCs were used to examine
the reactivity: (1) Liu et al. found that the oxidative reactivity
of sulfadiazine by MnO, followed the order: 6-MnO,—II > a-
MnO,—II > @-MnO,—1III > -MnO,—I > y-MnO, > §-MnO,—
I > f-MnO,—II > a-MnO,—1.>° The rate constant values
correlated positively with AOS and reduction potentials of the
MnO, but negatively with pHzpc and apparent activation
energy. (2) The oxidative reactivity of 2-mercaptobenzo-
thiazole by MnO, followed the order: y-MnOOH > -MnO, >
y-MnO, > @-MnO, > 6-MnO,, which were attributed to
different specific surface areas and reduction potentials.”
Moreover, Wan et al. showed that the a-MnO, synthesized at
150 °C exhibited the highest degradation rate of sulfamethox-
azole (compared to other synthesis temperatures between 130
and 210 °C), due to the crystallographic structure, Mn(III)
contents and labile oxygen species.”” To have a systematic
understanding of the factors governing MnO, oxidative
reactivity, a number of physiochemical and structural
parameters of the oxides were investigated, as shown below.
Effects of Surface Area and Reduction Potential. It is
generally thought that the catalytic and oxidative reactivity of
MnO, is highly dependent on its surface area. For instance, it
has been reported that the degradation rate of 2-mercapto-
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benzo-thiazole by manganese (hydro)oxides was positively
correlated with specific surface area.”” Shin et al. showed that
higher surface areas of manganese oxides resulted in faster
degradation of atrazine due to an increase in available reactive
sites.”® The BET surface area of the eight MnO, varied from 8
to 175 m*/g (Table 1). @-MnO,-1 has the largest surface area,
while A-MnO, has the smallest. However, unlike these previous
studies,”®*” we observed a poor linear relationship between
surface area and reactivity (Figure S2, R* = 0.01), suggesting
surface area is not the major reason for the different reactivity
observed. For example, the surface area of §-MnO,-1 (106 m?/
g) is smaller than that of f-MnO,-2 (168 m?/g), but its
oxidative reactivity is about 150 times faster. When comparing
the same structured MnO, prepared by two different methods,
however, the ones with higher surface areas showed higher
reactivity, i.e., @-MnO,-1 > @-MnO,-2, f-MnO,-2 > -MnO,-
1, and 6-MnO,-1 > 6-MnO,-2. Therefore, surface area seems
to be a secondary parameter determining MnO, reactivity.
Previous studies that reported that surface area is the major
reason for the oxidative reactivity should be limited to the
types of oxides involved.

It is commonly accepted that oxidants with higher E, values
yield higher oxidative reactivity. For instance, the initial
reaction rate of phenol by manganese oxides increased with
increasing reduction potential.27 In addition, Liu et al. showed
that higher reduction potential would lead to higher oxidative
reaction rates by manganese (hydro)oxides.”” To investigate
the importance of reduction potential to MnO, oxidative
reactivity, the CV of different MnO,-modified glassy carbon
electrodes were obtained (Figure S3). The cathodic current
reduction peak (E,.) is related to the reduction of Mn(IV) or
Mn(III) to Mn(1I). @-MnO,-1 showed a reduction peak at the
highest positive potential (E, = +0.665 V), indicating @-MnO,-
1 had the highest oxidative capability among the eight MnO,.
The observed peak E, values decreased in the following order:
a-MnO,-1 > a-MnO,-2 > §-MnO,-1 > 6-MnO,-2 > y-MnO, =
S-MnO,-2 > f-MnO,-1 > -MnO, (Table 1). However, unlike
these previous studies,””*” we observed a poor linear
relationship between the oxidative reactivity and E, (Figure
S4, R* = 0.37). For the same structured MnO, but synthesized
by different methods, the ones with higher E; showed higher
reactivity, i.e, @-MnO,-1, f-MnO,-2, and §-MnO,-1, which
also indicates that E, is a secondary parameter affecting the
redox reactivity of MnO,.

Electrochemical Impedance Spectroscopy (EIS) of
MnO,. It has been reported that in aqueous oxidation by
MnO,, the first step is adsorption of the OCs by the MnO,
surface, and the rate of electron transfer from the adsorbed
compound to MnO, is the rate-limiting step for a number of
compounds.” Furthermore, redox reaction involving Fe(III)
minerals demonstrated that electrons may be transferred from
one surface site to another (remote) site through the bulk
conduction band.**™* As a result, the interfacial conductivity
of the mineral may be important in the overall reaction because
more-conductive minerals will lead to faster electron transfer.
For instance, the highest OER activity of -MnO, (> AMO >
f-MnO, > 6-MnO,) was partially attributed to its lowest
charge-transfer resistance.'” It is yet unclear whether the
interfacial conductivity of MnO, is involved in the surface-
involved oxidation of adsorbed contaminants. If that is the
case, MnO, with higher conductivity will likely yield higher
oxidative reactivity due to facilitated electron-transfer rates of
different MnO,. To evaluate the importance of interfacial

conductivity in the electron transfer rates of different MnO,,
EIS, a useful tool with which to study the interfacial property
of modified electrodes, was employed.

Phosphate buffer solution was used as the electrolyte in the
electrochemical cell to support electron transfer between the
working and counter electrode. The immobilized MnO, film
would not react with the electrolyte, so an equivalent circuit
with C,/R, + R, (inset in Figure 3) was applied to model the

3x10*

MnO, Film

2x10*
Electrode Surface

-Z"/Ohm

T 1 T )
0 1x10* 2x10* 3x10° 4x10* 5x10*
Z'lohm
Figure 3. Nyquist plots obtained from EIS measurements of the

MnO,. Inset: equivalent circuit used to obtain charge-transfer
resistance of different structured MnO,.

conductive behavior of the MnO, films on the electrode
surface (C,/R,) and the solution resistance (R;). The
electrochemical cell conditions ensured that the derived circuit
model provided an accurate comparison of the conductivity of
the MnO, without consideration of relative reaction between
the MnO, and the phosphate buffer. The numerical values of
resistance and capacitance were obtained through EC-Lab
software and shown in Table S2. The impedance shown in the
high-frequency region is related to the uncompensated solution
resistance (R;), which is comparable for all MnO,. Based on
the EIS spectra, the conductivity as indicated by the R, values
decreases in the following order: a-MnO,-1 > 6-MnO,-1 > a-
MnO,-2 > y-MnO, > /-MnO,-1 > #-MnO,-2 > 6-MnO,-2 > 1-
MnO,. The measured conductivity values showed a poor linear
correlation with the MnO, reactivity (Figure S5, R* = 0.10),
suggesting that interfacial conductivity, unlike for Fe(III)
minerals, is not important in the electron-transfer process
between the adsorbed contaminants and MnO, surfaces.
However, when comparing the same structured MnO,, we
found that for a- and 6-MnO,, higher conductivity did result in
higher oxidative reactivity, i.e, a-MnO,-1 and &-MnO,-1.
These results suggest that interfacial conductivity is another
secondary parameter in MnQ, reactivity. The conductivity of
P-2 is slightly smaller than that of -1, and the higher observed
reactivity of -2 was probably due to its much higher surface
area, which masked the effect of conductivity.

Effect of Various Oxygen Species. Oxygen species play
an important role in the oxidative and catalytic reactivity of
MnO,.***7* In oxidation of benzene under oxygen-free
conditions, up to 3% lattice oxygen in a MnO, was
consumed.'® In the MnO,-catalyzed oxidation of VOCs and
CO by O, once the lattice oxygen is desorbed to form
framework oxygen vacancies, the Mn AOS is reduced and the
desorbed oxygen can directly oxidize VOCs and CO."® Higher
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Figure 4. Relationship between pseudo-first-order rate constants k for the oxidative reaction of BPA and (a) average oxidation state based on Mn

3s fitting and (b) Mn(III) percentage.

lattice oxygen contents were reported to result in higher CO
and VOCs oxidation.””***” However, in direct oxidation of
OCs such as sulfamethoxazole in aqueous solution, adsorbed
oxygen species (O,,) instead were found to play a crucial role
in the oxidation reaction, likely due to its high mobility.” For
reactions in aqueous solution, lattice oxygen is unlikely to be
replenished by O, under room temperature, and Mn should be
the electron-transfer center because reduced Mn species
typically formed after the reaction.”*

Usually, O 1s spectra are used to identify the types of surface
oxygen species present in oxide materials. All of the O 1s
spectra can be clearly fitted into three peaks (Figure S6). The
high binding-energy peak at 533.0 eV is assigned to the
adsorbed molecular water, and the medium binding energy
(531.0—532.0 eV) is assigned to O, species, while the low
binding energy (529.0—529.8 eV) is attributed to Oy
species.””*® Unlike the study that observed the important
contribution of O, to the oxidative reactivty,” we found that
the order of MnO, reactivity did not linearly correlate with
either the Oy, species (Figure S7, R* = 0.23) or the Oy
species (Figure S8, R* = 0.21) in these eight MnO, samples.
Interestingly, when restricted to the same structured MnO,,
both a- and 5-MnO, that have higher Oy, species (ie., a-
MnO,-1 and 5-MnO,-1, Tables 1 and S1) were more reactive,
indicating the important role of surface adsorbed oxygen in the
direct oxidation reactions.””** Similar to the conductivity, the
much-larger surface area of -2 masked the effect of the smaller
fraction of Oy, species on its reactivity.

Effect of Mn AOS and the Abundance of Surface
Mn(lll) on the Reactivity. The AOS of Mn in MnQ, is an
important ;)arameter that can affect its catalytic and oxidative
reactivity.”” For example, McKendry et al. found that lower Mn
AOS would improve WO catalysis,”” while Liu et al.
demonstrated that higher Mn AOS of MnO, favored faster
oxidative degradation of sulfadiazine.’® Therefore, it would be
interesting to study how Mn AOS affects the reactivity of the
eight synthesized MnO,. Here, the AOS of MnO, were
determined by Mn 3s spectra because it is very sensitive to the
AOS of Mn.”” Calculation of AOS is shown in the following
equation: AOS = 8.95—1.13AEs,*® where AEs is the energy
difference between the main peak and its satellite in Mn 3s.”””°
Based on this equation and the values of AEs (Figure S9), the
Mn AOS for a-1, a-2, -1, -2, 6-1, 6-2, y-, and A-MnO, is
3.67,3.72, 3.86, 3.81, 3.56, 3.58, 3.78, and 3.74 €V, respectively
(Table 1). The determined Mn AOS values for all MnO,
samples are below its limit value of +4, which agrees well with
previous reports.'**%1 73

It has been shown that sulfadiazine oxidative degradation
rates by MnO, strongly depended on Mn AOS, such that
higher Mn AOS resulted in higher reactivity.”’ However, we
found that the MnO, with lower AOS were more reactive. As
shown in Figure 4a, there is a strong negative correlation
between reactivity and AOS of MnO,, which is similar to a
previous study in which the Cr**-oxidizing ability by MnO,
was mostly related to the presence of Mn(III).”* The presence
of Mn(IlI) would lead to lower AOS. Not only affecting
oxidative reactivity of MnO,, lower Mn AOS would also favor
their catalytic oxidation as MnO, with lower AOS was more
active in catalytic ozonation than that with higher AOS.” Tan
et al. also demonstrated that birnessite with lower AOS is a key
to WO catalysis.*’

Note that different researchers have different opinions on
what the best method is to measure Mn AOS.>" Therefore, we
employed two other methods to obtain Mn AOS, i.e., chemical
titration for bulk AOS and Mn 3p fitting results (details
below), as the results shown in Tables 1 and S1. The
relationships between reactivity and Mn AOS by both
approaches are shown in Figure S10, with R* values of
0.8011 and 0.5336 for chemical titration and Mn 3p fitting,
respectively. For the chemical titration method, we still see a
strong linear relationship between them, while for the Mn 3p
fitting method, the linear relationship seemed to be weaker;
however, it is still better than all other parameters discussed
above, indicating the strong dependence of reactivity on Mn
AOS. Lower Mn AOS results from the presence of Mn(II) or
Mn(1II) in manganese dioxides. To obtain the distribution of
different Mn oxidation states (i.e., II, III, and IV) on MnO,
surfaces and investigate the importance of surface Mn(III) to
the oxidative reactivity, Mn 3p spectra were obtained, similar
to a previous study.”

Based on the Mn 3p spectra (Figures S11 and S12), §-
MnO,-1 has the highest percentage of Mn(III) content
(36.6%, Table 1), while f-MnO,-1 has the lowest Mn(III)
content (20.3%, Tables 1 and S1). As shown in Figure 4b,
there is a strong positive correlation between Mn(I1I) content
and reactivity, which is similar to previous studies reporting
that the abundance of Mn(IIl) is important in oxidation of
environmental contaminants by 8-MnO,.>*>***° Higher
fractions of Mn(III) in MnO, will lead to lower AOS; thus,
these two correlations are related. Previous work has reported
the AOS of MnO, in WO catalysis varied from 3.3 and
3.9.10115175356 The role of Mn(III) will be further discussed
below.
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Multiple Linear Regression Analysis. So far, we found
that the Mn(III) abundance and Mn AOS are two most
important factors affecting the oxidative reactivity of MnO,.
Other factors, including surface area, E;, conductivity, and O,
are secondary factors that also affect the reactivity to some
extent. Therefore, multiple linear regression analysis was
conducted to quantitatively examine the contribution of each
parameter. The pseudo-first-order rate constant (k) is the
responsive variable, while all of the factors are the predictor
variables. The Mn(III) abundance and AOS are highly linearly
correlated; therefore, AOS was excluded from the analysis to
avoid overprediction. The model with the lowest value of
Mallows’s Cp is often selected as the best regression model.””
As shown in Table S3, Model 1 with Mn(III) abundance as the
sole predictive variable has the lowest Cp value (0.3), while
adding any additional predictive variable would increase the
Cp value. The multiple linear regression analysis thus proved
that Mn(III) is the primary factor in determining the oxidative
reactivity of these eight MnO,. A pair of additional types of
correlations were also conducted. First, we tried to normalize
all the k values to the respective surface area to see if the
surface-area-based k had any linear correlation with other
parameters. Second, we tried to correlate log k with
log(parameters) to see if there was any linear free-energy
relationship. Both correlations are much poorer than the one
above and thus are not further considered (data not shown).

Critical Role of Mn(lll). The critical role of Mn(III) in
catalytic activity of various MnO,, irrespective of the
crystallographic structure of the catalyst, has been well-
documented.'”'>*® This is mainly because Mn(IIl) has d*
ions in the t2g3eg1 state. The anti-bonding eg1 electron leads to
longer (Jahn—Teller distorted) and, hence, weaker Mn—O
bonds than Mn(IV) (). These weaker Mn—O bonds in edge
sharing octahedra at the surface were believed to lead to the
much higher catalytic activity of Mn,0O;, Mn;0,, and A-MnO,
than pure a-, -, R-, and 6-MnO, in WO."* The eg1 electron in
the antibonding orbital can be readily donated during the
reaction.”® Indeed, when the MnO, surface was modified with
an amine-based polymer, the formed N—Mn bonds were
believed to stabilize the surface-associated Mn(III) and hence
significantly lowered the onset potentials of O, evolution,
which improved the MnO, catalytic activity in WO.” When
gold nanoparticles or Cs were doped into MnO,, the improved
WO catalytic activity correlated stronégly with the formation of
additional surface Mn(III) species.**®"

Mn(III) plays not only an important role in MnO, when
used as catalysts but also a strong and important oxidant in one
electron-transfer reaction (eqs 1 and 2 versus 3),°> and has
been shown to play an important role in water treatment and

. . 63,64
biogeochemical redox processes:”

Mn(III) + e~ - Mn(IDE® = +1.51V (1)

See ref 65 for more information.

MnOOH + 3H" + ¢~ — Mn(Il) + 2H,0E’ = +1.50V
()

See ref 65 for more information.

MnO, + 4H" + 2¢” — Mn(II) + 2H,0E; = +1.29V
3)

See ref 66 for more information.

Mn(III) oxides or complexes have been demonstrated to be
able to rapidly oxidize a variety of OCs.*****"~"" The long
Mn—O bond and the antibonding electron in surface Mn(III)
may facilitate fast electron transfer between the MnO, and the
OC. Mn(III) likely accepts an electron by direct coordination
with BPA through its empty o orbital (ty,’e,' = t,’e,”) without
change in the Mn spin state.”” In contrast, Mn(IV) would have
to undergo outer sphere electron transfer (t233—> t2g3eg2) during
oxidation, which requires a change in the Mn spin state,
making the oxidation more difficult.”” Therefore, it is not
surprising that we observed a strong positive correlation
between the surface Mn(III) content and the oxidative
reactivity of the MnO,. Based on this result, it is natural to
ask whether Mn(III) oxides are more reactive than mixed
Mn(III, IV) oxides. For this purpose, three Mn(IIl) oxides
were synthesized (Text S2) and tested for their oxidative
reactivity, including Mn,05-1, Mn,0;-2, and MnOOH.
Interestingly, the reactivity of these three Mn(III) oxides was
much less than both -MnO, and comparable to or less than
the two a-MnO, (Figures 3 and S13). This comparison
strongly suggests the importance of Mn mixed valence (I1I/IV)
to MnO, oxidative reactivity, not just the presence of Mn(III)
itself, similar to what has been reported in MnO, catalytic
activity, '~

Due to its tetragonally distorted electron configuration,
aqueous Mn(III) jons are known to be unstable against
disproportionation to yield Mn(IV) solids and dissolved
Mn(1I) ions:®°

2Mn(III) + 2H,0 — Mn(II) + MnO, + 4H" (4)

To test if stabilization of surface Mn(IIl) intermediates
could improve the oxidative reactivity, pyrophosphate (PP), a
well-known ligand that has a large complexation constant with
Mn(III) to stabilize it, was used to examine how it affects the
oxidative reactivity. As shown in eqs 1 and 2, Mn(III)/Mn(II)
has a higher reductive potential than Mn(IV)/Mn(1I), which
would increase the reactivity when Mn(IIl) is stabilized.
Indeed, we observed that PP enhanced the oxidative reactivity
of MnO, by 1.06—2.07 times for all MnO, except for f-MnO,-
2, which is about 15 times that value (Tables 1 and S1).
Previously, Gao et al. showed that PP could greatly enhance
the oxidation of triclosan by MnO, due to the formation of
strong Mn(III)—PP complexes.”” A recent study also reported
that Mn(III)—PP complexes served as a strong oxidant to
induce rapid UO, dissolution.®” The addition of PP into MnO,
should mainly stabilize the intermediate Mn(III) formed
during the reductive dissolution of Mn(IV)O,, validating the
important role of Mn(III) in the oxidative reactivity of MnO,.
The reason that PP enhanced the reactivity of 3-MnO,-2 by a
factor of 15 is likely due to the poor reactivity of f-MnO,-2
alone and its high surface area (168 m*/g, Table 1) to allow
significant interaction with PP.

For the types of Mn(III), Peng et al. reported that not all
Mn(III) are equally reactive, and nonuniform distribution of
Mn(III), ie., more-abundant surface Mn(III) than bulk
Mn(III), led to an internal potential step that allowed easy
switchin% of the oxidation state between Mn(III) and
Mn(IV)."” Such oxidation-state switching of Mn would make
it easier for an electron to transfer between Mn ions in the
surface and bulk structure, thus yielding high OER catalytic
activity. We believe that not only is the amount and availability
of Mn(IIl) important, but also, different types of Mn(III)
species on MnO, surfaces may have different reactivity. For
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example, the amounts of Mn(Il) on both a-MnO, are
comparable; however, the reactivity of a-MnO,-1 is about 1.5
times higher than that of @-MnO,-2 (Table 1). In addition,
both f-MnO, have around 20% of Mn(III) (Table 1), but they
were both poorly reactive. It seems like the Mn(III) in both /-
MnO, did not contribute to the reactivity. Therefore, the redox
reactivity of Mn(III) species may be different, agreeing with
the literature ﬁndings.73_75 For instance, different Mn sites,
including Mn(III, IV) in MnO, sheets, Mn(III, IV) at the
particle edges, and Mn(III) in interlayers, have been reported
to have different oxidizing capacities.””* Simanova et al. found
that cobalt oxidation by 6-MnO, resulted from Mn valence and
crystallographic locations: Mn(III) at the edges contributed to
the redox reaction at short times, while Mn(III, IV) in the
MnO, sheets is important at longer reaction times.”> Manceau
et al. proposed that both layer and interlayer Mn(IIl) in
buserite would contribute to Co oxidation,”> while other
studies indicated the interlayer Mn(IIl) is the dominant
oxidizing surface site.”* Peng et al. even reported that the
birnessite samples were almost inactive in OER activity when
the abundance of Mn(III) (in total Mn) was below 12% and
became very reactive as the abundance of Mn(III) increased to
between 15 and 20%."> Therefore, we speculate that the ratio
of Mn(III) to Mn(IV) might play an important role in the
oxidative reactivity, and MnO, with a Mn AOS close to 4 may
be much less reactive than those with mixed Mn(III)/Mn(IV).
However, it is unclear which Mn(III)/Mn(IV) ratio is the best
for the oxidative reactivity, which warrants future research. In
addition, it is possible that the different reactivity of surface
and structural Mn(III) resembles the different reactivity of
various soluble Mn(III)—ligand complexes toward OCs.”” It is
likely the different bonding environments of Mn(IIl), e.g,
complexation with different ligands in soluble Mn(III)
complexes versus bonding to oxygen atoms in MnOg octahedra
in geometrically different solid MnO,, affect its stability and
activity and, hence, its ability to participate in electron transfer.
One caution is that the above conclusions cannot be simply
extrapolated to other reaction systems containing different
contaminants, especially contaminants with different reactive
functional groups because different catalytic reactivity was
reported for Mn oxides tested in different systems.'®
Therefore, future research should be carried out to examine
if the above findings can be universally true for other reaction
systems.

Role of MnO, Structures. Our results showed that the
oxidative reactivity of layered 6-MnO, is better than tunnel
structured MnO, due to more accessible active sites, which is
similar to previous studies on OER.”® In the three tunnel-
structured MnO, investigated, f-MnO, has corner-shared
MnOj and only forms small tunneled structures (1 X 1) that
cannot accommodate extra water molecules and cations;”””®
hence, it has the lowest oxidative reactivity. -MnO, has larger
(2 X 2) tunnels and is a combination of edge-shared and
corner-shared MnOg. y-MnO, has both edge- and corner-
sharing MnOg and has (1 X 1) tunnels of pyrolusite and (1 X
2) tunnels of ramsdellite.”’ For tunnel-structured MnO,, the
oxidative reactivity of @- and y-MnO, is much higher than that
of the single-tunnel structured $-MnO,, mostly due to the
more exposure of MnOy edges.”’

Alkali cations in MnO,, filled into the large tunnels (2 X 2)
of @-MnO, and interlayer space (~7 A) of 5-MnO,, may also
play an important role in the oxidative reactivity of
MnO,.”#"%* Researchers have shown that higher K contents

in OMS-2 would enhance the catalytic oxidation of benzene.*®
As shown in Table 1, the K-to-Mn ratio of 6-MnO, is higher
than that of @-MnO,,”””® while the K-to-Mn ratio of y-MnO,
and -MnO, is 0.”” For y-MnO,, the synthesis method did not
contain K; therefore, its K-to-Mn ratio is 0. The K-to-Mn ratios
of MnO, decreased in the order of 5-MnO, > a-MnO, > ¥-
MnO, = f-MnO,, which, to some extent, is in agreement with
their oxidative reactivity. This is mainly because K" can
compensate for the charges of the reduced Mn state, such that
the K-to-Mn ratio can correlate with the contents of different
Mn oxidation states [low K-to-Mn ratios lead to high Mn(IV)
content].'” In addition to Mn(III) defects, there are also
oxygen defects'’ or Mn(IV) vacancies that may also affect K
contents. Studies showed that the Mn vacancies in AMO can
undergo deprotonation and, hence, facilitate proton coupled
electron transfer in WO catalysis, while a perfectly filled Mn**/
Mn* MnO, sheet showed poor catalytic activity in WO."***

It is important to recognize that some of the MnO,
structural properties are highly related. In addition to the K-
to-Mn ratio versus Mn AQS, as discussed above, Mn AOS and
lattice oxygen availability may be related because when lattice
oxygen is involved in catalytic reaction, the Mn—O bond
strength [depending on the abundance of Mn(III)-O versus
Mn(IV)-O bonds] will affect the ease of reversibility of the
lattice oxygen, and the easy release of lattice oxygen would
promote the oxidation ability."> MnO, surface energy was also
found to generally decrease with decreasing Mn AOS, which
would enhance their stability and functionality.*® Our observed
linear correlation between Mn AOS and the k values of the
MnO, suggests that the MnO, surface energy might also be
important in MnO, oxidative reactivity.

Finally, MnO, with longer Mn—O bonds has lower Mn—0O
bond strength. The average Mn—O distance of a-, f-, y-, and 6-
MnO, is 1.925, 1.888, 1.91, and 1.936 A, respectively,">"
which, to some extent, could explain the oxidative reactivity
decrease in the order of 6-MnO, > a-MnO, > y-MnO,> j-
MnO,. This is probably because larger fractions of Mn(III) in
MnO, yielded longer Mn—O bonds. The exception is 1-MnO,,
which has the longest Mn—O bond length (1.962 A)."” TIts low
activity may be dominated by its low surface Mn(III) content
(20.6%, Table 1).

Environmental Significance. Because the amount and
types of OCs discharged into the environment continue to
grow, it is imperative to develop cost-effective treatment
technologies targeting OCs removal during water and
wastewater treatment and at contaminated sites. The
examination of the properties and reactivity of a range of
synthetic MnO, will enable us to synthesize suitable materials
to oxidize OCs efficiently. Due to the better oxidative
performance and facile preparation processes, 6- and a-
MnO, may be used as cost-effective MnO, in water and
wastewater treatment. Potential remediation strategies can also
be developed based on the findings of this work. For example,
in situ degradation of OCs can be stimulated by dosing
necessary species that can facilitate fast degradation kinetics.
Given the importance of MnO, in the abiotic transformation of
OCs in the environment, understanding the structure and
property-dependent reactivity of various MnO, will also
provide vital information in predicting the environmental fate

of OC.
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