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H I G H L I G H T S

• MnO2 structures affected activation of
peroxymonosulfate for BPA degrada-
tion.

• Three crystalline MnO2 were more
reactive than less crystalline δ-MnO2.

• Reactivity of crystalline MnO2 corre-
lated with Mn AOS, Mn(III)%, and
conductivity.

• Direct oxidation by MnO2 was im-
portant in BPA degradation in acidic
conditions.

• Both radical and non-radical mechan-
isms were involved in the catalytic
oxidation.
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A B S T R A C T

MnO2 with various structures, including three tunnel structures (α-, β-, γ-MnO2) and a layered structure (δ-
MnO2), were synthesized and investigated for peroxymonosulfate (PMS) activation. The effects of different
structured MnO2 on PMS activation in contaminant degradation, as quantified by the pseudo-first order rate
constants of bisphenol A (BPA) oxidation, followed the order: α-MnO2 > γ-MnO2 > β-MnO2 > δ-MnO2.
Results showed that under acidic conditions, BPA was degraded by both catalytic oxidation by PMS-MnO2 and
direct oxidation by MnO2, and the relative importance of the two mechanisms differed for different MnO2. The
direct oxidation accounted for 25.2, 7.4, 34.1, and 94.5% of the total reactivity of α-, β-, γ-, and δ-MnO2,
respectively. Physicochemical properties of MnO2 including crystal structure, morphology, surface Mn oxidation
states, surface area, oxygen species and conductivity were characterized and correlated with the catalytic re-
activity. The results demonstrated that the crystallinity of MnO2 was the dominant factor in the catalytic re-
activity, resulting in the lowest reactivity for the least crystalline δ-MnO2. For the crystalline MnO2, the catalytic
reactivity linearly correlated with Mn average oxidation state, Mn(III) content, and conductivity. Electron spin
resonance (ESR) and quenching experiments with ethanol and tert-butanol suggested that sulfate radicals
(SO4%−) were the dominant radicals in the systems, while hydroxyl radicals (%OH) played a minor role. In
addition, nonradical mechanisms such as singlet oxygen (1O2) also contributed to the BPA degradation,
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especially when δ-MnO2 was the catalyst. These findings offered new insights into the contaminant degradation
mechanisms in PMS-MnO2 and provided guidance to develop cost-effective catalysts for water/wastewater
treatment.

1. Introduction

Sulfate radical-based advanced oxidation processes (AOPs) have
been an important technology in the treatment of a wide range of en-
vironmental pollutants [1,2]. Sulfate radicals produced from species
such as peroxymonosulfate (PMS) have received increasing attention
because they have a high redox potential (2.5–3.1 V), exist under a wide
range of solution pH [3], and have a longer life time than hydroxyl
radical (30–40 μs vs 20 ns) [1]. Sulfate radicals can be generated by
activation of PMS by heat, metal ions, UV, activated carbon, and metal
oxides [4].

Many heterogeneous transition metal catalysts have been reported
to activate PMS, including Co-, Cu-, Ag-, and Ru-based catalysts [4].
Compared to transition metal catalysts, Mn-based catalysts have their
own advantages including high natural abundance, low toxicity, and
environmental friendliness [5,6]. Manganese oxides have attracted a
great deal of attention due to their promising applications in oxidation
reactions in environmental and energy fields, e.g., ozone decomposition
[7], photocatalytic oxidation of organic pollutants [8], and decom-
position of hydrogen peroxide [9]. Researchers have synthesized sev-
eral new effective manganese oxides, like octahedral molecular sieve
[10] and α-Mn2O3@α-MnO2-500 [11], as the catalysts for the activa-
tion of PMS. In addition, the effects of a number of factors of manganese
oxides have been investigated, including phase structure [12], oxida-
tion state [13], and different shapes [14]. For example, Saputra et al.
reported that Mn2O3 was the best catalyst in activating PMS to produce
sulfate radicals for phenol degradation, with the sequence of the cata-
lytic activity as Mn2O3 > MnO > Mn3O4 > MnO2, which correlated
with Mn oxidation state and oxygen mobility on the catalysts [13]. In
addition, α-Mn2O3 with cubic, octahedral and truncated-octahedral
shapes have been synthesized and tested in degradation of phenol [14].
The authors found that cubic α-Mn2O3 exhibited the highest reactivity
due to its high surface area and surface atoms arrangement.

The catalytic reactivity of MnO2 in many applications is highly
dependent on their morphology and phase structures. For instance,
Zhang et al. found that δ-MnO2 was more reactive than α-, β-, and γ-
MnO2 in the catalytic oxidation of formaldehyde, due to its layer
structure and active lattice oxygen species [15]. It has also been shown
that electrochemical water oxidation strongly depended on the crys-
tallographic structure of the MnO2 in the order of α-> β-> δ-MnO2,
which can be ascribed to factors including mixed Mn valence and lower
charge transfer resistance [16].

Given that the phase structure of MnO2 strongly affects its catalytic
reactivity in many applications, as examples shown above, it is likely
that MnO2 with different structures would also have different catalytic
reactivity in PMS activation. It is generally believed that sulfate radicals
and hydroxyl radicals are generated when PMS is activated by MnO2
[1]:
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However, there has been little effort to comprehensively understand
the structure effects of MnO2 on PMS activation. To the best of the
authors’ knowledge, only one previous study demonstrated that α-
MnO2 exhibited better activity than β- and -MnO2 in phenol oxidation
[12]. However, the study only investigated tunnel structured MnO2 (α-,
β-, and γ-MnO2) without considering layer structured δ-MnO2. δ-MnO2

resembles the most abundant manganese oxide structure in the natural
environment. The authors suggested a few possible reasons for α-MnO2
to have the highest catalytic reactivity (e.g., tunnel size, oxygen liabi-
lity, MnO6 edges); however, no experimental data were provided to
prove the hypothesis. In addition, the oxidative reactivity of MnO2 itself
is significantly pH dependent [17]. The addition of 2 g/L Oxone into the
solution decreased the pH to around 2.41, under which the direct oxi-
dation of contaminants by MnO2 was greatly enhanced [6,17]. It is
likely that the observed phenol degradation by PMS-MnO2 under such
acidic conditions not only resulted from the catalytic oxidation by
sulfate and hydroxyl radicals as reported, but also from strong direct
oxidation by MnO2, which was overlooked in that work [12].

Surprisingly, we found that many previous papers using manganese-
based catalysts to activate PMS failed to consider the contribution of
direct oxidation by manganese oxides at acidic pH, and simply attrib-
uted the total reactivity to catalytic reactivity [12,13,18–21]. As a re-
sult, the conclusions of these previous papers will need to be re-ex-
amined because we found that the direct oxidative reactivity of
manganese oxides at acidic pH is very important for some structured
MnO2, as will be demonstrated later. Moreover, the activation me-
chanism of PMS by different structured manganese dioxide (MnO2) has
not been well studied. Therefore, it is necessary to comprehensively
investigate the effects of structured MnO2 on the activation of PMS and
re-examine some of the conclusions previously reported on PMS-MnO2.

Here, we synthesized four different structured MnO2 (α, β, γ and δ)
and systematically evaluated their performance in the activation of
PMS for BPA degradation. The direct oxidation of BPA by different
phase structures of MnO2 has been reported in our recent paper [22];
therefore, the current work focused on their catalytic reactivity, al-
though direct oxidation also occurred under the employed reaction
conditions. To better compare the reactivity of different MnO2 phase
structures in direct oxidation versus in PMS activation, the same types
of α, β, γ and δ-MnO2 were employed. BPA is one of the ubiquitous
endocrine disruptors in engineered and natural environments [23], and
was employed as a chemical probe for the reactivity of PMS-MnO2.
Different techniques, such as Scanning Electron Microscopy (SEM),
Transmission Electron Microscopy (TEM), X-ray Powder Diffraction
(XRD), X-ray photoelectron spectroscopy (XPS) and Electrochemical
Impedance Spectroscopy (EIS), were used to study the oxide structural
and surface properties, which were then used to correlate with the
observed catalytic reactivity. Electron spin resonance (ESR) and che-
mical quenching experiments with ethanol and tert-butyl alcohol (TBA)
were also conducted to understand the possible oxidation mechanisms
in the system, including both radical and nonradical mechanisms.

2. Material and methods

2.1. Chemicals

All chemicals were used as received. Chemicals, including po-
tassium permanganate (KMnO4), manganese acetate tetrahydrate (Mn
(Ac)2·4H2O), ammonium persulfate ((NH4)2S2O8), manganese sulfate
monohydrate (MnSO4·H2O), bisphenol A (BPA), potassium hydroxide
(KOH), HCl (trace metal-grade concentrated), ethanol (CH3CH2OH),
sodium hydroxide (NaOH), sodium acetate, tert-butyl alcohol (TBA),
methanol of HPLC grade, furfuryl alcohol (FFA), 5,5-dimethylpyrroline-
N-oxide (DMPO), 2,2,6,6-tetramethyl-4-piperidinol (TMP) and Oxone
(2KHSO5·KHSO4·K2SO4) were obtained from Fisher or SigmaAldrich at
the highest available purity.
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2.2. MnO2 synthesis

We have previously synthesized different phase structures of MnO2
for their direct oxidation in our recent paper [22]. Here, we re-syn-
thesized these MnO2 for the activation of PMS. The details of the
synthesis methods are shown in Text S1 in the Supplementary Material
(SM).

2.3. Catalytic degradation experiments

All experiments were conducted in duplicates in amber bottles
(50mL) on a stir plate at room temperature. Typically, MnO2 (0.05 g/L)
from stock solution was first added into ultrapure water and sonicated
for 10min, followed by adding BPA (6 μM) and Oxone (1mM) to in-
itiate the reaction. The addition of Oxone yielded a solution pH of 3.07.
To be comparable with the literature data, we did not adjust the solu-
tion pH either. For direct oxidation experiments (without adding
Oxone), pH of the solution containing MnO2 (0.05 g/L) was initially
adjusted to 3.07 with HCl, and then BPA was added to initiate the re-
action. 0.5mL of samples were collected at predetermined time inter-
vals and then mixed with 0.5 mL methanol to quench the reaction. After
that, the mixed solution was filtered into HPLC vials for further analysis
by an Agilent 1260 Infinity II reversed phase high performance liquid
chromatography (HPLC). Quenching experiments were conducted by
adding a large amount of quenching agents namely ethanol and TBA
(more details in Text S2). The HPLC mobile phase was methanol and
0.1% acetic acid (v/v 57:43) at the flow rate of 1mL/min. Rate con-
stants (k) of BPA degradation were calculated using the pseudo first-
order kinetics. The dissolved Mn(II) in the solution was analyzed by a
Varian SpectrAA 220FS atomic absorption spectrometer.

2.4. Characterization

We have characterized many properties of these MnO2 in our pre-
vious paper [22]; however, since we re-synthesized these MnO2, we
characterized these new MnO2 again and all the obtained physical-
chemical properties are similar to the previous work. Specifically, X-ray
diffraction (XRD) spectra were acquired from a Bruker D8 Advance
Powder X-ray diffraction using Cu-Kα radiation at 40 kV and a 40mA.
The Brunauer-Emmett-Teller (BET) surface areas were measured on a
Micromeritics TriStar II instrument. Surface elemental contents of dif-
ferent structured MnO2 were analyzed by X-ray photoelectron spec-
troscopy (XPS, PHI VersaProbe 5000). Data analysis and curve fitting
were conducted using MultiPak XPS software, following previous work
[22,24]. Morphology and elemental analysis were obtained by Scan-
ning electron microscopy (SEM) (FEI Quanta 400F) with an energy

dispersive X-ray (EDX) detector and high-resolution transmission elec-
tron microscopy (HRTEM) (Tecnai TF30 ST). Fourier-transform infrared
spectra (FTIR) of the samples were carried out on a Cary 630 spectro-
meter in the range of 600–4000 cm−1. Electrochemical impedance
spectroscopy (EIS) was examined using a CHI 660E Electrochemical
Workstation operated in a standard three-electrode configuration using
phosphate buffer (0.5M) at room temperature. The bulk Mn average
oxidation state (AOS) of different structured MnO2 was determined by
the chemical titration method following a previous study [25].

The continuous wave (CW) ESR experiments were performed at X-
band (9.87 GHz) in a Bruker ElexSys E580 CW/FT spectrometer.
Samples were drawn into Pyrex capillaries and placed into a Bruker
ER4122 SHQE-W1 high-resolution resonator. These experiments were
performed at room temperature (294 ± 1 K). The center field was set
to 3512 G with a 150 G sweep width at a microwave power 15.00mW.
The modulation amplitude was set to 1 G, modulation frequency was
100 kHz, and conversion time was 20.48ms. Each CW spectrum was
collected for 1024 data points.

3. Results and discussion

3.1. Characterization of MnO2

Powder X-ray diffraction (pXRD) patterns of the as-prepared man-
ganese oxides are shown in Fig. S1. They agree with the pXRD patterns
in the inorganic crystallographic database, with α-MnO2 (JCPDS 29-
1020), β-MnO2 (JCPDS 24-0735), γ-MnO2 (JCPDS 14-0644) and δ-
MnO2 (JCPDS 80-1098). δ-MnO2 demonstrated broad diffraction fea-
ture, indicating that δ-MnO2 is less crystalline, which is also confirmed
in the HRTEM images with partially disordered lattice lines (Fig. 1).

SEM and TEM images have been obtained to observe the morphol-
ogies of different MnO2 (Figs. 1 and S2). SEM images of α-MnO2 de-
monstrated that it is nanofiber clusters, which is more obvious in the
TEM image with the diameters 5–20 nm and the lengths around
60–120 nm. The HRTEM image shows that the interplanar distance of
α-MnO2 is 0.692 nm, corresponding to the (1 1 0) planar spacing, in-
dicating the material is well ordered. β-MnO2 in both SEM and TEM
images were observed to be nanorods, with the diameters 0.2–0.4 μm
and the lengths 1–2 μm. The interplanar distance of β-MnO2 in HRTEM
is 0.306 nm, corresponding to (1 1 0) planes of β-MnO2, indicating β-
MnO2 is highly crystalline. γ-MnO2 in TEM shows a nanofiber structure,
with the diameters 10–30 nm and the lengths 1–2 μm. γ-MnO2 in the
SEM image shows that the nanofibers accumulate together to form a
sphere with the diameter around 4 μm. The interplanar distance of γ-
MnO2 is 0.398 nm, corresponding to (1 2 0) facets, suggesting γ-MnO2 is
well crystalline. δ-MnO2 did not display clear interparticle boundaries,

Fig. 1. SEM and HRTEM images of different structures of MnO2.
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just piles of layers. In addition, its interplanar distance is not clear
compared to other structured MnO2, indicating that δ-MnO2 is less
crystalline.

3.2. Catalytic activity of different MnO2

The catalytic performance of different structured MnO2 is shown in
Fig. 2. The rate constants (k) of BPA degradation were calculated using
the pseudo first-order kinetics (Eq. (4))

=ln C
C

kt
0 (4)

where k is the rate constant, C0 is the initial BPA concentration, and C is
the BPA concentration at time (t).

Preliminary experiments showed that there was no BPA degradation
without adding MnO2, indicating there was no thermal activation of
PMS, which is similar to previous research [12]. In addition, we found
that there was negligible adsorption of BPA on MnO2 within the ex-
perimental periods (10min) (data not shown). BPA degradation by PMS
in the presence of α-MnO2 was almost completed (92%) in 10min,
followed by γ-MnO2 (88%), β-MnO2 (58%) and δ-MnO2 (42%) (Fig. 2a).
BPA degradation followed the pseudo first order kinetics. As shown in
Fig. 2b, the total reaction rate constant (ktr) decreased in the order: α-
MnO2 > γ-MnO2 > β-MnO2 > δ-MnO2.

As mentioned in Introduction, the solution pH in the control ex-
periments of many previous papers using manganese oxides to activate
PMS was not the same as that in the reactors with PMS, as the addition
of Oxone would significantly lower the solution pH but the control
reactions with the Mn oxides were only maintained at near cir-
cumneutral pH [11–14,18,19]. Given the much lower reactivity of Mn
oxides under neutral pH, it is not surprising that the Mn oxide controls
were found non-reactive in those studies. In our experiments, 1 mM
Oxone was added into the reactor, which resulted in a final pH 3.07.
Unlike previous studies, we adjusted the pH to 3.07 for the control
experiments. As shown in Fig. 2b, the ratio of kor/ktr is 25.2, 7.4, 34.1,
and 94.5% for α-MnO2, β-MnO2, γ-MnO2, and δ-MnO2, respectively,
indicating that direct oxidation played an important role in the total
degradation, especially for δ-MnO2.

The differences in kor of different structured MnO2 may result from
different factors, such as Mn(III) content, surface area, surface adsorbed
oxygen species, conductivity, and average Mn oxidation state, as al-
ready reported [22]. For δ-MnO2 in our reaction system, the compar-
able ktr vs. kor suggests that the major role of Oxone was to lower the
solution pH (just like a general acid), which led to enhanced direct
oxidative reactivity of δ-MnO2. While for α-, β- and γ-MnO2, the

catalytic oxidation (kcr) was more important (Fig. 2b), the reasons of
which will be discussed in the following sections. Therefore, the pro-
posed reaction mechanisms in the previous papers using manganese
oxides to activate PMS without proper pH control [12–14,18,19] should
be reinvestigated if they only considered the catalytic and adsorption
role of the manganese oxides, but ignored their oxidant role at acidic
conditions.

In addition, previous studies have shown that Mn(II) can activate
PMS to degrade organic contaminants, although the reaction was very
slow [2,26]. We also obtained similar results. In the PMS/MnO2 sys-
tems, the maximum amount of Mn(II) leached into solution was small
(< 0.37 ppm) during the reaction period of 10min. Preliminary results
showed that the degradation of BPA in the mixtures of Oxone and Mn
(II) (0.37 ppm) was negligible under our experimental conditions (Fig.
S3), indicating that we do not need to consider the contribution of PMS
activation by the leached Mn(II) ions.

3.3. Effect of crystallinity of MnO2

We originally thought δ-MnO2 would be more reactive in PMS ac-
tivation than tunnel structured MnO2 because it has more accessible
active sites [22]. However, the results suggest that δ-MnO2 was less
catalytically reactive than the tunnel structured MnO2, even though its
surface area is about 6 times larger than that of β-MnO2. This is dif-
ferent from previous research showing that δ-MnO2 had higher catalytic
reactivity (should be total reactivity instead) than that of α-MnO2 [18].
However, this paper failed to consider the contribution of direct oxi-
dation, which made it difficult to compare the catalytic reactivity. δ-
MnO2 demonstrating less catalytic reactivity than the tunnel structured
MnO2 has been reported in other applications in previous studies
[27,28]. For instance, Kim et al. found that compared with α-, β-, and γ-
MnO2, δ-MnO2 was the least catalytically reactive in the decomposition
of H2O2, which was ascribed to its low crystallinity and the exposed
low-index planes that have lower surface energies [27].

Saputra et al. believed that the crystalline structure of MnO2 (based
on XRD) was more important than surface area and pore structure in
activating PMS for phenol degradation [29]. Here, we synthesized an-
other δ-MnO2-1 and an amorphous MnO2 (AMO) (Text S1) to test their
activation of PMS to indirectly investigate the importance of crystal-
linity of MnO2. XRD showed that both of them have poor crystallinity
(Fig. S4). As shown in Fig. 3, the two δ-MnO2 and the AMO all de-
monstrated total ktr being comparable to the oxidative kor, indicating
that these two manganese oxides and the δ-MnO2 had low catalytic
reactivity. There might be several reasons for this phenomenon. First, δ-
MnO2 mainly exposes low-index planes that have lower surface

Fig. 2. (a) BPA degradation by different structures of MnO2; (b) pseudo-first-order reaction rate constants of BPA degradation by Oxone-MnO2 (ktr) and by MnO2 (kor)
at acidic pH. Reaction conditions: [BPA]= 6 μM, MnO2= 0.05 g/L, Oxone=1mM, and pH=3.07 ± 0.04.
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energies [27,30], thus less surface reactive compared with tunnel
structured MnO2. Second, previous studies have shown that Mn has six
coordination sites, and coordinately unsaturated metal centers usually
have superior catalytic reactivity [31,32]. However, the Mn in the
dominantly exposed (0 0 1) facet of δ-MnO2 are 6-fold coordinated to
oxygen in a coordinately saturated environment [30], likely resulting in
the lower catalytic reactivity. Therefore, δ-MnO2 is less catalytic re-
active than the tunnel structured MnO2.

Recently, non-radical (e.g., direct electron transfer between PMS-
MnO2 and the substrate) rather than free radical mechanisms were
reported in the activation of Oxone by amorphous MnO2 [26]. To better

understand the mechanisms of the activation of Oxone by MnO2, ESR
experiments with DMPO and TMP as the spin trapping agents were
conducted to observe the formation of radicals. DMPO is a spin trapping
agent for SO4%− and %OH. No signal was observed in the systems
without either PMS or MnO2 (Figs. 4 and S5). When both MnO2 and
PMS were present, a narrow seven-line (1:2:1:2:1:2:1) spectrum was
observed, the signal of 5,5-dimethylpyrroline-(2)-oxyl-(1) (DMPOX),
which was the oxidation product of DMPO [33–35]. DMPOX can be
generated via the excessive oxidation of DMPO by many strong oxi-
dizing substances such as SO4%− and %OH, as reported in the previous
studies [33–35]. Note that the formation of DMPOX did not indicate
SO4%− and %OH were absent [36,37], it mainly indicated that the rate
of DMPO oxidation was probably much faster than its rate of trapping
radicals in our reaction systems [33]. Therefore, similar to previous
research [33], the peak intensity of DMPOX was used to indirectly re-
flect the amount of free radicals.

For the three crystalline MnO2 (α-, β- and γ-MnO2), the intensity of
the DMPOX signals significantly decreased when EtOH was added, but
only slightly decreased when TBA was added (Fig. 4a–c). This suggested
that sulfate radicals played a major role in the oxidation of DMPO,
while hydroxyl radicals only played a minor role. For δ-MnO2, the in-
tensity of DMPOX only slightly decreased when either EtOH or TBA was
added (Fig. 4d), indicating that only a negligible or small amount of
SO4%− and %OH was generated in the δ-MnO2 system.

TMP is a spin trapping agent for 1O2. As shown in Fig. 5, the triplet
signals (1:1:1) for TMP-1O2 were observed in all four types of MnO2,
indicating that 1O2 was formed in the mixtures of Oxone with all four
types of MnO2. The DMPOX formed in δ-MnO2 might be due to the
oxidation of DMPO by 1O2 [38]. Compared with SO4%− and %OH, 1O2 is
a mild oxidizing species [26], which might at least partly result in the
lower catalytic reactivity of the less crystalline δ-MnO2 compared with

Fig. 3. BPA degradation by PMS in the presence of MnO2. Reaction conditions:
[BPA]= 6 μM, MnO2= 0.05 g/L, Oxone=1mM, and pH=3.07 ± 0.04.

Fig. 4. DMPO spin-trapping ESR spectra of Oxone activated by different MnO2 with and without the radical quenchers. Conditions: 0.05 g/L catalyst, 1 mM Oxone,
30mM DMPO, 0.8M EtOH, and 2mM TBA.
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the crystalline MnO2 (α-, β- and γ-MnO2). In addition, ESR data did not
show the signal for superoxide, indicating that either superoxide was
not generated or its concentration was very low [11].

Based on our data and previous research [26], it seems that crys-
talline MnO2 can produce more SO4%− and %OH than less crystalline
MnO2 did, which explained the low catalytic reactivity of δ-MnO2. In
order to better understand what properties affected the efficiency of
SO4%− and %OH generation, many properties were investigated as
shown below for crystalline MnO2, and the properties of the less crys-
talline MnO2 (δ-MnO2) were also examined to see if properties other
than crystallinity could affect its catalytic reactivity. Here, in order to
better illustrate the relationship between the properties of crystalline
MnO2 and the catalytic reactivity (i.e., ktr-kor), we examined two ad-
ditional crystalline MnO2 (α-MnO2-1 and β-MnO2-1). The properties of
these two MnO2 were obtained from our previous paper, as shown in
Table S2 [22], and their reactivity is shown in Fig. S6.

3.4. Surface physicochemical analysis and the importance of Mn(III)
contents

The surface Mn AOS of MnO2 played an important role in many of
its catalytic reactivities [39]. The AOS was obtained by the Mn 3s
multiplet splitting spectra method (Fig. 6) based on the following
equation: AOS=8.95–1.13 Es, where Es is the energy difference
between the main peak and its satellite in Mn 3s [40].

Mn surface AOS of α-, β-, γ-, and δ-MnO2 is 3.63, 3.89, 3.77, and
3.61, respectively (Table 1). The AOS of the four synthesized MnO2
samples are in the range of 3.6–3.9., which match well with previous
reports [16,40]. A chemical titration method was also used to obtain
the bulk Mn AOS (Table S1), which is comparable with their respective
surface AOS. Except for the layer structured δ-MnO2 whose reactivity
was largely affected by its less crystalline structure as mentioned above,
we found that for the crystalline MnO2, lower surface AOS resulted in

higher reactivity, and a good linear relationship was observed between
the catalytic reactivity and the AOS for all five crystalline MnO2 (Fig.
S7a, R2=0.97), which is similar to previous studies using MnO2 as a
catalyst in ozone activation and water oxidation [39,41]. This indicates
that AOS is important in affecting the activation of Oxone by crystalline
MnO2.

Note that including δ-MnO2 in the above linear correlation sug-
gested that δ-MnO2 was an outlier whose poor catalytic reactivity could
not be explained by its AOS (data not shown). Similar behaviors were
also observed when trying to include δ-MnO2 in all the other correlation
efforts shown below and will not be discussed further.

In addition, Mn(III) has been reported to play an important role in
the catalytic reactivity of Mn-based catalysts [16]. For instance, it has

Fig. 5. TMP spin-trapping ESR spectra of Oxone activated by different MnO2. Conditions: 0.05 g/L catalyst, Oxone 1mM, TMP 3mM.

Fig. 6. Mn 3 s XPS spectra of different structured MnO2.
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been shown that Mn(III) has longer (Jahn-Teller distorted) and hence
weaker Mn-O bonds than Mn(IV), which results in higher catalytic ac-
tivity in water oxidation [42,43]. The mechanism of PMS activation by
MnO2 has been proposed in Eqs. (1)–(3). It should be noted that SO4%−

has a higher redox potential than SO5%− (Eqs. (5) and (6)) [44]. SO4%−

is formed from PMS activation by Mn(III) (Eq. (2)), while SO5%− forms
from PMS activation by Mn(IV) (Eq. (1)) [44], thus higher Mn(III)
content in MnO2 should lead to higher reactivity.

+ =SO e SO E 1.105
·

5
2 0 (5)

+ =SO e SO E 2.604
·

4
2 0 (6)

Based on the obtained Mn 3p spectra (Fig. 7), the Mn(III) content
decreased in the order: δ-MnO2 > α-MnO2 > γ-MnO2 > β-MnO2.
When comparing the three crystalline MnO2, the reactivity decreased in
the order α-MnO2 > γ-MnO2 > β-MnO2, which is in the same trend as
Mn(III) content. We also observed a reasonable linear relationship

between the catalytic reactivity and the Mn(III) content for the five
crystalline MnO2 (Fig. S7b, R2= 0.61). Because higher Mn(III) content
would lead to lower AOS, it is not surprising that we observed similar
linear relationships between the catalytic reactivity and AOS or Mn(III)
content. However, the linear relationship between catalytic reactivity
and Mn(III) is not as good as that between catalytic reactivity and AOS
(R2= 0.97). It is possible that the mixed Mn valance (III/IV) in MnO2 is
important in its catalytic reactivity [16,45–49]. However, the optimum
ratio of Mn(III)/Mn(IV) for the activation of PMS needs further study.

Moreover, oxygen species on MnO2 surfaces have been reported to
affect its catalytic and oxidative reactivity [50,51]. In order to under-
stand how oxygen species affected the activation of PMS, O1s XPS
spectra were obtained, which can be deconvoluted into two species
based on the peak positions, including lattice oxygen (Olatt) between
[529.0–529.8 eV] and surface adsorbed oxygen (Osur) between
[531.0–532.0 eV] [40,52]. In our synthesized MnO2, there were two
types of oxygen species (Fig. S8). The abundance of lattice oxygen
species decreased in the order: δ-MnO2 > α-MnO2 > β-MnO2≈ γ-
MnO2 (Table S1), while that of surface adsorbed oxygen species in-
creased in the order: δ-MnO2 < α-MnO2 < β-MnO2≈γ-MnO2. No
linear correlation between the catalytic reactivity and surface adsorbed
oxygen species (Fig. S7c, R2= 0.33) or lattice oxygen species (Fig. S7d,
R2=0.33) was observed in our experiments, indicating that the oxygen
species were not the main factor affecting the activation of PMS.

3.5. Electrochemical impedance spectroscopy (EIS) of MnO2

Another important factor affecting the catalytic reactivity is the
interfacial conductivity of the catalyst. Previous studies have shown
that lower charge resistance of MnO2 would lead to higher oxygen
evolution reactivity [16]. The charge transfer resistance of different
structured MnO2 was obtained by an equivalent circuit with C2/R2+R1
(Fig. S9 and Table S3). Based on the EIS spectra (Fig. 8), the con-
ductivity as indicated by the R2 values decreases in the order: α-
MnO2 > δ-MnO2 > γ-MnO2 > β-MnO2. For the five crystalline
MnO2, we observed a good linear relationship between catalytic

Table 1
BET surface area, Mn average oxidation state (AOS), and surface Mn and O
chemical composition of MnO2.

MnO2 Surface
area (m2/
g)a

AOSb %Mn
(III)c

%Mn
(IV)c

%Mn
(III)d

%Mn
(IV)d

%Osure K/Mnf

α-MnO2 175 3.63 25.5 74.5 30.2 69.8 14.7 0.12
β-MnO2 18 3.89 23.0 77.1 15.3 84.7 20.1 0
γ-MnO2 73 3.77 24.7 75.3 26.7 73.3 20.1 0
δ-MnO2 106 3.61 37.9 59.2 40.3 55.1 13.2 0.27

a Obtained from Ref. [22].
b Obtained from Mn3s multiplet splitting.
c Percentage compositions of Mn 3p spectra by fitting Mn(II), Mn(III), and

Mn(IV) for the MnO2 samples before reaction.
d Percentage compositions of Mn 3p spectra by fitting Mn(II), Mn(III), and

Mn(IV) for the MnO2 samples after reaction.
e Percentage compositions of O 1s spectra by fitting Owater, Osur, and Olatt.
f The ratio of K/Mn was obtained by EDX from Ref. [22].

Fig. 7. Mn 3p XPS spectra for different structured MnO2 by fitting Mn(II), Mn(III), and Mn(IV) reference spectra. Note that the red solid lines stand for the
experimentally observed spectra of MnO2. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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reactivity and resistance (Fig. S7e, R2= 0.91), indicating the con-
ductivity of MnO2 was important in affecting the activation of PMS.
Low charge resistance would favor electron transfer, which increased
the reactivity.

3.6. Role of MnO2 structures

As reported, α-, β-, and γ-MnO2 contain different types of tunnel
structures, which might partially affect their catalytic reactivity. α-
MnO2 has a large (2×2) tunnel structure containing both edge-shared
and corner-shared MnO6. γ-MnO2 has (1× 1) and (1× 2) tunnel
structures also containing both edge-shared and corner-shared MnO6. β-
MnO2 only contains small tunnel structures (1×1) with corner-shared
MnO6 [53]. Among the tunnel-structured MnO2, the catalytic reactivity
of α- and γ-MnO2 was much higher than that of the single-tunnel
structured β-MnO2, mostly due to the larger tunnel sizes [15,54]. Al-
though layer structured δ-MnO2 has more accessible sites, its poor
crystallinity resulted in lower catalytic reactivity, as discussed in
Section 3.4.

The K+ content in MnO2 has been reported to affect the catalytic
reactivity [55]. For example, Hou et al. demonstrated that increasing
K+ content in OMS-2 resulted in enhancement in benzene oxidation
[55]. As shown in Table 1, the K/Mn ratio of MnO2 decreased in the
order: δ-MnO2 > α-MnO2 > γ-MnO2=β-MnO2, indicating that K+

content was not the main reason that affected the activation of PMS.
MnO2 with longer Mn-O bonds have lower Mn-O bond strength,

which favors its reactivity [22,42]. The average Mn-O distance of α-, β-,
γ- and δ-MnO2 is 1.925, 1.888, 1.91, and 1.936 Å, respectively [42,56].
For the three tunnel structured MnO2, longer Mn-O bond length agrees
well with higher reactivity. Moreover, surface area (SA) has been be-
lieved to be an important factor that correlates with MnO2 reactivity
[57]. In our system, the SA decreased in the order: α-MnO2 > δ-
MnO2 > γ-MnO2 > β-MnO2. However, for the five crystalline MnO2,
we did not observe good linear relationship between the catalytic re-
activity and SA (Fig. S7f, R2= 0.23), indicating that SA only played a
minor role in affecting the activation of Oxone.

3.7. Activation mechanisms of Oxone by MnO2 under acidic conditions

BPA degradation in PMS-MnO2 can be ascribed to two reactions, as
mentioned earlier. First, it can undergo direct oxidation by MnO2
especially at more acidic pH (Figs. 2b and 3). For the direct oxidation,
different factors including Mn(III) content, reduction potential, surface
area, and interfacial conductivity would affect the reactivity [22]. The
mechanism of BPA direct oxidation by MnO2 has been well studied in
previous papers [58,59] and will not be addressed here. In addition, the
direct oxidation by MnO2 was negligible at pH 5.5 during the experi-
mental periods (5min, data not shown). Thus, the catalytic reactivity
was approximately the same as the total reactivity (ktr) at pH≥5.5
(Fig. S10).

Second, BPA can be catalytically oxidized by PMS-MnO2. Based on
our ESR analysis, δ-MnO2 mainly catalyzed PMS to form 1O2, with a
negligible or very small amount of SO4%− or %OH formed; while α-, β-
and γ-MnO2 all catalyzed PMS to form SO4%−, %OH and 1O2. Radical
quenching tests by two scavengers namely ethanol (EtOH) and TBA
were thus conducted to examine the relative importance of the free
radicals. EtOH has been employed as a quenching agent for both SO4%−

and %OH because of its high second order reaction rate constant with
SO4%− (3.5× 107M−1s−1) and %OH (1.9×109M−1s−1) [60]. TBA is
a good quenching agent for %OH because its reaction rate constant with
%OH is about 1000 times higher (6.0× 108M−1s−1) than that with
SO4%− (4.0×105M−1s−1) [60].

As shown in Fig. 9, the reactivity was inhibited by EtOH for α-, β-,
and γ-MnO2, but not much affected for δ-MnO2 due to a negligible or
small amount of SO4%− and %OH formed. However, TBA only slightly
inhibited the reactivity for all MnO2. These results indicated that
SO4%− was the dominant radical for crystalline MnO2, whereas %OH
played a minor role, which agrees with the ESR data and many previous
papers [10,18]. Note that BPA radicals were reported to form in the
direct oxidation of BPA by MnO2 [58,59]. However, the control ex-
periments showed that these radicals did not appear to be affected by

Fig. 8. Nyquist plots obtained from EIS measurements of the MnO2.

Fig. 9. Reaction rate constants with and without EtOH (0.8M) or TBA (2mM)
as the quenching agents. Reaction conditions: [BPA]= 6 μM, MnO2= 0.05 g/L,
Oxone= 1mM, and pH=3.07 ± 0.04.

Fig. 10. ATR-FTIR spectra of PMS solution without MnO2 and different struc-
tured MnO2 in PMS solution.
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the addition of either EtOH or TBA (Fig. S11).
The relative contributions of SO4%− and %OH to the overall free

radical-based oxidation at different reaction times were then calculated
based on the amounts of BPA degraded at different times (Fig. 2a) [61].
The detailed explanation of how the contributions were calculated is
included in Text S3. As shown in Text S3, the contribution of SO4%−

was 90.1–97.0%, 69.2–91.8%, and 76.1–90.1% for α-, β-, and γ-MnO2,
respectively. Previous studies have shown that compared with %OH,
SO4%− is a more efficient and selective oxidant for organic compounds
containing unsaturated bonds and aromatic constituents [3]. Therefore,
the largest contribution of SO4%− for α-MnO2 can at least partially
explain its highest catalytic reactivity.

After subtracting BPA degradation by both radicals (SO4%− and
%OH) and by direct oxidation by MnO2, there is still significant BPA
degradation (Figs. 2b and 9). This suggests that there are other reaction
mechanisms in the system. ESR analysis also showed that 1O2 formed in
PMS-MnO2. 1O2 is a mild oxidant and is resistant to saturated alcohols
(e.g., methanol and TBA) [62]. Singlet oxygen was reported to form
through the following mechanism [63,64].

+2HO 1
2

O H O·
2

1
2 (7)

In addition, ATR-FTIR was employed to demonstrate possible
complexes formed on the surface of MnO2 (Fig. 10). For PMS alone, the
peaks in the range of 900–1340 cm−1 are generally assigned to the
symmetric and asymmetric stretching of the S–O bond in eitherHSO5 or
SO4

2 [11,65]. There was a blue shift of about 9 cm−1 to the position of
1099 cm−1 when MnO2 was added into the PMS solution. Previous
studies assigned the shift to the formation of complexes such as
[MnO (HO)OSO ]3 on the MnO2 surface [65]. However, we also ob-
served a similar shift for δ-MnO2. Considering the poor catalytic activity
of δ-MnO2 in activating PMS, the formation of surface complexes itself
does not seem to support efficient catalytic reactivity.

Moreover, the XPS spectra of different Mn-based catalysts after re-
action under acidic conditions were obtained (Table 1 and Table S1 and
Fig. S12). As demonstrated in previous studies [34], the abundance of
Mn(IV) on Mn-based catalysts increased whereas that of Mn(III) de-
creased after the catalytic activation of Oxone at pH 7. However, we
observed different results. For α-, γ- and δ-MnO2, the abundance of Mn
(III) increased and that of Mn(IV) decreased. Whereas for β-MnO2, the
abundance of Mn(III) slightly decreased and that of Mn(IV) increased.
We believed that this is because both direct oxidation and catalytic
oxidation were involved in the reactions. For catalytic reaction, it has
been shown that the abundance of Mn(III) decreased whereas that of
Mn(IV) increased [34,66]. For direct oxidation, it has been shown that
the abundance of Mn(III) increased while that of Mn(IV) decreased
[67]. Therefore, the Mn(III) content of β-MnO2 decreased due to the
small contribution of direct oxidation. For δ-MnO2, direct oxidation
played a dominant role, which decreased the abundance of Mn(IV)
[67]. Whereas for α- and γ-MnO2, both mechanisms played an im-
portant role in the total reactivity, resulting in the above phenomenon.
Therefore, the results obtained from a previous study [11] using XPS to
analyze the change in the Mn valence after reaction under acidic con-
ditions should be carefully re-interpreted because direct oxidation was
not considered.

4. Conclusions

In this study, four MnO2 with different structures were synthesized
and tested in the activation of PMS for the degradation of BPA as a
representative contaminant. The catalytic performance decreased in the
order: α-MnO2 > γ-MnO2 > β-MnO2 > δ-MnO2. The lowest catalytic
reactivity of δ-MnO2 was mainly due to its low extent of crystallinity.
For the crystalline structured MnO2, lower Mn AOS, higher Mn(III)
content, and higher conductivity all correlated well with higher re-
activity. Under acidic pH, BPA degradation underwent three

mechanisms: (1) catalytic oxidation by radicals (SO4%− and %OH); (2)
direct oxidation by MnO2; and (3) catalytic reaction by nonradical
mechanisms, such as 1O2. For the crystalline structured MnO2 (α-, β-,
and γ-MnO2), BPA degradation was dominated by the radical me-
chanism, while for the less crystalline δ-MnO2, direct oxidation played
an important role. In addition, sulfate radical is more important than
hydroxyl radical in the radical mechanism. Finally, the observed re-
activity in contaminant degradation under acidic conditions is a com-
bination of catalytic and direct oxidation. When interpreting the re-
ported reactivity data, care should be taken when the solution pH of the
Mn oxide controls were not properly adjusted.
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