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Abstract

Manganese oxide has been widely investigated for oxidation of arsenite (As(III)) to arsenate (As(V)) due to its
high redox potential, however it becomes extremely unstable after reuse. Here, As(IIl) oxidation activity and
stability of manganese oxide in the presence of peroxymonosulfate (PMS) was investigated. Batch experimental
results revealed that manganese oxide/PMS exhibits high catalytic activity for As(III) oxidation compared to
manganese oxide or PMS alone. Addition of PMS to manganese oxide not only revealed long-term stability for
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As(III) oxidation, but also showed high As(III) oxidation activity in the presence of coexisting ions such as
As(V) and phosphate. Quenching tests revealed that As(IIl) oxidation in the manganese oxide/PMS system was
attributed to activation of PMS by manganese oxide at different oxidation states (Mn(III) and Mn(IV)), and the

generation of sulfate radicals that were responsible for As(I1I) oxidation.

Abbreviations: BET, Brunauer — Emmett — Teller; EtOH, ethanol; FTIR, Fourier transform infrared;
ICP/OES, inductively coupled plasma/optical emission spectroscopy; PMS, peroxymonosulfate; TBA,
tert-butyl alcohol; TEM, transmission electron microscopy; XPS, X-ray photoelectron spectrometry; XRD,

X-ray diffraction

Keywords: Activation, Arsenite oxidation, Manganese oxide, Peroxymonosulfate, Sulfate radicals

1 Introduction

Arsenic (As) is a common toxic metalloid and has been found at hazardous levels in drinking water throughout
the world, especially in South and Southeast Asia ["’. It is reported that the groundwater used for drinking by
about 140 million people worldwide contains unsafe levels of arsenic 1*!. As the main exposure to inorganic
arsenic for the general population is through ingestion, acquisition of safe drinking water is extremely important
for human health ). With the increasing use of groundwater for drinking purpose, developing effective
treatment technologies for reducing the arsenic levels below the WHO standard in groundwater is of great
importance. Arsenite (As(IIl)) and arsenate (As(V)) are the two main dissolved As species that exist in polluted
groundwater. Between them, As(IIl) is reportedly more harmful than As(V) due to its greater mobility and
toxicity (Y. Therefore, oxidation of As(IIT) to As(V) is not only a possible approach to reducing arsenic impacts
on human health, but also is a vital step for total arsenic immobilization prior to treatment by subsequent

technologies such as sorption and coprecipitation /.

Manganese oxide has been widely used for rapid oxidation of As(III) to As(V) due to its high redox potential of

E, (MnOz/MnH) =122V 15 However, to our knowledge, manganese oxide is unstable after being reused for
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As(III) oxidation, which is attributed to the release of Mn>" during As(III) oxidation and a decrease in the Mn
oxidation state ™. This means that manganese oxide only acts as an oxidant for As(III) oxidation, rather than as
a catalyst. In addition, a reduction in oxidation activity may occur in the presence of coexisting ions such as
phosphate in arsenic-containing wastewater ''*"'"). This is due to the favorable adsorption of coexisting ions onto
manganese oxide surfaces, which then occupy and passivate its surface active sites "%\, Therefore, a strategy to

improve As(IIl) oxidation rate and guarantee the recycling of manganese oxide activity is still required.

Peroxymonosulfate (HSOs~, PMS) is one form of peroxosulfate-based chemicals that has been widely used as
an oxidant in different advanced oxidation process (AOP) techniques for degradation of organic pollutants,
which has been used to quickly oxidize As(III) to As(V) in recent works 18791 Duye to the low As(I1I) oxidation
rate of PMS at room temperature, there is still a need to activate PMS forming sulfate radicals (SO,™) with high
redox potential (2.5--2.8 V). In peroxosulfate-based AOP systems, sulfate radicals (SO, ) can be formed
through activation of PMS by UV, heat and catalysts ****!. For example, peroxosulfate-based chemicals
activated by UV and Fe®' rapidly oxidized As(IIT) "*%. As a result of lower energy consumption and its
recycling ability, activation of PMS by manganese oxides has attracted a lot of attention compared to UV light,
thermal radiation and transition metal ions catalysts such as F e**, Co(II), Cu(Il), Mn(II), Ni(Il) and Ce(III) *'**
1 For example, Luo et al. reported that manganese oxide/PMS showed high catalytic activity and stability for
Acid Orange 7 (AO7) degradation **|. Saputra et al. investigated a manganese oxide/PMS system for phenol
degradation, and found that manganese oxide with varying structure and morphology showed different catalytic
activity **!. However, to date, no literature has reported whether manganese oxide/PMS systems possess the
efficient catalytic activity and stability for rapid As(III) oxidation. Furthermore, the activation mechanism of

PMS by manganese oxide for As(III) oxidation is still unknown.

In this paper, As(III) oxidation activity by manganese oxide was tested in the presence of PMS. A remarkable
improvement in catalytic activity for fast As(III) oxidation was observed in the manganese oxide/PMS system as
compared to manganese oxide or PMS alone. The presence of PMS not only reduced the adverse effects of
coexisting ion adsorption on As(III) oxidation by manganese oxide, but also improved the stability of

manganese oxide. The mechanism of PMS activation by manganese oxide for As(III) oxidation is also proposed.
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2 Materials and Methods
2.1 Sample preparation

The manganese oxide sample was prepared by a redox reaction between KMnO,4 and Mn(NOs), at 75 °C for 48
h. Details of the preparation procedure, which were similar to the literature reported in previous work !, were
as follows. Typically, 3.5190 g of Mn(NOs;), was added into 80 mL of distilled water in a 100 mL beaker, then
3.1608 g of KMnO, was dissolved into the above mixture under vigorous magnetic stirring. After 10 min, the
beaker was sealed with plastic wrap and subsequently placed into an electric heating oven, heated to 75 °C, and
kept at this temperature for 48 h. After the beaker had cooled to room temperature, the resulting precipitates
were filtered, washed with distilled water, and dried at 75 °C for 10 h. In this study, all reagents were of

analytical grade without further treatment.

2.2 Sample characterization

X-ray diffraction (XRD) patterns were conducted on a Rigaku Dmax X-ray diffractometer using Cu Ko
radiation. The data of Fourier transform infrared (FTIR) and Raman spectra of the samples were collected on a
Bruker Vertex 70 spectrophotometer and a LabRAM HR Evolution Raman microscope using a laser light with
excitation wavelength at 663 nm, respectively. Mn>" concentration in solution was measured by inductively
coupled plasma/optical emission spectroscopy (ICP/OES, PerkinElmer Optima 4300DV). Mn 2p XPS spectra
data were collected on a VG Multilab 2000 X-ray photoelectron spectrometer using Mg K radiation. The

collected Mn2p XPS spectra were calibrated by referencing the binding energy of Cls at 284.6 eV.

2.3 As(III) oxidation experiments

Arsenite oxidation experiments were performed on a rotary oscillator with a stirring speed of 160 rpm at room
temperature. Because the PMS is an acidic oxidant, this may lead to a considerable decrease in solution pH after
adding PMS. To eliminate the interference of pH change during the process of As(IIl) oxidation, the simulated
0.1 mmol L™ As(III) solution was prepared by stepwise diluting a NaAsO, stock solution using acetate

acid/sodium acetate buffer solution (pH 6). NaAsO, stock solution was obtained by dissolving a certain amount
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of NaAsQ, in deionized water. To start, manganese oxide and/or PMS were added to the As(III) solution (50
mL) in a 100 mL Erlenmeyer flask. During As(III) oxidation, 2 mL of the suspension was removed at specific
intervals (e.g., 5, 10, 15, 20, and 30 min), mixed with 6 mL of distilled water, and filtered through 0.22 pm
cellulose filters. As(V) and total As concentrations (As(V)+As(II)) in the solution were analyzed by
colorimetric spectrophotometry. The effect of solution pH on As(I1I) oxidation was performed using HNO; (0.1
M) and NaOH (0.1 M) to adjust the solution pH to the target value. For the recycling experiment, the used
manganese oxide was separated after each cycle, and the next cycle was started by addition of a fresh solution of

As(I11) and PMS.

2.4 Analysis

Arsenate was analyzed using colorimetric spectrophotometry (As(V) reacts with molybdate forming a blue
complex whilst As(IIT) does not). Detailed detection procedures are described in previous work !'*). Total As
was determined similar to As(V) but with the addition of iodine !'*). Arsenite was determined by subtracting
arsenate from the total As concentration. Arsenite and total As concentrations were determined using hydride

generation atomic absorption spectrophotometry if phosphate was present in solution ',

3 Results and discussion
3.1 Characterization

Manganese oxide sample was synthesized by a redox reaction between Mn(NOs), and KMnO, at 75 °C **,
XRD results revealed that manganese oxide possesses a tetragonal cryptomelane structure (KMngOy,) (Fig. 1).
Transmission electron microscopy (TEM) and high-resolution TEM (HRTEM) images exhibited that manganese
oxide had nanorod-like morphology with exposed {110} facets (Supporting Information Fig. S1). The Brunauer

— Emmett — Teller (BET) specific surface area of manganese oxide was 34.1 m* g™ [#*],
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3.2 As(III) oxidation performance

Batch experimental results for oxidation of As(IIl) on manganese oxide in the absence of PMS are presented in
Fig. 2A. For manganese oxide at 0.2 g L™, only 41.9% of As(III) was oxidized to As(V) after 30 min, indicating
that manganese oxide possesses very low As(IIl) oxidation activity at low concentration. Increasing the
manganese oxide dosage from 0.2 t0 0.4,0.8,1.2,and 1.6 g L"l, revealed that As(IIT) oxidation rate increased
from 41.9 to 61.2, 82.1, 84.4, and 91.5%, respectively (Fig. 2A). In view of the importance of stability in terms
of As(IIT) oxidation, the recyclability of manganese oxide was examined during reaction between 2.0 g L™
manganese oxide and 0.1 mmol L™ initial As(IIT) concentration. As shown in Fig. 2B, compared to the first run
(94.1%), the As(III) oxidation rate of manganese oxide slightly decreased to 82.7% in the second run. However,
in the fourth run, As(III) oxidation had a rapid decrease to 32.0 % after 30 min. The structure of the used
manganese oxide was examined by XRD (Fig. 1). Compared to fresh manganese oxide, the position of XRD
peaks in the used manganese oxide obviously shifted to high degree, suggesting the structure of manganese
oxide may be changed after four successive reactions in this case. This revealed that manganese oxide only acts

as an oxidant for As(IIl) oxidation, rather than a catalyst, and could not be reused.

To improve As(III) oxidation activity and the stability of manganese oxide, As(III) oxidation on manganese
oxide in the presence of PMS was investigated. As shown in Fig. 2C, compared to manganese oxide alone (0.2 g
L"), As(III) oxidation by manganese oxide in the presence of PMS considerably increased to 95.9% after 30
min. The chemical oxidants of H,O, and NaClO, which had been investigated for As(III) oxidation in previous

literature %32

, were also employed to evaluate their As(IIl) oxidation activities for comparing with the
manganese oxide/PMS system. After 30 min, the As(III) oxidation rates of H,O, and NaClO were 22.6 and
30.3%, respectively (Fig. 2C), which were far lower than that of manganese oxide in the presence of PMS. This
result suggested that manganese oxide/PMS can be used as an alternative to chemical oxidants for highly
efficient pre-oxidation of As(III). To explain whether an increase in As(Il) oxidation on the manganese
oxide/PMS system arises from the oxidation ability of PMS, the As(III) oxidation activity of PMS in the
absence of manganese oxide was tested (Fig. 2C and D). At 0.1 mmol L™' PMS, As(III) oxidation rate was
59.6% after 30 min. Increasing the PMS concentration to 0.2 mmol L™, As(III) oxidation rate slightly increased
to 63.5%. However, further increments in PMS concentration from 0.2 to 0.8 and 2.0 mmol L™, revealed that

As(IIT) oxidation rate slightly increased from 63.5 to 73.2 and 78.7%, respectively. This result indicated that

As(III) species cannot be sufficiently oxidized to As(V) by PMS only if it was not activated by manganese oxide
This article is protected by copyright. All rights reserved.
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even at high concentrations (e.g., 2.0 mmol L™"). The stability of the manganese oxide/PMS system for As(III)
oxidation was therefore tested (Fig. 2B). After four successive cycles, As(III) oxidation rate was maintained as
high as 86.1% for each run. The Mn®" release of manganese oxide in the presence of PMS during As(III)
oxidation was examined by ICP/ OES analysis. As shown in Supporting Information Fig. S2, the release of
Mn?" concentration within initial 20 min was too low, i. e., below the detection limit (0.005 mg L™"), to be
measured by ICP/ OES. After 30 min, a slight Mn®" release of 0.014 mg L™ was observed, which was far lower
than the stoichiometric release of Mn®" concentration mediated by As(III) oxidation (5.2 mg L™"). This result
indicated that manganese oxide in manganese oxide/PMS system was very stable. The XRD analysis indicated
that the phase structure of manganese oxide has no obvious change before and after reaction (Fig. 2). The FTIR
and Raman spectra of manganese oxide before and after reaction with As(II) in the presence of PMS was also
collected. As shown in Supporting Information Fig. S3, IR absorption peaks at 722, 525, and 471 cm™, which

33,34 . .
(33341 \were observed in manganese oxide. After

were assigned to the Mn-O vibrations in MnOg octahedra
reaction with As(III) in the presence of PMS, the FTIR spectrum of used manganese oxide showed no obvious
change compared to fresh manganese oxide. Raman spectrum of the manganese oxide before and after reaction
with As(III) in the presence of PMS also has no obvious change (Supporting Information Fig. S4). This result

confirmed that the presence of PMS in solution not only promoted As(III) oxidation activity for the manganese

oxide, but also enhanced the stability of manganese oxide.

It is well known that both As(III) and As(V) coexist in aqueous and soil environment due to varying redox
conditions ***°!. Therefore, the effect of competitive adsorption on As(III) oxidation must also be considered in
real arsenic polluted wastewater. To determine whether coexisting As(V) affects As(III) oxidation rate on the
manganese oxide/PMS system, the effect of As(V) species in the presence and absence of PMS was investigated
by addition of 0.1 mmol L™" As(V) in solution (Fig. 3A). For manganese oxide only, following As(V) addition,
As(III) oxidation rate considerably decreased to 30.1% compared to that without addition. Whereas for the
manganese oxide/PMS system, after addition of As(V), As(IIl) oxidation rate (93.2%) showed no obvious
change compared to that without addition of As(V) (96.9%). This result indicated that the presence of PMS
promoted As(IIT) oxidation on manganese oxide, thus considerably reducing the adverse effect of coexisting
As(V) on As(III) oxidation. The As(III) oxidation on single PMS in the presence and absence of As(V) was also
evaluated (Fig. 3A). After addition of 0.1 mmol L™" As(V), the As(III) oxidation rate of single PMS was 58.5%,

which was nearly the same as that without addition of As(V) (59.6%). This observation indicated that coexisting
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As(V) ions mainly affected the manganese oxide, thus indirectly altering the As(I1l) oxidation in the manganese

oxide/PMS system.

Phosphate ions commonly exist in natural groundwater and act as competitive ions due to the same structure as
As(V). The phosphate ion was therefore used for illustrating the effect of a competitive ion on As(III) oxidation
on the manganese/PMS system (Fig. 3B). For manganese oxide only, its As(III) oxidation rate significantly
decreased from 41.9 to 28.3% after addition of 0.1 mmol L™ phosphate. Addition of phosphate has no obvious
effect on As(III) oxidation on single PMS, evidenced by no obvious change of their As(IIT) oxidation rates
before and after addition of phosphate (Fig. 3B). With the manganese oxide/PMS system, As(I1I) oxidation rate
was 94.1% after adding phosphate, which was reduced by 2.8% as compared to that without addition. This result
once more demonstrated that As(III) can be efficiently oxidized to As(V) with manganese oxide/PMS even in

the presence of coexisting ions such as phosphate.

The effect of manganese oxide concentration on As(III) oxidation in the manganese oxide/PMS system was
evaluated through changing the manganese oxide dosages from 0.1 to 0.8 g L™'. As shown in Fig. 4, As(III)
oxidation rate for 0.1 g L™ manganese oxide in the manganese oxide/PMS system was 82.4% after 30 min.
Increasing the manganese oxide dosage to 0.2 g L™ resulted in an As(III) oxidation rate increase to 95.9% after
30 min. Increasing the manganese oxide concentration from 0.2 to 0.4 and 0.8 g L™', respectively, demonstrated
that As(III) oxidation rates slightly increased from 95.9 to 96.3 and 98.3% after 30 min, respectively. This result
indicates that As(III) oxidation rate does not increase linearly at high manganese oxide concentrations, which
may be due to the diffusion of As(IIl) and PMS which is rate limiting in this case **. The effect of manganese
oxide dosage on As(III) oxidation in the manganese oxide/PMS system was also evaluated at a high initial
As(III) concentration of 1.0 mmol L™". As shown in Supporting Information Fig. S5, As(III) oxidation rates in
different manganese oxide/PMS systems at 1.0 mmol L™" As(IIT) concentration were lower than the
corresponding values at 0.1 mmol L™" As(III) concentration. Increasing manganese oxide dosage from 0.1 to
0.2, 0.4 and 0.8 g L™, respectively, resulted in a slight increase of the As(III) oxidation rate from 26.2 to 29.7,
34.6, and 36.7%, respectively, suggesting that the PMS concentration is the main limiting factor for As(III)

oxidation in this case.

The effect of PMS concentration on As(III) oxidation in the manganese oxide/PMS system was also investigated

using a range from 0.01 to 0.2 mmol L™". As shown in Fig. 5, for PMS at 0.01 mmol L™, As(III) oxidation rate
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was 72.9% after 30 min. Increasing the PMS concentration to 0.05 and 0.1 mmol L™ in the reaction system,
resulted in As(III) oxidation rates of 84.2 and 95.9%, respectively. This was due to the high PMS concentration
in the system, which can produce more active radicals, thus significantly improving As(III) oxidation. However,
increasing the PMS concentration to 0.2 mmol L' did not result in the same increase in As(III) oxidation. This
may be attributed to reaction mechanisms, i. e., at low PMS concentration, As(III) oxidation rate is limited by
radical generation, but, at high PMS concentration, As(III) oxidation rate is limited by the contact between

radical and arsenite species .

The effect of pH on As(II) oxidation rates in the manganese oxide/PMS system was evaluated by adjusting the
solution pH to 4.3, 6.0, 7.4, 9.2, and 12.4, respectively. In acid conditions, higher As(IIl) oxidation rate occurs
(Fig. 6); at pH 4.3, As(III) oxidation rate was 97.1%. When pH increased from 4.3 to 6.0, 7.4, 9.2, and 12.4,
respectively, the As(III) oxidation rates decreased from 97.1 to 95.9, 85.0, 78.9, and 75.1%, respectively. A
decrease in As(IIT) oxidation rate at high pH may be due to an increase in self-dissociation of PMS, which is

mainly through non-radical pathways ***7,

3.3 A proposed mechanism for As(III) oxidation by PMS activated by manganese oxide

It is reported that manganese oxide has mixed valences of Mn*"and Mn*"1?*** and PMS can be activated by
manganese oxide at different oxidation states to generate abundant SOs ~, SO, ", and HO', which has been
confirmed by electron paramagnetic resonance (EPR) analysis *!. In addition, HO' can also be produced
through the reaction between SO, " and H,0 ***1. As the redox potential of SOs " (1.1 V at pH 7) is much lower
compared to manganese oxides (E(MnOy/Mn’") = 1.22V), SO, (2.43 V), and HO" (2.85 V), SOs " may not be
responsible for the As(III) oxidation in this case. This has been proposed in previous reports for degradation of
organic pollutants ***!. To reveal the role of SO, " and HO' for As(III) oxidation in the manganese oxide/PMS
system, two classical quenching agents, ethanol (EtOH) and tert-butyl alcohol (TBA) were used for the
quenching tests ['”***"*] Tt has been reported that EtOH and TBA show sufficient quenching performance for
HO' radicals, i.e., their reaction rates with HO" are 1.2 x 10°~2.8 x 10° M ' s™" and 3.8 x 10°%~7.6 x 10* M ' s™",
respectively ***”). However, the reaction rate of EtOH with SO, is 1.6 x 10’~7.7 x 10", which is more rapid
than that of TBA (4.0 x 10°~9.1 x 10° M ' s ") %!, Thus, we can distinguish the role of SO, " and HO' for

As(III) oxidation using both EtOH and TBA as quenching agents. As shown in Fig. 7, after addition of 1.0
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mmol L™ EtOH, the As(III) oxidation rate in the manganese oxide/PMS system was reduced by 13.3%
compared to that without addition. More addition of EtOH (2.0 mM) further decreased As(III) oxidation rate,
which was reduced by 25.6%. However, after addition of 1.0 and 2.0 mmol L™ TBA, respectively, the As(III)
oxidation rate slightly decreased to 94.2 and 93.0%, respectively. Since the effect of TBA on As(III) oxidation is
weaker than that of EtOH, sulfate radicals are the dominant active species for As(III) oxidation. In addition, HO"

radicals might also exist, but they play a minor role compared to sulfate radicals.

Based on the above analysis, the proposed activation process of PMS by manganese oxide was as follows.
Firstly, the SO, "and HO' radicals were produced by the reduction of high-valent state of Mn species in
manganese oxide, the generated low-valent Mn species was subsequently re-oxidized by HSOs™". Therefore, we
speculated that the redox pair of Mn**/Mn*" in manganese oxide may play an important role in activation of
PMS to generate highly active radicals, thus significantly promoting the activity and stability of manganese
oxide for As(III) oxidation. To illustrate the role of Mn species in PMS activation, the XPS spectra of
manganese oxide in the presence of PMS were detected before and after four successive experiments for As(II)
oxidation. For comparison, the Mn2p XPS of manganese oxide after four successive experiments in the absence
of PMS was also collected. For manganese oxide/PMS without As(III), three peaks at ~640.5, ~641.9 and
~643.0 eV were deconvoluted from its Mn2p3/2 spectra, which were attributed to Mn®*, Mn®**, and Mn*"
species, respectively [*'). The calculated Mn®*/Mn** and Mn**/Mn*" atomic ratios in manganese oxide/PMS
without As(III) were 0.68 and 0.12, respectively. Remarkably, after four successive reactions with As(III), the
Mn**/Mn**(0.65) and Mn**/Mn*" (0.14) atomic ratios in manganese oxide/PMS were very close to those of
manganese oxide/PMS without As(III) (Fig. 8). However, for single manganese oxide, after four successive
reactions with As(III), the Mn®"/Mn*" and Mn*"/Mn*" atomic ratios increased to 0.99 and 0.29, respectively,
suggesting that high valence of Mn*" partially transformed to Mn®" and/or Mn?" species in this case. This result

indicated that manganese oxide was more stable for As(IIl) oxidation in the presence of PMS.

Based on quenching test results as well as XPS analysis, the proposed mechanism of PMS activation by

manganese oxide for As(II) oxidation can be described as follows:
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=Mn(IV) + HSOs~ — =Mn(III) + SO, "+ OH (1)
=Mn(IV) + HSOs~ — =Mn(III) + SO4* + HO' (2)
=Mn(IIl) + HSOs — =Mn(IV) +SOs "+ H" (3)

Firstly, PMS is activated by high-valent Mn species to generate SO, , HO" radicals, and low-valent Mn species.
Abundant SO, " radicals are rapidly depleted by reacting with As(IIT). Though HO' radicals have a slow reaction
rate compared to SO, " radicals, some of the HO" produced also participated in the As(IIT) oxidation. At the
same time, the reduced manganese oxide (EMn(I1I)) can react with PMS and subsequently recover to its original
state (=Mn(IV)). Remarkably, the structural Mn in manganese oxide may also participate in the reaction once
the addition amount of PMS in the manganese oxide/PMS system was too little to generate enough SO, and
HO' radicals for As(III) oxidation. Therefore, the mechanism involved structural Mn for As(III) oxidation will

be investigated in future work.

4. Conclusion

In summary, manganese oxide was employed for As(III) oxidation by the diverse activation of PMS. Arsenite
oxidation revealed that the manganese oxide/PMS system had higher As(III) oxidation activity compared to
manganese oxide or PMS only. The presence of PMS in solution not only reduced the adverse effect of
competitive adsorption on As(III) oxidation, but also improved the stability of manganese oxide. Increasing
manganese oxide and PMS concentrations led to an increase in As(IlI) oxidation, but with the increase of pH,
As(IIT) oxidation rate decreased. Quenching tests revealed that sulfate radicals are the main active species
responsible for As(III) oxidation. The present work provides a practical approach to improving As(I1I) oxidation

activity and stability of manganese oxide by adding PMS to arsenic-polluted water.
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Figure 1. XRD patterns of manganese oxide before and after reaction with As(III).
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Figure 2. As(IIl) oxidation on manganese oxide with different dosages (A), stability test for manganese oxide
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Figure 3. As(II) oxidation on single Mn oxide, PMS, and Mn oxide/PMS system before and after addition of
0.1 mmol L' As(V) (A) and phosphate (B) at pH 6: Mn oxide concentration of 0.2 g L', PMS of 0.1 mmol

L™, and As(IIT)/ phosphate of 0.1 mmol L™".
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Figure 4. The effect of manganese dosage on As(III) oxidation by the manganese oxide/PMS system at pH 6:

PMS of 0.1 mmol L™ and As(III) of 0.1 mmol L™
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Figure 5. The effect of PMS concentration on As(III) oxidation by the manganese oxide/PMS system at pH 6:

manganese oxide of 0.2 g L™" and As(III) of 0.1 mmol L-"".
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Figure 6. The effect of reaction pH on As(III) oxidation by the manganese oxide/PMS system at pH 6:

manganese oxide of 0.2 g L™, PMS of 0.1 mmol L™, and As(III) of 0.1 mmol L™".
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Figure 7. As(II) oxidation by the manganese oxide/PMS system before and after addition of quenching agents
EtOH (1.0 mmol L") and TBA (1.0 mmol L™") after 30 min: As(III) of 0.1 mmol L™', manganese oxide of 0.2 g

L™, and PMS of 0.1 mmol L.
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Figure 8. XPS spectra of Mn2p3/2 taken from manganese oxide after four successive reactions in the presence

and absence of PMS.
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The As(lll) oxidation activity by Mn oxide was tested in the presence of peroxymonosulfate (PMS).
The result shows that addition of PMS not only reduced the adverse effects of coexisting ions on
As(IIl) oxidation by Mn oxide, but also improved its stability. This study provides a practical approach

for treating arsenic-containing water.
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