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Abstract: A novel manganese dioxide-hydrogen peroxide (MnO,-H;,O;) system was developed for
effective Arsenic (As) removal. Under the specified conditions of no external mechanical stirring, a
trace HyO, concentration of 0.015 wt%, and a MnO, concentration of 25 mg/L, high removal efficiency
(88%) of As (100 pg/L) was achieved by the MnO,-H,O; system within 30 min, which differs from
conventional adsorption processes that require external mechanical stirring and conventional arsenite
(As (III)) oxidation—adsorption processes that require high quantities of oxidants (such as ozone) and
specially synthesized adsorbents/catalysts. The high removal efficiency of As (III) by the MnO,-H,0,
system was attributed to the turbulent conditions precipitated by the extensively generated oxygen
(Oy) from the catalytic decomposition of HyO,, the efficient adsorption of As on the surface of
MnO,, and the effective generation of reactive radicals including hydroxyl and superoxide radicals
(eOH and ¢O, ™). Moreover, the MnO, adsorbents before and after As removal were characterized
systematically, and the generated radicals were verified using electron spin resonance (ESR). The
results showed that the formation of inner-sphere surface complexes by the surface hydroxyl groups
of MnO, particles and As was responsible for the effective As adsorption process, and the oxidation of
As (III) to arsenate (As (V)) was achieved via the generated radicals. The influences of representative
environmental factors on As removal performance and the application of the MnO,-H, O, system
in river water and ground water were further studied and tested. In conclusion, the MnO,-H,0O,
system offers several advantages, including low cost, ease of operation, and strong environmental
adaptability, making it highly promising for practical water treatment applications.
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1. Introduction

As one of the major heavy metal pollutants in water, Arsenic (As) has been listed
in the standards for water quality globally and monitored strictly to ensure the safety
of drinking water. Due to the high toxicity and carcinogenicity of As, the World Health
Organization (WHO) has set the maximum contaminant level (MCL) for As in drinking
water to 10 ug/L [1,2]. Inorganic arsenate (As (V)) and arsenite (As (III)) are the main
species of As existing in natural water, between which more attention has been paid to As
(III), which demonstrates higher mobility and toxicity [3,4]. Due to the fact that As (III)
is normally present in water in a nonionized form as H3AsOs [5], it is difficult to remove
using commonly used adsorbents as a result of the lack of electrostatic interaction [6,7].
One effective way to achieve efficient As removal is the transformation of As (III) to As (V).
It is widely known that As (V) is the dominant form of As under alkaline conditions [8];
however, it is generally not feasible to transform As (III) into As (V) via pH adjustment,
especially for large-scale drinking water treatment and the in situ treatment of surface and
ground water. The other way to achieve this transformation is by oxidizing As (III) into As
(V) and allowing subsequent adsorption [9]. The oxidation—adsorption process has proven
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to be an easily achievable and applicable method for As removal [10-12]. Many methods
based on this mechanism have been developed, such as the combination of oxygenation or
ozonation with adsorbents or membranes [13,14] and the application of specific adsorbents
with oxidation capacity [15-18].

When compared to various synthesized adsorbents designed specifically for oxidation—
adsorption purposes, such as titanium-based composites with photocatalytic proper-
ties [19,20] and Fe-based composites capable of initiating Fenton-like reactions [17,21],
the commonly used compound manganese dioxide (MnO,) offers distinct advantages.
MnO,, serving as both an oxidant and an adsorbent for As (IlI), demonstrates notable
benefits, including high stability, low cost, and ease of operation [22,23]. These charac-
teristics make MnQO; a favorable choice for practical applications. Previous studies have
shown that the oxidation of As (III) by MnO; takes place heterogeneously on the surface
of MnQO;. This process results in the release of both dissolved As (V) and Mn (II) into a
solution under acidic conditions (shown in reaction 1) [24]. In addition, the adsorption of
As (V) occurs through the formation of a surface complex between As (V) and the hydroxyl
groups present on the surface of MnO, (shown in reaction 2) [22]:

Ml’lOz + H3A803 +2H* = Ml"l2+ + HgASO4 + Hzo (1)

2Mn-OH + H3AsO4 = (MnO), AsOOH + 2H,0 )

where Mn-OH represents the surface hydroxyl group on MnO,, and (MnO),AsOOH
represents the complex formed by As (V) and MnO;.

It is important to highlight that MnO, not only acts as an adsorbent and oxidant
but also possesses catalytic properties suitable for the generation of reactive free radicals,
including hydroxyl and superoxide radicals (¢OH and O, ™), through the catalytic decom-
position of hydrogen peroxide (H,O,) [25,26]. Additionally, the abundant generation of
oxygen (O,) in the MnO,-H;O; system creates turbulent conditions, thereby promoting bet-
ter contact between MnO,-based composites and pollutants and enhancing the dispersion
of the reactive radicals [27,28]. Owing to these advantages, the MnO,-H,O, system has
been used in various applications in the field of environmental engineering, such as mem-
brane cleaning, iron chelate degradation, and the removal of organic pollutants [28-32]. As
can be gleaned from the above discussion, the oxidation of As (III) to As (V) plays a crucial
role in the effective removal and detoxification of As. It is a fact that the oxidation capacity
of MnO; itself is not strong, which may limit the overall performance of As removal. So, it
is reasonable to speculate that a system containing a stronger oxidant may be capable of
more effective As removal. In this study, the ability of the MnO,-H;,O, system to remove
As was investigated for the first time. The experimental results demonstrated that excellent
As removal could be achieved under the following conditions: a trace amount of H,O,, no
additional mechanical stirring, and the use of a short reaction time. Moreover, the removal
of As was also conducted in river water and groundwater to verify the feasibility of the
MnO,-H,0O; system.

2. Materials and Methods
2.1. Materials

Chemicals including potassium permanganate (KMnQO,), manganese sulfate tetrahy-
drate (MnSO4-4H,0), disodium hydrogen arsenate heptahydrate (Na,HAsO4-7H,0),
sodium arsenite (NaAsQO,), 5,5-dimethyl-1-pyrroline-N-oxide (DMPO), methanol (CH;0OH),
sulfuric acid (H,SOy), sodium hydroxide (NaOH), sodium chloride (NaCl), calcium chlo-
ride (CaCl,), magnesium chloride (MgCl,), disodium hydrogen phosphate (NayHPOy),
sodium silicate (NaySiO3), sodium bicarbonate (NaHCO3), and hydrogen peroxide (H,O,,
30 wt%) were of reagent grade and used directly without any additional purification. Both
membrane filters and syringe filters with 0.45um pore size were used for MnO, synthesis
and sample preparation.
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2.2. Experimental Procedures

MnO, particles were synthesized via the commonly occurring reaction between
KMnOy4 and MnSQOy:

3MnSO,-4H,0 + 2KMnO, = 5MnO, + K»SO; + 2H,S0; + 10H,0 €)

The details of the synthesis procedures are as follows: A mixture containing MnSOy
(0.15M) and KMnOy (0.1 M) was stirred continuously for 2 h and then left to set for 30 min.
The reaction products were filtered and, subsequently, subjected to four cycles of washing
with ultrapure water (Milli-Q) and ethanol. Following this, the products were dried under
vacuum at 60 °C for 12 h until they became powders. The MnO, particles obtained were
systematically characterized using scanning electron microscopy (SEM), X-ray diffraction
(XRD), and Brunauer-Emmett-Teller (BET) analysis. Moreover, the dispersion state of
MnO; particles in water was further characterized using a Malvern Mastersizer.

Batch experiments were conducted to measure the adsorption isotherms of As using
MnO,. Initially, a 50 mL solution containing As (III) with an initial concentration of
100 pug/L was prepared. Then, predetermined amounts of synthesized MnO, particles and
HO; were added into the system to initiate the catalytic reaction and adsorption of As.
The dosage amount of MnO, particles varied between 15 mg/L to 100 mg/L, and the initial
concentration of HyO, was set in the range between 0.01 wt% and 0.3 wt%. Samples for As
measurement were prepared at specific time intervals by collecting 3 mL of the suspension
containing MnQO; particles. The collected suspension was promptly filtered using a syringe
filter. Note that the MnO, particles trapped on the filter membrane were not reintroduced
into the system. As the controlling parameters, pH of the system was adjusted using HNOj3
and/or NaOH; concentration and types of cations and anions were adjusted by adding
specific electrolytes; temperature of the As (III) solution was controlled using an automatic
temperature controller; and the As (III) solution was prepared using Milli-Q water, ground
water, or river water, depending on the goal of the experiment. All experiments were
conducted at least in triplicate. The concentrations of As (III) and As (V) were analyzed
using a combination of high-performance liquid chromatography and inductively coupled
plasma mass spectrometry (HPLC-ICP-MS) with the NexION300X instrument from Perkin
Elmer Co., Waltham, MA, USA.

To investigate the mechanism of the oxidation—adsorption process for As removal
via the MnO,-H,O, system, the MnO; particles before and after reaction were collected
and compared with each other. To examine the alterations in MnO, particles resulting
from the catalytic reaction and As adsorption, X-ray photoelectron spectroscopy (XPS),
Fourier transform infrared spectroscopy (FTIR), and Raman spectroscopy were employed.
Furthermore, electron spin resonance (ESR) tests were performed to confirm the presence
of reactive free radicals generated in the MnO,-H,0O, system.

3. Results
3.1. Characterization of MnO,

The characteristics of the synthesized MnO, particles are shown in Figure 1. Figure 1a,b
illustrate that the MnO, particles exhibited irregular shapes, generally ranging in size from
0.5 um to 1 um. Additionally, the HR-TEM image (Figure 1c) reveals that the material’s
lattice spacing measures 0.24 nm, corresponding to the (-111) crystal plane of 5-MnO; [33].

The XRD pattern depicted in Figure 1d exhibits distinct peaks at 12.46°, 25.33°, and
36.68°, which correspond to the (001), (002), and (-111) facets, respectively. These charac-
teristic peaks indicate the polymorph of 6-MnO2 (JCPDS PDF# 80-1098) [34,35]. BET tests
were also conducted to further characterize the morphology of the particles. As shown
in Figure 1le, the closed state of the adsorption—desorption curve belonging to the type-IV
isotherm indicated the porous structure of the MnO, particles. More detailed statistical
results obtained using BET tests showed that the average pore size of the MnO, particles
was 3.412 nm and the specific surface area was as high as 288.487 m? /g. Figure 1f shows the
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further measurements of the size distribution of the agglomerates obtained by conducting
DLS measurements on the MnOj particles dispersed in water. The results indicated that the
majority of the agglomerates fell within the range of 10 pm to 100 pm, with an average size
of approximately 50 pm. Additionally, there were smaller quantities of larger agglomerates
formed, measuring around 500 um in size. Conclusively, the mentioned characterization
tests indicated that the synthesized MnO, particles were mesoporous 6-MnO, with a high
specific surface area, which might contribute to the adsorption of As discussed in the

following section.
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Figure 1. Characteristics of the synthesized MnO, particles: (a) SEM image; (b) TEM image (c) HR-
TEM image (d) XRD pattern; (e) adsorption—desorption curves of BET tests; (f) size distribution of

MnO, agglomerates dispersed in water.

3.2. Performance of MnO,—H,0, System with Respect to As Removal
3.2.1. Key Operating Parameters for As Removal
In the conventional systems for As adsorption, mechanical stirring is always required
in order to maintain the continuous dispersion of adsorbents and enhance the contact
between adsorbates and adsorbents. However, in the MnO,-H;,0O, system, the high ad-
sorption efficiency of As could be achieved automatically without mechanical stirring. By
adding H,O, into the system containing MnO, adsorbents, the extensive generation of O,
from the catalytic decomposition of H,O; led to the turbulent conditions necessary for facil-
itating effective and continuous contact between As and micron-sized MnO, particles (the
turbulent conditions caused by the catalytic decomposition of HyO, have been described in
detail in our previous studies [28,29]). Besides the advantage of not requiring mechanical
stirring, as shown in Figure 2a, the equilibrium adsorption capacity (qe) of the MnO,-H0O,
system was always higher than that of the mechanically stirred MnO; system, especially
when the initial As concentration was high (>2 mg/L). For example, when the initial As
concentration was 6 mg/L, the ge of MnO,-H,0, system was 33.6 mg/g, which was more
than twice that of the mechanically stirred MnO; system (qe = 15.5 mg/g). The enhanced
performance of the MnO,-H,O, system can be attributed to the increased generation of
hydroxyl radicals, which facilitates the oxidation of As (III) to As (V) and, subsequently,
enhances the adsorption process. A detailed discussion of this process is provided in the

following section.
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Figure 2. Key operating parameters for As removal: (a) comparison between H,O, addition
and mechanical stirring with respect to As removal (experimental conditions: MnO,—25 mg/L;
Hy0,—0.015 wt%); (b) comparison of As (III) and As (V) removal (experimental conditions:
MnO,—25 mg/L; HyO,—0.015 wt%); (c) influence of H;O, and MnO, dosage on As removal (exper-
imental conditions: initial As (III)—100 pg/L); (d) kinetics of As removal (experimental conditions:
H0,—0.015 wit%; initial As (III)—100 ug/L).

The adsorption capacity of MnO; for both As (III) and As (V) was also tested. As
shown in Figure 2b, the qe of As (III) and As (V) was always comparable when the initial
As (II or V) concentration varied in the range from 100 ug/L to 6 mg/L. Figure 2c further
demonstrates the influence of the H,O, and MnO; dosages on As removal. It shows that
when the HyO, concentration was higher than 0.01 wt%, the q. remained almost constant
regardless of the increase in the HyO, concentration, indicating that the free radicals and
O, generated by the 0.01 wt% HyO, were at high enough levels to enable the saturated
oxidation—adsorption of As under the experimental conditions. Moreover, when the initial
As concentration was 100 ng/L and the HyO; concentration was 0.015 wt%, upon increasing
the MnO; dosage from 25 mg/L to 100 mg/L, e would decrease gradually from 3.3 mg/g
to 0.9 mg/g, which implied the inadequate utilization of adsorption sites on the MnO,
particles under the condition of a high MnO, dosage. A lower MnO, dosage of 15 mg/L
was also tested, but the ge was much lower than that obtained with the 25 mg/L MnO,
dosage due to the lack of available adsorption sites.

The curves of the adsorption kinetics are shown in Figure 2d. They indicate that the
adsorption process of As (III) was very fast within the first 10 min; then, the adsorption
rate decreased gradually. Finally, g was achieved at about 30 min, and the adsorption
amounts remained almost constant afterwards. The final removal efficiency of As (III) was
determined to be 88% under the conditions of 25 mg/L of MnO; and 0.015 wt% HyO; (the
concentration of As left in the solution was about 12 ug/L). When the MnO, dosage was
doubled to 50 mg/L, the trend of the curve was almost the same. Considering the fact
that the initial As concentration used in the experiments was 100 pug/L, which is higher
than that in most natural groundwater and surface water globally, and as the permissible
limit of As in drinking water is set at 10 ug/L, it can be deduced from the experimental
results that the As removal capacity of MnO,-H;O; is sufficient for the practical treatment
of natural water.
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3.2.2. Simulations of Adsorption Kinetics, Isotherms, and Thermodynamics

The adsorption kinetic curves were simulated using both the pseudo-first-order and
pseudo-second-order models. The simulated curves and the values of related parameters
are shown in Figure 3a and Table S1. The results indicate that the pseudo-second-order
model provides a more suitable simulation of the adsorption kinetics, as evidenced by its
higher Adj. R? value. Meanwhile, the calculated g with z value of 3.6 was also comparable
with that obtained from the experiments, which was 3.3. As the pseudo-second-order
kinetic model suggests that chemisorption is the rate-limiting step in the adsorption process,
it was deduced that the predominant mechanism for the adsorption of As (III) involves
chemisorption, where covalent bonds may be formed through the sharing or exchange of
electrons between MnO, and As.

20 (a) = MnO,-H,0, 201 (b) = MnO,- H,0,
Pseudo-second-order model — Freundlich model
_ 151
e
10 2 10-
&
54
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t (min) C.(g'L™

Figure 3. Simulation of adsorption kinetics and isotherms (experimental conditions: MnO,—25 mg/L;
H,0,—0.015 wit%,; initial As (II[)—100 pg/L). (a) Pseudo-second-order model; (b) Freundlich model.

Simulations of the adsorption isotherms were further conducted using both the Lang-
muir and Freundlich models [36,37], and the values of the corresponding parameters are
shown in Figure 3b and Table S2. Figure 3b shows that g was enhanced with the increasing
initial As concentration; subsequently, the increment rate declined gradually, which is simi-
lar to the adsorption isotherms of other adsorbents. As shown in Table S2, the Freundlich
model in which multimolecular layer adsorption was set as the assumption could provide
a more appropriate simulation with a higher Adj. R? value (>0.99). This implies that the
adsorption of As (III) by MnO, might be dominated by the multimolecular layer adsorption
on the MnOys surface.

Thermodynamic parameters, including the changes in standard free energy (AGY),
enthalpy (AH?), and entropy (AS°), were also calculated. The calculated results and
calculation procedures are shown in Table 1 and the Supporting Information. The negative
value of AG?, along with its decreasing trend as the temperature increases, suggests that
the adsorption of As by the MnO,-H,O, system is a spontaneous process. This indicates
that the adsorptive forces are strong enough to overcome the binding potential, allowing
for the effective binding of As (III) and As (V) on the surface of the MnO,. The negative
value of AHY indicates that the adsorption process is exothermic. Additionally, the positive
value of AS” suggests an increase in randomness at the solid/solution interface during
the adsorption of As (III) and As (V) on the surface of the MnO, [38]. This increase in
randomness can be attributed to the substitution of surface groups on MnO; by As and the
generation of oxygen on the MnOy s surface through the catalytic decomposition of H,O,.
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Table 1. Thermodynamic parameters for the adsorption of As on MnO,.

Temperature AGO AHO AS°®
(K) (kJ-mol—1) (kJ-mol—1) (kJ-mol—1.K)
288.15 —4.421
298.15 —4.557
—0.939 12.112
308.15 —4.686
318.15 —4.780

3.3. Mechanisms for As Removal

To characterize the distribution of adsorbed As on the surface of the MnO,, scanning
electron microscopy and energy-dispersive X-ray spectroscopy (SEM-EDS) mapping of the
MnO, particles after As adsorption were conducted. As shown in Figure 4, the adsorbed
As was distributed uniformly on the surfaces of the MnO, particles without distinct
areas of As enrichment, indicating the remarkable homogeneity of As adsorption by the
MnO; particles.

Figure 4. SEM-EDS mapping of MnO; particles after adsorption of As. (From left to right: images of
oxygen, manganese, and arsenic.)

The Fourier-transform infrared spectroscopy (FTIR) spectra before and after As (III)
adsorption on the MnO,s surface are shown in Figure 5a. the shift of the peak from
3399 cm~! to 3375 cm ! and the prominent reduction in the peak area around 530 cm ™!
indicated the involvement of a hydroxyl group on the MnO,s surface (Mn-OH) in the
As (II) adsorption process [39]. The adsorption of As (III) on the MnO,s surface via
complexation was further confirmed by the Raman spectra (shown in Figure 5b). The
vibration peaks at 605 cm~! and 702 ecm™! represented the formation of As-OH [40].
Moreover, the presence of peaks at 794 cm~! corresponding to As (II)-O and 820 cm !
corresponding to As (V)-O [40] indicates that both the adsorption of As (III) and the
oxidation of As (III) to As (V) occurred concurrently within the MnO,-H,O, system. It was
deduced that the substitution of hydroxyl groups on the MnOys surface (Mn-OH) via As
led to the formation of surface complexes, resulting in the adsorption of As.

In addition to FTIR and Raman spectra, X-ray photoelectron spectroscopy (XPS) was
employed to further analyze and identify the chemical states of the elements on the surface
of MnO; before and after the removal of As (III). As shown in Figure 6a, besides the
characteristic peaks of Cls at 284.5 eV, Ols at 529.2 eV, Mn2pj3 , at 641.5 eV, and Mn2p1 /»
at 653.2 eV, the appearance of the characteristic peak of As3d at 45.3 eV after the As (III)
removal process verified the effective adsorption of As on the MnO,/s surface [41]. It has
been reported in previous studies that the binding energies of As3d for As (III) and As (V)
in arsenic oxide were 45.2-45.6 eV and 44.2—44.6 eV, respectively [42,43]. As shown in the
inset of Figure 6a, the peak area ratios of As (III) and As (V) were determined to be 18.9%
and 81.1%, respectively. This finding indicates that a significant portion of As (III) was
oxidized to As (V) during the removal process. Figure 6b illustrates the spectrum of Mn2p
on the surface of MnO, before and after As (III) adsorption. Prior to As (III) adsorption,
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the energy spacing between Mn2p3,, and Mn2p; /,, which was approximately 11.7 eV, and
the Mn2p3,, peak at 641.9 eV suggested an oxidation state of +4 for the Mn in MnO, [44].
After the adsorption of As (III), the peak of Mn2p3,, can be divided into three overlapped
peaks representing Mn** at 642.7 eV, Mn®* at 641.7 eV, and Mn?* at 640.4 eV [20], with the
peak area ratios at Mn**:Mn**:Mn?* = 37.4:17.1:45.5. It can be inferred that the reduction
of Mn (IV) to Mn (III)/Mn (II) took place during the As (III) removal process, and this
reduction might have been induced by the adsorbed As (IlI). Figure 6c,d show the results
of the changes in the Ols spectra further detected before and after As (III) removal. It is
known that Ols spectra can be deconvoluted into three overlapping peaks corresponding to
oxide oxygen (0%, 529.5 eV), a hydroxyl group (-OH, 530.9 eV), and adsorbed water (H,O,
532.0 eV) [39,45]. The results demonstrated a significant decrease in the peak area ratio of
the -OH group from approximately 39.3% to 31.9% after As adsorption. This observation
aligns with the Raman spectrum findings, thereby confirming the crucial role of -OH groups
in the removal of As. Moreover, the prominent increase in the peak area ratio of O?~ from
about 56.5% to 63.7% was possibly caused by the ligand exchange between AsO, ™ and the
-OH group on the surface resulting in the formation of surface complexes [16].

(a) (b)
- 820 605
=
) 794 702
1622
820 £
3375 £
=
539
— Before reaction |~
— After reaction
4000 3000 2000 1000 0 900 850 800 750 700 650 600 550 500
Wave number (cm ') Raman shift (cm ™)

Figure 5. FTIR and Raman Spectra of MnO, particles: (a) FTIR spectrum; (b) Raman spectrum.

It has been reported that both ¢OH and eO, ™ can be generated in the H;O,-MnO;
system. In this study, electron paramagnetic resonance (ESR) tests were also conducted to
identify the reactive oxygen species (ROS) in the HyO,—MnO, system, using DMPO as the
spin-trapping reagent for both ¢OH and O, . As shown in Figure 7a, the characteristic
spectrum with four peaks representing DMPO-eOH (special hyperfine coupling constants:
oaN = aH = 14.9 G) could be identified [46]. It should be noted that methanol rather than
water was used as the solvent for ¢O, ™ detection to restrain the disproportionation of €O,
and quench the generated eOH. As shown in Figure 7b, four peaks with almost the same
intensity (1:1:1:1) were observed, which belonged to the typical peaks of the DMPO-OOH
adduct (special hyperfine coupling constants: N = 14.3 G and aH = 11.7 G). So, the ESR
results demonstrated that both ¢OH and O, ~ were generated in the H;O,-MnO; system.
Theoretically, the catalytic decomposition of HyO, by MnOj is complicated, involving the
following typical reactions [25,47]

H202 + [EMl’lOz]OH — [EMI’IOz]OH-HzOz (4)
[=MnO,]OH-H,0, — [=MnO,] + HOOe + H,0 (5)

H,O, + HOOe — H,0 + ¢OH + O, T (6)
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[=MnO,] + H,Op — [=MnO;,]H + HOO

[=MnO,;]JOH+ HOO™ — [=MnO;] + H,O + O,

HOOe + OH™ — 0, + H,O

@)
®)
)

where [=MnO,]OH-H;0O; represents the initial transition state of MnO; bonded with HyO,.
It can be seen that free radicals, including eOH and ¢O,~, and oxygen could be generated
simultaneously from the catalytic decomposition of H,O,.
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Figure 6. XPS core-level spectra of MnO, surface before and after As adsorption: (a) full spectrum;
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To demonstrate the combined adsorption and oxidation processes for As removal, the
concentrations of As (III), As (IV), and total As, which were equal to As (III) + As (V) in
solution, were monitored. Their trends are summarized and shown in Figure 8. It was
found that the concentrations of both As (III) and total As decreased quickly within the first
20 min, resulting in the removal of 80-90% of the total As. Meanwhile, the concentration of
As (V) in solution first increased with the decline in As (III) during the first 10 min and then
gradually decreased until 30 min. The trend of As (V) can be explained by the difference
in the adsorption rate and oxidation rate. During the initial 10 min, the rate of oxidation
of As (III) to As (V) was higher than the rate of the adsorption of As (V), resulting in the
accumulation of As (V) in the solution. From 10 min to 30 min, the oxidation rate gradually
decreased as a result of the ongoing consumption of reactants, including H,O, and As (III).
Consequently, the adsorption of As (V) became the dominant process, leading to a decrease
in the concentration of As (V) in the solution. Finally, the overall system reached a dynamic
balance, with almost constant As (IIT), As (V), and total As concentrations after 30 min.
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Figure 8. Trends of total As, As (III), and As (V) concentrations during the adsorption—oxidation
process (experimental conditions: MnO,—25 mg/L; HyO,—0.015 wt%; initial As (III)—100 pg/L).

From the results of the aforementioned tests, it could be deduced that the removal
of As by the H;O,-MnO; system was attributed to the combination of adsorption and
oxidation. On the one hand, the oxidation of As (III) to As (V) occurred through the
action of oxidants present in the system, including MnO,, H,O,, and free radicals such
as ¢OH and ¢O; ™. On the other hand, both As (III) and As (V) could be adsorbed onto
the surface of MnO,; through complexation processes. The superior enhancement of As
removal by the HyO,-MnO, system compared with that of the system containing only
MnO, was attributed to the synergistic effect of HyO, and MnO; resulting in the generation
of abundant O, and free radicals.

3.4. Influences of Environmental Factors and Practical Applications

Figure 9 demonstrates the influences of representative environmental factors, includ-
ing temperature, pH and electrolytes, on the performance of the H;O,—-MnO; system with
respect to As removal. As shown in Figure 9a, it is evident that the removal rate of As grad-
ually increased as the temperature was raised from 15 °C to 45 °C. Furthermore, remarkable
As removal performance, amounting to a removal efficiency higher than 75% (for reference,
the initial As concentration was set to 100 pg/L), could always be achieved after 20 min
even when the temperature was set as low as 15 °C. These results reveal the outstanding
temperature adaptability of the HyO,—MnO, system. It should be pointed out that accord-
ing to the thermodynamic calculation shown in Table 1, the adsorption of As was deduced
as an exothermic process. However, the calculated value of AHO (—0.939 kJ-mol 1), which
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was around zero, implied that temperature might not significantly influence As removal
from the perspective of the intrinsic thermodynamic properties of the adsorption process.
It is possible that the higher decomposition rate of H,O, at higher temperatures, leading to
the faster generation of free radicals and oxygen, may account for the better performance
of HyO,-MnO; system with respect to As removal.

5
(a) .| =
24
)
5 ———s = _
g 1 L —_ T 2
=3 =1
v Y
< / o0
< g
3 2] o
-g _ —=—15°C <
3 v
s | —e—25°C
<= —a—350°C
45°C 0 =
0 T r r T T T T T T T
0 10 20 30 40 50 2 4 6 8 10 12
t (min) pH
5
(c) MgC!z NaHCO, 1004(d) —=— River Water
44 Na,SiO, CaCl, =4 —e— Ground Water
—=—Na,HPO, —*—NaCl
s 804 %
=2
2060 1
E
“ 40
20
0 e o
0.0 02 04 ) 0.6 0.8 1.0 0 20 40 60 80 100 120
Concentration (mM) t (min)

Figure 9. Influence of representative environmental factors on the performance of HyO,-MnO,
system with respect to As removal (experimental conditions: MnO,—25 mg/L; HyO,—0.015 wt%,;
initial As (III)—100 png/L): (a) influence of temperature; (b) influence of pH; (c) influence of typical
ions; (d) system tested in river water and ground water.

It has been proved that pH can influence the reaction between MnO, and H,O, by
changing the structure of MnO; and reaction processes [25]. As shown in Figure 9b, the
adsorption capacity of the HyO,—MnO, system remained almost constant and at a high
level when the pH was between six and eight. At pH =7, qe was calculated to be 3.3 mg/L.
However, when the pH was lower than 4 or higher than 10, a marked decline in As removal
was observed. The decline in the performance of the H,O,-MnO; system can be attributed
to the states of MnO,. When the pH was lower than four, the acidic condition resulted in
the dissolution of MnO,; when pH was greater than ten, the surface charge of MnO, was
prominently negative, which significantly inhibited the effective adsorption of negatively
charged AsO,~ ions (pK; =9.2) [48].

The influence of typical ions on the performance of the H,O,-MnO, system was also
studied. As shown in Figure 9¢, the typical cations in natural water, including Ca*, Na*,
and Mg*, demonstrated almost no influence on As removal via the HyO,-MnO, system,
even though their concentrations in the experiments (up to 1 mmol/L) were much higher
than that of As (100 ug/L). On the contrary, Figure 9c also indicates that besides C1~, the
other tested anions, including HCO3;~, SiO32~, and HPO42~, could significantly inhibit As
adsorption. The inhibition effects of anions on As removal were possibly attributed to their
competition with AsO, ™ and AsO,3~ for the adsorption sites on the adsorbents [49].
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Finally, the HO,—MnO, system’s As removal performance using groundwater and
river water as the natural solvent was tested. As shown in Figure 9d, when the initial As
concentration was about 100 pug/L, a high removal efficiency (>90%) could be achieved
within 40 min in both aquatic media. The remaining As concentration in the water was
lower than 10 ng/L, which is accordance with the maximum contaminant level for drinking
water set by the WHO. Furthermore, extensive studies have revealed that the number of
manganese ions leached resulting from the reaction between MnO, and H,O, increased
from 1 ppb to 3.1 ppm as the pH decreased from 9 to 3 [25]. In particular, for natural water,
which commonly has a neutral pH of around 7, the leaching amount of manganese ions
has been reported to be negligible, amounting to a value of 5 ppb [25].

The desorption of adsorbed As for the regeneration of MnO; particles using NaOH
solution (0.5 M) and their reusability were also tested. The results indicated that the qe
of MnO; decreased gradually from 3.2 mg/g to 2.0 mg/g after four runs of consecutive
adsorption and regeneration (shown in Supporting Information), indicating that most of
the activated sites on the MnO, surface could be reactivated by replacing the adsorbed
AsO3%~ and AsO,3~ with OH™. Although the results indicated that As adsorption on
the MnO, via chemisorption through the formation of inner-sphere surface complexes
is not completely reversible, the regeneration ratio of MnO;, with a value of more than
60% (2.0/3.2 = 0.625), demonstrates the MnO,-H,O, system’s applicatory potential in the
practical water treatment process.

4. Conclusions

In this study, a highly efficient MnO,-H,0O, system designed for the degradation
of As was successfully established. A trace HyO, dosage, a short reaction time, a high
removal efficiency of As, the lack of a requirement for external mechanical stirring, and
the high environmental adaptability observed demonstrated the system’s great potential
with respect to practical water treatment. The systematic characterization of the MnO, and
ESR tests revealed that the effective removal of As was mainly attributed to the combined
oxidation—adsorption mechanism. Although the MnO,-H,0O, system demonstrated the
mentioned advantages, it should be noted that attention should still be paid to monitoring
the pH of the system when applying it for practical water treatment in order to prevent
possible secondary contamination caused by the released manganese ions. Furthermore,
future studies will continue to concentrate on the application of the MnO,-H;,O; system to
treating real wastewater that contains As.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/su15119080/s1, S1: The detailed description of simulation for
kinetic curves; S2: Simulation of isotherm; S3: Simulation of thermodynamics; S4: Detailed his-
togram of regeneration and reuse of MnO, particles; S5: More SEM-EDS images of MnO, particles;
S6: Characteristics of ground water and river water used in the experiments are shown in the
Supporting Information.
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