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oxidants of ozone, chlorine, chlorine dioxide, and potassium permanganate may achieve
this goal; however, their application in developing countries is sometimes restricted by the
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complicate operation and high cost. This review paper focuses on the heterogeneous ox-
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idation of As(III) by solid oxidants such as manganese oxide, and the adsorption of As(V)
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accordingly. Manganese oxide may be prepared by both chemical and biological methods
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to achieve good oxidation performance towards As(III). Additionally, manganese oxide may

Manganese oxide

be combined with other metal oxides, e.g., iron oxide, to improve the adsorption capabil-

Drinking water

ity towards As(V). Furthermore, manganese oxide may be coated onto porous materials of
metal organic frameworks to develop novel adsorbents for arsenic removal. To achieve the
application in engineering works, the adsorbents granulation may be achieved by drying
and calcination, agglomeration, and the active components may also be in situ coated onto
the porous materials to maintain the oxidation and adsorption activities as much as possible. The novel adsorbents with heterogeneous oxidation and adsorption capability may
be carefully designed for the removal of arsenic in household purifiers, community-level
decentralized small systems, and the large-scale drinking water treatment plants (DWTPs).
This review provides insight into the fundamental studies on novel adsorbents, the development of innovative technologies, and the demonstration engineering works involved in
the heterogeneous oxidation and adsorption, and may be practically valuable for the arsenic
pollution control globally.
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Introduction
The wide occurrence of arsenic in groundwater threatens human health when groundwater was used as sources for drinking water, agriculture irrigation, and fishery water. The longterm exposure to arsenic via drinking water and food tends
to result in arsenism, e.g., skin keratinization and skin cancer (Podgorski and Berg, 2020). It is estimated that nearly 150
million people are drinking water that exceeds the maximum
contaminant levels (MCLs) of arsenic in drinking water standard. In the Bengal Basin, more than 40 million people are exposed to excessive As in drinking water, i.e., above 0.05 mg/L,
and this will unfortunately cause 200,000–270,000 deaths from
cancer accordingly (Smith et al., 2000). The arsenic contamination in groundwater and the serious chronic health effects
have been viewed as one of the worst environmental health
hazards since the early 1980s. The developed countries are
also suffering arsenic pollution in drinking water, and in USA,
approximately 10% of the small groundwater supply systems
have arsenic probelems. In China, nearly 20 million people are
reported to be possibly exposed to As contaminated drinking
water (Rodríguez-Lado et al., 2013). Besides the natural geochemistry effects, the anthropic acitivities, e.g., mining and
smelting, electronics, ceramics, and pesticides, also possibly
disacharge high-arsenic wastewater into water environments,
and this potentially increases the pollution of drinking water
sources and the healthy risks to local residents accordingly.
Arsenic has no threshold with regard to the chronic toxicity, and the exposure to which via different pathways should
be minimized as much as possible. On entering the food
chains, the control and regulation of arsenic exposure to human via fishes, vegetables, and fruits is rather difficult, and
the removal of arsenic from irrigation and fishery water is
the most feasible and optimum strategy. Similarly, arsenic removal from drinking water is also important for the health of
human beings. To achieve this goal, various technologies of
membrane filtration, coagulation, ion exchange, and adsorption have been proposed, and adsorption has been viewed as
the most cost-effective, highly-efficient, and easy-to-handle
option for arsenic removal, especially in small scale treatment
systems. On the other hand, the arsenic in natural waters
mainly exists in two forms of arsenite (As(III)) and arsenate
(As(V)). As(III) mainly exists as the non-ionic H3 AsO3 in pH <
9 whereas As(V) is negatively-charged in wide pH range from
3 to 11. In detail, the dominant As(V) species is H2 AsO4 − at pH
of below 6.9, and HAsO4 2− is the main species in alkaline pH
range from 7 to as high as 10. As compared to the non-ionic
As(III), the negative As(V) is easier to be removed by different unit processes such as coagulation, adsorption, ionic exchange, and membrane filtration (USEPA, 2003), and the oxidation of As(III) to As(V) may greatly improves arsenic removal.
As(V) is the major arsenic species in well-oxygenated water, whereas As(III) is the dominant arsenic in groundwater
(Smedley and Kinniburgh, 2002). Additionally, As(III) is about
20–60 times toxic, more soluble, and more mobile than As(V)
(Ferguson and Gavis, 1972). Most arsenic elimination technologies such as coagulation, ion exchange, adsorption, membrane
separation, etc., show good performance in As(V) removal,
and are unfortunately ineffective towards As(III) (USEPA, 2003).

179

Therefore, the oxidation of As(III) to As(V) is important to
achieve promising arsenic removal. The chemical oxidants of
ozone (O3 ), chlorine (Cl2 ), chlorine dioxide (ClO2 ), and potassium permanganate (KMnO4 ) may achieve this goal. Unfortunately, their wide application is greatly restricted by the
production, transportation, and storage of these chemicals,
and the complicate operation for chemical doses optimization
with response to influent fluctuation is also difficult for implementation especially in rural areas. The development of innovative strategy for simultaneous removal of As(III,V) without
addition of any other oxidants is urgently needed nowadays
to minimize the side effects of oxidants, simplify process application, and reduce operation and maintenance costs. The
heterogenous oxidation by solid oxidants such as manganese
dioxide may achieve the oxidation of As(III) and minimize the
above-mentioned disadvantageous accordingly. On the basis
of this consideration, the main objectives of this review are:
1) to discuss the novel adsorbents with the synergistic effects of heterogenous oxidation and adsorption; 2) to illustrate the dominant mechanisms involved in the removal of arsenic; and 3) to introduce the innovative technologies and the
demonstration engineering works involved in the heterogenous oxidation and adsorption for arsenic removal in drinking
water accordingly.

1.
Catalytically enhanced heterogenous
oxidation of As(III) for arsenic removal
The strong oxidants of O3 , Cl2 , ClO2 , and KMnO4 are theoretically promising to achieve the rapid homogeneous oxidation
of As(III). Table 1 summarizes the standard potential of different oxidants and the main reactions involve in the oxidation of As(III). As(III) oxidation by these oxidants is thermodynamically spontaneous. Unfortunately, the high cost and the
difficulty in production, storage, and transportation of these
chemicals restrict their application in rural areas.
The weak oxidants of dissolved oxygen (O2 ), hydrogen peroxide (H2 O2 ), persulfate, and ultraviolet (UV) cannot be directly
used for As(III) oxidation due to the slow oxidation limitation.
In considering the advantageous of low cost and easy availability, it is practically valuable to enhance As(III) oxidation by
heterogeneous catalysts.

1.1.

Dissolved oxygen

As(III) may be thermodynamically oxidized by dissolved oxygen, and the application of oxygen for As(III) oxidation is unfortunately inhibited by the slow oxidation kinetics of over 60
days (Frank and Clifford, 1986). The oxidation of As(III) by dissolved oxygen in the presence of Fe(II,III) has been studied,
and As(III) oxidation by single oxygen can hardly be observed
and was greatly improved in iron-catalyzed system (Hug and
Leupin, 2003). The positive effect of MnO2 on As(III) oxidation
in oxygen aerated water was also reported, and the oxidation
process followed a second order rate law (Driehaus et al., 1995).
The presence of iron and manganese ions greatly shortens
the half-lives of As(III) in solutions to approximately 2.5 and
4.9 days for pure oxygen and air (Kim and Nriagu, 2000), and
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Table 1 – Summary of As(III) oxidation by different oxidants.
Oxidants [reactive
species]

Standard Potential (V, 25 °C)

Main reactions

Reference

Oxygen [O2 ] (air)

1.23

2H3 AsO3 + O2 = 2H2 AsO4 − + 2H+

Ozone [O3 ]

2.07

Hypochlorite [ClO− ]

1.70

3H3 AsO3 + O3 = 3H2 AsO4 − + 3H+
1.231H3 AsO3 + 1.077O3 = 1.231H2 AsO4 −
+ 1.231H+ + O2
H3 AsO3 + ClO− = H2 AsO4 − + H+ + Cl−

(Huling et al., 2017a; Kim and
Nriagu, 2000)
(Khuntia et al., 2014)

Chlorine dioxide [ClO2 ]

1.27

Permanganate [MnO4 − ]

1.68

Manganese oxides [MnO2 ]

1.23

H3 AsO3 + MnO2 + H+ = H2 AsO4 − +
Mn2+ + H2 O

Hydrogen peroxide
[H2 O2 ]/ Hydroxyl radical
[HO•] (Fenton)
Persulfate [S2 O8 2− ]

1.78(H2 O2 )/2.80(HO•)

H3 AsO3 + H2 O2 = H2 AsO4 − + H+ + H2 O

(Guan et al., 2009a, 2009b;
Lihua et al., 2009; Na et al., 2007;
Sorlini and Gialdini, 2010)
(Driehaus et al., 1995;
Manning et al., 2002; Saleh et al.,
2011a; Wu et al., 2012b)
(Hussain et al., 2017)

2.1

H3 AsO3 + S2 O8 2− + H2 O = H2 AsO4 −
+ 2SO4 2− + 3H+

(Hussain et al., 2017; Lu et al., 2016;
Zhou et al., 2013)

5H3 AsO3 + 2ClO2 + H2 O = 5H2 AsO4 −
+ 7H+ + 2Cl−
3H3 AsO3 + 2MnO4 − =
3H2 AsO4 − + H+ + H2 O + 2MnO2

Fe(III) oxyhydroxides also participate in the pH-dependent oxidation of As(III) by the generation of oxidative species from
the Fenton-like reactions (Wang and Giammar, 2015). In the
presence of oxygen, Fe-Mn nodules acts as a catalyst for As(III)
oxidation, and the oxidation capacity increased with elevated
dissolved oxygen concentration (Rady et al., 2020). Pt-TiO2 catalyst can also catalyze the oxidation of As(III) to As(V) by dissolved oxygen rather than act as the chemical oxidant to accept electron from As(III) (Kim et al., 2020). In addition, The
widely used activated carbon is reported to induce the oxidation of As(III) to As(V) in presence of oxygen in acidic solution
(Wu et al., 2020).

1.2.

Hydrogen peroxide

As(III) oxidation by H2 O2 is very slow at neutral and acidic pH,
and the half-life of As(III) in 1 mmol/L H2 O2 is more than 2.1
days (Molnár et al., 1994), and it is greatly improved by the introduction of transition metals and metal oxides e.g., Fe(II) and
ferrihydrite (Hug and Leupin, 2003; Voegelin and Hug, 2003).
The adsorption of As(III) onto ferrihydrite may improve its oxidation by H2 O2 , possibly due to: 1) the easier oxidation of
the adsorbed As(III) as compared to the undissociated species,
and 2) the catalytic H2 O2 decomposition by ferrihydrite and
the formation of oxidative intermediates for As(III) oxidation
(Voegelin and Hug, 2003). Additionally, the UV-assisted catalytic wet peroxide oxidation and adsorption was proposed to
be efficient for arsenic removal, owing to the combined effects
of the mild photocatalytic activity of ilmenite (FeTiO3 ) and the
subsequent adsorption of arsenic onto the Fe sites within the
catalyst (Garcia-Costa et al., 2020). Alumina also catalytically
oxidizes As(III) by H2 O2 , and the irreversible oxidation and the
strongly bound of As(V) is observed upon the reversible As(III)
binding on alumina surface (Önnby et al., 2014). Furthermore,

(Sorlini and Gialdini, 2010;
Vasudevan et al., 2006)
(Sorlini and Gialdini, 2010)

the adsorption of arsenic onto the aquifer materials may be
improved by 3 times to 1.1 μg/g with the addition of H2 O2 ,
which tended to oxidize the reduced aquifer solids and the
oxidation of As(III) occurred accordingly (Huling et al., 2017b).
Additionally, the combination of ZnO and UV-H2 O2 may promote the generation of hydroxyl radicals and improve the oxidation of As(III) to As(V) accordingly (Massoudinejad et al.,
2019).

1.3.

Persulfate compounds

Persulfate compounds are chemically stable in neutral pH at
room temperature, and they may be used as strong oxidants
upon the activating by ultraviolet, ultrasonic, strong alkalinity, and homo- and heterogeneous activators and so on. The
UV-activated persulfate with adsorption greatly increases the
oxidation of arsenic, and the As removal efficiency of as high
as 96% was obtained in the oxidation phase under optimum
pH 3 (Salehi et al., 2020). Lu et al. (2016) prepared the novel layered double hydroxide (LDH), i.e., Mg-Fe-S2 O8 -LDH, with the
intercalated persulfate to achieve the oxidation of As(III) and
simultaneous removal of in situ formed As(V). The zero valent
iron (ZVI) is also widely reported to activate persulfate, and
96% of As(III) oxidation is achieved within 30 min in the presence of 5 mmol/L persulfate and 0.3 g/L ZVI (Hussain et al.,
2017). Chen et al. (2020) developed the composition of porous
carbon in the MOF-derived porous carbon coated lanthanum
oxide (La-MOF-900) to activate persulfate for the degradation
of BPB and the oxidation of As(III) to As(V), and the La2 O3
within La-MOF-900 provided sorbing sites towards As(V). In
addition, the introduction of persulfate at 0.5 mmol/L into
0.25 g/L pyrite greatly improved arsenic removal, and the complete removal may be achieved even at the initial As(III) concentrations of as high as 5 mg/L (Fu et al., 2021).
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1.4.

Photocatalytic oxidation
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operation time of as short as 0.5 min to remove As(III) by the
catholically-generated H2 O2, and this achieved much better
performance as compared to the conventional iron electrocoagulation (Bandaru et al., 2020).

The exposure to ultraviolet (UV) light does contribte to As(III)
oxidation, however, the oxidation kinetic is rather slow and
several weeks are required. The combined use of UV and
H2 O2 may effectively achieve the As(III) oxidation, although
rare oxidation was observed when they are separately introduced (Sorlini et al., 2010). The heterogeneous catalysts such
as TiO2 , H2 O2 , and ZrO2 are also reported to advance the reaction rates greatly. The oxidation of As(III) to As(V) by photogenerated holes in UV-irradiated TiO2 is able to occur by
thermodynamic calculation, and the oxidation of As(III) in UVilluminated TiO2 (Degussa P25) suspension was demonstrated
(Yang et al., 1999). The superoxides are mainly responsible for
the As(III) photocatalytic oxidation, and the rate of As(III) oxidation increased on Pt-TiO2 , owing to the enhanced superoxide generation through interfacial electron transfer from the
conduction band to O2 (Ryu and Choi, 2004). In the presence
of WO3 /TiO2 heterostructure binary oxide, UV irradiation may
achieve the conversion of As(III) to As(V) by over 99% within
25 min, and this was ascribed to the catalyst heterostructure
to improve separation and migration of holes and charges
(Navarrete-Magana et al., 2021). The semiconductor of ZrO2
also exhibits photocatalytic performance. With the exposure
to UV, the synthesized ZrO2 -Fe3 O4 magnetic nanoparticles
contributed to the complete oxidation of As(III) within 40 min,
and the adsorption of As(V) occurred accordingly (Sun et al.,
2017). Furthermore, the photogenerated holes play an important role in the photocatalytic oxidation of As(III) by ZrO2 modified BiOCl0.5 I0.5 composites, and the exposure to 90-min visible light irradiation, the oxidation efficiency of As(III) to As(V)
is near to 100% (Ma et al., 2018).

Manganese (Mn) is an important element with relatively high
abundance in the earth. The main chemical valences of Mn
include –II, 0, +III, +IV, +VI, and +VII, and this enables Mn oxide with good efficiency in oxidation, adsorption, and catalysis. Mn dioxide (MnO2 ) with similar chemical composition
may show rather different crystalline, i.e., α-MnO2 , β-MnO2 ,
γ -MnO2 , λ-MnO2 , δ-MnO2 , ε-MnO2 , and the colloidal amorphorous MnO2 , due to the different structure of crystal cells,
and their interfacial characteristics and reactivity towards
pollutants may differ greatly. The natural manganese minerals are usually the mixture of different maganese oxide with
various chemical valences of Mn, and the pure Mn oxides with
specified crystalline may be carefully prepared by the reported
methods.
MnO2 does show good adsorption capability towards different pollutants; however, the heterogeneous oxidation efficiency is of more concern in the past several dcades. The
oxidative capability of MnO2 is highly pH dependent (Eq. (1))
and the crystalline structure, and the acidic pH range and the
lower extent of crystalline enables MnO2 with stronger oxidation efficacy.

1.5.

MnO2 (s) + 4H+ (aq) + 2e− → Mn2+ (aq)

Electrochemical oxidation

The electrochemical oxidation of As(III) was first reported
in 1967, and the species transformation of arsenic was assigned to the oxidation of As(III) to As(IV) and As(V) accordingly (Catherino, 1967). The electrocatalytic oxidation of As(III)
may be achieved by using the (carbon/polymer/Pt) nanocomposite modified electrode at +0.7 V vs. Ag/AgCl, and the watersoluble polymers may be further used as the extracting agent
to remove As(V) with the combined use of ultrafiltration cell
(Sánchez and Rivas, 2010). The electrochemical reactor with
the dimension stable anode (DSA) and iron plate electrode
may achieve the electro oxidation of As(III) to As(V), and
the removal of As(V) by electro-coagulation process thereafter (Zhao et al., 2010). The effective oxidation of As(III) may
be achieved by the anodic oxidation and electro-Fenton processes in wide range of 1 to 10 mg/L within 30 min, and
the in-situ generated H2 O2 and •OH played important roles
(Nidheesh et al., 2020). Liu et al. (2021) found the electrochemically controlled redox of the manganese oxides in ironmanganese nodules facilitated the detoxification of As in contaminated waters, and the total As removal efficiency of as
high as 94.7% was achieved in a symmetric electrode system.
Besides manganese oxides, the H2 O2 formed at the cathode
and electrochemical oxidation on the anode at high potential
also contributed to As(III) oxidation (Liu et al., 2020). In addition, the air cathode assisted iron electrocoagulation required

2.
Adsorbents with heterogenous oxidation
and adsorption for arsenic removal
2.1.

Manganese dioxide

+ 2H2 O (l) ϕMnO

2 /Mn

2+

= 1.224V

(1)

Oscarson et al. (1981) first reported the oxidation of
As(III) on Mn(IV) oxide surfaces. After that, many studies
investigated the oxidation kinetics, the formation of As(V)
and manganese ion (Mn2+ ), and the interfacial reactions of
As(III) on Mn(IV) oxide surfaces were carefully illustrated
Driehaus et al., 1995; Scott and Morgan, 1995). The heterogeneous eletron transfer from As(III) to Mn(IV) played an important role in As(III) oxidation (Manning et al., 2002; Nesbitt et al.,
1998). The reductive dissolution of Mn(IV) oxide to Mn2+ includes two steps of the initial formation of intermediate
Mn(III) and the further formation of Mn2+ (Eqs. (2)-((4)).
MnO2 + H3 AsO3 + 2H+ = Mn2+ + H3 AsO4 + H2 O

(2)

2 MnO2 + H3 AsO3 = 2MnOOH∗ + H3 AsO4

(3)

2MnOOH∗ + H3 AsO3 + 4H+ = 2Mn2+ + H3 AsO4 + 3H2 O

(4)

After being oxidized, the formed As(V) tends to adsorb onto
Mn oxide surfaces by the formation of surface complexes, and
at high arsenic concentrations the formation of Mn(II)-As(V)
precipitates also occur (Tournassat et al., 2002). As(V) adsorption was more thermodynamically favorable than As(III) with
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regard to the adsorption on both Mn(III) and Mn(IV) surface
sites (Zhu et al., 2009). The As(V)-Mn interatomic distance for
both As(III)- and As(V)-treated MnO2 was 3.22 Å, supporting
the formation of As(V) surface complexes on MnO2 crystallite
(Manning et al., 2002). The oxidation and adsorption performance is dependent on the particle size and structure character for different environmentally-relevant Mn(IV) birnessites,
and the As(III) oxidation and the birnessite edges dissolution occurs and contributes to Mn(II) formation and partial
As(V) adsorbing to the particle edges (Villalobos et al., 2014).
In general, the adsorption performance can be enhanced by
the higher specific surface area and lower particle size.
Mn oxide exhibits the heterogeneous oxidation and adsorption towards As(III), and this character enables the feasibility for arsenic removal in engineered water purification
facilities (Manning and Suarez, 2000). The granular Mn oxide
media of Filox-RTM has been successfully developed to catalytically oxidize As(III) to As(V) by dissolved oxygen, and the
fresh media may also contribute to 26% of arsenic removal
(Agency, 2003; Ghurye and Clifford, 2001). The adsorption capacity may be exhausted whereas the oxidation efficiency towards As(III), Mn2+ , Fe2+ , and hydrogen sulfide is expected to
sustainably remain in the long term operation.
Besides the inorganic arsenic, Mn oxide also showed good
performance for the heterogeneous oxidation of organic arsenic species such as p-arsenilic acid (p-ASA) and the adsorption of the oxidative intermediates, and the dominant mechanisms of oxidation and adsorption were proposed (Joshi et al.,
2017). Briefly, the adsorbed p-ASA is first oxidized through the
transfer of one electron from the adsorbed p-ASA on MnO2
surface to form a radical intermediate, which leads to the formation of benzoquinone and azophenylarsonic acid via hydrolysis and coupling. After that, p-ASA radical intermediate
is cleaved to form As(III), which is followed by the further oxidation of As(III) to As(V) and the adsorption of As(V), and the
observed Mn release into solution supports the involvement
of heterogeneous oxidation therein (Joshi et al., 2017).

2.2.

Biogenetic manganese dioxide (BioMnOx )

BioMnOx is biologically formed by Mn-oxidizing bacteria involving in the oxidation of Mn(II) to Mn(IV) oxide with O2
as electron acceptor, and Mn-oxidizing bacteria is widely
distributed in seawater, underground water, aquatic ecoystem, soil, and sand filters (Bai et al., 2016b; Marsidi et al.,
2018; Tani et al., 2004; Wang et al., 2020). BioMnOx has been
widely reported to exhibit superiority in terms of the oxidation and adsorption towards different pollutants. The oxidation of As(III) by bioMnOx may be rapidly achieved with the
apparent first-order constant of 0.23 min−1 , i.e., half-life of
3 min, and this was much higher than that by chemical MnOx
(Katsoyiannis et al., 2004). Adidtionally, in the treatment of underground water with Fe(II) and Mn(II), Mn-oxidizing bacteria
may catalytically oxidize the Mn(II) to bioMnOx . The formation and coating of Fe-Mn oxides, i.e., the mixture of bioMnOx
and chemcial FeOOH as expressed by BFMO, onto filter media surfaces is expected to occur and show oxidation and adsorption performance towards arsenic (Bai et al., 2016b). To
treat groundwaters with the simultaneous presence of Fe(II),
Mn(II), As(III), and antimony(III) [Sb(III)], the bioaugmentation

Fig 1 – BFMO bioaugmentation and Mn-oxidizing bacteria
agglomentation in quatz sand filters to treat groundwater
containing Mn(II), Fe(II), As(III), and Sb(III) (Bai et al., 2016a).

of BFMO onto quatz sand surfaces, with Mn-oxidizing bacteria involving in, showed good removal efficiency towars As(III)
and Sb(III) (Fig. 1) (Bai et al., 2016a).

2.3.

Ferric and manganese binary oxide (FMBO)

Mn oxide exhibits good performance of heterogeneous oxidation towards As(III), and the As(V) adsorption capability is unfortuantely lower than the iron based (hydr)oxides such as the
amorphous or the poorly crystalline ferric oxide, ferric oxide,
geothite and so on. Additionally, iron oxide also shows priority with regard to the costs and large-scale production, and
the commercial adsorbents of GHF® and GFO has been developed and scale-up for application. The chemical oxidants
of chlorine, ozone, permanganate are neccessary to achieve
As(III) oxidation and the optimum arsenic removal performance. The combination of Mn and iron oxide is assumed
to achieve the synergistic effects between heterogeneous oxidation and adsorption. On the basis of these considerations,
Zhang et al. (2007b) successfully developed the FMBO with heterogeneous oxidation and adsorption performance by chemical oxidation and precipitation methods.
Results indicated that FMBO showed high adsorption capability with the maximum adsorption (Qmax ) of 1.77 and
0.93 mmol/g towards As(III) and As(V), which were much
higher than most adsorbents reported before. FMBO exhibits
better performance than either Mn oxide or ferric oxide, and
this indicated the synergistic effects between them. Briefly,
Mn oxide acts as the solid oxidant to oxidize the non-ionic
As(III), and then ferric oxide provides adsorbing sites towards
negative As(V) species. Interstingly, FMBO exhibited higher
Qmax, As(III) as compared to Qmax, As(V) , this is beyond the expection and indicated that other mechanisms involved in As(III)
removal by FMBO besides the conversion of As(III) to As(V).
Besides the oxidation effect, the formation of fresh adsorption sites on the surfaces involved in the conversion of As(III)
to As(V), and this benefited the adsorption of arsenic greatly.
To further illustrate it, different techniques, i.e., X-ray photoelectron spectroscopy (XPS), Fourier transform infrared spectroscopy (FTIR), and Extended X-ray Absorption Fine Structure
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Fig 2 – Poposed pathways and mechanisms involved in the
removal of arsenic onto FMBO with heterogenerous
oxidation and adsorption (Zhang et al., 2014).

(EXAFs), were used to characterize the interfacial reactions invovled in. The chemical valence of elemental Fe as indicated
by the binding energy (BE) rarely varied upon the adsorption
of As(III), and that of elemental Mn shift to lower BE range
owing to the formation of Mn with lower chemical valence.
Moreover, results of XPS analysis provided insight into the
interactions between Mn(IV) and As(III) (Zhang et al., 2007a),
while the BE of Mn(III) is close to that of Mn(IV), and it was
assumed that they may provide more active sites for the oxidation of As(III). Furthermore, the reductive dissolution of Mn
oxide contributes to the more signifiant adsorption peak at
1103 cm−1 in situ ATR FTIR spectra (Xu et al., 2011), and this
is indicative of the more sorption sites avaiable for arsenic
adsorption. The reductive dissolution of Mn oxide provides
more sites, and this effect enable FMBO with more significant adsorption capability towards As(III) than As(V). Mn oxide mainly dominated in heterogeneous oxidation whereas Fe
oxide with strong affinity contributed most for As(V) adsorption (Zhang et al., 2009, 2007a), and the mechanisms invovled
in were illustrated in Fig. 2. The adsorbed As(V) forms surface
complexes on FMBO and is an inner-sphere bidentate binuclear corner-sharing complex with an As-M (M = Fe or Mn)
interatomic distance of 3.22–3.24 Å (Zhang et al., 2014).

3.
Novel functional adsorbents with
heterogeneous oxidation and adsorption
The extremely high capability of FMBO towards arsenic removal arouses the studies to develop the novel functional adsorbents, on the basis of Mn oxide, with heterogeneous oxidation and adsorption, and the innovation strategies include:
1) porous structure and morphology optimization towards Mn
oxide; 2) the doping of other multimetal oxides besides Mn oxide; 3) the synthesis of MnOx -based composite materials.

3.1.

Structure and morphology optimization

Conventional MnOx were usually synthesized by the reactions between KMnO4 and reductive species such as Mn2+ and
sodium sulfite and so on, and the structure and morphology of which was highly affected by the synthesis conditions. The arsenic removal efficiency may be greatly improved
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by optimizing the structure, surface areas, and morphology
as compared to the MnOx powder obtained by coprecipitation methods. Panda et al. (2019) used ultrasonication assisted hydrothermal method to prepare the core-shell structured zero valent manganese (ZVM) with Mn0 encapsulated
by Mn3 O4 −MnO2 layers, and the oxidation and ion exchange
played important roles in arsenic removal. The Fe-Mn cubes
with porous-structure (FMPC) may be prepared by the reactions between Fe-Mn Prussian blue and NaOH at 0.2 mol/L,
and the As(III) adsorption capacity was determined to be
as high as 460 mg/g (Zhang et al., 2017). The hierarchical
flower-like iron with γ -MnO2 hollow microspheres assembled
by ultrathin nanosheets may be fabricated via one-step coprecipitation method, and the enhanced As(III) removal and
convenient separation was achieved (Ge et al., 2016). The novel
ordered mesoporous iron manganese bimetal oxides (OMIM)
was prepared by the nano-casting method with the highly
ordered mesoporous silica as a hard template, and achieved
good performance towards arsenic removal (Wen et al., 2014).
Gupta et al. (2010) successfully synthesized manganese associated hydrous iron(III) oxide (MNHFO) by incinerating metal
hydroxide precipitate for arsenic removal, and the stronger
crystalline peaks were observed at elevated incineration temperature from 90 to 600 °C (Gupta et al., 2010).

3.2.

The doping of other multimetal oxides with Mn oxide

Besides the abovementioned FMBO, other MnOx -based binary
metal (hydr)oxides, e.g., Ti-Mn binary oxide (Zhang et al.,
2018), Ce-Mn binary oxide (Chen et al., 2018), Y-Mn binary oxide (Yu et al., 2015), Al-Mn binary oxide (Wu et al., 2012a), and
Zr-Mn binary oxide (Yin et al., 2019), and nanobimetallic Fe-Mn
cubes (Zhang et al., 2017), have been developed to achieve the
high performance for arsenic removal. Moreover, the MnOx based ternary or quaternary oxides, e.g., Fe-Cu-Mn trimetal
oxide (Zhang et al., 2020), Fe-Ni-Mn trimetal oxide (Nasir et al.,
2018), Fe-Ti-Mn trimetal oxide (Zhang et al., 2019), Al-Ti-Mn
trimetal oxide (Thanh et al., 2016), and Al-Mn-Cu-Fe oxide
(Malana et al., 2011), were also proposed and successfully prepared for arsenic removal. For example, Fe-Cu-Mn trimetal oxide (ICM), as being easily prepared by the simultaneous oxidation and co-precipitation approach, exhibited the high Qmax,
As(III) of 131 mg/g, and Mn oxide contributed to As(III) oxidation
whereas the Fe and Cu oxides dominated in As(V) adsorption
(Zhang et al., 2020).

3.3.
The coating and impregnation of MnOx onto porous
materials
The micro- and nano-scale adsorbents show excellent adsorptive capability due to the high surface areas and rapid mass
transfer. Unfortunately, the application of these adsorbents is
inhibited by the difficulty in solid and liquid separation. Recently mesoporous materials have received great interest due
to the high specific surface area and the plentiful accessible
sites. The coating of active metal oxides onto porous functional materials may achieve adsorbents granulation and advance the their implementation.
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To avoid the agglomeration effect, the nano-scale FeMnOx
was successfully coated onto the mesoporous silica to obtain the novel adsorbent of FeMnOx /SBA-15, and the better adsorption efficiency as compared to FeMnOx was observed (Zhou et al., 2020). Additionally, the calcination of
FeMnOx /SBA-15 may achieve the stable morphology and
structure and enhance the adsorption properties, stability,
and recycling performance accordingly. The reduced graphene
oxide (RGO) and different stabilizers, i.e., hexadecyltrimethylammonium bromide, starch, and carboxymethyl cellulose,
were proposed to simultaneously support and stabilize FMBO
nanohybrids (Lou et al., 2017), and the structure and composition of Fe–Mn binary oxides on rGO played an important roles on As(III) removal (Sha et al., 2020). Additionally,
the deacetylated konjac glucomannan (Da-KGM) was also proposed to use as the supporting composite matrix, and was
treated with graphene oxide (GO) aerogels for the loading of
FMBO (Ye et al., 2017). The metal-organic frameworks (MOFs)
exhibits highly uniform and evenly distributed pores, and this
ideal character may trap guest molecules and metal oxides for
adorsption. The one-dimensional β-MnO2 @ZIF-8 nanocomposite, as prepared by hydrothermal method, exhibited high
surface area of 883 m2 /g and oxidative and adsorptive efficiency towards As(III) (Jian et al., 2016). The porous layered
double hydroxides (LDH) with large surface area may also be
used to coat the Fe-Mn oxide, and the Mn-Fe-LDH and MnFe-CO3 -LDH have been successful synthesized for the remediation of As-contaminated water (Otgonjargal et al., 2012;
Wang and Bian, 2017). As compared to other adsorbents, the
multi-walled carbon nanotubes (MWCNTs) offer the unique
advantage that each atom is available for interaction with foreign species on tubes surfaces, and the MWCNT/MnO2 composite was synthesized to enable the heterogeneous oxidation property (Saleh et al., 2011b). Ion exchange resins are
widely used and are suitable carriers, owing to the attraction
between the fixed functional groups and anionic ligand contaminants, and the macroporous resin with supported MnO2
and FMBO nanoparticles, e.g., HA502P-Fe/Mn (Pranudta et al.,
2020), MnO2 -loaded polystyrene resin (Lenoble et al., 2004),
were synthesized for simultaneous As(III) oxidation and As(V)
adsorption. The novel hydrated zirconium oxide [ZrO(OH)2 ]
and MnO2 are proposed to coat onto the modified activated
charcoal via co-precipitation and hydrothermal method, and
the oxidation of As(III) by MnO2 and the adsorption of As(V)
onto ZrO(OH)2 were reported (Yin et al., 2019).
Besides the novel and expensive porous carriers, the common materials such as quantz sand, diatomite, and sludge
may also be used as the carriers to support the active metal
oxides for arsenic removal. The novel manganese-oxidizing
aerobic granular sludge (Mn-AGS) was developed for the removal of arsenic from organic wastewater, and As(III) was efficiently oxidized into As(V) at the ratios of 74.6%−82.6% and
56.2%−65.0% of As(V) was adsorbed on amorphous ferrihydrite and biogenic Mn oxides (bio-MnOx ) (He et al., 2019). Results of piloting experiments indicated that the MnO2 coated
quartz sand may achieve the As(III) oxidation and the presence of iron(II) and oxygen enhanced As removal accordingly
(Borho and Wilderer, 1996). The low-cost porous diatomite
may also be used as the carrier to obtain the FMBO-diatomite,
and this will be discussed in detail later on.

Fig 3 – Proposed schematic chart of FMBO in situ coating on
porous diatomite for adsorbents granulation, the
adsorption of arsenic, and the regeneration of adsorbents
(Chang et al., 2009).

4.
Technologies for simultaneous As(III) and
As(V) removal in DWTPs
4.1.
FMBO-diatomite for arsenic removal in decentralized
DWTPs
In the past several decades, many adsorbents and technologies have been developed for arsenic removal. Unfortunately,
rare approach is reliable, inexpensive, or simple to use especially for developing countries (Schwarzenbach et al., 2006).
Adsorbents granulation is fundamentally important towards
the application of them, and incineration and agglomeration
are widely used to obtain well-distributed adsorbent particles. These chemical processes increase the costs for adsorbents production and loss the active sites available for arsenic
greatly. Additionally, the strong basic solutions are necessary
to regenerate these adsorbents, and this complicates the reactors maintenance and the treatment of basic wastewater and
inevitably deteriorates the active sites at extremely high pH.
These crucial points should be well resolved to advance the
application of these adsorbents.
To overcome these shortcomings, we have successfully
developed the innovative technology to achieve adsorbents
granulation and the regeneration of used adsorbents. In detail,
FMBO can be in-situ coated onto porous carriers in a fixed-bed
adsorption tank to remove arsenic (Chang et al., 2009). To regenerate the used adsorbent with arsenic saturated on its surface, a new layer of active FMBO can also be in-situ coated onto
the surface of the old layer, while the adsorbed arsenic is solidified inside (Fig. 3). This innovative in-situ regeneration method
greatly simplifies the regeneration of used adsorbents, quickly
restores the adsorptive capacity of FMBO towards arsenic, and
also avoids the generation of concentrated arsenic wastewater. Once eventually exhausted, the adsorbents can be
safely disposed of by cheap and convenient means such as
solidification in roadbed or encapsulation in cement-lime
mixture.
Results of continuous lab-scale experiments indicate the
feasibility for adsorbents granulation and the stable performance towards As(III) and As(V) (Chang et al., 2009). In the
first cycle, the qualified effluents of As(III) and As(V) were de-
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termined to be 3000 and 2000 bed volumes (BVs), and in the
following three cycles the BVs were observed to be 3300, 3800,
and 4500 BVs for As(III) and 2300, 2500, and 3100 BVs for As(V),
respectively. FMBO-diatomite exhibits higher As(III) removal
performance and this was in accordance with the batch experiments. Furthermore, the in situ regeneration strategy improved rather than lower the sorption capacity of the FMBOdiatomite, owing to the larger surface areas and the higher
contents of Fe and Mn within FMBO-diatomite. The oxidation of As(III) was achieved by the Mn oxide at the upper lay
FMBO-diatomite, and the dissolved Mn2+ was captured and
concentrated at the lower layer accordingly. Results of pilotscale field study further support the arsenic species transformation and transportation in FMBO-diatomite adsorption column (Wu et al., 2011), and indicated the feasibility of this strategy for arsenic removal in decentralized small-scale drinking
water treatment plants.

4.2.
In situ FMBO formation for arsenic removal in
centralized DWTPs
The implementation of FMBO-diatomite in centralized large
scale DWTPs requires many adsorption units, and the high
capital costs and complicate maintenance hinder the wide
application in engineering point-of-view. On the other hand,
many DWTPs use underground source waters with excessive
Fe and/or Mn, and the process of aeration and media filtration
is used for the removal of Fe and Mn. These plants sometimes
require processes upgrading due to the stricter maximum
contaminates levels (MCLs) of arsenic from 0.05 to 0.01 mg/L.
It is of practical importance to enhance the removal of arsenic
on the basis of the existing processes and to minimize the capital costs as much as possible.
On the basis of these considerations, the FMBO based process is proposed and incudes the main unit processes of
(Fig. 4a): (1) FMBO is in-situ produced and introduced during
the transportation of source water to achieve the oxidation of
As(III) and the adsorption of As(V); (2) FMBO is in-situ coated
onto the filter media, acting as another barrier for the removal
of arsenic; (3) refresh the filter media surfaces on-line by detachment and in-situ coating of FMBO; and (4) the filtered particulate As is withdrawn during the backwashing of filters.
As indicated from the long-term piloting field experiments,
the in-situ introduced FMBO may positively improve the removal of As, Fe, Mn, and turbidity, and the head loss develops more substantially than that without dosing FMBO, especially for the 30-cm upper layer. The in-situ formed FMBO
enhance the adhesion and attachment of flocs and particles
to the ripen sands, and the agglomated FMBO act as the barrier towards arsenic removal (Fig. 4b). The steady-state piloting experiments with 10 operation cycles were conducted to
further evaluate the reliability and stability of in-situ FMBO
application, and the residual As concentrations were consistently below 7 μg/L with the influent As ranging from 25 to
63 μg/L (Wu et al., 2012a). After the plant-scale investigation on
the feasibility and maintenance costs, the in situ FMBO based
process has been successfully implemented in Dongzhou
DWTP in Zhengzhou City and the other four DWTPs in
China.

Fig 4 – (a) Proposed process upgrading of centralized
DWTPs with existing process for the removal of Fe(II) and
Mn(II) in groundwater, and (b) the dominant reactions
involved the removal of As, Fe(II) and Mn(II) with/without
the addition of in situ FMBO (Wu et al., 2012a).

5.

Conclusions

The oxidation of non-ionic As(III) to negatively-charged As(V)
is of crucial importance to achieve the optimum As removal
efficiency. The adsorbents with heterogeneous oxidation capability may achieve the As(III) oxidation and As(V) adsorption simultaneously without the addition of chemical oxidants. Moreover, the interfacial reactions between As(III) and
oxidative adsorbents provide more sites available for arsenic
adsorption. The novel adsorbents are further developed by
the structure and morphology optimization, the doping of
other multimetal oxides, and the coating onto porous carriers. Unfortunately, the large-scale granulation and application of these novel adsorbents is inhibited by the high cost,
complicate preparation and regeneration procedures, and the
generation of strong basic wastewaters and so on. The in
situ coating of active components onto porous carriers may
rapidly achieve adsorbents granulation at low cost and restore
the activity as much as possible, is available for decentralized DWTPs. Additionally, the continuously introduction of in
situ formed metal oxides may efficiency achieve the heterogeneous oxidation and adsorption, and shows priority to enhance the removal of arsenic in process upgrading of centralized DWTPs, especially for those with existing process for the
removal of Fe(II) and Mn(II) in groundwaters.
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