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Arsenic (As) is a toxic contaminant in surface waters and groundwater. Oxidation of arsenite (As(III)) to less toxic
arsenate (As(V)) by hydrogen peroxide (H2O2) is desirable for enhancing the immobilisation of Arsenic (As).
However, this As(III) oxidation process is constrained by the strong pH dependence and the generated As(V) must
also be removed for complete As remediation. This study developed and evaluated a novel heterogeneous cat
alytic system using manganese-doped Lanthanum oxycarbonate (MnL) to catalyse the oxidation of As(III) by
H2O2 and simultaneously adsorb the generated As(V). The presence of MnL enhanced the removal rate of As(III)
by 35 times compared with systems utilising H2O2 alone. Additionally, this superior performance was observed
over a wide pH range (5–9), which demonstrated this approach could bypass the well-known pH restriction on
oxidation by H2O2. Mechanistic studies revealed that the long-lived superoxide radicals (⋅O2− /⋅OOH), present on
the particle surfaces and derived from the dissociation of the Lewis acid-base adduct (La–OOH*), were the
dominant active species for As(III) oxidation. Mn atoms with low valence states played a crucial role in As(III)
oxidation through the provision of extra active sites to facilitate radical production. The La and Mn sites in MnL
could rapidly immobilize the generated As(V) by forming precipitates, resulting in a final As removal efficiency
of 99% even after three cycles of reutilisation. Overall, this study demonstrates the viability of the proposed
novel multi-functional catalyst for efficient As remediation from aqueous environments.

Keywords:
Arsenic
Sustainable catalyst
Advanced oxidation
Pollutant adsorption
Lewis acid-base adduct

1. Introduction
Arsenic (As) is one of the most widespread heavy metal contaminants
in both surface and groundwater systems and poses a severe risk to the
aquatic environment and to human health (Argos et al., 2012; Su et al.,
2018). Related human disease and mortality have been reported in
many countries (Ahmad et al., 2018; Smith et al., 2012), thus the World
Health Organization (WHO) has set a safety level of 10 μg L− 1 As in
drinking waters (Wei et al., 2019). In solution under anoxic and
anaerobic conditions, As mainly exists as the trivalent species As(III)

(Shan et al., 2019a), which has substantially greater toxicity than As(V)
(Qiu et al., 2020). Moreover, As(III) shows much less affinity for ad
sorbents, compared with As(V), due to it mainly existing as a non-ionic
molecule (H3AsO3) in water (Shan et al., 2019b). Therefore, the devel
opment of As(III) decontamination technology from aqueous environ
ments has drawn particular attention.
Hydrogen peroxide (H2O2) has been used as a benign oxidant to
convert As(III) to less toxic As(V) in water and wastewater treatment
processes (Eq. (1)) due to its superior oxidation potential (Wei et al.,
2019). However, the oxidative activity of H2O2 is strongly
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pH-dependent and functionality is significantly inhibited under non al
kali condition (Shan et al., 2019b). To broaden the applicable pH range
of H2O2 and to increase oxidation efficiency, some catalysts have been
suggested to stimulate the reaction. The most common method has been
to apply Fenton-like catalysts, e.g. Fe, Cu and Mn-based (hydro)oxides,
which could act as an electron shuttle to accelerate the dissociation of
H2O2 and produce more powerful reactive oxygen species (ROSs), e.g.
⋅OH and ⋅O2− (Eq. (2) and (3)) (Wang et al., 2015; Weng et al., 2017;
Yang et al., 2019). Recently, another effective approach of using tran
sition metal (hydro)oxides, e.g. Ti, Ce, and Zn, to form Lewis-acid cen
tres on the material surface in H2O2 solution during oxidation reactions
has been discovered (Chen et al., 2012; Fernandes et al., 2020; Kim
et al., 2015). Such Lewis acid catalysis could complex with H2O2 and
withdraw electrons from its O–O bond, thus leading to the generation of
the strong oxidative radicals (Eq. (4)), e.g. ⋅OOH, ⋅OH or 1O2, facilitating
As(III) oxidation (Corma and Garcı’a 2002; Wang et al., 2018). Never
theless, simply oxidizing As(III) only decreases the toxicity of the As
contaminated water. The subsequent removal through adsorption,
coagulation, or ion exchange is needed to completely remediate the
environmental risk of As (Manning et al., 2002; Nicomel et al., 2016).
H2 AsO−3

+ H2 O2 →HAsO2−4

+ H + H2 O

≡ Fe(II) + H2 O2 → ≡ Fe(III) + ⋅ OH + OH −

Lanthanum nitrate hexahydrate (La(NO3)3⋅6H2O,99%), hydrogen
peroxide (H2O2, 30%), sodium arsenate dodecahydrate (Na3A
sO4⋅12H2O, 99%) and sodium arsenite (NaAsO2, 99%) were purchased
from Aladdin Industrial Co. Ltd. (Shanghai, China). Manganese nitrate
solution (Mn(NO3)2, 50%), citric acid monohydrate (AM,
C6HO7⋅H2O,99%), polyethene glycol 6000 (PEG-6000, 99%), ammo
nium molybdate ((NH4)6Mo7O24⋅4H2O, 99%), ascorbic acid (AA,
C6H8O6, 99%), tertiary butanol (TBA, C4H10O, 99%), p-benzoquinone
(p-BQ, C6H4O2, 99%) and the spin-trapping agent 5,5 dimethyl-1pyrroline N-oxide (DMPO, 99%) were purchased from Sinopharm Co.
Ltd. (Shanghai, China). Ultrapure water (18 MΩ cm) was used in all
experiments.
2.2. Preparation and characterization of Mn-doped La2O2CO3 (MnL)
Mn-doped La2O2CO3 (MnL) was synthesised via a facile sol-gel
method that has been reported by Su et al. (2020). Briefly, a certain
amount of Mn(NO3)2 and La(NO3)3⋅6H2O, with molar ratios of Mn/(La
+ Mn) equal to 2.56%, 5.26%, 25% and 50%, were dissolved in ultra
pure water (20 mL) and stirred vigorously for 30 min. Then, the mixtures
were added into an aqueous solution (20 mL) composed of C6HO7⋅H2O
(0.01 mol) and PEG-6000 (6 g). The solutions were heated to 85 ◦ C with
continuous stirring until the formation of a wet gel. After drying over
night at 85 ◦ C, the gels were calcined in the air (600 ◦ C for 120 min;
heating rate of 5 ◦ C/min). After cooling, the solid samples were finely
ground to produce target materials. Our previous study has also
demonstrated losses of Mn and La following this preparation process are
negligible (Table S1) (Su et al., 2020). Pure La2O2CO3 was prepared by
the same process but without Mn(NO3)2 addition.
The crystal structures of MnL before and after reaction were deter
mined by X-Ray diffraction (XRD) using a PANalytical X’Pert PRO
powder diffraction system (Malvern Panalytical, Cambridge, UK) with
Cu Kα radiation (λ = 1.5406 Å) from 5◦ to 90◦ /2θ at a scan speed of 5◦ /
min. The morphology of the samples and their microstructure were
recorded by Environmental Scanning Electron Microscope (ESEM, Su8020, Hitachi, Japan). The valences of Mn2p, O1s, C1s and As 3 d in
MnL before and after oxidation were recorded by the X-ray Photoelec
tron Spectra (XPS; SCALAB250Xi, Thermo Fisher Scientific, USA), which
was operated under a monochromatic Al Kα radiation source
(1486.6eV). All binding energies were calibrated by contaminant carbon
(C1s, B.E = 284.8 eV). To determine the existence of peroxide species on
the material’s surface, diffuse reflectance UV–visible spectra of MnL and
H2O2-pretreated MnL was recorded using a UV–visible spectrophotom
eter (DR-UVS; Cary 500 UV–Vis, Varian Inc., Palo Alto, CA. USA),
equipped with a diffuse reflectance accessory. The formation of surficial
complexation was also investigated by Raman spectroscopy (LabRAM
HR Evolution, HORIBA, France) using the excitation wavelength of 785
nm.

(2)

⋅ O−2 + H +

(3)

≡ Ti(IV) − OH + H2 O2 → ≡ Ti(III) − ⋅ OOH + H2 O

(4)

≡ Fe(III) + H2 O2 → ≡ Fe(II) + ⋅ OOH

2.1. Chemicals and materials

(1)

+

/

2. Materials and methods

We have previously synthesised a novel manganese-doped
Lanthanum oxycarbonate (MnL) adsorbent and demonstrated its supe
rior As(V) adsorption ability of 555.6 mg g− 1 (Su et al., 2020). This
adsorption capability was significantly higher than that (26.3–454.9 mg
g− 1) of most reported adsorbents, such as Fe–La hydroxide (Zhang et al.,
2014), Cu doped Fe3O4 (Wang et al., 2015), and Ce doped TiO2 (Li et al.,
2011). Interestingly, the Lanthanum (La) sites in this La-based com
pound could act as Lewis acids, which have been applied as complexa
tion agents for many anions (Muthu Prabhu et al., 2018; Wahlen et al.,
2005). Thus, we hypothesized that MnL could not only adsorb As(V) but
also accelerate As(III) oxidation through catalytic activities in gener
ating ROSs by forming Lewis acid-base adducts with H2O2. The appli
cation of MnL during As(III) oxidation by H2O2 may form a
heterogeneous catalytic system to fulfil the dual functions of catalysed
oxidation of As(III) and adsorption of the generated As(V), however, the
performance and underlying mechanisms have hitherto not been
studied.
Therefore, this study aimed to develop and evaluate a potential
multi-functional catalyst for effective removal of As from aqueous en
vironments through simultaneous H2O2 catalytic oxidation of As(III)
and adsorption of As(V), over a wide pH range. Firstly, the capabilities of
synthesised MnL materials with different relative percentage composi
tions of Mn and La, on As(III) oxidation and on the total As removal in
H2O2 solutions, were evaluated. Then, the potential effects of experi
mental factors, including pH conditions and the dosage of H2O2 and
MnL, on the oxidation of As(III) were investigated. Furthermore,
mechanistic studies were conducted to determine the potential roles of
specific reactive oxygen species on As(III) oxidation, and the function
ality of La and Mn lattice sites on the overall As removal. After under
standing the mechanisms, the potential application of MnL in H2O2
catalytic oxidation processes for As removal was further examined in the
presence of other interfering ions. Finally, the reusability of MnL was
investigated by subjecting the catalyst to several cycles of use and
regeneration.

2.3. Experiments and sample analysis
2.3.1. The performance of MnL/H2O2 coupling treatment
Different MnL materials with differing Mn contents (2.56%, 5.26%,
25% and 50%) and the pristine LaMnO3 were firstly evaluated for po
tential catalysis of the H2O2 oxidation of As(III) under neutral condi
tions. The same dosage of different MnL (0.2 g L− 1) was added into
NaAsO2 solutions (60 mL) with an initial As(III) concentration of 15 mg
L− 1. The pH was adjusted to 7 using 0.1–1 M HNO3/NaOH. The mixture
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was continuously stirred in the dark and the oxidation reaction was
initiated by the addition of H2O2 (0.534 mM). The experiment was
conducted at room temperature (25 ± 2 ◦ C) for 360 min. Each treatment
was carried out in triplicate.
At given time intervals, an aliquot (2.5 mL) of the suspensions were
withdrawn from each group. The removed samples were then mixed
with ascorbic acid (10 g L− 1; 200 μL) to quench the reactions, and
filtered immediately through a cellulose acetate membrane (0.22 μm)
for determination of the concentrations of total As, As(V), and As(III).
The concentration of As(V) in each sample was determined colorimet
rically by the molybdenum blue method (Kim et al., 2015) using a
UV/visible spectrometer (870 nm; 756 PC, Hong Ji Instrument. Co., Ltd.,
Shanghai). For determination of total As, KMnO4 solution (1 mL; 2 mM)
was added into the sample to oxidise As(III) to As(V) before the detec
tion of the latter. The concentrations of As(III) were determined by
subtraction between total As and As(V). The pseudo-first-order model
(Eq. (5)) was used to simulate the dynamics of As(III) removal (Wang
et al., 2020).
( )
Ct
− ln
(5)
= kobs t
C0

investigated by addition of the corresponding scavengers (Kim et al.,
2015), i.e. TBA (100 mM) for ⋅OH and p-BQ (5 mM) for ⋅O2− /⋅OOH, to
the mixture. The results were compared with those from the control
group without the addition of the scavengers.
To verify the generation of ⋅O2− /⋅OOH derived from the surface
complex and define its effect on As(III) oxidation, diffuse reflectance
UV–visible spectra (DR-UVS) and Raman spectra of MnL, before and
after the treatment, were acquired (Tang et al., 2021). The contribution
of dissolved oxygen to the generation of ⋅O2− /⋅OOH and As(III) oxida
tion was evaluated by conducting the experiment under O2 and N2
aeration at 5 mL min− 1. Experimental conditions, sample collection and
analysis were the same as previously described. To further investigate
the role of La lattice sites on H2O2 dissociation and As(III) oxidation, NaF
(2 mM) was added to the solution which was further stirred in the dark
for 3 h to ensure La sites were completely occupied (Wu et al., 2018).
H2O2 (0.534 mM) was then added to initiate the oxidation reaction and
the oxidation performance was subsequently determined.
In order to evaluate the function of Mn lattice sites on As(III)
oxidation and As(V) adsorption, the different valence states of Mn (Mn
(II), Mn(III) and Mn(IV)) were determined at the end of this MnL/H2O2
coupling treatment. For the comparison, La2O2CO3, instead of MnL, was
used in the control groups. The concentration of H2O2 was determined
by titanium potassium oxalate spectrophotometry at 400 nm (Shan
et al., 2019b). The electronic transport capability of materials could be
reflected by current density during the oxidation/reduction processes.
Thus, cyclic voltammetry (CV) measurements were conducted using an
electrochemical work station in a standard three-electrode configura
tion, with N2-purged Na2SO4 (50 mL, 0.5 M) containing H2O2 (0.534
mM) as the electrolyte (Tian et al., 2019). The MnL electrode was pre
pared by dispersing MnL (5 mg) in ethanol (1 mL) which contained PTFE
solution (50 μL; 5%), and then dried under vacuum before coating onto
the pretreated FTO surface. The potential range was between − 1.2 and
1.5 V (vs. Ag/AgCl) and the scan rate was 500 mV s− 1.

where Ct was As(III) concentration (mg L− 1) versus time (min), C0 was
initial As(III) concentration (mg L− 1). kobs was rate constant of the firstorder kinetic (min− 1).
2.3.2. The effect of H2O2 and MnL dosage
The best-performing MnL adsorbent, containing 5.26% Mn, was used
to further investigate the influence of H2O2 and MnL dosage on As(III)
oxidation. To study the effect of the H2O2, experiments were conducted
with dosages of 0.267, 0.534, 1.335, 2.67 and 5.34 mM of H2O2. For the
investigation into MnL dosing, experiments were conducted with MnL
dosages at 0.1, 0.2, 0.5 and 1 g L− 1. Experimental conditions and sample
analysis were the same as the aforementioned batch experiment. The
pseudo-first-order model (Eq. (5)) was again applied to evaluate the
removal rate of As(III) under the different treatments.

2.3.5. The reusability of MnL and the influence of coexisting ions
The regeneration of MnL was investigated by immersing the used
catalysts into a NaOH solution (1 M) for 24 h, to ensure that all the As(V)
adsorbed on MnL was eluted out. The refreshed material (0.2 g L− 1) and
H2O2 (0.534 mM) were then added to As(III) solution (20 mg L− 1). This
procedure was repeated 3 times. Moreover, the effect of typical coex
isting ions (Xu et al., 2020), i.e. Fe3+, Mn2+, Cl− , H2PO4− and HCO3− , on
the As(III) oxidation process was also evaluated. MnL/H2O2 coupling
treatments were separately conducted at initial ionic concentrations of
0, 0.2 and 2 mmol L− 1. After a 360 min reaction time, 5 mL aliquots were
collected from each group for As(III) determination. All of the afore
mentioned experiments and each sample analysis were conducted in
triplicate.

2.3.3. The effect of pH
The removal of As(III), As(V) and total As, were investigated in MnL/
H2O2 coupling treatment systems under different pH conditions (3, 5, 7,
9 and 11). The initial As(III) concentration was set at 20 mg L− 1, and the
dosages of MnL and H2O2 were 0.2 g L− 1 and 0.534 mM, respectively.
The experiments were conducted at room temperature (25 ± 2 ◦ C) and
sample collection and analysis were the same as previously described.
The amounts of Mn2+ and La3+ liberated were detected by Inductively
Coupled Plasma-Optical Emission Spectroscopy (ICP-OES; Optima 8300,
PerkinElmer Inc., USA) with a limit of detection (LOD) of 0.2 mg L− 1.
Inductively Coupled Plasma-Mass Spectrometry (ICP-MS; 7500a, Agi
lent Inc., USA) was used to confirm results when concentration levels
were found to be below 0.2 mg L− 1.

3. Results and discussion
3.1. Characterization of Mn-doped La2O2CO3 (MnL) composites

2.3.4. The generation and role of ROSs on As(III) oxidation
During the MnL/H2O2 -coupled treatment at pH 7, the ESR spectra of
the generated reactive oxygen species (⋅OH, and ⋅O2− /⋅OOH) were
investigated using a Bruker microESR (Bruker BioSpin GmbH, Rhein
stetten, Germany). DMPO was used as a radical trapping agent and the
equipment was operated to accumulate three scans with the microwave
frequency of 9.817 GHz and power of 19.88 mW. Five mg of catalyst was
dispersed into 25 mL of pure water, followed by adding 1 mM of H2O2.
Then 10 μL of DMPO were added into 1 mL of the mixed solution, which
was then immediately placed into a glass capillary sealed with plasticine
at one side, for ⋅OH detection. The detection procedure for ⋅O2− was
similar to that of ⋅OH except replaced the solvent of pure water with
absolute methanol. After confirming the existence of the ROSs, the role
of each on As(III) oxidation was further studied through active species
trapping experiments. The performances for As removal were

The XRD patterns of the pristine La2O2CO3 (Fig. 1a) indicated that it
existed as a monoclinic structure (JCPDS card No. 48–1113). Doping of a
small amount of Mn (≤5.26%) on La2O2CO3 improved the crystal
symmetry and resulted in a crystal structure similar to that of tetragonal
La2O2CO3 (JCPDS card No. 23–0320). After further increasing the
amount of Mn doped into MnL to 25% and 50%, clear characteristic
peaks of LaMnO3 (JCPDS card No. 01-089-2470) were observed
(Fig. 1a). Such a new phase of manganese oxide precipitation on the
surface of La2O2CO3 may have been due to the introduction of excess Mn
in its lattice cells (Xuan et al., 2018). ESEM images of MnL indicated a
rod-like morphology with a rod length of 1.7–4 μm (Fig. 1b and c), and
element mapping of MnL suggested that both La and Mn were uniformly
distributed on the material’s surface (Fig. 1d–g). Characterization
confirmed that Mn atoms had successfully entered into La2O2CO3
3
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Fig. 1. (a) XRD patterns of Mn-doped La2O2CO3 (MnL) with different amounts of Mn doping. (b–c) Representative ESEM images of MnL at different zoom levels, and
element mapping images for (d) Carbon, (e) Oxygen, (f) Lanthanum and (g) Manganese, on MnL.

Fig. 2. (a) The kinetics of As(III) oxidation/removal and (b) total As removal from H2O2 oxidation systems with various Mn-doped La2O2CO3 (MnL) catalysts under
neutral conditions, and (c) the influences of initial H2O2 concentration and (d) MnL dosage, on As(III) removal.
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mM (k = 0.006 min− 1) (Fig. 2c). Correspondingly, the removal effi
ciency of As(III) increased from 73% to 99% within 480 min. However,
with further increasing H2O2 dosage to 5.34 mM, the As(III) removal
rate only exhibited slight improvement, to 0.0077 min− 1. This might
have been due to the gradual saturation of sites for H2O2 adsorbed on the
MnL, thus limiting As(III) oxidation (Gennari et al., 2015). Additionally,
increasing the dosage of MnL was observed to improve As(III) oxidation
(Fig. 2d). Unlike the scenario of limited increment of As(III) oxidation
under the solely high addition of H2O2, the removal efficiency of As(III)
continued to increase from 51% to 98% within 360 min when the
addition of MnL increased from 0.1 to 1 g L− 1 (Fig. 2d). It might be partly
due to the adsorption effect of As(III) by the MnL. As the adsorption
capability is relatively low, the increased As(III) removal was likely due
to the availability of more active surficial catalytic sites at higher dos
ages of MnL (Kim et al., 2015). Therefore, the optimum ratio of the H2O2
and MnL should be determined for As removal in order to achieve the
best performance.

lattices, giving rise to the formation of (LaxMn1-x)2O2CO3 solid solution
(Wang et al., 2018).
3.2. H2O2 activation by MnL for As(III) oxidation and further As(V)
adsorption
3.2.1. The role of Mn content
The catalytic efficiency of the synthesised MnL for As(III) removal
was firstly evaluated under neutral conditions (Fig. 2a). In the treatment
group without the addition of MnL, only 5% of As(III) was oxidised at
the end of the study, which indicated the low capability of As oxidation
by H2O2 under neutral conditions (Shan et al., 2019b). It is well-known
that it is difficult to absorb As(III) onto adsorbents due to it mainly
existing as a non-ionic molecule (H3AsO3) in water (Shan et al., 2019b).
Thus, the application of 5.26%-MnL alone, without H2O2, only removed
approximately 3.5% of As(III) through adsorption (Fig. S1), which also
demonstrated that As(III) removal in the H2O2/MnL-coupled treatment
systems are mainly through the oxidation process. Fig. 2a shows that the
coupling H2O2/MnL treatments achieve As(III) oxidation of up to 90%
within 360 min. The pure La2O2CO3 without Mn doping showed 70% As
(III) removal, which was higher than those of 25%-MnL and 50%-MnL.
This showed that La is also crucial for As(III) removal during the
oxidation process by H2O2, and the roles of La and Mn are explored in
the mechanistic studies (Section 3.3).
The dynamics of As(III) oxidation could be well described (R2 >
0.95) by the pseudo-first order model (Fig. S2a). Both removal efficiency
(Fig. 2a) and removal rate (k value, Fig. S2a) of As(III) increased to 90%
and 0.0044 min− 1, respectively, with increasing Mn doping of La2O2CO3
from 0 to 5.26%. This might be attributed to the presence of variablevalence Mn atoms in the lattice structure of MnL, which could act as
active sites and accelerate the electron transfer for As(III) oxidation (Li
et al., 2020; Tian et al., 2019; Zhou et al., 2020). However, both the As
(III) removal efficiency and removal rate gradually reduced to 30% and
0.001 min− 1, respectively, under the higher Mn doping regime of 50%
on La2O2CO3. The excess Mn might have formed a new phase of LaMnO3
in the lattice cell (Fig. 1), causing a lack of exchangeable ligands (e.g.
CO32− , O2− and –OH) between H2O2 and catalysts and resulting in
decreased As(III) oxidation efficiency (Su et al., 2020). This was sup
ported by the observation that pure LaMnO3 showed negligible catalytic
effects on the oxidation of As (III) (Fig. S2b).
The surface of MnL is positively charged under pH 7 (Su et al., 2020),
resulting in negligible electrostatic attraction between MnL and As(III)
and consequently poor adsorption rate for As(III) (Fig. S1). Therefore, to
completely remove As from contaminated water, further remediation of
As(V) is necessary (Nicomel et al., 2016). The results of total As removal
efficiencies (Fig. 2b) were identical to the As(III) oxidation efficiencies
(Fig. 2a) in the corresponding H2O2/MnL-coupled treatment system,
indicating that the majority of the oxidation product of As(V) was
adsorbed by MnL. This was supported by our previous study which
determined that MnL can effectively adsorb As(V) through surface
complexation, ion exchange and the formation of LaAsO4 precipitates
(Su et al., 2020). The results supported the hypothesis that the oxidation
capability of As (III), rather than the adsorption of As(V), could be the
control step for the removal of As. Overall, the results demonstrated that
doping with Mn played a crucial role in H2O2 catalysis, and that the MnL
material with Mn content of 5.26% performed the best at remediation of
As through the synergistic functions of As(III) oxidation and As(V)
adsorption.

3.2.3. The influence of pH
It has been reported that pH is an important factor influencing As(III)
oxidation by H2O2. In this study, considerable oxidation of As(III) in the
H2O2-only treatment was only observed under pH 11, reaching similar
removal efficiency (~90% within 30 min) to that under MnL catalysis
treatment (Fig. 3a). This agreed with previous work that showed direct
oxidation by H2O2 only occurred under strongly alkaline conditions
(Qian et al., 2015; Shan et al., 2019b). Significantly lower As(III)
oxidation efficiencies (<22%) were obtained under acid and neutral
conditions (pH of 3–7).
By contrast, in H2O2/MnL-coupled treatment systems, similar
removal efficiencies of As(III) were achieved (88%) under neutral con
ditions (pH 7) when compared with the results under strongly alkaline
conditions (pH of 11). At pHs of 5 and 9, the removal efficiencies were
approximately 70% within 360 min. In strong acid conditions (pH 3),
the removal efficiency (18.5%) of As(III) was much lower when
compared with those values obtained under other pH conditions. This
might be due to the poor stability of MnL under strong acid, where the
amount of La and Mn leaching at pH 3 were as high as 283 and 3.5 mg
L− 1, respectively (Fig. 3b). These amounts were almost equal to the
original contents of La and Mn in the studied MnL composites (Table S1).
The production of As(V) has also been detected in the H2O2/MnLcoupled treatment system (Fig. 3c). In the pH 5–9 range, the concen
trations of As(V) in solution increased within the initial 30 min and then
decreased gradually, indicating that the removal process of As(III) by
MnL was through the combination of As(III) oxidation and As(V)
adsorption. However, As(V) in solution displayed a negligible decrease
after 30 min at both pH = 3 and 11, which may have been due to i) active
surfaces on MnL being dissociated in the strong acid conditions and ii)
MnL possessing poor adsorption qualities towards As(V) under strongly
alkaline conditions (Xu et al., 2018). The total As removal performance
of the proposed heterogenous catalytically treatment system (Fig. 3d),
indicated that the MnL/H2O2 -coupled catalytic system could achieve
both efficient As(III) oxidation and As(V) removal over the wide pH
range of 5–9.
3.3. Mechanisms of As(III) oxidation in the MnL/H2O2 -coupled system
3.3.1. The functions of reactive species
Reactive oxygen species (ROSs), i.e. hydroxyl (⋅OH), hydroperoxyl
(⋅OOH) and superoxide radicals (⋅O2− ), are recognized as important
oxidants in catalysed H2O2 oxidation reactions (Watts and Teel, 2019).
In this study, ESR spectroscopy detected the four peaks typical of the
DMPO-OOH adduct from samples collected from MnL/H2O2 -coupled
treatment systems (Fig. 4a). The intensity ratio of these four peaks was
approximately 1:1:1:1, supporting the formation of ⋅O2− /⋅OOH over the
MnL. Notably, the steady-state concentration of ⋅O2− /⋅OOH would be
relatively low due to the low signal intensities through current

3.2.2. The influences of H2O2 and MnL dosage
The best performance of As(III) removal was attributed to the MnL
material doped with 5.26% Mn (Fig. 2a), which was therefore selected
for further investigations to evaluate the influence of other factors on the
reactions. In the treatment system using H2O2/MnL coupling, the
removal rate of As(III) was found to increase dramatically when H2O2
concentration increased from 0.267 mM (k = 0.0018 min− 1) to 1.335
5
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Fig. 3. (a) As(III) oxidation in the MnL/H2O2 and H2O2-only treatment systems under various pH conditions. (b) Amounts of La and Mn released under various pH
conditions in the MnL/H2O2 -coupled system. (c) As(V) generation and (d) total As removal, in the MnL/H2O2 -coupled treatment system, under various
pH conditions.

determinations (Fig. 4a), investigations through more precise analytical
methodology should be conducted for further confirmation. The pres
ence of the DMPO-OH adduct (intensity ratio of 1:2:2:1) was addition
ally observed within 2 min (Fig. 4b), which suggested the formation of
⋅OH, and this might be ascribed to a Fenton-like reaction, activated by
≡Mn(II/III) (Weng et al., 2017). However, after 2 min, the signal for
DMPO-OH disappeared, which might have indicated that ∙OH was
quickly consumed by the excess of H2O2 (Eq. (6)). Moreover. consider
able CO32− was released into the solution from the catalyst, in particular
the system in the presence of H2O2 (Fig. S2), which would further
quench ⋅OH following Eq. (7) and (8) (Jiang et al., 2020; Zhou et al.,
2020):
H2 O2 + ⋅OH→H2 O + ⋅O2 H

(6)

⋅OH + CO2−3 →⋅CO−3 + OH −

(7)

⋅OH + HCO−3 →⋅H2 O + ⋅CO−3

(8)

3.3.2. The origin of ⋅O2− /⋅OOH
In addition to H2O2, dissolved oxygen may be an important source
for ⋅O2− /⋅OOH formation in some catalysis reactions (Exner and Over,
2019). To investigate this, the MnL/H2O2 coupling treatments were
conducted separately, in solutions that were aerated either by O2 or N2
(Fig. S4a). It was clear that the excess oxygen did not show a significant
positive effect on As(III) oxidation. Meanwhile, there was only a slight
suppression of efficiency of As(III) oxidation under N2 conditions. These
observations thus excluded the role of dissolved oxygen for ⋅O2− pro
duction and contribution to As(III) oxidation.
It is known that La(III) could act as a Lewis acid-base adduct and
form a peroxide complex with H2O2, resulting in the generation of ROSs
(Novikov et al., 2016). After treatment, the DR-UVS spectrum of MnL
showed an obvious red shift (Fig. S4b), and a new characteristic band
(1065 cm− 1) was observed in the Raman spectrum (Fig. 4d) that could
be assigned to peroxide species (Shan et al., 2019b; Wang et al., 2018;
Wei et al., 2019). The results suggested that H2O2 was substantially
adsorbed onto MnL and formed a surficial Lewis acid-base adduct, i.e.
La–OOH*, through the reaction in Eq. (9) (Corma and Garcı’a 2002).
This Lewis acid-base complex would be then dissociated by donating
electrons towards La(III) sites (Eq. (10)), giving rise to the formation of
surficial ⋅O2− /⋅OOH species (Novikov et al., 2016), finally causing
conversion of As(III) to As(V) (Eq. (11)).

To evaluate the specific role of each radical, scavenging compounds,
viz. tert-butyl alcohol (TBA) and p-benzoquinone (p-BQ) (Kim et al.,
2015; Fan et al., 2021), were added to the MnL/H2O2 system during the
reaction (Fig. 4c). Following the addition of TBA (100 mM), the ⋅OH
scavenger (k⋅OH/TBA = 3.0 × 109 M− 1 S− 1), the As(III) removal efficiency
did not show significant change when compared with the control group,
which indicated that the ⋅OH may not have been the main radical
responsible for As(III) oxidation. By contrast, the removal efficiency of
As(III) decreased from 90% to 53% within 360 min with the addition of
1 mM p-BQ (k⋅O2− /BQ = 1.0 × 109 M− 1 S− 1), and this further decreased to
18% when the concentration of p-BQ was increased to 5 mM. From the
ROSs scavenging experiments, it suggested that ⋅O2− /⋅OOH rather than
⋅OH might play a major role in As(III) oxidation in the MnL/H2O2
treatment system.

≡ La − OH + H2 O2 → ≡ La − OOH* + H2 O

(9)

≡ La − OOH*→ ≡ La − ⋅OOH

(10)

≡ La − ⋅OOH + AsIII (OH)3 → ≡ La − OH + OAsV (OH)3

(11)

Further experimentation with the addition of NaF, acting as an in
hibitor towards La(III) (Wu et al., 2018), greatly reduced As(III) oxida
tion (Fig. S4c), confirming the important role of ≡La(III) sites on H2O2
6
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Fig. 4. (a) ESR spectra of DMPO-OOH and (b) DMPO-OH formed in the MnL/H2O2 -coupled system. (c) Effect of quenching agents on As(III) oxidation by MnL/H2O2
-coupled treatment. (d) Raman spectra of MnL in the presence or absence of H2O2 and in the presence of As(III).

decomposition. It is hypothesized that, due to the effective complexation
ability and the electrophilic properties of La(III), the surficial radical
La-⋅OOH was able to be stabilized and extended the lifetime of ⋅OOH to
at least 60 min (Fig. 4a). During As(III) oxidation, the intensity of the
peak attributed to La–OOH* in acquired Raman spectra (Fig. 4d)
dramatically decreased, accompanied by an appearance of a signal due
to the As–O species. It could thus be concluded that the surficial Lewis
acid-base complex (La–OOH*) was an important precursor of
⋅O2− /⋅OOH generation.

However, compared to ∙OOH, the role of Mn(IV) for As(III) oxidation
would be considered to be minor.

3.3.3. The effects of different-valent Mn
As an active transition metal with various valence states, Mn has
been demonstrated to typically show a positive effect on both pollutant
adsorption and catalytic oxidation reactions (Wen et al., 2017; Weng
et al., 2017). During the H2O2 catalytic oxidation by MnL, the content of
Mn(IV) in MnL increased from 36.5% to 44.8% while Mn(III) and Mn(II)
decreased from 34.2% to 26.5% and 29.3%–28.5%, respectively
(Fig. 5a). However, during the As(III) adsorption reaction by MnL alone,
without the addition of H2O2, the contents of Mn(II), Mn(III) and Mn(IV)
in MnL exhibited negligible change.
Since Mn can act as a typical active site for Fenton-like reactions, Mn
with low valence states, i.e. Mn(II), Mn(III), could be oxidised by H2O2
accompanied by Mn(IV) and ⋅OH production (Eq. (12) and (13)).
Meanwhile, Mn(III), acting as Lewis acid might also complex and
dissociate H2O2 to produce ∙OOH (Eq. (14)). Therefore, the decrease in
Mn(III) content of the MnL would be significantly higher than that of Mn
(II), when MnL was treated with H2O2. After oxidizing As(III), a small
amount of Mn(IV) would have been reduced to Mn(II) and Mn(III) again
(Eq. (15)), which might be attributed to As(III) being directly oxidised
by Mn(IV)–OH under the acidic conditions (Zhang et al., 2018).

It should be noted that newly formed ⋅OH through a Fenton-like
reaction would be quenched rapidly by CO32− /HCO3− (Eq. (7) and
(8)), thus the utilisation efficiency of H2O2 for AS(III) oxidation in MnL
activating system (52.5%–64.3%) was lower than that in pure La2O2CO3
system (77.4%–91.5%) (Fig. S4d). Nevertheless, the adsorption effi
ciency of H2O2 on MnL was greatly improved, as shown in Fig. 5b and c,
which would facilitate the formation of surficial Lewis acid-base com
plexes and favour ROS production. In addition, because of the valence
state transformation between Mn(II)/Mn(III) and Mn(IV) during
oxidation of As(III), interfacial electron transfer would have been
accelerated and that gave rise to higher current density during the re
action (Fig. 5d), which efficiently promoted oxidation of As(III) (Tian
et al., 2019).

≡ Mn(II) + H2 O2 → ≡ Mn(III) + OH − + ⋅OH

(12)

≡ Mn(III) + H2 O2 → ≡ Mn(IV) + OH − + ⋅OH

(13)

≡ Mn(III) + H2 O2 + 2OH− → ≡ Mn(II) + ⋅O−2 + 2H2 O

(14)

≡ Mn(IV) − OH + As(III) + H + → ≡ Mn(II / III) − OH + As(V)

(15)

3.3.4. The overall processes of as removal
XRD spectra of MnL clearly showed the formation of LaAsO4 pre
cipitates (JCPDS card. No. 15–0756) after As(III) oxidation (Fig. 6a),
consistent with the ESEM image that revealed wire-like species present
on the MnL rod (Fig. S5), suggesting that La(III) sites also played an
important role on As(V) immobilisation. The absence of manganese
arsenic compounds in XRD spectra might be ascribed to the minor
7
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Fig. 5. (a) Fractions of Mn species under different treatment conditions, (b) evolution of H2O2 by MnL activation with and without As(III) addition, (c) evolution of
H2O2 by pure La2O2CO3 activation with and without As(III) addition and (d) cyclic voltammetry plots of MnL and pure La2O2CO3 in 0.267 mM H2O2 and 50 mg L− 1
As(III).

amount of Mn present in MnL, thus the corresponding peaks of products
were not evident. XPS spectra of As3d (Fig. 6b) suggested that all of the
immobilized arsenic on MnL, including the pre-adsorbed As(III) (44.5
eV), had been completely converted to As(V) (45.3 eV) (Ma et al., 2020)
in the MnL/H2O2 -coupled system.
XPS spectra of C1s (Fig. 6c) supported that CO32− (289.4 eV) (Liu
et al., 2018) in MnL decreased from 22.6% to 19.1% after As (III)
removal, indicating that the adsorption process of As(V) on MnL was
accompanied by CO32− /HCO3− exchange (Su et al., 2020). The obvious
– O (286.1 eV) was observed after As(III) oxidation, which may
shift of C–
– O (Li et al., 2019).
be due to the complexation effect of H3AsO4 with C–
For O1s (Fig. 6d), La/Mn–O peak (528.8 eV) decreased markedly, while
the As–O signal (531.0 eV) was present after As (III) oxidation (Souza
et al., 2021), supporting the fact that La/Mn were active sites for As(V)
adsorption (Lv et al., 2019). It should be noted that the percentage ratio
of surface oxygen, i.e. –OH/OOH (531.4 eV) in MnL increased from
59.5% to 60.9% after H2O2 treatment, confirming the formation of the
lanthanum/peroxide complex, La–OOH*. However, the intensity of
surface –OH/-OOH had decreased again to 49.6%, proving that the
surface peroxide complex was consumed by arsenite during oxidation,
which was in accordance with the result of Raman analysis (Fig. 4d).
The overall removal process of As in the MnL/H2O2 coupled system
can be visualised in Fig. 7. Only a small amount of As(III) can be directly
oxidised to As(V) by H2O2 in particular under neutral and acid condi
tions. The majority of the As(III) is oxidised by the generated ROSs and
the ⋅O2− /⋅OOH is the dominant active species. La(III) sites in MnL play
an important role in complexing with H2O2 to form surficial Lewis acidbase complex species, which are the precursors of ⋅OOH and produced
the dominant effect on As(III) oxidation. Mn(III) ions in MnL can also act

as activators to improve ∙OOH production by adsorbing and dissociating
H2O2. Meanwhile, Mn(II/III) can further accelerate charge transfer
processes during As(III) oxidation by a Fenton-like reaction. The As(V)
oxidised from As (III) and original As(V) in the solution would be rapidly
adsorbed on La and Mn lattice sites in MnL by precipitation, accompa
nied with exchange with CO32− /HCO3− . Thus, this H2O2 catalysis sys
tem would finally achieve an effective removal of As in contaminated
water.
3.4. The effect of coexisting ions on As(III) removal and reusability of
MnL
The removal efficiency of As(III) increased from 92% to 98% when
0.2 mM Fe3+ was present in the MnL/H2O2 -coupled reaction solution,
indicating that an appropriate amount of Fe3+ was conducive to As(III)
oxidation (Fig. 8a). It is known that the combination of the transition
metal ions Fe3+ and Mn2+ could catalyse H2O2 to generate ⋅OOH and
accelerate electron transfer and facilitate ROS production (Zhou et al.,
2020). In this study, the Mn2+ in MnL decreased from 29.3% to 28.5%
(Fig. 5a), which represented its synergetic contribution with Fe3+ on the
improved oxidation of As(III). Meanwhile, Fe3+ could rapidly capture
the oxidation product of HAsO42− and form precipitates of FeAsO4
(Zhang et al., 2019), further contributing to the highly-efficient removal
of As(III). However, when increasing the concentration of Fe3+ to 2 mM,
the removal efficiency of As (III) sharply decreased to 10%, probably
because the strongly acidic conditions (pH 2.98) under a high concen
tration of Fe3+ would destabilize the catalyst and lead to a significant
loss of active sites (Fig. 3b).
When Mn2+ or Cl− were present in the solution, the removal
8
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Fig. 6. (a) XRD spectra of MnL, (b) XPS spectra of As3d, (c) C1s and (d) O1s of MnL, before and after As(III) oxidation.

Fig. 7. The removal processes of As in MnL/H2O2 -coupled system.

efficiency of As(III) was maintained between 92% and 94%, indicating
that these ions had little impact on As(III) removal. It could also be seen
that the presence of H2PO4− and HCO3− had little influence on As(III)
oxidation at low concentration (0.2 mM) while showing substantial
inhibitory effect at the higher concentration studied (2 mM). This might
be attributed to the excess amount of phosphoric acid and carbonic acid
competing with As(III) for La lattice sites, thus hindering the adsorption
of As(V) (Su et al., 2020), reducing the catalytic activity of MnL and
decreasing the removal efficiency of As(III). Additionally, HCO3− , as a

quencher of most ROSs (Eq. (7) and (8)), further reduced the removal
efficiency of As(III) to 65% when the concentration reached 2 mM.
The reusability of MnL as a catalyst of H2O2 oxidation, for the
removal of As, was evaluated (Fig. 8b). After three cycles of As(V)
desorption followed by MnL regeneration with NaOH (1 M), the catalyst
could still achieve 99% removal of As within 8 h (Fig. 8b) and the
remnant As(III) in solution was less than 10 μg L− 1 from an initial As(III)
concentration of 3.15 mg L− 1 (Fig. S6). The stable removal rates of As in
the second and third cycles were interpreted as a consequence of
9
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Fig. 8. (a) The effect of coexisting ions on As(III) removal in MnL/H2O2 system. (b) The removal efficiency of As(III) over sequential MnL regeneration cycles.

decreases in the CO32− content of the MnL after successive regeneration
treatments with NaOH. Since CO32− showed an adverse effect on ROS
production and As(V) adsorption, the presence of less CO32− would
conceivably increase As(III) removal. It should be emphasised that the
performance of the As removal will ultimately decrease due to the
decrease in actives sites after a certain amount of reuse, however, the
extent of the reusability needs to be further investigated.
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In this study, Mn-doped La2O2CO3 (MnL) was proved to be a good
catalyst for oxidation of As(III) by H2O2, over a wide pH range of 5–9,
which greatly broadens the applicability of this oxidant. Mechanistic
studies revealed that La lattice sites played an important role in gener
ating surficial superoxide radicals (∙O2− /∙OOH) by forming an active
Lewis acid-base adduct (La–OOH*) with H2O2, and persistent surficial
∙O2− /∙OOH was confirmed to be the dominant active species available
for As(III) oxidation. Meanwhile, the low-valent states of Mn (Mn(II/III))
not only accelerated charge transfer during the oxidation, but also
improved ∙OOH production and the adsorption of H2O2 on the surface of
MnL, which resulted in higher oxidation efficiency of As(III). The
oxidation product As(V) would then be rapidly immobilized on the La
and Mn sites by forming precipitates. This work thus provides a new
strategy by which to develop other Lanthanum-based catalysts for
environmental remediation by advanced oxidation processes. Moreover,
the excellent reusability of the MnL material and the levels of remnant
As well below the permissive value (10 μg L− 1) after treatment, further
suggest that remediation by the MnL/H2O2-couple is a great prospect for
the effective and simultaneous oxidation of As(III) and adsorption of As
(V) towards complete As elimination.
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