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H I G H L I G H T S

• As(III) sorption and oxidation by nat-
ural ferruginous manganese ores are
studied.

• The NFMO with high Mn: Fe ratio had
stronger oxidation capacity for As(III).

• The As(III) adsorption efficiency of
NFMOs increased with Fe content in-
creasing.

• Pyrophosphate formed the complexes
with Mn(III) was favor for As(III) oxi-
dation.

• Mn/Fe oxides are responsible for the
As(III) oxidation and sorption, re-
spectively.
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A B S T R A C T

Arsenite [As(III)], is more toxic and difficult to remove from aqueous systems compared to arsenate [As(V)], and as
such poses a significant health risk to humans and the environment. In order to make it more amenable to efficient
removal, an oxidation pre-treatment of As(III) is particularly important. Compared to synthetic adsorbents, the low cost
and abundance of natural ferruginous manganese ore (NFMO), make it a potentially attractive adsorbent for application
in large-scale treatments. Here, we investigated the simultaneous oxidation and adsorption behaviour of As(III) with
three NFMOs, each consisting of different Mn/Fe molar ratios. Results demonstrated that the NFMO with a high Mn:Fe
ratio had a stronger oxidation capacity for As(III), while As(III) adsorption efficiency of NFMOs increased with in-
creasing Fe content. The sorbent dosage was an important factor for As(III) oxidation with NFMOs having higher Mn
contents, but not for ores with low contents. An pH increasing from 6 to 7.9 enhanced the As(III) oxidation by NFMOs.
Furthermore, the As(III) oxidation rate of NFMO increased by 68% with the addition of pyrophosphate (PP), and
increasing PP concentrations led to higher oxidation rates. During the process, PP formed complexes with Mn(III), thus
accelerating the conversion of Mn(IV) to Mn(III). Later, the dissolution of these complexes led to a generation of
additional oxidation adsorption sites, favouring As(III) oxidation. FTIR and XPS analyses further confirmed that re-
duction of Mn(IV) and Mn(III) species played a vital role in the oxidation of As(III) to As(V). As(III) removal by NFMO
was attributed to the joint effect of sorption and oxidation processes, where Manganese oxide was responsible for As(III)
oxidation, while Fe oxide played a primary role in the arsenic sorption.
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1. Introduction

Arsenic (As) is considered a highly toxic and carcinogenic element,
whose contamination in aqueous systems has attracted extensive at-
tention, globally [1,2]. Elevated concentrations of As in aquatic en-
vironments are attributed to both natural processes and anthropogenic
activities [3,4]. Long-term uptake of water contaminated with arsenic
can result in the development of cancer and other severe health pro-
blems in humans. [5,6]. To minimise public health risks, many coun-
tries have adopted a stringent As limit of 10 μgL−1 in drinking water
provided by the World Health Organization (WHO).

In natural waters, soluble As occurs predominantly in two species,
arsenate [As(V)] and arsenite [As(III)]. As(III) is considered to be more
toxic, soluble, mobile, and difficult to remove than As(V) [1,7]. Nu-
merous methods have been developed to remove As from water [8,9],
of which adsorption is widely regarded as the most promising approach,
owing to its high efficiency and cost-effectiveness [10,11]. A series of
studies has been conducted on As extraction from water using various
metal oxide sorbents [12,13]. However, most sorbents are effective for
As(V) removal, but fail in the case of As(III). This is mainly due to the
low affinity of arsenous acid (H3AsO3) for the sorbent surface at low
concentrations [14]. Hence, preceding sorption, an oxidation pre-
treatment is usually employed for the conversion of As(III) to As(V)
[15].

Manganese oxides have been extensively used as oxidising agents
for specific oxidation of As(III) [16,17]. However, the adsorption ca-
pacity of pure manganese oxide (MnO2) for As is relatively low, limiting
its application [18]. Recently, an Fe–Mn binary oxide adsorbent has
been shown as highly effective for both As(V) and As(III) removal,
especially for the latter [7,19–22]. This material combines oxidation
properties of MnO2 with the high adsorption capability of iron oxides,
consequently being highly effective in simultaneously removing As(V)
and As(III). Previous studies on As sorption onto nature ferruginous
manganese ore (NFMO) are relatively few [23,24]. Most investigations
have focused on synthetic Fe–Mn binary oxides [25,26], even though
compared to these synthetic adsorbents, low-cost NFMOs are more
suitable for large-scale applications. It is well-known that Mn/Fe ratios
vary greatly in NFMOs [27], which in turn influence As uptake con-
siderably. Therefore, unveiling NFMO oxidation and adsorption of As
(III), its behaviour and inherent mechanism can contribute to a com-
prehensive understanding of the fate and transport of As in natural
environments.

Pyrophosphate (PP), a particularly effective chelating agent, is
shown to form strong complexes with Mn(III) at neutral pH [28]. In
recent years, a lot of attention has been devoted to Mn(III)-PP com-
plexes, as they are an important aspect of manganese cycles in natural
water [29–31]. However, little consideration has been given to the
possible effects of Mn(III) complexes on NFMO arsenite oxidation in
natural waters. Interactions between Mn(III) and PP may reduce the
formation of Mn (II), consequently increasing the number of available
oxidation-adsorption sites on mineral surfaces for H3AsO3, and pro-
moting As(III) oxidation by Fe–Mn binary oxides [32,33].

In this study, we investigated As(III) oxidation and adsorption by
three NFMOs with different Mn/Fe ratios. We hypothesised that ratios
of manganese oxides and iron oxides would influence the efficiency of
As removal from water. As such, our study had several purposes,
namely: (1) comparing the three NFMO adsorption performances and
oxidation kinetics of As(III) with various Mn/Fe ratios; (2) investigating
As(III) oxidation behaviours as affected by sorbent dosage, solution pH
and PP addition; (3) revealing the mechanisms of simultaneous As
oxidation and adsorption by NFMOs through XRD and XPS character-
isation.

2. Materials and methods

2.1. Chemicals

All chemicals were of analytical grade and used without further
purification. As(III) and As(V) stock solutions were prepared by dis-
solving NaAsO2 (Xiya Chemical industry, Co. Ltd, Shandong, China)
and Na3AsO4·12H2O (Sinopharm Chemical Reagent Co. Ltd, Shanghai,
China) respectively, in ultrapure water. Arsenic working solutions were
freshly prepared by diluting appropriate amounts of As stock solution
with deionised water. Pyrophosphate (Na4P2O7·10H2O) and antimony
potassium tartrate (KSbC4H4O7·1/2H2O) were obtained from Hushi
Chemical industry, Co. Ltd, (Shanghai, China) and Kaitong chemical
reagent Co. Ltd (Tianjin, China), respectively. Background electrolyte
solution contained 10mmol/L of NaCl and 5mmol/L of MOPS. All
additional chemicals were purchased from Sinopharm Chemical
Reagent Co., Ltd. (Shanghai, China).

2.2. Adsorbent preparation and characterisation

The NFMO Mn/Fe molar ratios were 31.94:1 (38.33% Mn and
1.20% Fe), 4.88:1 (33.49% Mn and 6.86% Fe), and 2.20:1 (20.93% Mn
and 9.51% Fe), termed as NFMO-1, NFMO-2, and NFMO-3, respec-
tively. For the control, we synthesised a todorokite (52.89% Mn and 0%
Fe), by a reflux method, according to a literature procedure [34].

Mn average oxidation states (AOS) of NFMO were analysed using a
sodium oxalate-potassium permanganate back titration method [35].
The point of zero charge (PZC) was measured by a modified salt titra-
tion method [36]. NFMO pH and moisture content were determined as
previously described [7,21]. Adsorbent constituents were estimated
with an X-ray fluorescence spectrometer (XRF Axios advanced, PANa-
lytical B.V.) and particle images were observed on a scanning electron
microscope (SEM VEGA 3 XMU, Tescan). X-ray diffraction (XRD) pat-
terns of powder samples from NFMOs were carried out on a Bruker D8
Advance (Germany) with CuK radiation. Fourier transform infrared
(FTIR) spectra were collected on a BrukerEqulnox55 FTIR spectro-
photometer (Bruker Co., Germany) using a transmission model. Sam-
ples for FTIR determination were ground with spectral grade KBr in an
agate mortar. X-ray photoelectron spectra (XPS) were analysed by an
ESCALab-220i-XL spectrometer with a monochromatic Al Kα X-ray
source (1486.6 eV). C1s peaks were used as an inner standard calibra-
tion peak at 284.7 eV. Specific Surface Area (SSA), pore volume, and
average pore size were determined via nitrogen adsorption using the
BET method with a Micromeritics ASAP 2000 surface area analyser
(Micromeritics Co., USA).

2.3. Batch adsorption tests

2.3.1. Adsorption performance
In order to compare adsorption capacities of NFMOs with different

Mn:Fe molar ratios, we performed batch experiments for As(III) or As
(V) (30mL, 500 μmol/L) under a fixed NFMO-1, −2 or −3 dose of
0.20 g. Mixtures were loaded into 100-ml centrifuge tubes, followed by
addition 30mL of background electrolyte solution. Samples were then
stirred on a shaker at 250 rpm and 25 °C for 24 h. During the shaking
process, pH was maintained at 7 ± 0.05 by addition 0.1M HCl or
NaOH. After 24 h, all samples were centrifuged at 8000 rpm and 25 °C
for 10min, and the supernatants were collected for As analysis.
Concentrations of total As and As(III) species were determined by
atomic fluorescence spectrometry (AFS-9700), as previously described
[37]. The As(V) concentration was obtained by subtracting the As(III)
concentration from the total As concentration.
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2.3.2. Reaction kinetics
Kinetics experiments were conducted in batches in order to de-

termine the oxidation rate of As(III). NFMO-1, −2 or −3 (1.00 g) was
added to a 500mL glass vessel containing As(III) (150mL, 500 μmol/L),
and 150mL of background electrolyte solution. This mixture was
stirred on a shaker at 250 rpm and 25 °C for 24 h. Throughout the ex-
periment, pH was maintained at 7 ± 0.05 by addition of 0.1M HCl or
NaOH. Aliquots of ca. 4 mL were taken from the suspensions at the
following intervals: every 15 s for the first 5min, then at 7, 10, 15, 20,
24, 29, 35, 42, 50, 59 and 69min. Samples were immediately cen-
trifuged and analysed.

2.3.3. Effect of sorbent dosage and pH on As(III) oxidation
To investigate the effect of sorbent dosage and pH on As(III) oxi-

dation, all batch tests were carried out in 500mL glass vessels, con-
taining As(III) (150mL, 500 μmol/L) and 150mL of electrolyte solu-
tion. Addition of 0.15, 0.50, or 1.00 g of NFMO-1, −2 or −3 to was
then executed and pH was adjusted to 6, 7, or 7.9 with dilute HNO3

and/or NaOH solution. Reactions were stirred on a shaker at 250 rpm
and 25 °C. Aliquots of ca. 4 mL were collected from the suspension at 0,
1, 2, 3, 5, 7, 10, 15, 20, 24, 29, 35, 42, 50, 59, and 69min. After 24 h,
samples were analysed as described in Section 2.3.1.

2.3.4. Influence of pyrophosphate on As(III) oxidation
Effects of two different PP addition protocols as well PP con-

centration on As (III) oxidation efficiency were studied. In the first
protocol, NFMO-2 (1.00 g) was suspended in Na4P2O7 solution (150mL,
5mmol/L, pH=7) at 25 °C for 12 h; then As (III) solution (150mL,
500 μmol/L) was added into the mixture. In the second, NFMO-2
(1.00 g) was suspended in 150mL of electrolyte solution at 25 °C for
12 h; to this mixture was added As(III) solution (150mL, 500 μmol/L),
containing Na4P2O7 (150mL, 5mmol/L, pH=7).

To determine the influence of PP concentration on As(III) oxidation,
batch tests were performed. First, NFMO-2 (1.00 g) was dispersed in
150mL of electrolyte solution at 25 °C for 12 h. Then, As(III) (150mL,
500 μmol/L) solutions each containing Na4P2O7 (1, 2.5 or 5mmol/L),
were added to the suspensions.

All batch solutions contained background electrolyte solution to
maintain a relatively constant ionic strength. Suspensions were shaken
on an orbit shaker at 250 rpm at 25 °C and pH was adjusted with NaOH
and/or HNO3 solutions during the experiment. Aliquots of ca. 4 mL
were taken from the mixtures at 0, 1, 2, 3, 5, 7, 10, 15, 20, 24, 29, 35,
42, 50, 59, and 69min. In addition, we studied the effects of PP on As
(III) oxidation within 5 h to investigate the continuous influence of
pyrophosphate on the As(III) oxidation. Samples were immediately
centrifuged and analysed for As, total Mn, and total Fe.

2.3.5. Analytical methods
All batch adsorption experiments were performed in triplicate and

experimental blanks were run in parallel. Samples were analysed within
24 h of collection. Aqueous samples were acidified with concentrated
HNO3 in an amount of 1%, and stored in acid-washed glass vessels prior
to analysis.

3. Results and discussion

3.1. NFMO characterisation

XRD patterns (Fig. S1) of the three NFMOs showed poorly ordered
2-line magnetite Fe3O4 and lepidocrocite γ-FeOOH patterns, with peaks
at approximately 9° and 21°, respectively (PDF No. 01-079-0416, 00-
052-1449). Meanwhile, three broad peaks at 19°, 28° and 37° were
typical of pyrolusite phase β-MnO2, and Mn5O8 (PDF No. 01-072-1982,
00-039-1218). Low-intensity peaks at approximately 33° and 42° were
most likely those of Fe-Mn binary oxides (PDF No. 01-089-7073). The
mineral phase presented in todorokite is pyrolusite [38].

SEM images (Fig. S2) revealed that todorokite and NFMOs existed
mainly in amorphous form, and were highly aggregated. XRF analysis
illustrated that Fe and Mn were the most abundant elements present in
all three NFMOs tested (Table 1). While only Mn was detectable in
todorokite, with 12.01% MnO2 content. AOS and pH of todorokite and
NFMOs did not differ significantly, with a range of 3.4–3.8 and 6.8–7.0,
respectively. The PZC values of todorokite, NFMO-1, NFMO-2, and
NFMO-3 were 3.56, 3.53, 6.35, and 4.27, respectively (Table 1). A lit-
erature-reported pHPZC value of 5.90 for Fe-Mn binary oxide with a 3:1
Mn/Fe ratio, falls between NFMO-3 and NFMO-2 Mn/Fe ratios (2.20:1
and 4.88:1, respectively) recorded in our study [7]. Moreover, todor-
okite and the NFMOs had specific surface areas of 14.39–99.91m2/g,
lower than that of Fe-Mn binary oxides (265m2/g) [25]. Additionally,
pore volumes of the four tested adsorbents were in a range of
0.0400–0.4188 cm3/g, similar to that of Fe–Mn binary oxide in-
corporated into diatomite (0.025 cm3/g) [39].

3.2. Adsorption performance

Arsenic adsorption efficiencies of three tested NFMOs were eval-
uated (Fig. 1). It was found that the percentage of As(III) adsorption
increased with an increase in iron oxide content, being highest for
NFMO-3 at 40.62%. While no significant differences were detected in
the As(V) adsorption efficiencies for the three NFMOs, with an average
value of 32.88%. The presence of Mn oxide would enhance As(III)
uptake, and as an increase oxidation of As(III) compensated for the loss
in As(III) sorption [21]. A previous study found that Fe-Mn binary oxide
had a higher adsorption capacity toward As(V) than that of pure MnO2

[40,41]. Hence, increasing iron oxide content enhances As(III) sorption,

Table 1
The chemical and physical properties of synthetical todorokite and NFMOs.

Todorokite NFMO-1 NFMO-2 NFMO-3

Mn content (%) 52.89 38.33 33.49 20.93
MnO2 (%) 12.01 11.21 10.68 6.03
Fe content (%) – 1.20 6.86 9.51
Mn: Fe molar ratio – 31.94 4.88 2.20
AOS 3.65 3.77 3.43 3.51
Moisture content (%) 4.68 4.21 2.12 3.06
PZC 3.56 3.53 6.35 4.27
pH 6.95 6.89 7.04 6.80
SSA (m2/g) 99.91 14.39 24.41 45.86
Pore volume (cm3/g) 0.42 0.04 0.06 0.08
Average pore size (nm2) 16.78 11.97 9.27 6.82

Fig. 1. Comparison of arsenic sorption by synthetical todorokite and NFMOs.
Initial As(III)/As (V) concentration=500 μmol/L, sorbent dosage= 0.20 g,
pH=7.0 ± 0.05, and T=25 °C.
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especially when oxidizing As(III) to As(V). In addition, todorokite had a
higher As(III) adsorption capacity due to its larger specific surface area
compared to those of the NFMOs.

3.3. Reaction kinetics

Kinetic experiments were conducted to investigate NFMOs oxida-
tion rate of As(III) from water. In a majority of previous kinetic studies
of Fe-Mn binary oxide adsorbents, As(III) concentration reduces rapidly
during the first hour, reaching an As(III) depletion of nearly 80%
[6,25]. Meanwhile, according to previous reports, MnO2 oxidation of As
(III) proceeds rapidly in the first hour, especially within the initial
5 min. Therefore, in order to fully examine the kinetics, we focused on
the oxidation dynamic within 5min as well as at 70min (Figs. 2 and
S3). Oxidation rates of As(III) by NFMO-1, NFMO-2, NFMO-3, and to-
dorokite were 49.2%, 26.8%, 32.8%, and 24.1% at 69min, respectively,
revealing that NFMO-1 had the highest oxidation capacity for As(III).
This can be explained by higher AOS and Mn contents of NFMO-1 re-
lative to that of the other absorbents tested.

As(III) was neutral at pH=7, which was favourable for its diffusion

from bulk solution into the solid phase. Since this bulk diffusion usually
proceeded faster, analysis of the rate-determining step is generally es-
timated with an external diffusion model (EDM) [42]. As the focus was
on the initial stages of As(III) oxidation kinetics, EDM was modified and
expressed as: ln (Ct/C0)= -Kobs t, where C0 and Ct (μmol/L) are As(III)
concentrations at initial time, and any time t (min), respectively; Kobs
and K are the apparent rate constant and apparent rate constant for per
unit specific surface area, respectively. Reaction kinetics were accu-
rately described by the EDM, evident from the proximity in values of
determination coefficients (Fig. S4 and Table 2). Ginder-Vogel found
that the EDM was suitable for fitting the oxidation process of As(III) by
manganese oxide at initial 135–300 s, which is in agreement with our
results [43]. Additionally, the higher Kobs value for NFMO-1 suggested
that its As(III) oxidation rate is faster than that of the other absorbents,
within a 70min timeframe. Kobs values for all NFMOs were significantly
higher in the initial five min compared to those within 69min, con-
firming that As(III) underwent rapid oxidation within five min, fol-
lowed by a decline in the oxidation rate. Overall, NFMOs had lower K
values (0.0002–0.0036min−1m−2) compared to those of other syn-
thetic manganese oxides [42,44].

Fig. 2. The evolution of the aqueous concentration of arsenic species with reaction time at pH 7.0. Initial As(III) concentration= 500 μmol/L, sorbent do-
sage=1.00 g, and T=25 °C.

Table 2
Kinetic parameters for As(III) sorption on synthetical todorokite and NFMOs.

C0=500 μmol/L As(III) External diffusion model

0–300 s 0–69min

Kobs (min−1) K(min−1m−2) R2 Kobs (min−1) K(min−1m−2) R2

Todorokite 0.0242 0.0002 0.994 0.0103 0.0001 0.940
NFMO-1 0.0523 0.0036 0.994 0.0160 0.0011 0.921
NFMO-2 0.0185 0.0008 0.998 0.0078 0.0003 0.924
NFMO-3 0.0188 0.0004 0.987 0.0060 0.0001 0.903
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Fig. 3. The effects of sorbent dosage on As(III) oxidation by NFMOs. Initial As(III) concentration= 500 μmol/L, sorbent dosage= 0.15, 0.50, and 1.00 g,
pH=7.0 ± 0.05, and T=25 °C.

Fig. 4. The effects of pH on As(III) oxidation by NFMOs. Initial As(III) concentration= 500 μmol/L, sorbent dosage=1.00 g, pH=6.0, 7.0, and 7.9, and T=25 °C.
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3.4. Effect of sorbent dosage and pH on As(III) sorption

The influence of sorbent dosage and pH on the removal of As(III) by
NFMOs was studied. With increasing sorbent dosages, As(V) con-
centration increased, while the total As concentration exhibited the
opposite trend (Fig. 3). Hence it can be concluded that As(III) oxidation
and adsorption efficiencies increased with higher sorbent dosages. In-
terestingly, sorbent dosage had no marked effect on NFMO-3 removal of
As(III). This was most likely due to lower Mn content of NFMO-3
(20.93%), resulting in partial conversion of As(III) to As(V) [21].

As evident in Fig. 4, As(III) oxidation rates of all three NFMOs in-
creased with increasing pH in a range of 6–7.9. NFMO-1, −2 and −3
oxidation rates were 54.2%, 28.2%, and 36.4%, respectively, at the
highest tested pH of 7.9 and at 69min. These results supported a lit-
erature finding, that the oxidation rate of As(III) by pyrolusite increased
with an increase in the pH from 4.7 to 8 [45]. The availability of oxi-
dation-adsorption sites on the surface of minerals may promote further
oxidation of As(III) [25], and consequently enhance As(III) oxidation
and adsorption efficiencies of the mineral. Moreover, As(V) adsorption
declined with increasing pH (6–7.9), presenting a similar trend for As
(V) sorption seen for the majority of Fe–Mn binary oxides [3,7]. No-
tably, H2AsO4

− and HAsO4
2− gradually became the dominant As(V)

species in the solution as the pH increased from 6 to 7.9. Rising

coulombic repulsion between the As(V) species and negative surfaces of
NFMOs (pHpzc=3.56–6.35), eventually resulted in a decline of the As
(V) sorption rate. This was attributed to inner-sphere complexation, and
the formation of more intense chemical bonds between the oxyanion
and adsorption sites [6]. As(III) remained neutral in the form of
H3AsO3, suggesting that un-oxidised As(III) adsorption by NFMOs
might be dominated by complex-specific adsorption [7], rather than
electrostatic attraction. In addition, there were no obvious differences
between As(III) sorption onto NFMO-2 at pH=7 and at pH=7.9,
suggesting that when pH surpassed pHzpc (6.35), specific adsorption
resulted in increased adsorption for both As(III) and As(V) [39].

3.5. Influence of pyrophosphate on As(III) oxidation

NFMO-2 was chosen for PP experiments due to a lower oxidation
capacity and SSA relative to the other NFMOs; todorokite was the
control. Fig. 5 illustrates the influence of PP addition protocols on As
(III) oxidation by todorokite and NFMO-2. During first 69min, the
trends of As(III) oxidation rates by NFMO-2 with two PP addition
protocols were similar; thereafter, the oxidation rate of PP addition
within 12 h exceeded that of PP addition beyond 12 h. Meanwhile, As
(III) oxidation rates were significantly higher when PP was added, than
when PP was absent. After 5 h, oxidation rates of As(III) with

Fig. 5. The effects of pyrophosphate addition modes on the oxidation As (III) by synthetical todorokite and NFMO-2. Initial As (III) concentration=500 μmol/L,
sorbent dosage= 1.00 g, pH=7.0 ± 0.05, and T=25 °C. (+0.005P) means the 5mmol/L Na4P2O7 was added after todorokite or NFMO-2 suspended for 12 h;
+0.005P means the 5mmol/L Na4P2O7 was added before todorokite or NFMO-2 suspended for 12 h.

Fig. 6. The effects of pyrophosphate addition modes on the generation of total Mn from As(III) oxidation by synthetical todorokite and NFMO-2. Initial As (III)
concentration= 500 μmol/L, sorbent dosage= 1.00 g, pH=7.0 ± 0.05, and T=25 °C. (+0.005P) means 5mmol/L Na4P2O7 was added after todorokite or NFMO-
2 suspended for 12 h; +0.005P means 5mmol/L Na4P2O7 was added before todorokite or NFMO-2 suspended for 12 h.
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pyrophosphate addition within 12 h, beyond 12 h, and those without
PP, reached 60.29%, 67.74%, and 29.28%, respectively. This result
demonstrated that the presence of PP considerably enhanced As(III)
oxidation. Previous studies found that PP had a strong complexing ef-
fect on Mn(III) at neutral pH [46,47]. As Mn(III) is generated in the
oxidation process, the number of Mn(III)-PP complexes increases with
time [48,49]. These complexes were soluble in the reaction medium,
thereby providing additional oxidation-adsorption sites on NFMOs and
favouring As(III) oxidation. Interestingly, As(III) oxidation rates of to-
dorokite with pyrophosphate addition within 12 h were significantly
higher than the other two treatments. This was likely as a result of a
high initial concentration of Mn in the PP-containing solution, (see
Fig. 6), which could disrupt the equilibrium of Mn(II)−Mn(III)−Mn
(IV) species in solution, in turn influencing As(III) oxidation [50,51].
Prior to oxidation taking place, PP forms complexes with Mn(III) pre-
sent on the todorokite surface, leading to oxidation-adsorption site
generation and enhanced As(III) oxidation.

Fig. 6 illustrates that the influence of PP addition protocols on the
generation of total Mn during As(III) oxidation. For NFMO-2 without

PP, the concentration of generated Mn remained relatively low. This
result implies that Mn(III)/Mn(IV) generated from As(III) oxidation
occupied the oxidation-adsorption sites on the adsorbent, thus in-
hibiting As(III) oxidation. When PP was present, concentrations of
generated Mn followed similar trends as the oxidation rates of As(III).
Total Mn concentrations with PP addition beyond 12 h were sig-
nificantly higher than that with PP addition within 12 h. A possible
explanation for this is an increase in the oxidation capacity of NFMO-2
with pyrophosphate addition beyond 12 h. For todorokite with PP ad-
dition beyond 12 h, the oxidation rate of As(III) increased, while the
concentration of Mn reached a plateau after 69min; this indicated that
the bulk of the PP had formed complexes with Mn(III). Overall, as Mn
(III) amounts on the surface of NFMO-2 were minimal, PP addition
protocols had minor effects on the oxidation of As(III) and generation of
total Mn. In view of these results, PP addition was performed beyond
12 h for the study on PP concentration effects.

The influence of PP concentrations (1, 2.5, and 5mmol/L) on the
oxidation of As(III) and generation of total Mn was studied, and the
corresponding results are exhibited in Fig. 7. As(III) oxidation rates of
NFMO-2 gradually increased during the 5 h experiment. A PP con-
centration of 5mmol/L exhibited marginally higher oxidation rates
than that of 2.5mmol/L PP, but significantly higher than the other two
treatments. Thus the optimal PP concentration in the NFMO-2 oxida-
tion of As(III) was 5mmol/L. Previous studies found that the total PP:
Mn ratio was a vital factor in determining structural configuration of
Mn(III)-PP complexes [52,53]. The Mn(PP)25− species is considered a
relatively stable complex at neutral pH, but when the stability of
complexing ligands decreases, Mn(III) disproportionation occurs
[31,54]. Addition of 5mmol/L PP resulted in considerably higher total
Mn concentrations after 30min, when compared to lower-concentra-
tion treatments, in keeping with the As(III) oxidation rate trends.

No Fe was detected in the NFMO-2 solution. This indicated that Fe
oxides play an important role in adsorption, but do not participate in
the oxidation step. This further confirmed that during As(III) removal
by NFMO-2, Mn oxides exhibit a synergistic effect of oxidation and
adsorption; while Fe oxides were only involved in As(III) sorption,
thereby promoting oxidation of Mn oxide. This was consistent with
previous studies that a synthesized Fe−Mn binary oxide presented an
obvious synergistic effect. MnOx and FeOOH content were mainly re-
sponsible for As(III) oxidation and adsorbing formed As(V) during As
(III) removal, respectively [55–56].

Fig. 7. The effects of pyrophosphate concentration on oxidation As (III) and generation of total Mn by NFMO-2. Initial As (III) concentration=500 μmol/L, sorbent
dosage=1.00 g, pH=7.0 ± 0.05, and T=25 °C. (+0.001P), (+0.0025P), and (+0.005P) mean 1, 2.5, and 5mmol/L Na4P2O7 were added after NFMO-2 sus-
pended for 12 h, respectively.

Fig. 8. FTIR spectra of NFMO-2 before and after As(III) adsorption. Initial As
(III) concentration= 750mg/L, sorbent dosage=1.00 g, pH=7.0 ± 0.05,
and T=25 °C. (+0.005P) means 5mmol/L Na4P2O7 was added after NFMO-2
suspended for 12 h.
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In summary, PP continuously forms complexes with Mn(III) gener-
ated from the conversion of Mn(IV) to Mn(III). This process greatly
promotes the occurrence of the electron transfer reaction (Mn(IV)→
Mn(III)). Then, large amounts of Mn(III)-PP complexes dissolve in the
solution, resulting in the generation of additional oxidation-adsorption
sites. Ultimately, As(III) oxidation rates and the total Mn concentration
gradually increase. These results suggest that the limiting step of As(III)
oxidation is the transformation of Mn(IV) to Mn(III).

3.6. Co-occurring redox reactions

FTIR spectra of NFMO-2 before and after reaction with As(III) at pH
7.0 are presented in Fig. 8. For NFMO-2, the band at 1630 cm−1 was
ascribed to H2O bending vibrations. Three peaks at 586, 545, and

468 cm−1 arose from Mn–O stretching vibrations of manganese oxides
[57]. The strong band at 1025 cm−1 with shoulders at 1105 and
912 cm−1 may be assigned to the bending vibration of FeOH modes of
feroxyhyte [58]. Subsequent to As(III) treatment, the peak at
1025 cm−1 weakened gradually with an increase in As(III) concentra-
tion. When the content of As(III) reached 750mg/L, the peak at
1025 cm−1 was barely visible, accompanied with the appearance of two
peaks at 1058 and 1001 cm−1. This implies that the bending vibration
of Fe-OH groups were susceptible to the presence of adsorbed As(III)/As
(V) [21]. Moreover, a new peak was visible at 856 cm−1, corresponding
to an As–O stretching vibration [59]. This revealed that the majority of
As(III) was oxidised to As(V), which replaced the surface hydroxyl
groups of NFMO-2, and was bound as a surface complex [42]. Spectra of
reactions containing PP showed no marked difference to those without

Fig. 9. XPS spectra of NFMO-2 before and after As(III) sorption: (a) As 3d spectra, (b) Mn 2p spectra, (c) Fe 3d spectra and (d) O 1 s spectra. Initial As (III)
concentration= 750mg/L, sorbent dosage=1.00 g, pH=7.0 ± 0.05, and T=25 °C. (+0.005P) means 5mmol/L Na4P2O7 was added after NFMO-2 suspended for
12 h.
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PP, which indicates that PP had no effect on the occurrence of specific
adsorption at the NFMO interface.

XPS analysis was used to further examine the chemical state and
composition of NFMO-2 before and after As(III) sorption. The results of
As 3d, Mn 2p, Fe 2p, O 1 s and electron binding energies are illustrated
in Fig. 9. Changes in NFMO-2 surface compositions are shown in
Table 3. The presence of an As3d core level peak revealed that As(III)
and As(V) were successfully sorbed onto Fe-Mn ore (Fig. S5). As seen in
Fig. 9a, As 3d peak positions (45.7 and 44.8 eV) and shapes were
characteristic of As(V) and As(III), where binding energies were
45.2–45.6 eV and 44.3–44.5 eV, respectively [60]. This slight skewing
of binding energies is attributable to As species sorbed onto the NFMO
after oxidation of As(III) to As(V) [11]. According to the XPS analysis
results, approximately 58.63% (no PP) and 76.21% (PP added) As(III)
was oxidized to As(V) (Table 3). This further confirmed that NFMO has

a high capacity for As(III) oxidation, especially in the presence of PP.
As presented in Fig. 9b, the binding energies at 644.2, 643.1, and

643.4 eV were assigned to Mn 2p3/2 spectra (Table S1) [61]. In order to
further examine the Mn valence state, the peaks of Mn 2p3/2 were fitted
according to a literature procedure [62]. Subsequent to reaction with
As(III) and addition of PP, the average valence state of Mn decreased
from 3.323 to 2.663 (Table 3). Percentages of Mn(IV) decreased dra-
matically from 55.18% to 2.07%; while Mn(III) and Mn(II) increased
from 21.95% to 62.14%, and 22.87% to 35.79%, respectively. These
results demonstrated that the significant decline of Mn(IV) can be at-
tributed to the generation of PP complexes with Mn(III), which pro-
motes conversion of Mn(IV) to Mn(III), and in turn oxidation of ad-
sorbed As(III). Moreover, Fe 2p spectra were fitted with two peaks at
709.0 and 710.8 eV in Fig. 9c, which were characteristic of Fe(II) and Fe
(III) (Table S1) [63]. As shown in Table 3, the average valence states of
Fe were 2.574 and 2.647 before and after As(III) sorption and PP ad-
dition, respectively. No obvious changes in the percentages of Fe(II)
(27.02%, 28.85%) and Fe(III) (67.80%, 69.00%) were observed.
Therefore, the reduction of Mn(IV) and Mn(III) species was pre-
dominantly responsible for As(III) oxidation, while Fe oxide played a
primary role in As sorption. The fitted O 1 s spectrum (Fig. 9d) ex-
hibited three peaks at 529.6, 531.72 and 532.84 eV, characteristic of
lattice oxygen (O2−), hydroxyl (eOH), and adsorbed water (H2O), re-
spectively [60]. Following sorption under PP intervention, a distinct
reduction in O2− and -OH moieties was observed, from 25.38% to
18.32% and 28.39% to 26.83%, respectively (Table 3). These results
suggested that As(V) gradually replaced the hydroxyl groups in NFMO
during sorption, which was supported by findings in the FTIR analysis.

Consequently, the possible mechanism by which PP influences As
(III) oxidation and adsorption by natural NFMOs, is depicted in Fig. 10.
Firstly, As(III) are transported to the solid/water interface, then sorbed
onto the surface of NFMO in the form of monodentate and bidentate
complexes. Secondly, the reduction of Mn(IV)→Mn(III)→Mn(II) leads
to effective As(III) oxidation. In the oxidation reaction, added PP
complexes with Mn(III), promoting the conversion of Mn(IV) to Mn(III)
and the oxidation of As(III) to As(V). Thirdly, the generated As(V) is
successfully adsorbed onto NFMO. Moreover, partly formed As(V) is
desorbed into the solution, accompanied with the dissolution of Mn (II)
[14,25]. Finally, the As(V) in the solution is transported to the solid/
water again and rapidly adsorbed by Fe oxides. While the Mn(II) is
resorbed due to the negatively charged surface.

4. Conclusion

In this study, NFMO-2 with relatively high Fe content had a stronger
adsorption capacity for As(III). However, As(III) oxidation rates of
NFMO-1 with the highest Mn/Fe ratio reached 49.2% at 69min, which
was significantly higher than those of the other two NFMOs. Moreover,
NFMO sorbent dosage had a remarkable effect on As(III) oxidation with
higher Mn contents, but not with low-content ores. As(III) oxidation
was strongly pH dependent, increasing as pH increased from 6 to 7.9.
Furthermore, PP addition considerably enhanced As(III) oxidation by
NFMO, and concentration of PP was a crucial factor in the process.
These results indicated that the oxidation of As(III) to As(V) was at-
tributed to the reduction of Mn(IV) and Mn(III) species in NFMO. Mn
(II)-PP complexes dissolved in the solution, thus providing more oxi-
dation adsorption sites to promote As(III) oxidation. Hence, addition of
a liquid chelating agent, specifically PP, is a facile and effective method
for enhancing As(III) oxidation performance of NFMO, making this a
promising adsorbent system for practical wastewater treatment.
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Table 3
The changes of content and valence for each element on NFMO-2 before and
after As(III) sorption.

Combined state/
Valence

NFMO-2
(At.%)

NFMO-2+As(III) (At.
%)

NFMO-2+As
(+0.005P) (At.%)

CeC C]C CeH 85.54 69.56 63.19
CeOH CeOeC 0.290 10.45 20.23
C]O 7.410 12.57 7.910
OeC]O 6.760 7.420 8.670
O2− 25.38 33.34 18.32
OH− 28.39 41.23 26.83
H2O 46.23 25.43 54.85
Fe(0) 5.18 2.02 2.150
Fe2+ 27.02 49.09 28.85
Fe3+ 67.80 48.89 69.00
Fe average 2.574 2.449 2.647
Mn2+ 22.87 34.16 35.79
Mn3+ 21.95 44.69 62.14
Mn4+ 55.18 21.15 2.070
Mn average 3.323 2.870 2.663
As(0) – 0.00 0.00
As(III)-O – 41.37 23.79
As(V)-O – 58.63 76.21

(+0.005P) means 5mmol/L Na4P2O7 was added after NFMO-2 suspended for
12 h. Initial As (III) concentration=750mg/L, solid/liquid ratio= 1/300,
pH=7.0 ± 0.05, and T=25 °C.

Fig. 10. The underlying mechanisms of As(III) oxidation and adsorption by
natural Fe-Mn ore under pyrophosphate intervention.
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