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The removal of arsenite [As(IIl) | has attracted increasing attentions because it is higher toxic and more difficult to
be removed from water than arsenate [As(V)]. For efficient As(Ill) uptake, a nanostructured iron-copper-
manganese trimetal oxide (ICM) was therefore synthesized using a simultaneous oxidation and co-
precipitation approach at room temperature. The as-prepared ICM exhibits multifunctional properties, which
can not only oxidize effectively As(IIl) but also sorb the produced As(V). The maximal sorption capacity of As
(1) reaches up to 131 mg/g under neutral conditions, which outperforms the majority of adsorbents reported
in the literature. The As(lII) sorption drops gradually as solution pH increases. However, it is not significantly in-
fluenced by ionic strength and present anions except for PO3~, implying a relatively high selectivity. The active
sorption sites of spent ICM can be easily restored through NaOH solution treatment. The removal of As(1lI) is a
complicated process involving in both oxidation and adsorption, in which inner-sphere surface complexes are
formed. The oxidation of As(IIl) to As(V) is mainly ascribed to the Mn oxide content in composite, whereas the
adsorption of formed As(V) is predominately attributed to the Fe oxide and Cu oxide. The ICM might act as a
promising alternative to remove arsenic from groundwater and wastewater, due to its good performance, low

cost, facile synthesis and high reusability.

© 2020 Elsevier B.V. All rights reserved.

1. Introduction

As a global problem, arsenic pollution in groundwater is extensively
concerned because long-term exposure to arsenic-containing drinking
water may cause cancer and other severe noncancer effects [1-3]. To
minimize the health risk associated with arsenic in drinking water,
many countries and districts have employed a stringent standard of
0.01 mg/L as the maximum permissible level of arsenic.

Inorganic arsenic predominates in natural waters and occurs mostly
in two forms, As(V) and As(lII). The former is the major species in well-
oxygenated water, whereas the latter may be the dominant species in
reducing groundwater. For example, the As(IIl)/Asr ratios in groundwa-
ter from Inner Mongolia, China are normally in the range of 0.6-0.9 [4].
Moreover, As(IIl) is higher toxic (25-60 times) [5] and more difficult to
be removed from water than As(V) [6,7]. Adsorption technology is be-
lieved to be one of the most promising methods for removing arsenic
from water owing to its simple operation, affordable cost, potential for
regeneration, and little toxic sludge generation [8,9]. However, most
traditional adsorbents such as alumina and activated carbon are
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effective for As(V) adsorption, but less effective in removing As(III). In
order to get better removal of arsenic, a preoxidation of As(III) to As
(V) treatment is usually conducted prior to adsorption. Nevertheless,
the pretreatment process makes the operation more complicated and
uneconomical. Hence, it is essential to develop more efficient and af-
fordable adsorbents for As(Ill) removal.

Many transition metal oxides and hydroxides, such as iron (hydr)
oxides, titania, hydrous cerium oxide, manganese dioxide, zirconia and
cupric oxide, have been utilized to remove As(IIl) from water, due to
their high affinity [10-16]. Composites containing two or three metal
(hydr)oxides have attracted considerable attention in the last ten
years, since they exhibit much higher efficiency in removing As(III)
than single oxides in virtue of synergistic effect. Several binary metal
(hydr)oxides such as Fe-Mn binary oxide [17], Ce-Ti binary oxide [18],
Zr-Mn binary oxide [19], Fe-Ni binary oxide [20] and Ce-Mn binary
oxide [21] were prepared and showed high performance for As(IIl) up-
take. In addition, some ternary metal oxides were synthesized for en-
hanced As(Ill) removal. For examples, Thanh et al. prepared a
nanosized Al-Ti-Mn trimetal oxide for simultaneous As(IIl) and As
(V) removal [22]; Penke et al. synthesized a Co-Al-Fe ternary metal
oxide to remove both As(IIl) and As(V) [23]; Nasir et al. reported a Fe-
Ni-Mn trimetal oxide for efficient As(Ill) removal [24]; Zhang et al.
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developed a multifunctional Fe-Ti-Mn trimetal oxide to enhance the re-
moval of both As(IlI) and As(V) [25]; Lin et al. prepared a Fe-Mn-La im-
pregnated biochar composite to effectively remove As(III) [26].

Previously, an iron-copper (Fe-Cu) binary oxide was fabricated in
our lab, which was found to have rather high arsenic sorption capacity
[27]. Moreover, this composite demonstrated high effectiveness in re-
moving As(V) at very low concentration. However, it was less effective
for As(IIl) removal at low concentration level. Typically, the arsenic con-
centration in groundwater varies greatly from less than 10 pg/L to sev-
eral hundred pg/L [4]. From the practical point of view, adsorbents
that have high efficiency in removing both As(V) and As(III) at trace
level, will attract much more attention. MnO, is a moderate oxidizing
agent and can effectively oxidize As(III) to As(V) [28-31].It can be antic-
ipated that the incorporation of MnO, into the Fe-Cu binary oxide sys-
tem would enhance trace As(Ill) removal. However, to our best
knowledge, the fabrication of iron-copper-manganese trimetal oxide
(ICM) sorbent to effectively remove As(lIl), has never been reported.

Hence, the main objectives of this research were (1) to fabricate the
ICM via a facile oxidation coupled with co-precipitation method; (2) to
characterize the obtained ICM with a variety of techniques; (3) to eval-
uate its effectiveness in As(Ill) removal at both high and low concentra-
tion levels and finally (4) to examine its reusability and the possible
removal mechanism.

2. Materials and methods
2.1. Materials

Potassium permanganate (KMnO,), iron(Il) sulfate heptahydrate
(FeSO4-7H,0), copper sulfate pentahydrate (CuSO4-5H,0), sodium
hydroxide (NaOH), sodium hydrogen arsenate heptahydrate
(NayHAsQ4-7H,0), arsenic trioxide (As,0s3), sodium nitrate (NaNOs), so-
dium chloride (NaCl), sodium sulfate (Na,;SO4), sodium carbonate
(NaCO0s3), sodium metasilicate nonahydrate (Na,SiOs-9H,0) and sodium
phosphate dodecahydrate (NasPO,4-12H,0) were of analytical grade and
were used directly. All vessels were cleaned using a dilute HNO3 solution
(1%) and then deionized water before use. The stock solution containing
As(V) was prepared by dissolving Na,HAsO,- 7H,0 into deionized water
and stock solution containing As(IIl) was prepared by dissolving As,03
into dilute NaOH solution.

2.2. Preparation of iron-copper-manganese trimetal oxide

The ICM was fabricated according to a modified method described
by Zhang et al. [17]. The detailed fabrication procedure was provided
in the Supplementary material.

2.3. Characterization of ICM

The morphology of ICM was analyzed with a field scanning electron
microscope (SEM, Hitachi S-4800, Japan) and a high-resolution trans-
mission electron microscope (TEM, JEOL JEM-2100, Japan). The specific
surface area was determined by a surface area analyzer (Micromeritics
ASAP 2020, USA). A D/Max 2500 V diffractometer (Rigaku Co., Japan)
was used to collect the X-ray powder diffraction data. A zeta potential
analyzer (Nano-ZS90, Malvern, UK) was employed to measure the
zeta potentials of ICM before and after reaction with As(III). Fourier
transform infrared (FTIR) spectra were recorded using a Nicolet IS10
FTIR spectrophotometer (Thermo scientific, USA). The X-ray photoelec-
tron spectra (XPS) measurements were performed on a Kratos Axis
Ultra DLD spectroscopy (Kratos, UK).

2.4. Arsenic sorption experiments

A series of batch experiments were carried out to evaluate the per-
formance of arsenic sorption by ICM. A known amount of ICM was put

into 100-ml polyethylene bottles containing 50 ml arsenic solution of
different concentrations. The sealed bottles were then vibrated on an
orbit shaker at 170 rpm for 24 h. 0.1 M NaOH and/or HNO3 were used
to adjust the pH of solutions. A desired amount of NaNOs, NaCl,
Na,C03, NapS04, Na,SiOs or NasPO4 was added for experiments examin-
ing the influence of ionic strength or coexisting anions. After reaction, all
samples collected were treated through filtration using 0.45 um mem-
brane and then were analyzed for arsenic. More detailed description
of sorption experiments can be seen in the Supplementary material.

2.5. Regeneration and reuse of ICM

To examine the reusability of ICM, successive sorption-desorption
tests were performed. A defined amount of 200 mg ICM was loaded to
a beaker containing 1000 ml solution of 10 mg/L As(III). After shaking
for 12 h, the exhausted ICM was separated by filtration from the solu-
tion and the filtrate was collected for further arsenic analysis. The col-
lected ICM was then dried at 65 °C for 24 h. After that, the arsenic-
loaded ICM was transferred to a bottle containing 50 ml NaOH solution
of 0.5 M. After shaking for 4 h, the ICM was separated from the NaOH so-
lution, washed several times with deionized water and then dried at
65 °C for 24 h. The regenerated ICM was employed in the next
sorption-desorption cycle.

2.6. Analytical methods

Concentration of arsenic in solution was analyzed by an inductively
coupled plasma mass spectrometry machine (ICP-MS, ELAN DRC II,
Perkin Elmer Co. USA) [27].

3. Results and discussion
3.1. Characterization of ICM

The SEM image of ICM is shown in Fig. 1a. Apparently, the ICM ap-
pears as aggregates of nanoparticles, which makes the surface rough.
The TEM image (Fig. 1b) displays that the shape of the nanoparticles is
nonuniform and the size of nanoparticles is 30-60 nm. The XRD pattern
of ICM at 26 ranging from 5° to 90° is illustrated in Fig. S1 (Supplemen-
tary material). No distinct peaks are observed, except for two weak and
broad peaks at around 35.8 and 62.1°, respectively. It implies that the
ICM is noncrystalline and similar to those of Fe-Cu binary oxide and
2-line ferrihydrite [27]. BET analysis demonstrates that the ICM pos-
sesses a specific surface area of 162 m?/g with a total pore volume of
0.59 cm?/g. The specific surface area is much less than that of the Fe-
Mn binary oxide (265 m?/g) and Fe-Cu binary oxide (282 m?/g). How-
ever, the total pore volume is higher than that of them (0.47 and
0.31 cm?/g, respectively) [27,32].

3.2. Sorption behavior

3.2.1. Sorption isotherms

The ICM demonstrates rather high sorption capacities of arsenic at
high equilibrium concentration (Fig. 2a), indicating its effectiveness in
arsenic uptake. In addition, the maximal sorption capacity of As(IIl) is
much higher than that of As(V), which is beneficial for As(IIl) removal
and consistent with the results of the Fe-Mn and Fe-Cu binary oxide
[27,32]. Effectiveness of arsenic removal at trace levels was further eval-
uated and Fig. 2b depicts the results. As seen, the efficiency of As(III) re-
moval is almost same as As(V) at equilibrium concentration lower than
0.15 mg/L. Obviously, the ICM is also effective in removing As(III) at
trace levels, which facilitates its application in real drinking water treat-
ment and meets the goal of this research. Moreover, the nearly identical
removal efficiency suggests that the As(Ill) has been completely oxi-
dized to As(V) by the ICM at low concentration.
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Fig. 1. SEM image (a) and TEM image (b) of the Fe-Cu-Mn trimetal oxide.

The Langmuir model (Eq. (1)) and Freundlich model (Eq. (2)) were
applied to fit the experimental data obtained at high equilibrium con-
centration.
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Fig. 2. Sorption isotherms of arsenic on the Fe-Cu-Mn trimetal oxide at pH 7.0 & 0.1,
(a) high equilibrium concentration and (b) low equilibrium concentration.

where g, represents the amount of arsenic adsorbed on the surface (mg/
2), Qmax represents the maximal adsorption capacity for complete
monolayer coverage (mg/g), Ce is the equilibrium concentration of arse-
nic (mg/L), b and Ky are the adsorption constants from Langmuir model
and Freundlich model, respectively.

The regression coefficients for As(Ill) and As(V) obtained from the
Freundlich model are 0.981 and 0.972, respectively, which are remark-
ably higher than those from the Langmuir model (Table 1). This indi-
cates that the experimental data are better fitted by the Freundlich
model. It is no surprise that the Langmuir model cannot well describe
the sorption behavior, because it supposes that sorption takes place on
a surface with high homogeneity and no oxidation reaction is involved
on the solid surface. The Freundlich model is suitable to describe sorp-
tion where the material possesses a heterogeneous surface. The surface
of ICM is obviously heterogeneous, owing to the concurrence of iron, cu-
pric and manganese. Additionally, As(IIl) oxidation by the ICM occurred
during its sorption. Thus, the maximal sorption capacity ((max) oObtained
from the Langmuir model could not represent the real value. The reli-
able values of qmaxAs(V) and qmaxAs(Ill) are 105 and 131 mg/g, respec-
tively, which are directly obtained from the graphic (corresponding to
the isotherm plateau). The potential of ICM was evaluated by comparing
the maximal sorption capacity of arsenic with various adsorbents re-
ported in the literatures. As can be seen in Table 2, the ICM outperforms
many other sorbents.

3.2.2. Sorption kinetics

The influence of contact time on As(IIl) sorption by the ICM is exhib-
ited in Fig. 3. The As(IIl) removal was rather fast within 2 h and almost
85% of equilibrium uptake capacity was accomplished, which might be
ascribed to the smaller particle size and higher specific surface area of
the ICM. Then, the sorption of As(Ill) slowed down and sorption equilib-
rium was reached at about 24 h.

Kinetic data were initially fitted by the pseudo-first-order model
(Eq. (3)) and pseudo-second-order model (Eq. (4)).

6 = g (1—e7) 3)
_qelkat

Ge=17 Qekat )

Table 1

Langmuir and Freundlich isotherm parameters for As(V) and As(IlI) sorption on Fe-Cu-
Mn trimetal oxide at pH 7.0 £ 0.1.

Langmuir model Freundlich model

Asspecies  qn (mg/g) K (L/mg) R Kr (mg/g) n R
As(V) 85 203 0818  60.1 0.156 0972
As(1II) 113 73 0904 705 0205 0981
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Table 2

Comparison of maximum arsenic sorption capacities for different adsorbents.
Adsorbent As Equil.Con. range Max. As(III) sorption capacity Max. As(V) sorption capacity Ref

(mg/L) (mg/g) (mg/g)

CuO nanoparticles 0-100 26.9 (pH 8.0) 22.6 (pH 8.0) Martinson and Reddy [16]
MnO, 0-40 14.8 (pH 7.0) 7.8 (pH 7.0) Chen et al. [21]
Ce-Mn binary oxide 0-40 97.7 (pH 7.0) 63.6 (pH 7.0) Chen et al. [21]
Fe-Mn binary oxide 0-40 100 (pH 6.9) 53.9 (pH 6.9) Zhang et al. [17]
Ce-Ti oxide 0-14 55.3 (pH 6.5) 44.9 (pH 6.5) Liet al. [18]
Fe-Zr binary oxide 0-40 120 (pH 7.0) 46.1 (pH 7.0) Ren et al. [34]
Zr-Mn binary oxide 0-30 105 (pH 5.0) 80.0 (pH 5.0) Zhang et al., [19]
Fe-Cu binary oxide 0-60 122 (pH 7.0) 82.7 (pH 7.0) Zhang et al., [27]
Ti-Mn binary oxide 0-60 107 (pH 7.0) 87.2 (pH 7.0) Zhang et al,, [33]
Al-Ti-Mn trimetal oxide 0-300 203 (pH 7.0) 147 (pH 7.0) Thanh et al. [22]
Co-Al-Fe nano adsorbent 0-120 130 (pH 7.0) 76 (pH 7.0) Penke et al. [23]
Fe-Ni-Mn trimetal oxide 0-70 81.9 (pH 7.0) N.A. Nasir et al. [24]
Fe-Mn-La-impregnated biochar 0-40 153 (N.A) N.A. Lin et al. [26]
Fe-Ti-Mn oxide 0-30 120 (7.0) 75.5 (pH 7.0) Zhang et al. [25]
FeMnO,/SBA-15 0-10 27.6 (7.0) 30.5 (7.0) Zhou et al., [35]
Fe—-Cu-Mn trimetal oxide 0-40 131 (7.0) 105 (pH 7.0) Present study

N.A.: not available.

where ¢. and g, are the adsorbed amounts of arsenic per unit weight of
the sorbent (mg/g) at equilibrium and at time t (h), respectively, k;
(h™") and k, [mg/(g-h)] are the pseudo-first-order and pseudo-
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Fig. 3. Kinetics of As(IIl) sorption on the Fe-Cu-Mn trimetal oxide, (a) fitted with pseudo-
first order model and pseudo-second order model and (b) fitted with intraparticle
diffusion model. Initial As(Ill) concentration = 10 mg/L, sorbent dose = 200 mg/L,
pH=70+01andT=254+1°C.

second-order rate constants, respectively. The parameter values are
listed in Table S1. The high R? value proves that the kinetic data are bet-
ter described by the pseudo-second order equation. This suggests that
the As(Ill) removal might be chemisorption.

Sorption is a multi-step process, including axial convection, external
film mass transport, intraparticle diffusion, and binding on the surface
of materials [36]. However, the pseudo-second order model assumes
that sorption is a binding process achieved in one step [37]. Therefore,
the kinetic data were also fitted using the intraparticle diffusion model
(Eq. (5)). It considers that sorption is a complicated process and consists
of several different steps [37].

qe = kpt® + ¢ (5)

where ¢, is the adsorbed amount of arsenic per unit weight of the sor-
bent at any time t (h). kp is the rate constant, C is a constant,
representing the effect of boundary layer. The values of kp and C could
be obtained from the plot of g; versus t%. If intraparticle diffusion is
the rate-controlling step, this plot should be a straight line and pass
through the original point [38]. The plot is nonlinear and contains
three linear sections (Fig. 3b). This indicates that there are three stages
in sorption process: fast, moderate, and slow, being dominated by exter-
nal mass transfer, intraparticle diffusion and steric hindrance from the
sorbed arsenic molecules, respectively. This implies that the As(III)
sorption by the ICM is a multi-step process and intraparticle diffusion
is not the rate-controlling step.

3.2.3. Influence of pH and ionic strength

Fig. 4 depicts the influence of solution pH and ionic strength on As
(1II) uptake by the ICM. The sorption of As(III) is effective over a wide
range of pH 3-10 and it decreases as the solution pH increases. This phe-
nomenon is not in agreement with the results of typical As(IIl) sorption
on the metal oxides [39], in which it rises slowly when the pH value as-
cends and reaches its maximal value at pH close to pk,; of arsenious acid
(9.2). However, the trend is very similar to that of As(V) sorption on the
iron (hydr)oxides and compound oxides [27,40], indicating the As(III)
has been oxidized to As(V) by the ICM. The relatively poor sorption of
As(III) at high pH may be ascribed to strong repulsion between the pro-
duced anions of As(V) and the negatively charged surface of trimetal
oxide.

Fig. 4 illustrates that the change of ionic strength does not signifi-
cantly alter the sorption of As(IIl). This indicates that the removal of
As(III) achieved through specific sorption associated with the formation
of inner sphere complexes, because the sorption of anions via inner-
sphere binding either is not greatly sensitive to ionic strength or in-
creases with a higher ionic strength [41].
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Fig. 4. Influence of pH and ionic strength on As(III) sorption by Fe-Cu-Mn trimetal oxide.
Initial As(IlI) concentration = 10 mg/L, sorbent dose = 200 mg/Land T =25+ 1 °C.

3.2.4. Effect of co-existing ions on As(1lI) sorption

The effect of common co-existing cations and anions (Ca?*, Mg,
Cl~, SOZ, €03, Si03~ and PO3~) on As(lll) sorption is illustrated in
Fig. S2. The present Ca®™, Mg?™, CI~, SOZ and CO%~ did not significantly af-
fect As(Ill) sorption. However, the coexisting Si03~ and PO3~ posed
greatly negative impact on As(IIl) sorption, particularly at high concentra-
tion levels. Evidently, the PO3~ caused a more remarkable decrease in As
(IIT) sorption. This strong interfering effect of PO3~ in the arsenic sorption
may be attributed to the similarity in chemistry and molecular structure
between them, which results in an intensive competition between phos-
phate and arsenic anions for sorptive sites on the surface of ICM.

3.3. Regeneration and reusability

Reusability is a very important parameter of sorbents for practical
applications. To estimate the reusability of ICM, desorption of arsenic-
loaded adsorbent using NaOH solution and re-adsorption experiments
had been carried out. Fig. S3 demonstrates the results of consecutive
sorption-regeneration (4 cycles) experiments. The value of cycle O cor-
responds to the As(Ill) removal percentage of the virgin ICM. The sorp-
tion of As(Ill) decreases with an increase in cycling number.
Nevertheless, the reduction is insignificant and after the forth desorp-
tion, the As(Ill) removal percentage is still as high as 82% and over
90% of the original sorption capacity is maintained. These suggest that
the active sorption sites of spent ICM can be easily restored through
NaOH solution treatment and the as-synthesized sorbent can be reused
repeatedly. It is worth noting that no extra oxidant was employed to re-
store the oxidability of ICM in the regeneration process. The reason is
that the regeneration was done in an air-opened system and the Mn?
* adsorbed on the surface of ICM which originated from the reductive
dissolution of MnO, in the composite, could be easily oxidized to Mn*
* by the oxygen in the air under alkaline conditions.

3.4. Surface analysis of ICM before and after As(Ill) sorption

3.4.1. Zeta potential analysis

Fig. S4 presents the zeta potentials of ICM before and after treatment
with As(III) solution. The isoelectric point (IEP) of the original oxide is
approximately 8.1, which shifts to around 7.0 after As(IIl) sorption.
The pure sorption of uncharged H3AsOs does not significantly alter the
IEP of sorbents [34]. However, specific sorption of anions may produce
a more negatively charged surface of sorbents and consequently shift
the IEP to lower pH values [42,43]. This also implies that uncharged As

(IIT) has been converted to As(V) during its sorption process, which ex-
ists mainly in negatively charged species at pH values tested. Therefore,
it can be concluded that specific sorption of As(V) rather than purely
electrostatic interaction occurs at the trimetal oxide/aqueous interface,
which results in a drop of IEP.

3.4.2. FTIR spectra analysis

Fig. 5 shows the FTIR spectra of ICM before and after treatment with As
(III). For the virgin trimetal oxide, the broad strong band in the region
3500-3000 cm ™~ is associated to the vibration of O—H stretching of sur-
face metal hydroxyl and water molecule, and the peak at 1624 cm ™! is
due to the bending vibration of H-O-H (water molecule), indicating
that physisorbed water exists on the surface of ICM; the peaks at 1099,
1046, and 970 cm™! might be attributed to the vibration of SO~ [44].
After reaction, the bands at 3500-3000 cm~" and 1624 cm ™~ had no sig-
nificant change, whereas the peaks at 1099, 1046, and 970 cm ™! almost
completely disappeared. At the same time, a new peak has been observed
at 816 cm ™!, which can be owing to the vibration of As(V)-O-M groups
[45]. This is also indicative of oxidation of As(Ill) in the sorption process.
The FTIR results further confirm the specific sorption of arsenic, in
which the As(V) anions mainly replace the hydroxyl and sulfate groups
on the surface of the trimetal oxide.

3.4.3. XPS spectra analysis

To further determine the valence state of sorbed arsenic and investi-
gate the change of surface compositions, XPS spectra of the ICM before
and after As(Ill) uptake were collected and analyzed. The As3d, Mn2p,
O1s and S2p narrow scans are depicted in Fig. 6 and the peak parame-
ters are summarized in Table S2.

For the virgin ICM, no peak can be observed at binding energy in the
range of 42-47 eV. After As(1IIl) treatment, a new peak appears at bind-
ing energy of about 44.8 eV (Fig. 6a), implying the presence of arsenic
sorbed on the surface of ICM. The fitting results show that the As3d
core level can be divided into two components, possessing binding en-
ergies of 44.3 and 45.2 eV, respectively. The binding energy of As3d
core level for As(Ill) is 44.3-44.5 eV, while As(V) is 45.2-45.6 eV
[46-48]. This suggests that As(Ill) and As(V) species are coexisting on
the surface of trimetal oxide. According to XPS analysis, approximately
65.1% of As(Ill) was converted to As(V) under tested conditions
(Table S2). The incomplete oxidation of As(III) might be ascribed to
the low dosage of trimetal oxide (200 mg/L) and high initial As(IIl) con-
centration (40 mg/L).

The oxidation state of Mn in the original and As(IIl) treated ICM was
analyzed. Fig. 6b illustrates the fitting results. As can be seen, only Mn
(IV) and Mn(III) species are present in the virgin ICM [29,46]. The
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Fig. 5. FTIR spectra of Fe-Cu-Mn trimetal oxide before and after As(IIl) sorption.
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Fig. 6. XPS spectra of Fe-Cu-Mn trimetal oxide before and after As(III) sorption: (a) As3d (b) Mn2p, (c) O1s and (d) S2p spectra. Initial As(IIl) concentration = 40 mg/L and sorbent dose =

200 mg/L, pH = 7.0.

contents of Mn(IV) and Mn(III) are 87.6 and 12.4%, respectively. Clearly,
MnO, is the dominant species, which meets the aim of development
this trimetal oxide. After reaction with As(III), the content of Mn(IV) re-
duces from 87.6 to 50.7%, while the content of Mn(III) increases to
33.7%. Moreover, Mn(II) species appears and its content accounts for
15.6%. The decline in Mn(IV) content and corresponding increase in re-
duced Mn species (Mn(Ill) and Mn(II)) might be ascribed to the
oxidation-reduction reaction between MnO, and As(IIl), in which the
MnO, was firstly reduced to MnOOH by As(Ill) and the formed
MnOOH was further reduced to Mn?™" [46]. Additionally, the oxidation
states of Fe and Cu in the ICM before and after As(Ill) treatment were
also studied. The results are displayed in Fig. S5. For the original oxide,
the binding energies of Fe2ps, and Cu2ps, are 711.4 and 934.5 eV, re-
spectively, suggesting the valences of Fe and Cu are respectively +3 and
+2. After As(IIl) sorption, the binding energies of Fe2p3, and Cu2ps,
do not significantly shift, which are 711.2 and 934.2 eV, respectively.
This shows that no change occurs in the oxidation states of Fe and Cu
during As(III) sorption. It can be reasonably concluded that the Fe
oxide and CuO in the trimetal oxide performed mainly as the capturers
for arsenic rather than oxidants in the process of As(Ill) removal.

The O1s core level spectra (Fig. 6¢) may be decomposed into three
peaks, corresponding to lattice oxygen (0%7), hydroxyl (-OH), and
sorbed water (H,0), respectively. For the virgin ICM, the content of -
OH accounts for 56.7%. It decreases to 20.2% after reaction with As(III).
Meanwhile, the percentage of 0%~ increases from 24.5 to 28.8%. These
indicate that the hydroxyl groups were partially replaced by arsenic
during As(IIl) removal. Fig. 6d displays the S2p core level spectra before
and after As(III) sorption. The original trimetal oxide exhibits a binding
energy for S2p;); at 168.4 eV, which is associated with S—O bonds in

sulfate species. After sorption, the peak at 168.4 eV disappears
completely, indicating that the sulfates on the surface of trimetal
oxide were complete exchanged by the arsenic. This result is consistent
with the one of FTIR analysis.

3.5. As(lIll) sorption mechanism

From above-mentioned analyses, it might be deduced that the up-
take of As(III) is a complicated process, involving in both adsorption
and surface redox reaction. The whole process might be described in
the following section. (i) As(IIl) is initially transported to the solid-
water interface by diffusion and then sorbed onto the solid surface
through replacing the sulfate and surface hydroxyl groups. (ii) The
sorbed As(IIl) is afterwards oxidized to As(V) by the MnO, content in
the ICM, being accompanied by the detachment of As(V) and Mn(II)
from the surface of the solid into water. (iii) The dissolved As(V) is
then sorbed by replacing the surface hydroxyl groups or adsorbed As
(IIl) species, forming inner-sphere complexes. The Mn(Il) in water can
be also sorbed to the solid surface. This process repeats again and
again until As(IIl) species or available MnO,, is exhausted. The possible
mechanism of As(IIl) sorption by the ICM is show in Fig. 7.

4. Conclusions

A novel ICM sorbent was fabricated using a simultaneous oxidation
and co-precipitation approach. The as-prepared sorbent can efficiently
oxidize As(IIl) to As(V) and adsorb the formed As(V). The maximal up-
take capacity of As(lll) reaches 131 mg/g at pH about 7.0, which is com-
petitive with the majority of sorbents reported. Lower pH is favorable
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Fig. 7. The possible mechanisms of As(III) uptake by Fe-Cu-Mn trimetal oxide.

for As(III) sorption and it drops gradually as solution pH increases. The
ICM has a relatively high selectivity for arsenic. The arsenic-containing
sorbent could be readily regenerated with dilute NaOH solution. As
(1) removal is accomplished via an oxidation coupled with adsorption
process, in which inner-sphere surface complexes are formed. The Mn
oxide content acts mainly as an oxidant for As(IIl) to As(V), whereas
the Fe oxide and Cu oxide play a significant role in adsorbing the arsenic.
The ICM might be used as an alternative sorbent for removing arsenic
from waters, due to its good performance, low cost, facile synthesis
and high reusability.
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