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� Commercial cube-shaped sponge
loaded with superparamagnetic iron
oxide nanoparticles (SPION) was
successfully synthesized and used for
As(III) removal.

� The adsorption capacity of the SPION
loaded in the composite was
935.0 mg�g�1 Fe with 1000 mg�L-1
initial concentration, much higher
than previously reported values.

� Arsenic K-edge XAS measurements
revealed that As(III) was partially
oxidized to less toxic As(V) upon
adsorption.

� Proposed mechanism indicates that
As(III) was first adsorbed on the
surface of adsorbent and then
oxidized by the �OH generated from
Fe(III) and the –OH groups present in
the adsorbent.
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Hypothesis: The easy aggregation of superparamagnetic iron oxide nanoparticles (SPION) greatly reduces
their adsorption performance for removing arsenic (As) from polluted water. We propose to exploit the
porosity and good diffusion properties of a cube-shaped cellulose sponge for loading SPION to reduce the
aggregation and to develop a composite adsorbent in the cm-scale that could be used for industrial appli-
cations.
Experiments: SPION were in-situ synthesized by co-precipitation using a commercial cube-shaped sponge
(MetalZorb�) as support. The morphology, iron-oxide phase, adsorption performance and thermody-
namic parameters of the composite adsorbent were determined to better understand the adsorption pro-
cess. X-ray absorption spectroscopy (XAS) was used to investigate the chemical state of the adsorbed As
(III).
Findings: The adsorption of the supported SPION outperforms the unsupported SPION (ca. 14 times
higher adsorption capacity). The modelling of the adsorption isotherms and the kinetic curves indicated
that chemisorption is controlling the adsorption process. The thermodynamic analysis shows that the
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adsorption retains the spontaneous and endothermic character of the unsupported SPION. The XAS
results revealed an adsorption-oxidation mechanism in which the adsorbed As(III) was partially oxidized
to less toxic As(V) by the hydroxyl free radical (�OH) generated from Fe(III) species and by the hydroxyl
groups.
� 2022 The Authors. Published by Elsevier Inc. This is an open access article under theCCBY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Arsenic (As) contamination has become a worldwide problem
due to its high toxicity and carcinogenicity [1]. As is released into
the environment by both natural processes and anthropogenic
activities such as rock weathering, mineral extraction, wood
preservation, pigments [2]. In nature waters, As is mainly found
in inorganic forms, As(III) (arsenite) and As(V) (arsenate) [3]. As
(III) is mostly present in underground waters whereas As(V) is
mostly found in surface water [4]. Regarding the toxicity, As(III)
is 60-fold more toxic than As(V) [5]. Short-term exposure to high
concentrations of As can be fatal, while long-term exposure to
trace concentrations of As can cause skin, lung, bladder cancers
[6]. As can be transferred into the food chain through grain crops
irrigated with As contaminated water and through seafood living
in arsenic-containing water [7]. Exposure through contaminated
drinking water is another direct pathway to humans [8]. TheWorld
Health Organization (WHO) has established a maximum concen-
tration of As in drinking water of 10 lg�L-1 [9]. However, still many
people are exposed nowadays to high levels of As pollution in some
parts of the world, particularly in developing countries [10]. There-
fore, the effective removal of As from water, and in particular As
(III), is markedly important for environmental protection and
human health.

Among all the techniques available for As removal, adsorption is
considered to be one of the most promising methods because of its
advantages of being fast, easy to operate, environmentally friendly
and cost-effective [11]. In recent years, magnetic iron oxide
nanoparticles have attracted large attention due to their specific
affinity to arsenic over other metals [12], large specific surface area
[13] and easy separation from aqueous solution [14–16]. Various
adsorption studies using magnetic iron oxide-based adsorbents
for arsenic removal have been reported [17–20]. However, the
aggregation of the nanoparticles in water negatively affects their
adsorption performance [21–23] For instance, Liu et al. [22] syn-
thesized magnetic iron oxide nanoparticles for As removal with
an average diameter of 34 nm; however, particles aggregated a
lot under adsorption conditions reaching sizes over lm-size which
greatly reduced the available surface area for adsorption.

To overcome this issue, materials like activated carbon [24], fly
ash [25], and biomass [26] have been traditionally used as supports
for nanoparticles. Although this approach helps in reducing the
aggregation and provides good adsorption results, most of these
composite materials reported are in powder form and, therefore,
they are not suitable for direct industrial use. In addition, they
are very difficult to recover when used for on-site environmental
remediation applications. Indeed, when used in a fixed-bed col-
umn, the powder adsorbents tend to clog the column, and restrict
the flow rate which limits their practical use. To overcome this
issue, some powders have been loaded on membranes and hybrid
methods combining adsorption with membrane filtration have
been developed [27]. This alternative approach greatly reduces
the aggregation of nanoparticulate adsorbents; however, the com-
posite material based on membranes have a much higher cost, and
it has other disadvantages such as membrane fouling that must be
taken into consideration [28].
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MetalZorb� sponge is an open-celled cellulose cube-shaped
material with the properties of high porosity, high flexibility, large
specific surface area and low price, which is beneficial as the sup-
port for nanoparticles. This material is claimed to contain free
available iminodiacetate groups to interact with superparamag-
netic iron oxide nanoparticles (SPION) by chelation. In this work,
we propose this commercial cube-shaped MetalZorb� sponge to
support SPION as a composite material for the removal of As(III)
from aqueous solutions. The adsorption performance of this com-
posite material was studied and compared with the unsupported
SPION in powder form. Furthermore, our X-ray absorption spec-
troscopy study at different depths of the cube adsorbent has
allowed us to investigate the adsorption mechanisms at molecular
scale and the redox processes that may take place upon adsorption.

2. Materials and methods

2.1. Materials

All reagents used were of analytical grade. Iron chloride hex-
ahydrate (FeCl3�6H2O) and ferrous chloride tetrahydrate (FeCl2-
�4H2O) were used in the synthesis of SPION and sponge-loaded
SPION. Sodium arsenite (NaAsO2) was used as the source of As
(III). A 1000 mg�L-1 As(III) stock solution was initially prepared,
and then diluted to the required concentration. Hydrogen chloride
(HCl) and sodium hydroxide (NaOH) were used to adjust the pH
during adsorption experiments.

Commercial cube-shaped MetalZorb� adsorbent was kindly
supplied by CleanWay Environmental Partners, Inc. (Portland,
USA). The material is an open-celled cellulose sponge (hereafter
referred simply as ‘‘sponge”) as described in our previous publica-
tions [29]. The averaged dimensions of the cube are
(length � width � height): 12.8 ± 1.8 � 10.1 ± 1.1 � 7.3 ± 1.3 m
m. Each cube has an average weight of 0.20 ± 0.02 g.

2.2. Synthesis of the adsorbents and characterization

SPION were synthesized by the co-precipitation method [30]. In
the synthesis of sponge-loaded SPION, raw sponge was pre-treated
and deprotonated following the suggestion from the manufacturer
and afterwards the nanoparticles were synthesized in-situ. Details
about the synthesis methods for SPION and sponge-loaded SPION
can be found in section S1 of the Support information (SI). Regard-
ing the synthesis mechanisms, the iminodiacetate groups present
on the surface of the sponge act as anchor points for the nanopar-
ticles by chelation at the onset of the nucleation stage.

The surface area data of unsupported SPION calculated from N2

adsorption analysis is 92.3 m2�g�1. Cube adsorbents were split into
three regions (surface, quarter, and center) to get information at
different depths, as shown in Fig. S1. The SEM and TEM images
confirmed the successful loading of SPION on the porous structures
of the sponge (see top panel of Fig. S2). The average nanoparticle
size calculated by Image-pro plus software (Media Cybernetics, Sil-
ver Spring, USA) from the TEM images were 12.7 and 13.8 nm for
surface and center parts, respectively (see middle and bottom pan-
els of Fig. S2). Hence, the size of the SPION loaded on the sponge
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has been greatly reduced respect to the effective particle size of the
aggregated unsupported SPION (�100 nm). Unfortunately, some
degree of aggregation is still present in the composite. The slightly
different particle size of the SPION at surface and center parts
might be due to the slightly reduction of the diffusion in the inner
part of the cube respect to the surface part which may promote a
rapid growth of the particles. X-ray absorption near edge structure
(XANES) spectra of Fe K-edge collected on SPION, sponge-loaded
SPION (surface), sponge-loaded SPION (center), indicated that the
iron oxide phase was maghemite (c-Fe2O3) (see Fig. S3). In addi-
tion, the XANES comparison of old and fresh composite material
showed that iron oxidation state was stable over time (see
Fig. S4). The loading amount of the SPION was around 2.6 wt% in
the composite as determined by ICP-MS analysis.

2.3. Adsorption experiments

Adsorption experiments were performed by putting 0.20 g
adsorbent (either SPION, cube sponge or cube sponge-loaded
SPION) in contact with 25.0 ml of As(III) solution. The tubes were
agitated mechanically at 300 rpm using a rotary shaker. Adsorption
experiments were performed at different temperatures by putting
the shaker inside of an incubator. Adsorption experiments with dif-
ferent initial concentrations were performed for concentrations
within the range 10–1000 mg�L-1 As(III) at pH 7.0 shaking during
120 min; experiments at different contact times (1–480 min) were
performed at pH 7.0 and using a 200 mg�L-1 initial concentration;
experiments at different pH values were performed by adjusting
the pH from 3.0 to 10.0 with 200 mg�L-1 initial concentration and
agitating during 120 mins.

After adsorption, for SPION, the nanoparticles were magneti-
cally separated. In the case of sponge or sponge-loaded SPION,
the adsorbent was separated by decanting the aqueous solution.
The amount of As(III) adsorbed was determined as the difference
of the remaining As(III) in the solution from the initial one. The
As(III) concentration was determined by applying the molybde-
num blue spectrophotometric method after oxidating the As(III)
to As(V) with potassium permanganate (KMnO4) (further details
can be found in section S4 in SI). The adsorption capacity at equi-
librium was calculated using the following equation:

qe ¼ Co � Ceð Þ V
m

ð1Þ

where qe (mg�g�1) is the adsorption capacity, V (L) is the volume of
the arsenic solution, m (g) is the dry weight of the adsorbent, Co and
Ce (mg�L-1) are initial and equilibrium concentrations of As(III) solu-
tion, respectively.

2.4. Isotherm and kinetic modeling

To further understand the As(III) adsorption behavior, experi-
mental adsorption isotherms were fitted with Langmuir, Fre-
undlich and Temkin isotherm models. Separately, the adsorption
data collected at different contact times were fitted to pseudo-
first order and pseudo-second order kinetic models. Detailed infor-
mation about these isotherm and kinetic models can be found in
section S5 of the SI.

2.5. Synchrotron radiation based XAS analysis

X-ray absorption spectroscopy (XAS) technique was used to
study the oxidation state of As after adsorbed on the different
adsorbents (SPION, sponge and sponge-loaded SPION). An initial
concentration of 200 mg�L-1 As(III) and a contact time of 120 min
were used. The effect of the adsorption temperature was also stud-
ied by performing adsorption experiments at 293 and 343 K. After
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decanting the aqueous solution, the solid was washed three times
with Milli-Q water, afterwards, the adsorbents were dried in an
oven at 50 �C for 24 h. Arsenic trioxide, As(III), and arsenic pentox-
ide, As(V), were used as reference materials. All samples and refer-
ences were milled and pressed into pellets for performing the
measurements.

The XAS experiment at the As K-edge was carried out at BL22
CLÆSS beamline of ALBA CELLS synchrotron using a Si(311) double
crystal monochromator [31]. Measurements of sponge and SPION
samples were performed in fluorescence mode using a multi-
element silicon drift detector, while measurements for sponge-
loaded SPION and As references were collected in transmission
mode using ionization chambers. To reduce the self-absorption
effect, SPION powder was homogeneously mixed with cellulose
using a SPION:cellulose ratio of 1:10. Special care was taken when
setting up the fluorescence measurements to minimize the damp-
ing effect due to the dead-time. The measurements were carried
out at liquid nitrogen temperature to minimize any possible radi-
ation damage. XAS data analysis was performed according to stan-
dard procedures using ATHENA software of the Demeter package
[32].
3. Result and discussion

3.1. Adsorption performance

Batch experiments were performed to study the adsorption
behavior of the materials. Different parameters (initial concentra-
tion, contact time, and pH) that affect As(III) adsorption were
investigated. The adsorption capacities of the unsupported SPION,
sponge-loaded SPION (composite material) and SPION in compos-
ite (considering only the mass of the loaded SPION in the compos-
ite) were compared. As seen in (Fig. 1a), the adsorption capacity of
SPION and sponge-loaded SPION increased with As(III) initial con-
centration. In contrast, the adsorption of As(III) in sponge was
below the detection limit of the colorimetric method used and
therefore it can be considered negligible. This means that the
sponge acts mainly as a support for reducing the aggregation of
SPION. Our results show that the sponge-loaded SPION composite
has less adsorption capacity than the unsupported SPION, however,
when considering only the small mass fraction of SPION in the
composite, 2.6 wt%, there is an enhancement of the adsorption
capacity over one order of magnitude respect to the unsupported
SPION. For instance, at the maximum initial concentration used
(1000 mg�L-1), the adsorption capacity of the composite per gram
of SPION is 655.0 mg�g�1 for the composite and only 45.3 mg�g�1

for the unsupported SPION. In other words, the SPION loaded in
the sponge displays ca. 14 times the adsorption capacity of the
unsupported SPION. This difference is due to the greatly reduced
aggregation of the nanoparticles when loading the SPION on the
sponge as can be seen in the TEM images (Fig. S2).

The dependence of adsorption capacity respect to the contact
time is shown in (Fig. 1b). There is a sharp increase in the adsorp-
tion capacity during the initial 60 min. This can be attributed to the
large number of adsorption sites initially available on the surface of
the adsorbent. When normalizing by the mass fraction of the
loaded SPION, the adsorption capacity of SPION in the composite
material reaches 295.6 mg�g�1. This is ca. 14 times higher than
the one of the unsupported SPION (21.0 mg�g�1).

The adsorption behavior at equilibrium did not show a signifi-
cant dependence with the pH between 3.0 and 10.0, see Fig. S5.
This is due to the fact that uncharged H3AsO3 (pKa = 9.2) is the
main As(III) species. Therefore, As(III) cannot be adsorbed by elec-
trostatic interaction [33,34].



Fig. 1. As(III) adsorption capacity of SPION, sponge-loaded SPION and SPION in composite: initial concentration (a) and contact time (b).
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3.2. Adsorption isotherm modeling

The results for the As(III) adsorption isotherm modeling for
SPION, sponge-loaded SPION and SPION in composite are shown
in Fig. 2 and Table S1. Langmuir, Freundlich and Temkin isotherm
models were used. Relatively good fits (R2 > 0.90) were found for
the three models for all the adsorbents. For unsupported SPION,
the best fit was found for the Temkin model
(Temkin > Langmuir > Freundlich). For the composite material
and for the supported SPION, the Langmuir model has a higher cor-
relation coefficient than the Temkin model
(Langmuir > Temkin > Freundlich), however, the heterogeneity of
the composite adsorbent should be taken into consideration and
therefore the Langmuir model is not suitable for these adsorbents
since it considers single layer and homogeneous adsorption. Hence,
considering both the fitting results and the characteristics of the
materials, the Temkin model provides the best agreement for all
adsorbents. This model explicitly considers the adsorbent–adsor-
bate interactions [35]. As can be seen from the fitting results
(Fig. S1), the values of bT (related to the heat of adsorption) for
unsupported SPION, sponge-loaded SPION and SPION in composite
are all positive, which implies that in all the cases the adsorption is
exothermic. In addition, the AT (related to the binding energy)
value of unsupported SPION is substantially larger than that of
the composite material, which means a stronger interaction
Fig. 2. As(III) adsorption isotherm modeling for SPION, sponge-loaded SPION and
SPION in composite at 293 K.
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between the SPION-As(III) ion surface than sponge-As(III) surface.
This result is consistent with our adsorption experiment data
showing that the sponge does not adsorb As(III).

3.3. Kinetics

Kinetic parameters were determined to assess the efficiency
and the mechanism of the adsorption process [36,37]. The fitting
results using the pseudo-first order kinetic model and pseudo-
second order kinetic model are displayed in Fig. 3 and Table S2.
The results show that the As(III) adsorption process on the adsor-
bents is best interpreted by the pseudo-second order kinetic
model. This indicates that chemisorption is driving the adsorption
process rate, which is in line with the results obtained from the iso-
therm modelling.

3.4. Thermodynamic determinations

Thermodynamic parameters such as Gibbs free energy change
(DGo), enthalpy change (DHo) and entropy change (DSo) were
determined to predict the feasibility and thermodynamic nature
of the adsorption process [38,39]. The calculated method is dis-
played in section S7 and the thermodynamic parameters deter-
mined are displayed in Table 1.

The adsorption of As(III) on the composite adsorbent has nega-
tiveDGo, positiveDH� and positiveDS� as SPION. The negativeDGo

values indicate that the adsorption of As(III) onto SPION is sponta-
neous. The values of DH� for SPION and sponge-loaded SPION are
10.50 and 4.68 kJ�mol�1, respectively, which indicates that the As
(III) adsorption on both adsorbents is an endothermic process.
The positive DS� likely resulted from the release of orderly struc-
tured hydration water and subsequent increase in randomness
with increased concentration of adsorbed As(III) on the solid sur-
face [40,41].

3.5. Compare of the adsorption capacity with similar adsorbent system

Considering the Fe content in the adsorbents, the equilibrium
adsorption capacities of unsupported SPION and supported SPION
at 1000 mg�L-1 As(III) initial concentration are 64.7 and
935.0 mg�g�1 Fe, respectively. This indicates that the loading of
SPION on the sponge can significantly improve the adsorption
capacity respect to the unsupported SPION. This can be attributed
to the less aggregation of the SPION when loaded in the sponge
support which increases the effective surface available for the
adsorption process.



Fig. 3. Kinetic modeling for As(III) adsorption on SPION, sponge-loaded SPION and SPION in composite: Pseudo-first order model (a) and Pseudo-second order model (b).

Table 1
Thermodynamic parameters for As(III) adsorption on SPION, sponge-loaded SPION and SPION in composite.

Adsorbent Temperature(K) DGo

(kJ�mol�1)
DHo

(kJ�mol�1)
DSo

(J�mol�1�K�1)

SPION 293 �16.43 10.50 91.88
318 �18.73
343 �21.03

Sponge-loaded SPION 293 �10.68 4.68 52.39
318 �11.99
343 �13.30

SPION in composite 293 �19.60 4.68 82.82
318 �21.67
343 –23.74
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In addition, the adsorption capacities of both unsupported
SPION and supported SPION are compared with their similar sys-
tem reported adsorbents, the results are listed in Table 2. In our
case, we are not quoting the maximum adsorption capacity extrap-
olated from the isothermmodelling but the adsorption capacity for
an initial As(III) concentration of 1000 mg�L-1, and this value would
be lower than the hypothetical maximum adsorption capacity. We
can clearly see, the adsorption capacity of unsupported SPION is
significantly higher when compared with both the adsorption
capacities of commercial GEH-102 [42] and laboratory synthesized
magnetite nanoparticles by Liu et al. [22]. A significant improve-
ment in adsorption capacity of SPION supported by cube sponge
was also found when compared with other reported Fe-based com-
posite powder adsorbents [43–46]. Besides, one of the additional
advantages of our cube sponge-based composite is that, once
exhausted, it can be easily compressed into a very small volume,
thus facilitating its transport and waste disposal.
Table 2
Comparison of the As(III) adsorption capacities of unsupported SPION and SPION in comp

Support Size Fe content (wt%)

None 12.0 nm 70.0
Cube sponge 13x10x7 mm 1.8
None 34 nm 72.4
None 0.3–2 mm 52–62

Cork 0.8–2 mm 2.4
Cellulose 0.02 mm 36
Alginate beads 0.5 mm 30
Polyurethane foam 6 nm 19.3

(*) at 1000 mg�L-1.
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3.6. As K-edge XAS measurements

Due to the different toxic risks associated with the As species
[47], it is important to understand the fate of adsorbed As(III)
and to discern any possible redox processes that may take place
upon adsorption. Indeed, the oxidation state and the speciation
of As determine its toxicity and mobility in the environment
[48]. In that respect, X-ray absorption near-edge structure (XANES)
experiments were performed to investigate the coordination envi-
ronment and the chemical state of As(III) adsorbed on SPION,
sponge and sponge-loaded SPION. The influence of the different
temperatures and the different depths of cube adsorbents (C, Q,
S) were also studied. (Fig. 4a) shows the comparison of the As K-
edge XANES spectra of the adsorbent materials with the reference
compounds for As(III), arsenic trioxide, and As(V), arsenic pentox-
ide. The As reference compounds display a markedly different
spectral profile. The pentoxide is shifted � 3.7 eV towards high
osite with similar Fe-based systems.

Iron phase qe (mg�g�1 Fe) Reference

c-Fe2O3 64.7 * This work
c-Fe2O3 935.0 * This work
Fe3O4 23.0 [22]
Fe(OH)3 and

b-FeO(OH)

33.3 [42]

iron (oxy)hydroxides 204.2 [43]
Fe2O3 64.3 [44]
2-line ferrihydrite 159.3 [45]
Fe3O4 178.7 [46]



Fig. 4. As K-edge XAS spectra of adsorbents after adsorbing As(III) at different temperatures (a) and corresponding peak fitting results (b). Arsenic trioxide and pentoxide
compounds are also included for comparison and used for peak fitting references.
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energy with respect to the trioxide. In addition, the white-line fea-
ture (first resonance after the absorption rising edge) appears at
11875.5 and 11871.7 eV for pentoxide and trioxide, respectively.
By direct comparison of the position of the absorption edge and
the white-line, we found that some of the As(III) was oxidized to
As(V) upon adsorption. This oxidation was related to the existence
of the reactive oxygen species (ROS), especially hydroxyl free rad-
ical (�OH) and hydrogen peroxide (H2O2) generated by Fe(III)
[22,49] and the hydroxyl groups (–OH) [50] present in SPION and
sponge adsorbents.

Furthermore, no As(V) ions were found in the aqueous solution
before and after adsorption, implying that this oxidation reaction
mainly occurred on the surface of the adsorbent. Thus, a combina-
tion of adsorption-oxidation mechanisms is proposed. Under neu-
tral and aerobic conditions, As(III) is firstly adsorbed on the surface
of the adsorbents, and then oxidized by the generated ROS from
the composite material. The proposed mechanism is shown in
Fig. 5.

In addition, to unravel the two As species, a peak fitting analysis
of the XANES spectra was performed (see details in section S8). The
results are displayed in (Fig. 4b) and Table S5. When comparing the
different adsorbents it was found that the largest amount of As(III)
oxidized to As(V) was taking place in sponge, 30–60%. This can be
due to the large density of functional sites that can oxidize As(III)
Fig. 5. Proposed mechanism of the As(III) adsorption-oxidation process taking place
on the surface of the composite adsorbent.
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respect to negligible As(III) adsorbed on the sponge. On the other
hand, SPION showed a larger amount of As(V) than sponge-
loaded SPION. This can be related to the low loading of the c-
Fe2O3 nanoparticles in the composite material (2.6 wt%). In other
words, the As:Fe ratio in the composite is much larger than in
the unsupported SPION, which turns into less available Fe(III) spe-
cies to contribute to the As(III) oxidation process after adsorption.
In all the materials, the oxidization of As(III) to As(V) was more
favorable at lower temperatures since the decomposition of H2O2

at higher temperatures results in a decrease of �OH [51]. However,
the difference in the oxidation of sponge-loaded SPION caused by
the temperature was very small (only � 2%). This can be related
with the small mass loading of SPION in the composite as men-
tioned above. After adsorption, the amount of –OH functional site
available in the loaded SPION is much lower than in the case of
unsupported SPION.

When comparing different depths of the cube adsorbents, for
sponge, the As(III) adsorbed in center part showed a higher amount
of As(V) species due to the diffusion constraints that increase
towards the center of the cube, hence, reducing the recirculation
of hydroxyl free radicals and favoring the interaction. However,
for sponge-loaded SPION, the As(III) oxidation reaction is con-
trolled by the mass of SPION, which is rather constant in the whole
cube and yields similar As(V) conversion in all parts of the cube. In
addition, it is important to bear in mind that the amount of As
adsorbed in sponge is almost negligible and, therefore, neither
the effects of the temperature nor the penetration depth will be
significantly reflected in the oxidation process taking place in the
cube composite adsorbent.
4. Conclusions

In contrast to the broadly reported iron-based composite adsor-
bents in powder form [52–54], here we have reported the synthe-
sis, characterization and molecular adsorption mechanism for a
cm-scale cube-shaped composite adsorbent. This adsorbent mate-
rial is composed by superparamagnetic iron oxide nanoparticles
(SPION) in-situ co-precipitated in a commercial open-cellulose
sponge. Our results show that the nanoparticle aggregation is
greatly reduced in the composite which yields a much better As
(III) adsorption performance than in the case of the unsupported
SPION. Hence, the composite material retains the advantageous
properties of SPION for As adsorption. Moreover, the results from
our XAS study indicate that, once adsorbed, the highly toxic and
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carcinogenic As(III) is partially oxidized to less toxic As(V), which is
desirable for the treatment of As(III)-contaminated waters.
Researchers using unsupported nanoparticles or composite pow-
ders have reported similar results [22,55], however, our study
has also revealed that this As(III) oxidation is not temperature-
dependent. In addition, a similar oxidation state of the adsorbed
As was found at different cube depths which demonstrates that
the same adsorption process occurs at the different parts of the
cube composite. This is due to the good diffusion properties of
the sponge material and the rather homogeneity of the SPION
loaded in the porous sponge. The adsorption-oxidation mechanism
proposed in this study includes a first adsorption of As(III) on the
surface of the adsorbent, and its oxidation afterwards to As(V) by
the �OH radicals generated from Fe(III) and the –OH groups pre-
sent in SPION and sponge adsorbents under neutral conditions. In
brief, this cube sponge-loaded SPION offers high affinity and good
adsorption capacity for As(III) together with good diffusion proper-
ties and favourable cube-shape which are desirable for industrial
applications.
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P.S. Uskoković, M.D. Ristić, Adsorption of arsenate on iron(III) oxide coated
ethylenediamine functionalized multiwall carbon nanotubes, Chem. Eng. J.
181–182 (2012) 174–181, https://doi.org/10.1016/j.cej.2011.11.052.

[42] B. Moraga, L. Toledo, L. Jelínek, J. Yañez, B.L. Rivas, B.F. Urbano, Copolymer–
hydrous zirconium oxide hybrid microspheres for arsenic sorption, Water Res.
166 (2019) 115044, https://doi.org/10.1016/j.watres.2019.115044.

[43] A.M.A. Pintor, B.R.C. Vieira, S.C.R. Santos, R.A.R. Boaventura, C.M.S. Botelho,
Arsenate and arsenite adsorption onto iron-coated cork granulates, Sci. Total
Environ. 642 (2018) 1075–1089, https://doi.org/10.1016/j.
scitotenv.2018.06.170.

[44] X. Yu, S. Tong, M. Ge, J. Zuo, C. Cao, W. Song, One-step synthesis of magnetic
composites of cellulose@iron oxide nanoparticles for arsenic removal, J. Mater.
Chem. A. 1 (3) (2013) 959–965, https://doi.org/10.1039/C2TA00315E.

[45] A. Sigdel, J. Park, H. Kwak, P.K. Park, Arsenic removal from aqueous solutions
by adsorption onto hydrous iron oxide-impregnated alginate beads, J. Ind. Eng.
Chem. 35 (2016) 277–286, https://doi.org/10.1016/j.jiec.2016.01.005.

[46] X. Song, Y. Wang, L. Zhou, X. Luo, J. Liu, Halloysite nanotubes stabilized
polyurethane foam carbon coupled with iron oxide for high-efficient and fast
treatment of arsenic(III/V) wastewater, Chem. Eng. Res. Des. 165 (2021) 298–
307, https://doi.org/10.1016/j.cherd.2020.11.001.

[47] R. Amen, H. Bashir, I. Bibi, S.M. Shaheen, N.K. Niazi, M. Shahid, M.M. Hussain, V.
Antoniadis, M.B. Shakoor, S.G. Al-Solaimani, H. Wang, J. Bundschuh, J. Rinklebe,
A critical review on arsenic removal from water using biochar-based sorbents:
The significance of modification and redox reactions, Chem. Eng. J. 396 (2020)
125195, https://doi.org/10.1016/j.cej.2020.125195.

[48] Y. Wu, R.K. Kukkadapu, K.J.T. Livi, W. Xu, W. Li, D.L. Sparks, Iron and Arsenic
Speciation during As(III) Oxidation by Manganese Oxides in the Presence of Fe
(II): Molecular-Level Characterization Using XAFS, Mössbauer, and TEM
Analysis, ACS Earth Sp. Chem. 2 (3) (2018) 256–268, https://doi.org/10.1021/
acsearthspacechem.7b0011910.1021/acsearthspacechem.7b00119.s001.

[49] G. Ona-Nguema, G. Morin, F. Juillot, G. Calas, G.E. Brown, EXAFS Analysis of
Arsenite Adsorption onto Two-Line Ferrihydrite, Hematite, Goethite, and
Lepidocrocite, Environ. Sci. Technol. 39 (23) (2005) 9147–9155, https://doi.
org/10.1021/es050889p10.1021/es050889p.s001.

[50] X. Dong, L.Q. Ma, J. Gress, W. Harris, Y. Li, Enhanced Cr(VI) reduction and As(III)
oxidation in ice phase: Important role of dissolved organic matter from
biochar, J. Hazard. Mater. 267 (2014) 62–70, https://doi.org/10.1016/j.
jhazmat.2013.12.027.
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