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ABSTRACT: Humic acid coated magnetic iron oxide nanoparticles (HA-MNPs) were synthesized, characterized, and studied
for the removal of toxic inorganic arsenic species from aqueous media. The adsorption of As(III) and As(V) followed pseudo-
second-order kinetics, and the observed data were accurately modeled employing the Freundlich adsorption isotherm.
Application of the Weber and Morris intraparticle diffusion model to the observed kinetic data suggests that the adsorption
occurs in three distinct stages, fast, intermediate, and slow steps. We propose the initial stage is governed by surface association,
followed by intraparticle diffusion of arsenic through the HA matrix and, finally, chemical reaction or bonding between the
arsenic species and HA functionality. The HA-MNP nanoadsorbent absorbs >95% of the inorganic arsenic species with an
absorption capacity of 12.2−12.6 mg/g from aqueous media and is effective under a variety of conditions. Post arsenic adsorption
characterization of the nanoparticles suggests that As(III) binds with the carboxylate group of HA through a proposed ester type
linkage, while electrophilic reactions can occur between the nucleophilic functional groups present in HA and the electrophilic
arsenic atom in As(V). The results obtained demonstrated that HA-MNPs are robust and have promise for effective As(III) and
As(V) remediation.

1. INTRODUCTION

Arsenic occurrence in aquatic environments is the result of
natural and man-made sources. While arsenic is discharged by
industrial processes and used in agricultural applications, water
contamination by arsenic is most often the contribution of
dissolution or leaching of solid phase arsenic contained within
the rocks, soil, and minerals into groundwater.1−3 This class one
carcinogen has already exerted severe negative consequences on
the health of more than 100 million people as poisoned by
arsenic contaminated groundwater used for drinking, irrigation,
and other household purposes.4−6 Bangladesh, India, China,
Vietnam, Argentina, Pakistan, USA, Chile, and Mexico are
among the countries most affected by arsenic contaminated
tubewells and aquifers with arsenic concentrations well above
the maximum contamination limit of 10 μg/L set by WHO.5

Geology, topography, and temporal variability influence the
water pH and redox potentials and thus affect arsenic
solubility.7,8 Arsenite, As(III), and arsenate, As(V), are the
most common toxic forms of arsenic present in drinking water
sources. The major species in the reducing environment of
groundwater is the more mobile and more toxic arsenite.9

Development and implementation of effective methods for the
removal of arsenic species from drinking water sources are
critical to ensure quality water for millions of people worldwide.
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Humic substances (HS) in aquatic systems are derived from
the breakdown of soil humus and aquatic plants through
different biological and chemical processes.10 Different molec-
ular moieties and a wide variety of organic functional groups of
HS are responsible for its structural diversity and physicochem-
ical properties such as solubility and surface charge distribu-
tion.11 The more hydrophobic, large molecular weight fraction
of HS, commonly referred to as humic acid (HA), generally
exhibits higher sorption and complexation characteristics over
other HS fractions.12,13 Humic acid coated/modified adsorbents
for the environment friendly remediation of different con-
taminants from water have been studied.14−16 Here we report
the use of humic acid grafted to iron oxide nanoparticles for the
adsorption of highly toxic inorganic arsenic species from water.
Adsorption is one of the most effective methods for toxic

species remediation from aqueous media, as it can limit the
mobility and bioavailability of potent toxins at relatively low cost
and simple operation.17 Use of nanoadsorbent is particularly
attractive because engineered nanomaterials can be tailored for
greater surface area and stronger binding capacities.18 Professor
Prashant V. Kamat et al. have made significant contributions in
the synthesis and characterization of hybrid nanomaterials for
environmental and energy related applications.19−23 A number
of his studies focused on the potential remediation/degradation
of various environmental pollutants including arsenic by using
the adsorptive and/or photocatalytic properties of the nanoma-
terials.24−27

Iron based nanoadsorbents have received tremendous
attention due to the availability and low cost of the raw
materials. The strong magnetic property of tailor-made iron
particles is conducive for easy recovery and/or separation.
Magnetite (Fe3O4) nanoparticles are among the most promising
adsorbents with the advantages of superparamagnetic proper-
ties, easy preparation, and biocompatibility. However, agglom-
eration and the loss of magnetic strength over time resulting
from auto-oxidations limits the commercial applications of bare
iron oxide nanoparticles.16 These constraints have been
addressed using organic substrates to coat the surface of
magnetite (Fe3O4) nanoparticles. The coating protects against
auto-oxidation of the iron oxide core. Tremendous potential is
observed for the environmental applications of magnetite
nanoparticles coated with humic acid (HA), where the surface
charge associated with the nanoparticles is converted from
positive to negative upon the appropriate coating of humic acid
on magnetite.28,29 The strong affinity of polyanionic humic acid
to magnetite is found to be useful in coating the surface
effectively which in effect significantly reduces or eliminates the
nanotoxicity of bare magnetite nanoparticles (MNPs) and
enhances their chemical and colloidal stability.30,31 The
saturation magnetization of bare MNPs and HA-MNPs is
reported to be 79.6 and 68.1 emu/g, respectively, thus
demonstrating the retention of strong magnetic property by
the nanoparticles even after the coating of humic acid on the
surface.16 Liu et al. was the first to demonstrate the potential
application of humic acid coated magnetite nanoparticles (HA-
MNPs) for the adsorption and removal of toxic metal cations.16

Although the application of negatively charged HA-MNP
materials for adsorption of toxic cations is effective due to
electrostatic attractions between adsorbent surface and toxic
cations involved, we recently reported the successful removal of
anionic chromium and phosphate from water using HA-
MNPs.32,33 The adsorption mechanisms for anionic species
are not based on electrostatic interactions but rather likely based

on the formation of chemical bonds between the adsorbate and
the different functional groups present in humic acid. The
carboxylic, phenolic, amino, and sulfhydryl moieties of HA can
act as potential binding sites for the toxic arsenic species. In the
solution pH range of 3 to 9, the charge neutral H3AsO3 is the
dominant species of As(III), whereas, for As(V), the negatively
charged H2AsO4

− and HAsO4
2− are the most prevalent forms.34

Here we examined the removal of both As(III) and As(V) using
HA-MNPs. The detailed characterization of HA-MNPs and As-
HA-MNPs provides fundamental information about the
bonding and adsorption mechanisms of As(III) and As(V) to
the humic acid materials which can be extended to understand
the fate, transport, and bioavailability of As(III) and As(V) in
the natural aqueous systems. The results demonstrate for the
first time that HA-NMPs are an effective nanoadsorbent for
As(III) and As(V). The As adsorption is readily modeled and
predictable which is critical to meet specific treatment objectives
in real-life applications. The knowledge obtained from the study
can help guide the improvement of water treatment method-
ologies using green materials.

2. EXPERIMENTAL SECTION

2.1. Materials. Ammonium hydroxide (29.2%), ferric
chloride hexahydrate (98.8%), sodium arsenite, and sodium
arsenate dibasic heptahydrate (≥98%) were purchased from
Fisher Scientific. Ferrous chloride tetrahydrate (≥99%) and
humic acid sodium salt were purchased from Sigma-Aldrich.

2.2. Synthesis and Application of HA-MNPs. The
nanoparticles were synthesized using coprecipitation reported
elsewhere.16 A summary of the synthesis procedure is given in
the Supporting Information. The arsenic solution with the
added nanoparticles was mixed in the 50 mL plastic bottle and
agitated in the orbit shaker at 250 rpm (Lab line instrument Inc.,
model 3520). For the adsorption experiments, the initial
solution pH of arsenic was adjusted by using 0.1 M HCl and
0.1 M NaOH and monitored by a pH meter (Mettler Toledo,
model: SevenEasy). The particles were separated from solution,
and the residual arsenic concentration and speciation were
measured employing a Perkin Elmer ICP-MS instrument
coupled with HPLC. Although a hand-held magnet provides
effective separation of the treated nanoparticles, to comply with
the requirement of the analytical facility and to conveniently
handle a large number of samples of small volume, 0.45 μm
syringe filters were used to filter the arsenic solution before
analyzing in LC-ICP-MS.

3. RESULTS AND DISCUSSION

3.1. Characterization. HA-MNPs were subjected to
detailed characterization before and after the adsorption of
As(III) and As(V) species. Details of the sample preparation and
characterization techniques are provided in the Supporting
Information. The newly synthesized HA-MNPs exhibited the
established key features.16,32,33 The FTIR spectra of HA-MNPs
(Figure S1) exhibit a characteristic band at 1598 cm−1 indicative
of the CO stretching of the carboxylate functionality present
in HA; the red shift from the typical carboxylate band (1700
cm−1) is characteristic of a weaker CO bond as the carbonyl
oxygen complexes with the magnetite core.33 The strong broad
IR band at 3300−2700 cm−1 observed in the neat HA-MNPs
can be attributed to the presence of phenolic OH and/or
carboxylic acid groups of HA in HA-MNPs. A significant
reduction in the OH signal is observed after the adsorption of
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As(III) and As(V), suggesting the formation of a chemical bond
between the OH groups in the HA coating and the As species.
The TEM image of the HA-MNPs (Figure 1a) illustrates

typical packing of HA-MNP. The TEM measurements yield an
average diameter of 10.6 nm for the synthesized HA-MNPs with
a standard deviation of 3.5 (Figure S2). A STEM-HAADF image
of arsenic loaded HA-MNPs is shown in Figure 1b. The high
resolution TEM image of the arsenic laden nanoparticles
(Figure 1c) reveals the characteristic lattice fringe distance of the
original HA-MNPs as 3.0 and 4.9 Å corresponding to the (220)
and (111) crystallographic planes of magnetite and also illustrate
a thin film coating of humic acid on the magnetite surface. This
observation indicates that arsenic species do not significantly
bind to or change the crystalline lattice of the iron oxide core
material. Since the HA-MNP core is unchanged upon
adsorption of arsenic, the humic acid shell appears to shield
the magnetite core from the arsenic species, thus suggesting that
adsorption occurs within the humic acid matrix. EDS spectra of

the As-loaded HA-MNPs confirm the presence of arsenic in the
nanoparticle surface (Figure 1d). The copper (Cu) and silicon
(Si) peaks in the EDS spectra are from the grids which are made
of copper with a thin film coating of silicon on top. The Raman
spectra of HA-MNPs (Figure 2) show the characteristic
magnetite bands at 535 and 668 cm−1, while the characteristic
bands associated with maghemite at 350, 500, and 720 cm−1 are
not observed.35 With respect to the comparison of the Raman
peaks at 220, 280, and 700 cm−1, there is clearly variation in the
relative proportion of these peaks. Such changes may be due to
changes in the HA backbone or functionality upon binding of
the arsenic species. The Raman spectrum of the As(III)-HA-
MNPs (Figure 2) includes a band at 321 cm−1 which is assigned
to the vibrational stretching of the As(III)−O bond and a band
at 357 cm−1 that corresponds to the bending of the O−As(V)−
O bond.36 While As(III) can be oxidized to As(V) by
photochemical processes, great care was taken to eliminate
light exposure of materials used in the experiments involving

Figure 1. (a) Low resolution TEM image of HA-MNPs, (b) STEM-HAADF image of As(III)-HA-MNPs, (c) HRTEM image of As(III)-HA-MNPs,
and (d) EDS spectra of As(III)-HA-MNPs.
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As(III). However, in an oxygen saturated environment in the
presence of HA-MNPs, conversion of As(III) to As(V) is
observed (Figure S3) even in the absence of light. The HA-
MNP promoted transformation of As(III) to As(V) under dark
conditions could be initiated by trace metals in the HA materials
and/or the presence of molecular oxygen.
The wide scan XPS spectra of HA-MNPs (Figure S4a) shows

binding energies of approximately 285, 529, and 710 eV that
correspond to the photoelectron lines of C 1s, O 1s, and Fe 2p,
respectively.37 Deconvolution of the peaks with corrected
binding energy of adventitious carbon (284.8 eV) indicates
the presence of C−C and C−H at 284.8 eV and the carboxylate
group (COO−) at 288.5 eV from HA, all pertaining to C 1s
(Figure S4b).38,39 For O 1s (Figure S4c), the two peaks at 528.8
and 531.4 eV can be ascribed to the anionic oxygen in magnetite
and the oxygen containing functional groups of HA,
respectively.39,40 In the case of Fe 2p spectra (Figure S 4d),
the Fe 2p3/2 peaks at 708.9 and 710.6 eV are due to the presence
of Fe2+ and Fe3+, respectively, while the peak at 724.1 is for Fe
2p1/2.

41 The peak at 740.3 eV corresponds to the OKL23L23
Auger lines of oxygen. The absence of the characteristic satellite
peak of maghemite (γ-Fe2O3) at 719.0 eV further indicates that
the coating of humic acid successfully inhibits the oxidation of
the magnetite core.42 Iron K-edge XANES spectra and k3

weighted EXAFS spectra of bare magnetite and HA-MNPs are
similar and consistent with the magnetite spectra reported in the
literature (Figure S5a and b).43 The arsenic K-edge XANES
spectra of As(III) and As(V) loaded HA-MNPs are shown in
Figure S6. Although arsenic samples for XAS experiment were
prepared in the nitrogen glovebox, partial conversion of As(III)
to As(V) in the HA-MNP treated samples is observed (Figure
S6a), whereas the XANES spectra of the adsorbed As(V) species
remain largely unaffected (Figure S6b). The exposure of HA-
MNP bound As(III) to molecular oxygen, the presence of trace
metals in HA and/or the oxidizing environment of the beamline
are assumed to play roles in the oxidation of HA-MNP adsorbed
As(III) to As(V). At higher pH, As(III) is more readily
converted to As(V) which may be related to pKa, change in
speciation, and susceptibility to oxidation. Linear combination
fitting with Athena44 was used to determine the percent
conversion of As(III) to As(V) in As(III) loaded HA-MNP
sample at neutral pH (Figure S7). As clearly observed from the

figure, initially, there was no As(V) species present in the
sample, meaning that the absence of molecular oxygen in the
nitrogen glovebox inhibits the oxidation of As(III). However,
with the exposure of the sample to the beamline, 25% of As(III)
is converted to As(V) in 4.5 h, suggesting that the beam induced
oxidation played a critical role in the conversion process.

3.2. Kinetics of Arsenic Adsorption. The adsorption
equilibrium and the corresponding uptake capacity for As(III)
and As(V) of HA-MNPs were determined to assess for their
possible implementation. The adsorption experiments were run
for 3 h with samples collected at predetermined time intervals.
The collected samples were filtered to separate the As-loaded
HA-MNPs from the solution and the filtrates analyzed by
HPLC-ICP-MS to monitor the residual concentration of the As
species in the solution. The results demonstrate As(V) is
adsorbed by HA-MNPs faster and to a greater extent than
As(III). At a HA-MNP loading dose of 0.2 g/L and 200 ppb of
the arsenic species, the level of As(III) can be reduced below the
drinking water maximum contaminant level (MCL) of 10 ppb
within 180 min, while only 60 min is required to reduce the
concentration of As(V) below the MCL (Figure 3). Within 1

min of exposure to the HA-MNPs, the initial concentrations of
As(III) and As(V) are reduced by >50%. For an arsenic mixture
of 200 ppb of As(III) and 200 ppb of As(V) (total initial arsenic
concentration of 400 ppb), the complete removal of arsenic
species was achieved at a dose of 0.2 g/L HA-MNPs illustrated
by Figure S8. Results from the competition study suggest that
As(III) and As(V) might have some preferential sorption sites in
the HA surface of HA-MNPs, and thus, the presence of one
arsenic species did not appear to interfere significantly in the
removal process of another. The difference in formal charge and
the presence (or absence) of a lone pair of electrons in the
arsenic atom of the studied arsenic species has made them
susceptible to attack by the two different classes of functional
groups of HA with completely opposite characteristics.
The adsorption efficiency and the adsorption mechanisms

were evaluated by fitting the experimental data into Lagregren’s
pseudo-first-order and Ho and McKay’s pseudo-second-order
kinetic models.45,46 The pseudo-first-order model determines
the sorption constant based on solid surface capacity, while the
pseudo-second-order model works on solid phase sorption.46

The full mathematical expressions of the two models are given
in the Supporting Information. The kinetic parameters obtained
from the application of the models to the experimental data for

Figure 2. Raman spectra of HA-MNPs and As(III)-HA-MNPs.

Figure 3. Comparison of adsorption kinetics of As(III) and As(V) on
HA-MNPs. [As(III)]0 = 200 ppb, [As(V)]0 = 200 ppb, pH = 6.6, HA-
MNP dose = 0.2 g/L, temperature = 25 °C.
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As(III) and As(V) adsorption on HA-MNPs are summarized in
Table 1. For the pseudo-second-order model, there is an
excellent match observed between the experimental and
calculated Qe values. The high correlation coefficient (R2) also
indicates the best fitting of the adsorption process with the
pseudo-second-order model. This finding suggests that, for the
arsenic adsorption process, the rate is proportional to the square
of the number of available adsorption sites in the nano-
particles.46,47 The kinetic data of arsenic adsorption were further
investigated by using the Weber and Morris intraparticle
diffusion model which when applied to the observed results
shows that three distinct steps are associated with the adsorption
process (Figure 4). We propose the first stage as the initial, rapid

association of arsenic on the HA-MNP surface, the second stage
is the diffusion of arsenic species into the HA matrix of the
nanoparticles, and the final stage is the adsorbent−adsorbate
chemical reaction/bonding that eventually lead to equilibrium.
Overall, the adsorption of arsenic species on HA-MNPs can be
viewed as a complex, multistep adsorbent−adsorbate interaction
where sharing or exchange of electrons and bonding between
the synthesized nanoparticles and the target arsenic species
played critical roles in the observed behavior.
3.3. Adsorption Isotherms. The adsorption isotherms of

individual arsenic species were measured as a function of initial
arsenic concentration to investigate the interactions between the
solid surface and the adsorbent relative to the aqueous solvation
of arsenic. The initial arsenic concentration was varied from 0.1
to 10 mg/L at constant loading of HA-MNPs (0.2 g/L). Data
from the isotherm study were fitted in the Langmuir and
Freundlich models to probe the adsorption mechanisms at the
solid−liquid interface. The major differences between the two
models are the assumptions about the surface characteristics and
the mechanism of solute binding onto the adsorbent surface.
The Langmuir model assumes a homogeneous adsorbent
surface with a finite number of identical adsorption sites
which can be occupied by only one target molecule, leading to
the formation of one uniform monolayer.48,49 In contrast,
differential adsorption is assumed in the Freundlich model

where multilayer adsorption can occur on a heterogeneous
adsorbent surface having different degrees of affinity for the
adsorbate with stronger binding sites occupied first.50 On the
basis of the correlation coefficient for the Langmuir and
Freundlich plots of the measured experimental data, the
adsorption process is found to be more consistent with the
Freundlich model indicative of the multilayer formation and/or
heterogeneous adsorption surface sites of HA-MNPs. The
parameters from the Langmuir and Freundlich isotherm
equations are presented in Table 2. From the Freundlich

model, a value of 1/n less than 1 is indicative of chemisorption
of As(III) and As(V) on HA-MNPs.50 Although the relative
adsorption capacity (Kf) is found to be slightly higher for As(III)
than As(V) (2.96 vs 2.30), the much lower 1/n value of As(V)
(0.28) supports its stronger adsorption intensity compared to
As(III) (0.57). This is also evident from the kinetic data where
faster and more extensive adsorption was observed for As(V)
relative to As(III). The maximum adsorption capacities of HA-
MNPs measured under our experimental conditions are 12.2
and 12.6 mg/g for As(III) and As(V), respectively. Similar types
of coated and uncoated iron oxide adsorbents reported in the
literature show the maximum removal capacity for both As(III)
and As(V) in the range from 5.27 to 16.63 mg/g.34,37,51 The
competitive arsenic adsorption capacity of HA-MNPs validates
its strong potential to be used in real life arsenic treatment
plants.

3.4. pH Effect. The pH dependent adsorption and binding
mechanisms of oxyanions are complicated by their speciation
and the surface charge of the absorbent.52,53 To probe the
influence of solution pH, the initial pH of aqueous solutions of
As(III) and As(V) was adjusted using 0.1 M NaOH and 0.1 M
HCl. The adsorption of As(III) and As(V) on HA-MNPs was
unchanged from pH 3 to 8 (Figure S9). However, under highly
alkaline conditions, the adsorption of arsenic decreased. For
As(III), at pH 8 and 10, adsorption (removal) was 96 and 78%,
respectively; for As(V), at the same pH, it was 98 and 70%,
respectively. While adsorption was reduced overall, the HA-
MNPs still exhibit significant adsorption of both As(III) and
As(V) under highly alkaline conditions. The modest decrease in
adsorption can be explained by formal and surface charges as a
function of solution pH considering the pHpzc of HA-MNPs and
the pKa values of the arsenic species. As(V) exists in
monoanionic (H2AsO4

−) and dianionic (HAsO4
2−) forms,

whereas As(III) mostly exists as a stable neutral hydroxo
complex, As(OH)3, over the range of solution pH studied. The
HA-MNP is negatively charged at solution pH greater than its
pHpzc of 3.3.

32 Attractive electrostatic interactions are minimal

Table 1. Kinetic Parameters for the Adsorption of Arsenic onto HA-MNPs

pseudo-first-order kinetics pseudo-second-order kinetics

C0 (0.2 mg/L) Qe, expt. (mg/g) Qe, calc. (mg/g) k1 (min−1) R2 Qe, calc. (mg/g) k2 (g mg−1 min−1) R2

As(III) 0.96 0.30 0.02 ± 0.001 0.98 0.96 0.35 ± 0.02 0.99

As(V) 0.98 0.17 0.04 ± 0.003 0.93 0.99 1.31 ± 0.09 0.99

Figure 4. Weber−Morris intraparticle diffusion plot of As(III) and
As(V) adsorption kinetic data. [As(III)]0 = 200 ppb, [As(V)]0 = 200
ppb, pH = 6.6, HA-MNP dose = 0.2 g/L, temperature = 25 °C.

Table 2. Adsorption Isotherm Parameters for the Binding of
As(III) and As(V) onto HA-MNPs

Langmuir isotherm Freundlich isotherm

species Qmax (mg/g) b (L/mg) R2 Kf 1/n R2

As(III) 12.2 3.46 0.96 2.96 0.57 0.99

As(V) 12.6 4.88 0.94 2.30 0.28 0.99

The Journal of Physical Chemistry C Article

DOI: 10.1021/acs.jpcc.7b12438
J. Phys. Chem. C 2018, 122, 13540−13547

13544



or nonexistent in binding the neutral As(III) on HA-MNPs; for
As(V), however, electrostatic repulsion between negatively
charged sorbent and sorbate could inhibit adsorption at pH >
3.3. Despite the electrostatic repulsion, chemical reactions
between the functional groups of humic acids and As(V) appear
to be dominant in the adsorption process. The possible binding
mechanisms for As(III) and As(V) can include ligand exchange
and/or formation of adducts through esterification.54 A decrease
in the characteristic O−H group signal in IR spectra of the HA-
MNPs upon addition of As(III) and As(V) indicates the OH
groups are critical and transformed upon exposure to arsenic
consistent with the formation of ester type bonds. Raman peaks
in the As(III) laden materials also exhibit bands characteristic of
ester or ether formation reactions between the OH group
associated with the HA and the arsenic species. With this in
mind, we proposed the following reaction mechanisms: for
As(III), ester type linkages could form (eq 1) due to reaction
between the carboxylate functional group in HA with the
nucleophilic OH of As(III). Conversely, nucleophilic functional
groups, such as phenolic −OH, RSH, RCOO−, and R−NH2,
can undergo addition type reactions with the electrophilic
arsenic atom in As(V) (eq 2).54

HA-MNP adsorption of As(V) is stronger and more extensive
than As(III). The four oxygen atoms attached to the central
As(V) can serve as chelating atoms or as nucleophiles in
addition type reactions. The electronegativity of the oxygen
atoms and π bond also make the As(V) atom electrophilic and
susceptible to accepting an electron pair or addition−
elimination mechanisms such as addition of the phenolate
entity, resulting in the formation of ester type functionalities.54

The lone electron pair and sp3 hybridization of As(III) make it
unreactive as an electrophile. The lower reactivity of As(III) can
reduce binding to HA-MNPs, as observed in the study.55 Under
strongly alkaline conditions (pH > 9) with solution pH above
the pKa’s of the As(III) and As(V) species, the repulsion
between the negatively charged As species and HA-MNPs slows
down the adsorption and/or ligand exchange processes. Also,
the higher concentrations of hydroxide present under alkaline
conditions may hydrolyze the ester linkages between the arsenic
species and the hydroxyl groups associated with HA materials,
resulting in lower observed adsorption of the arsenic species on
HA-MNPs.
3.5. Influence of Coexisting Ions. The influence of

different anions that commonly exist in natural waters
contaminated with arsenic on HA-MNP adsorption was studied.
The anions, SO4

2−, CO3
2−, PO4

3−, Cl−, and NO3
−, were added

individually at 1 mM to the specific adsorbent−adsorbate
mixtures. Sulfate, chloride, and nitrate showed no inhibition on
the adsorption of As(III) and As(V) shown in Figure S10.
Phosphate exhibited modest competition for the adsorption
sites, leading to slight decreases in the adsorption of both
As(III) and As(V) on HA-MNPs. Arsenic and phosphorus are

from group 15 of the periodic table and share some structural
and chemical similarities.56 Arsenic and phosphorus thus can
exhibit analogous adsorption and chelating properties in
competing for adsorption onto HA-MNP sites. However, in
natural water systems, the mass ratio of phosphate to arsenic is
generally quite low and not a concern in most cases.57

Carbonate showed modest inhibition of the adsorption of
As(V) species. The addition of carbonate to As(III) and As(V)
solutions results in an alkaline solution, pH ≈ 9. Under these
conditions, As(III) exists predominantly as a neutral species,
while As(V) exists in the dianionic form and the strong
repulsion with HA-MNPs can reduce the uptake of As(V). In a
separate study, we have also investigated the effect of iron
presence in the adsorption process, since arsenic and iron
commonly coexist under similar geochemical environment in
the aqueous system. Analysis of the residual arsenic concen-
tration showed that (Table S1) more than 97% of the arsenic
species were adsorbed on the HA-MNP surface which means
iron does not exhibit any interference or compete with the
arsenic species for the binding sites of the nanoparticles. In
summary, most common ions had a minimal influence on the
adsorption of As(III) and As(V) under the neutral pH
conditions encountered in natural water systems.

3.6. Release of Humic Acid and As Desorption Study.
The presence of humic materials can interfere with water
treatment processes and lead to disinfection byproduct (DBP)
formation. Leaching of humic acid from HA-MNPs or the
presence of free HA in solution can compete for the adsorption
of the arsenic species, which is undesirable, since As bound to
free HA will not be removed during the magnetic collection of
As laden HA-MNPs.58 Loss of HA from the surface of the
nanoparticle can also increase the exposure of the magnetite
core to the ambient environment and subsequent oxidation. To
determine the amount of humic material leached from HA-
MNPs upon adsorption of arsenic, batch experiments were
carried out. A 0.05 g portion of HA-MNPs was separately loaded
in 50 mL of water (control), As(III), and As(V) solutions with
pH adjusted to 6.6 ± 0.1. The reaction was carried out at room
temperature for a total of 3 h. After separation of the HA-MNPs,
the concentration of DOM in the resulting solution measured
by TOC analysis was used to determine the free humic acid in
different samples. The DOM concentrations regardless of the
presence of As(III) or As(V) are between 0.25 and 0.57 mg/L
(Table S2), which is within the typical concentration of NOM
found in the aquatic environments.59 The result demonstrates
the stability and robustness of the synthesized nanoparticles. A
desorption study was carried out by treating the arsenic
adsorbed nanoparticles with H2O2 and HNO3 at 110 °C for
90 min. The mass balance calculation of total arsenic showed
that more than 99% (data not shown) of the adsorbed species
can be successfully recovered from the HA-MNP surface.

4. CONCLUSIONS

The environmentally friendly, magnetic adsorbent HA-MNPs
have been found consistently effective for the removal of As(III)
and As(V) under different environmental conditions. This study
indicates adsorption of As(III) and As(V) occurs in three
different stages within the functionality of the HA coating via
surface association, intraparticle diffusion, and complexation
reactions or ligand exchange. The presence of characteristic
bands of As(III)−O and O−As(V)−O in the Raman spectra of
arsenic loaded HA-MNPs, fitting of the kinetic data into the
pseudo-second-order model and Freundlich isotherm, and
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pattern/efficiency of binding of As(III) and As(V) on HA-
MNPs at different pHs all suggest that chemisorption played the
major role in the arsenic species removal process using HA-
MNPs. TEM, FTIR, XAS, and TOC analysis of the synthesized
HA-MNPs after arsenic adsorption shows that the magnetite
core remains unaffected throughout the process, thus
confirming the robust nature of HA coating that perfectly
shields the magnetite core of the nanoaprticles. The successful
arsenic remediation process with detailed characterizations and
mechanistic insights presented in the paper can be an important
layout for the design and development of a sustainable water
treatment technology.
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