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Optimizing Arsenic Removal Using Surface-Modified Magnetic

Nanoparticles via Taguchi Experimental Design

Abstract

Humic acid (HA) was used to modify iron oxide magnetic nanoparticles (FezO4/HA
MNP) to improve adsorption efficiency for arsenic(V) (As(V)). The HA reduced the
agglomeration of Fe;O4 MNP, which increased the specific surface area of the Fe;O4 MNP
from 48.2 to 92.2 m?/g. The optimal conditions for As(V) removal by Fe;O0s/HA MNP
were determined via the Taguchi method, which were at pH 3, a Fe;04 MNP/HA dosage
of 5 g/L, adsorption time of 180 min, and concentration of coexisting ions of 20 mg/L.
The highest As(V) removal efficiency of FesO4/HA MNP was 94.3 %. The removal of
As(V) by Fes04/HA MNP followed pseudo-second-order kinetics, with an equilibrium
adsorption capacity of 0.452 mg/g and a rate constant of 0.222 g-min/mg. The elevated
adsorption rate is ascribed to the relatively high FesO4/HA MNP dosage relative to the
initial As(V) concentration, which provided an excess of available active sites. As(V)
uptake by Fe;O4/HA MNP proceeds mainly via electrostatic interactions, ion exchange,
and surface complexation with carboxyl and phenolic hydroxyl groups. Unlike previous
HA-coated Fe3O4 systems, this study provides a systematic assessment of how pH,
adsorbent dosage, contact time, and coexisting ions jointly control As(V) removal by
Fe3;04/HA MNP, offering practical guidance for process design under realistic multi-ion
conditions.
Keywords: Arsenic(V) adsorption; Humic acid-coated Fe3O4; Coexisting ions; Taguchi

optimization; Multi-ion matrix; Pseudo-second-order kinetics.
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1. Introduction

Arsenic (As) is ranked as the 20™ most abundant element in the Earth’s crust, 14®
in seawater, and 12% in the human body [1]. It can cause black foot disease [2], and cancer
[3], and can affect the central nervous system [4]. Many countries are affected by As
pollution in their natural underground waters [5]. In aqueous solutions, As occurs as
As(IIT) and As(V) in arsenates and arsenates, respectively [6], with As(III) being more
toxic than As(V) due to its higher solubility [7]. Conventional methods for As removal
from the aqueous solutions are co-precipitation and coagulation with aluminium, iron,
and lime, electrochemical treatment, ion exchange, and membrane filtration [8-10].
However, these methods tend to produce bulky wet sludge [11, 12].

Recent studies have focused on the adsorption of heavy metals by magnetic
nanoparticles (MNP) because they offer the advantages such as low processing costs, high
adsorption capacities, facile separation, and renewability [13, 14]. In the last decade,
Fe3O4 MNP has gained popularity as the preferred MNP in water treatment technology
due to its ease of separation from the solutions via magnetic field, reusability after
separation, rapid sorption and reaction kinetics [15-18]. Haematite (a-Fe2O3) MNP could
remove various heavy metals, such as Cr**, Co**, Ni**, Cu?*, Cd**, Pb*" and As*", as well
as Escherichia coli from water with high adsorption capacities above 60 % [19, 20].
However, the efficiency of FesO4 MNP is often limited by instability of surface functional
groups, and agglutination, leading to its decreased adsorption capacity [21, 22]. Recent
reports have shown that humic acid (HA) enhances the stability of the surface functional
groups and effective surface area of Fe3Os (~35 %), which are critical features in
promoting adsorption performance of FesO4 MNP (over 95 %) [23].

The Taguchi method is a well-established statistical design of experiments approach
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that enables efficient optimization of multi-factor systems using orthogonal arrays. In
environmental engineering, Taguchi designs have been widely used to identify influential
factors and approximate optimal operating conditions with fewer experimental runs than
conventional full factorial designs, while jointly considering mean responses and signal-
to-noise (S/N) ratios [24, 25]. In the realm of product design, the Taguchi method stands
out as a highly effective approach for simultaneously reducing product costs, enhancing
quality, and shortening development timelines. Within environmental science, this
method is recognized as a straightforward experimental design strategy that efficiently
identifies optimal operating conditions with minimal experimentation [24]. Compared to
other optimization techniques, the Taguchi method delivers expedited results through
fewer trials. Notably, it is unique in determining optimal conditions by concurrently
assessing both the mean responses and signal-to-noise (S/N) ratios, thereby offering a
robust framework for performance evaluation [25].

Several studies have reported humic acid (HA)-modified Fe;O4 nanoparticles for
arsenic removal; however, most of these investigations have been conducted at
comparatively high As concentrations, under simplified ionic compositions, or without
systematic optimization of operating conditions. In particular, the relative influence of pH,
adsorbent dosage, contact time, and coexisting ions on As(V) uptake by HA-coated Fe3O4
under realistic multi-ion conditions has not been comprehensively quantified.
Furthermore, although Taguchi designs have been applied in various environmental
processes, their use to optimize As(V) adsorption by HA-modified magnetic
nanoparticles (MNPs) in the presence of multiple competing ions remains limited.
Addressing these gaps is essential for translating HA-coated Fe;O4 from laboratory proof-

of-concept towards practical arsenic mitigation in complex water matrices.
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In this study, humic acid sodium salt (CoHgNa»O4) was used to modify FesO4 MNPs
to prevent aggregation and increase colloidal stability, thereby enhancing the As(V)
adsorption performance of Fe3Os. As(V) was selected due to its high stability and
widespread occurrence in oxygenated aquatic environments, particularly in surface
waters, where it primarily exists as oxyanions, whereas As(III) is more prevalent under
reducing conditions and exhibits lower adsorption efficiency because its neutral
molecular form at environmentally relevant pH limits interaction with adsorbent surfaces.
The influence of key parameters, namely pH, Fes04/HA MNP dosage, adsorption time,
and the presence of coexisting ions, on As(V) removal was evaluated using the Taguchi
method. The optimal conditions obtained from the Taguchi experiments were then used
to investigate the adsorption kinetics of As(V). Furthermore, the crystallinity, morphology,
elemental composition, and specific surface area of Fe3Os and FesOs/HA MNPs were
characterized to better correlate material properties with adsorption performance.

2. Experimental

2.1 Chemicals and reagents

Sodium arsenate heptahydrate (Na;HAsO4-7H20, 98.0-102 %, Alfa; providing Na* and
HAsO4%), sodium sulfate (Na2SOs, 99.14 %, Choneye Pure Chemicals; providing Na*
and SO4%>), sodium nitrate NaNOs, Shimakyu’s Pure Chemicals; providing Na* and NO3"),
calcium chloride anhydrous (CaClz, 76.07%, Choneye Pure Chemicals; providing Ca**
and CI"), and trisodium phosphate (Na3PO4, 97.9 %, Choneye Pure Chemicals; providing
Na* and PO4*") were obtained from their respective suppliers. Additional chemicals
included ferric chloride hexahydrate (FeClsz-6H>0, 99.9 %, Panreac AppliChem), ferrous
sulfate heptahydrate (FeSO4-7H20, 99.5-104.5 %, Panreac AppliChem), humic acid

sodium salt (CoHgNa>O4, 45—70 %, Acros), trisodium citrate dihydrate (C¢HsNa3;O7-2H>0,
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99-100.5 %, Panreac AppliChem), sodium hydroxide (NaOH, 98.0 %, Panreac
AppliChem), ethanol (C2HsOH, 99.5 %, Shimakyu’s Pure Chemicals), ammonia water
(NH4OH, 30%, Panreac AppliChem), nitric acid (HNOs3, 69 %, Panreac AppliChem),
cadmium nitrate tetrahydrate (Cd(NO3)2-4H20, 99 %, Alfa), hydrochloric acid (HCI, 35—
37 %, Shimakyu’s Pure Chemicals), and potassium dichromate (K2Cr20O7, Showa). High-
purity nitrogen gas (N2, 99.99 %, DaJun Gas) was used in all experimental procedures.
2.1. Preparation of Fe3O4 MNP and Fe3O4/HA MNP

The FesO4/HA MNP was synthesized via a co-precipitation method by using
FeSO4-7H>0, FeCl3-6H>0 and HA as the starting materials (Figure 1). First, FeClz-6H,O
and FeSO4-xHO (molar ratio Fe**:Fe** = 2:1) were dissolved in deionized (DI) water
(100 mL) to form solution A. Separately, HA (0.5 g, 2 mmol) was dispersed in DI water
(50 mL) under stirring to prepare solution B. Solution B was then gradually added to
solution A under continuous stirring. The pH of the mixture was adjusted to pH 10 using
ammonia solution, forming a black precipitate. The mixture was heated at 80°C under a
nitrogen atmosphere with constant stirring for 30 min. The color of Fe304 MNP gradually
changed from reddish-brown to black upon the formation of Fe304/HA MNP, indicating
successful surface modification of the MNP with HA (Figure S1). After cooling to room
temperature, the solid product was separated using a strong magnet and washed
thoroughly with DI water and ethanol to remove impurities. The obtained Fe304/HA MNP
composite was dried in a vacuum oven at 60°C, ground into fine powder, and stored for

further use.
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Figure 1. Schematic preparation of Fe304/HA MNP via co-precipitation method

2.2. Design of experiment by Taguchi method

The solution pH, MNP dosage, adsorption time, and coexisting ions are the essential
factors in the removal of heavy metals from aqueous solutions [24, 26, 27]. These factors
could govern the binding of heavy metals to HA, therefore the adsorption capacity of
Fe3sO4 MNP [28]. For instance, the binding of heavy metals to the negatively charged
surface of HA, which contains carboxylic and phenolic moieties, are strongly affected by
solution pH and ionic charge [28, 29]. Therefore, it is important to assess these parameters
when considering the application of FesO4/HA MNP in removing As(V) in environment.
In this work, Taguchi experiments were designed to determine the optimal operational
conditions for the removal of As(V) [30, 31]. The four factors, which were solution pH,
MNP dosage (g/L), adsorption time (min) and ionic concentration (mg/L) at four different
levels, were evaluated in the Taguchi experiment and are shown in Table 1.

Table 1. Factors and levels used in the Taguchi experimental design

Level 1 Level 2 Level 3 Level 4

Solution pH 3 5 7 9
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Dosage of MNP (g/L) 1 3 5 7
Adsorption time (min) 30 80 130 180
Ionic concentration (mg/L) 20 40 60 80

At the beginning of the experiment, DI water (500 mL) was filled in the high-
density polyethylene containers containing HAsNa>O4-7H20 (98.0 %, 2 mg/L) and four
kinds of coexisting ions, Na;SO4 (Na*, SO42"), NaNOs (Na*, NOs"), CaCl, (Ca**, CI'), and
Na3POs (Na*, PO4*). These coexisting ions were chosen because they are among the most
abundant ions in wastewater. The ionic concentrations were 20, 40, 60, and 80 mg/L.
After adding these ions to the container, the solution pH was adjusted to 3, 5, 7, and 9 by
using HNO3 (0.1 M) and NaOH (0.1 M). The Fes;Os/HA MNP was then added at the
dosage of 1, 3, 5 and 7 g/L. A rotary oscillator (TKS, OS701) was deployed to shake the
solutions. The adsorption time was initially set to 30, 80, 130, and 180 min to control the
contact time between the magnetic adsorbent and arsenic in the solution. The As(V)
concentration in the filtrates were measured using Atomic Absorption Spectroscopy (50
AA-AAS, Agilent Technologies).

2.3. Pseudo-second-order kinetic model

A pseudo-second-order kinetics model was employed to simulate the adsorption
kinetics of As(V) by the Fes04/HA MNP. Two Fe3O4/HA MNP dosages (3 g/L and 5 g/L)
were added into the As(V) solution (2 mg/L, 500 mL) at room temperature and pH 5.
Kinetic experiments were carried out at pH 5, which represents a practically relevant
compromise between the statistically optimal pH 3 identified by the Taguchi design and
real-world operating constraints such as acid consumption and corrosion risk. The As(V)

solution also contained NaxSO4, NaNO3, CaCl,, and Na3POs, and the concentration of
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each coexisting ion was 20 mg/L. The reaction time for the kinetic model was 180 min,
and the adsorption capacity of Fe304/HA MNP was analyzed at 10, 20, 30, 40, 50, 60, 90,
120, and 180 min.

The amount of As(V) adsorbed at equilibrium (qe, mg/g), the pseudo-second-order
reaction, and the rate of the pseudo-second-order reaction (t/qc) were calculated by using

Egs (1), (2) and (3), respectively [32].

go= Lo~ Ce) ;l Ce) @
d 2
T =k (G- a0 ®

t 1 t Q3)

= + —
dc k203 Qe

where Co (mg/L) and C. (mg/L) are the initial and equilibrium concentrations of As(V),
respectively; m (g) is the mass of Fe3O4/HA MNP, and V (L) is the volume of the As(V)
solution, q is the amount of As(V) adsorbed at time t (min), ko is the reaction rate constant
g/(mg-min). The feasibility of the pseudo-second-order kinetics model was evaluated
based on the experimental results.
2.4. Characterization of adsorbents

Scanning Electron Microscopy (SEM) and Energy Dispersive X-ray Spectroscopy
(EDS) (S-4800N, Hitachi) were used to analyze the surface characteristics and elements
of synthesized materials. The crystal structure of Fe;O4 MNP and Fe;Os/HA MNP was

determined by X-ray diffraction (XRD) D8 advance, Bruker, A= 1.542 A with a Cu Ka
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radiation. The specific surface area of the samples was determined by the Brunauer
Emmett Teller (BET) method.
3. Results and Discussion
3.1 Morphology of Fe3O4 MNP and Fe;O4/HA MNP

Composition and morphology of Fe30s MNP and Fe3Os/HA MNP are shown in
Figure 2. The EDS results confirmed the presence of Fe and O in Fe3O4 MNP (Figure
2(a)), whilst Fe, O, and C elements were found in Fe3O04/HA MNP (Figure 2(c)). The C
element was attributed to the addition of HA to FesO4 MNP. The weight percentages (%)
of Fe and O in Fe304 MNP were 67.64 % and 32.36 %, respectively. The atomic ratio of
Feto O was close to 3: 4. As for Fe304/HA MNP, the weight percentage of Fe decreased
with the addition of HA. The SEM images of the Fe304 MNP (Figure 2(b)) and Fe3;O4/HA
MNP (Figure 2(d)) reveal aggregation of unmodified Fe3;O4 MNP, which was reduced
substantially in Fe3O4/HA MNP, suggesting that HA helped in preventing the

agglomeration whilst stabilizing of Fe304 MNP [33].
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Figure 2. The EDS mapping and SEM images of (a, b) Fe;O4 MNP and (c, d) Fe;04/HA

MNP

3.2. Crystal structure and specific surface area of adsorbents

The XRD patterns of Fe304 MNP and Fes;O4/HA MNP are compared in Figure 3,
and the characteristic peaks at 30.1°, 35.5°, 43.1°, 53.4°, 57.0 °, and 62.6° corresponded
to (220), (311), (400), (422), (511) and (440) planes of the Fe304 MNP, respectively. For
the Fes04/HA MNP, there were no additional peaks and peak shifting, revealing that the

crystallinity of MNP was not affected by the HA modification on the surface [33, 34].

10
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Figure 3. XRD patterns of Fe;O4 MNP and Fe3;04/ HA MNP

The specific surface area of the MNP adsorbents was calculated by the BET
isotherm, as shown in Figure S2. The total specific surface area of Fe304/HA MNP (92.2
m?/g) was higher than that of Fe3Os MNP (48.2 m*/g). The SEM micrographs (Figure 2)
and BET isotherms (Figure S2) revealed efficiently reduced agglutination of Fe;O4/HA
MNP [35, 36]. Furthermore, based on the XRD and BET results, the specific surface area
of Fe304/HA MNP was greatly enhanced without affecting the crystallinity of Fe;04 MNP
[37], which are highly desired properties for Fe;Os-based adsorbents. The specific
surface areas of Fe;O4 MNP and Fe3O4/HA MNP in this study are also compared with
previous studies in Table 2. The specific surface area of our Fe304/HA MNP increased
by 47.8 %, which was much higher than previously reported Fe;Os/HA MNPs (3.1 - 26.3

%), which were synthesized via hydrothermal and co-precipitation methods.

11



212

213

214

215

216

Table 2. Comparison of BET analyses of Fe3;04/HA MNP

Modification
Magnetic source ~ Modification Specific surface area (m?/g) Reference
method
After
Before modification
modification
FCC13'6H20, Co-
Humic Acid 48.2 92.2 This study
FeS04.7H,O precipitation
FeCls-6H0, Co-
Humic Acid 89.5 102.8 - 121.4 [34]
FeS0O4.7H,0O precipitation
FeCls.6H,0, Fluoropolymer Co-
15.4 24.5-29.8 [38]
FeCl,.4H,O , Humic Acid precipitation
FCC13.6H20, Co-
Humic Acid _ 104 [39]
FeCl.4H.O precipitation
FCC13’6H20, Co-
Humic Acid 62 64 [28]
FeSO4.7H,0 precipitation
FeCls-6H,0, Montmorilloni
Hydrothermal 72.2 62.1-98.8 [40]
FeS0O4.7H,O te, Humic Acid
FeCls-6H,0, Oyster Shell, Co-
- 47.5 [41]
FeS04.7H,0O Humic Acid precipitation
FeCls;-6H,0, Co-
Humic Acid 42.5 64 [42]
FeS04.7H,0 precipitation

The Taguchi method was used to optimize the operating conditions for adsorbing

12

3.3. Optimization of As(V) removal by Taguchi method

As(V) by using Fes04/HA MNP. The As(V) removal efficiency (y, %) and average



217  Signal-to-Noise ratio, (S/N, in unit dB) were calculated by Eqs (4) and (5), respectively
218  [43].

Co — C 4
Removal efficiency,y (%) = (Oc—t) x 100 “@)
0

219
220  where Co (ppm) is the initial concentration of As(V), C; is the concentration of As(V) at

221  the time t (min) of the adsorption process.

Signal Noi ti S _ 101 1271: ! ®
ignal — to — Noise ra 10,N = og( nl. 2 )
i=

222

223 The S/N is a robust evaluation index in the Taguchi experiments. The "larger the
224 Dbetter" quality characteristic was selected in the experiment, in which the S/N ratio is
225  equal tom, and y is the characteristic response or output. The experiments were conducted
226 in triplicate under different experimental factors to determine the As(V) removal
227  efficiency of Fe304/HA MNP, as shown in Table S1. Four experimental parameters were
228 investigated in four levels, which were the solution pH (3, 5, 7, 9), the MNP dosage (1, 3,
229 5,7 g/L), adsorption time (30, 80, 130, 180 min) and the coexisting ionic concentrations
230 (20, 40, 60, 80 mg/L).

231 The highest As(V) removal efficiency and S/N value of Fe304/HA MNP were 94.3
232 % and 39.5 dB, respectively. The results show that Fe3O4/HA MNP reached the highest
233 As(V)removal at pH 5, Fes04/HA MNP dosage of 5 g/L, adsorption time of 180 min, and
234  ionic concentration of 20 mg/L. In addition, average S/N ratio of each factor was
235  calculated for all four different levels, as shown in Table S2. The order of the S/N ratios

236 among the four levels was pH value (0.25 dB) > MNP dosage (0.23 dB) > ionic

13
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concentration (0.15 dB) > adsorption time (0.13). Overall, the solution pH was the most
important factor in controlling the As(V) removal in aqueous solutions, whilst the
adsorption time was the least critical factor in the As(V) removal.

Figure 4 depicts the S/N ratios of the residual tensile strength of the factors in this
study. The dotted horizontal line in Fig. 4 represents the overall mean S/N ratio across all
experimental conditions, serving as a reference threshold for performance assessment,
and S/N ratios exceeding this line indicate enhanced performance, whereas lower values
suggest a decline in adsorption efficiency. The As(V) removal of Fe3;Os/HA MNP
decreased with increasing solution pH because of high redox potential of Fe304/HA MNP
in low pH conditions. Lower redox potentials of Fe30s/HA MNP at higher pH reduced
the adsorption efficiency of Fes04/HA MNP [44], especially at pH = 5, with the S/N ratio
at 39.33. The highest S/N ratio of 39.38 was observed for the Fe;O4/HA MNP dosage of
5 g/L, before decreasing to 39.33 at the adsorbent dosage of 7 g/L, owing to the
agglomeration tendency of Fe304/HA MNP at higher MNP dosages, leading to reduced
the As(V) adsorption. For the adsorption duration, the highest S/N value (39.33) was
recorded at adsorption duration of 80 min, before decreasing to 39.20 at 130 min and
increased slightly to 39.25 at 180 min. As the S/N ratio of adsorption time was the lowest
among other tested parameters, this confirms that the adsorption time is the least critical

operational parameter in these Taguchi-optimized experiments.

14



Main Effects Plot for SN ratios

Data Means
pH [ MNP Dosage I Time | Coexisting ions
39.40
R
39351 o JI \

| )\ *

- \‘x // / /\ 7 \\f’/\
\ y \/ \
39.15 / '

39.10 \

Signal-to-noise: Larger is better

Mean of SN ratios
—

258

259 Figure 4. Mean data plots of S/N ratios at different experimental factors.

260

15



261

262

263

264

265

266

267

268

269

270

271

272

273

274

275

276

277

278

279

280

281

282

283

284

Coexisting ions (POs>, SO4>", NO53", Ca*") in the solution significantly influence the
As(V) adsorption efficiency of Fe3O4/HA MNP, as evidenced by a fluctuating S/N ratio
trend. Herein, the S/N ratio of the coexisting ions reached the highest value at 39.33, with
the concentration of the coexisting ions at 20 mg/L. In contrast, the S/N ratio of the
coexisting ions decreased dramatically (39.18) at the ionic concentration of 80 mg/L,
suggesting that higher ionic concentrations substantially hindered adsorption efficiency
due to competitive interactions at the adsorption sites. While the experiments primarily
focused on anions, due to their direct competition with As(V) as arsenate (AsO4>"), the
role of cations (Na* and Ca**) must also be considered in the As(V) adsorption, as Na* in
this study originated from Na>SO4, NaNQOs, and other related compounds. The specific
inclusion of Ca?* in the analysis is due to its ability to compress the diffuse double layer
of Fe;Os/HA MNP, altering the surface charge distribution and inducing particle
aggregation [45]. Ca®" interacts with carboxylate (-COO~) and hydroxyl (-OH) moieties
in HA, facilitating the formation of Fe;O4/HA MNP complexes [46, 47]. Therefore, Ca**
could promote adsorption efficiency by increasing the availability of active sites on the
surface of Fes04/HA MNP. However, at elevated concentrations of coexisting ions (80
mg/L), competitive adsorption effects become more pronounced, reducing the number of
available adsorption sites and subsequently diminishing the adsorption efficiency [44].
Similarly, Na® influences As(V) adsorption through distinct mechanisms. As a
monovalent cation, Na" has limited ability to compress the diffuse double layer. Instead,
it primarily acts as a background electrolyte, increasing the ionic strength of the solution.
At higher Na* concentrations, elevated ionic strength induces electrostatic screening,
weakening the attraction between Fe3O4/HA MNP and As(V), thereby reducing

adsorption efficiency [45, 48, 49]. While Na* does not directly compete with As(V) for
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the same adsorption sites due to their opposite charges, it can indirectly affect availability
by binding to the negatively charged HA functional groups, slightly altering the surface
charge [50, 51]. Compared to Ca>", Na* has a weaker impact because it does not form
stable inner-sphere complexes with HA functional groups, limiting its influence to
predominantly electrostatic effects rather than chemical interactions. Notably, Figure 4
indicates that the S/N ratio at level 3 (60 mg/L) was higher than at level 2, suggesting that
ionic interactions and adsorption efficiency are not linearly dependent on concentration.
This non-linear trend implies that complex ion-exchange dynamics may be occurring,
warranting further investigation to fully elucidate their role in Fe304/HA MNP adsorption
performance. Therefore, the optimal As(V) removal conditions identified by the Taguchi
method were: pH 3, FesOs/HA MNP dosage of 5 g/L, contact time of 180 min, and
coexisting ion concentration of 20 mg/L. At these conditions, anionic competition is
minimized and cation effects are optimally balanced, enabling enhanced adsorption

efficiency.

5.4. Adsorption Kinetics

Second-order kinetic models were used to assess the adsorption kinetics of As(V)
by FesOs/HA MNP utilizing the optimal conditions for the As(V) adsorption identified
based on the Taguchi experimental results. Although the solution pH 3 exhibited the
highest S/N ratio among all test levels, solution pH 5 (with an S/N ratio lower by 0.02 dB
compared to pH 3) was selected for the reaction kinetics due to greater cost-effectiveness
in practical applications.

Based on the results in Fig. 4, the As(V) adsorption kinetics of Fe304/HA MNP with

the MNP dosages of 3 g/L and 5 g/L at pH 5 were investigated and the results for the
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326

heavy metal removal are shown in Fig. 5. The adsorption process was found to be rapid
in the first 10 min of adsorption until reaching equilibrium at 180 min, with q¢ being 0.404
and 0.44 for the 3g/L and 5g/L. dosages, respectively. The initial fast adsorption rate of
As(V) might be due to the nanoscale adsorbents since fine particles were favored for the
diffusion of arsenic compounds from the bulk solution to the active sites of the adsorbents.
Thus, the MNP showed high adsorption capacities at the beginning. The adsorbent's
number of active sites reduced gradually with time, so As(V) adsorption gradually slowed
down. The reaction kinetics constant (kz), regression coefficient (R»2), equilibrium
adsorption capacity (qe), and the pseudo-second-order reaction rate (t/q;) are shown in Fig.
5(b) and Table S3. The reaction kinetics constant (k2) of the adsorbent dosage of 3 g/L

was 0.156 g/(mg-min), which was lower than k» of the dosage of 5 g/L., which was 0.222

g/(mg-min).
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Figure 5. (a) As(V) adsorption kinetics of Fe304/HA MNP; and (b) the pseudo-second-

order model for As(V) adsorption on Fe;04/HA MNP

In contrast, t/q: of the MNP dosage of 3 g/L was 445.2 g-min/mg, which was higher

than the t/q; of 5 g/ MNP dosage at 407.9 g-min/mg. In addition, q. of As(V) at the MNP
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327  dosage of 3 g/l and 5 g/L were 0.421 mg/g and 0.452 mg/g, respectively. These results
328 show the adsorption capacity is directly proportional to the adsorbent dosage. However,
329  the adsorption capacities did not differ much between 3 — 5 g/L adsorbent dosages, and
330 the reaction kinetic constant of 5 g/L. dosage was higher than that of 3 g/L. Comparing
331  the qge and k> values of our study with the literatures (Table 3), our g results were lower,
332  however, the adsorption efficiencies of 3 g/L and 5 g/L achieved highest at 92.7 and 94.3
333 %, respectively (Table S1). The findings could be explained by low concentrations of
334  As(V) with high adsorbent dosage. Moreover, the As(V) concentration used in this study
335 (2 mg/L) is relatively low compared with many laboratory adsorption studies, and was
336 selected to better reflect severely contaminated natural waters and industrial effluents,
337  rather than treated drinking water where As levels are typically in the pg/L range. The
338 rate constant ko for 3 g/LL MNP dosage (0.156 g/(mg-min)) was lower than that for 5 g/L.
339  (0.222 g/(mg-min)), indicating that higher adsorbent loadings promote faster As(V)
340 adsorption kinetics, likely due to enhanced surface area and active site availability [52].
341
342
343 Table 3. Comparison of adsorption capacities with previous reports.

Adsorbent Pollutant ~ Concentration = Contact  Dose ge ko Ref.

(mg/L) time (g/L) (mg/g)  g/mg-min
(min)

Activated biochar As(V) 10 60 2 5 0.12

covered with Fe3O4

nanoparticles

(BCA-Fe)

Fe;04- As(III) 25 480 0.4 25.77 0.002 [54]

functionalized

boron nitride

nanosheets (BNNS-

Fe304

nanocomposite)

Iron-containing As(V) 0.4 180 0.2 1.879 0.475 [55]
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sludge (iMNP)

Sol-gel derived As(II) 10 90 0.15 38.2 0.043 [56]
Fe;04 quantum dot
decorated silica
composites
TiO; nanoparticles As(11D); 0.91; 180 0.32 1.04; 0.212; [57]
anchored on Fe;04 As(V) 1.06 3.35 0.147
magnetic
nanosheets
Polyaniline-Fe3;O4- As 0.045 N/A N/A 138.88 0.0056 [58]
silver diethyldithio-
carbamate
nanostructures
Fe;04/Bentonite As 20 120 5 6.8 0.001 [59]
nanoparticles
Sulfur-doped Fe3;04 As(V) 20 1440 0.5 42.44 0.002 [60]
nanoparticles
Fe;04/HA MNPs As(V) 2 180 5 0.452 0.222 This
Study
Fe;04/HA MNPs As(V) 2 180 3 0.421 0.156 This
Study
344
345 3.5 Adsorption mechanism
346 Heavy metal adsorption mechanisms are commonly classified into four main

347  categories: electrostatic interactions, ionic exchange, surface complexation/chelation, and

348  surface physical adsorption [47, 61]. In this context, the HA coating on Fe;O4/HA MNP

349  enriched the adsorbent’s surface with carboxyl (C=0), phenolic hydroxyl (OH), and

350 carboxylate (COO") functionalities, which play a crucial role in the complexation of As(V)

351  to the adsorbent [47, 62]. Based on the Taguchi analysis, the adsorption of As(V) onto

352 Fe3;04/HA MNP is primarily governed by the first three mechanisms, which are the

353 electrostatic interactions, ionic exchange, and surface complexation, supported by the

354  functional groups and the nanoscale structure of the MNP surface. At pH > pHpc (2.5),

355  the negatively charged surface of the material facilitates strong electrostatic interactions

356  with the As(V) ions, achieving an optimal adsorption efficiency of 94.3 % at pH 5. Ionic

357  exchange is evidenced by the replacement of surface-bound Ca** ions with As(V), while
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371

372

high concentrations of coexisting ions (>20 mg/L) indicate competition for similar
adsorption sites and gradually reduce the adsorbent’s efficiency. The adsorption process
follows the pseudo-second-order kinetics, with a rate constant (k2) of 0.222 g/(mg-min)
at a MNP dosage of 5 g/L. With a high surface area (92.2 m?/g) and structural stability,
Fe3;04/HA MNP demonstrates strong potential as an efficient adsorbent for As(V) in

wastewater treatment applications.

1. Electrostatic Adsorption

-

As(V)

Surface-negative
charge

2. Ion Exchange

Figure 6. Proposed adsorption mechanism of As(V) on Fe304/HA MNP via electrostatic

interaction, ionic exchange, and surface complexation.

4. Conclusions

The chemically modified Fe3;O4/HA MNP showed high stability without
aggregation compared to the unmodified Fe;O4 MNP. The Fe;O4/HA MNP also exhibited
a larger specific surface area of 92.2 m?/g, much higher than the values (72.6-79.5 m?/g),
which is favorable for enhancing arsenic adsorption performance. The Taguchi method
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387

successfully identified the optimal operational conditions for As(V) removal using
Fe304/HA MNP, namely pH 3, MNP dosage of 5 g/L, adsorption time of 180 min, and a
coexisting ion concentration of 20 mg/L, under which the highest As(V) removal
efficiency of 94.3% was achieved. The rapid removal of As(V) by Fe304/HA MNP was
found to follow pseudo-second-order kinetics, involving electrostatic interactions, ion
exchange, and surface complexation. The findings demonstrate the potential of Fe304/HA
MNP as an effective and sustainable material for arsenic removal in wastewater treatment.
Importantly, the optimization was conducted in the presence of multiple coexisting ions
(PO4+*, SO4*, NOs~, Ca?"), providing practical insights into Fe;O4/HA MNP performance
under realistic water-chemistry conditions. Future work should focus on evaluating
performance at lower As levels (ug/L range), investigating adsorbent regeneration and
reusability, and conducting column studies to translate these batch results into operational

guidelines for field-scale applications.

22



388 Declarations

389  Ethics Approval

390 Not applicable.

391  Consent for Participation and Publication

392  Not applicable.

393  Availability of data and materials

394  No datasets were generated or analyzed during the current study. Data sharing is not

395 applicable to this article.

396 Competing interests

397  The authors declare that they have no competing financial or non-financial interests
398 related to the work described in this manuscript. None of the authors is registered in the
399  journal’s Editorial System as an Editor or Reviewer, and none of the authors is a member
400 of the Editorial Board of Chemical Papers.

401  Clinical Trial Registration

402  Not applicable.

403

23



404

405
406
407
408
409
410
411
412
413
414
415
416
417
418
419
420
421
422
423
424
425
426
427
428
429
430
431
432
433
434
435
436
437
438
439
440
441
442
443
444
445
446
447

References

[1] K. Jomova, Z. Jenisova, M. Feszterova, S. Baros, J. Liska, D. Hudecova, C.J. Rhodes,
M. Valko, Arsenic: toxicity, oxidative stress and human disease, J Appl. Toxicol. 31
(2011) 95-107. https://doi.org/10.1002/jat.1649

[2] N.K. Roy, A. Murphy, M. Costa, Arsenic Methyltransferase and Methylation of
Inorganic Arsenic, Biomolecules 10 (2020) 1351.
https://doi.org/10.3390/biom10091351

[3] S. Wei, H. Zhang, S. Tao, A review of arsenic exposure and lung cancer, Toxicol. Res.
8 (2019) 319-327. https://doi.org/10.1039/C8TX00298C

[4] C. Garza-Lombd, A. Pappa, M.I. Panayiotidis, M.E. Gonsebatt, R. Franco, Arsenic-
induced neurotoxicity: a mechanistic appraisal, J. Biol. Inorg. Chem. 24 (2019) 1305-
1316. https://doi.org/10.1007/s00775-019-01740-8

[5] J. Podgorski, M. Berg, Global threat of arsenic in groundwater, Science 368 (2020)
845-+. https://doi.org/10.1126/science.abal510

[6] M.A. Alam, W.A. Shaikh, M.O. Alam, T. Bhattacharya, S. Chakraborty, B. Show, I.
Saha, Adsorption of As (lll) and As (V) from aqueous solution by modified Cassia fistula
(golden shower) biochar, Appl. Water Sci. 8 (2018). https://doi.org/10.1007/s13201-
018-0839-y

[7]1 N.E. Korte, Q. Fernando, A Review of Arsenic (lll) in Groundwater, Crit. Rev. Environ.
Sci. Technol. 21 (1991) 1-39. https://doi.org/10.1080/10643389109388408

[8] C. Wang, J. Luan, C. Wu, Metal-organic frameworks for aquatic arsenic removal,
Water Res. 158 (2019) 370-382. https://doi.org/10.1016/j.watres.2019.04.043

[9] HY. Gong, Y.D. Huang, H.Y. Hu, B. Fu, T.T. Ma, S. Li, K. Xie, G.Q. Luo, H. Yao, Insight of
particulate arsenic removal from coal-fired power plants, Fuel 257 (2019).
https://doi.org/10.1016/j.fuel.2019.116018

[10] F.M. Pang, S.P. Teng, T.T. Teng, A.K.M. Omar, Heavy Metals Removal by Hydroxide
Precipitation and Coagulation-Flocculation Methods from Aqueous Solutions, Water
Qual. Res. J. Canada. 44 (2009) 174-182. https://doi.org/10.2166/wqrj.2009.019

[11] Y. Wei, RT. Van Houten, A.R. Borger, D.H. Eikelboom, Y. Fan, Minimization of excess
sludge production for biological wastewater treatment, Water Res. 37 (2003) 4453-
4467. https://doi.org/10.1016/50043-1354(03)00441-X

[12] G. Crini, E. Lichtfouse, Advantages and disadvantages of techniques used for
wastewater treatment, Environ. Chem. Lett. 17 (2019) 145-155.
https://doi.org/10.1007/s10311-018-0785-9

[13] X. Liu, J.N. Guan, G.H. Lai, Q. Xu, X.B. Bai, Z.M. Wang, S.P. Cui, Stimuli-responsive
adsorption behavior toward heavy metal ions based on comb polymer functionalized
magnetic nanoparticles, J. Clean. Prod. 253 (2020).
https://doi.org/10.1016/j.jclepro.2019.119915

[14] H.-K. Wang, Z.-H. Wang, M.-C. Wang, Using the Taguchi method for optimization of
the powder metallurgy forming process for Industry 3.5, Comput. Ind. Eng. 148 (2020)
106635. https://doi.org/10.1016/j.cie.2020.106635

[15] S.X. Liu, B. Yu, S. Wang, Y.Q. Shen, H.L. Cong, Preparation, surface functionalization
and application of Fe304 magnetic nanoparticles, Adv. Colloid Interface Sci. 281 (2020).
https://doi.org/10.1016/].cis.2020.102165

24



448
449
450
451
452
453
454
455
456
457
458
459
460
461
462
463
464
465
466
467
468
469
470
471
472
473
474
475
476
477
478
479
480
481
482
483
484
485
486
487
488
489
490
491

[16] S. Rosenfeldt, F. Mickoleit, C. Jorke, J.H. Clement, S. Markert, V. Jerome, S.
Schwarzinger, R. Freitag, D. Schuler, R. Uebe, A.S. Schenk, Towards standardized
purification of bacterial magnetic nanoparticles for future in vivo applications, Acta
Biomater. 120 (2021) 293-303. https://doi.org/10.1016/j.actbio.2020.07.042

[17] A.S.K. Kumar, S.J. Jiang, J.K. Warchol, Synthesis and Characterization of Two-
Dimensional Transition Metal Dichalcogenide Magnetic MoS2@Fe304 Nanoparticles
for Adsorption of Cr(VI)/Cr(lll), Acs Omega 2 (2017) 6187-6200.
https://doi.org/10.1021/acsomega.7b00757

[18] X.Q. Peng, W. Zhang, L.G. Gai, H.H. Jiang, Y. Wang, L.C. Zhao, Dedoped Fe304/PPy
nanocomposite with high anti-interfering ability for effective separation of Ag(l) from
mixed metal-ion solution, J. Chem. Eng. 280 (2015) 197-205.
https://doi.org/10.1016/j.cej.2015.05.118

[19] A. Latif, D. Sheng, K. Sun, Y.B. Si, M. Azeem, A. Abbas, M. Bilal, Remediation of
heavy metals polluted environment using Fe-based nanoparticles: Mechanisms,
influencing factors, and environmental implications, Environ. Pollut. 264 (2020).
https://doi.org/10.1016/j.envpol.2020.114728

[20] A.U. Rehman, S. Nazir, R. Irshad, K. Tahir, K.U. Rehman, R. Ul Islam, Z. Wahab,
Toxicity of heavy metals in plants and animals and their uptake by magnetic iron oxide
nanoparticles, J. Mol. Liq. 321 (2021). https://doi.org/10.1016/j.molliq.2020.114455
[21] EW.C. Lim, R.L. Feng, Agglomeration of magnetic nanoparticles, Chem. Phys. 136
(2012). https://doi.org/10.1063/1.3697865

[22] F.S.A. Khan, N.M. Mubarak, M. Khalid, R. Walvekar, E.C. Abdullah, S.A. Mazari, S.
Nizamuddin, R.R. Karri, Magnetic nanoadsorbents’ potential route for heavy metals
removal—a review, Environ. Sci. Pollut. Res. 27 (2020) 24342-24356.
https://doi.org/10.1007/s11356-020-08711-6

[23] F.H. Narouei, D. Andreescu, S. Andreescu, Rapid characterization of arsenic
adsorption on single magnetite nanoparticles by collisions at microelectrodes, Environ.
Sci. Nano 7 (2020) 1999-2009. https://doi.org/10.1039/DOEN00336K

[24] T. Dagdevir, V. Ozceyhan, Optimization of process parameters in terms of
stabilization and thermal conductivity on water based TiO2 nanofluid preparation by
using Taguchi method and Grey relation analysis, Int. Commun. Heat Mass Transf. 120
(2021). https://doi.org/10.1016/j.icheatmasstransfer.2020.105047

[25] M. Sezer, E. Topkaya, S. Aksan, S. Veli, A. Arslan, Optimizing microplastic treatment
in the effluent of biological nutrient removal processes using electrocoagulation:
Taguchi experimental design, J Environ Manage 369 (2024) 122413.
https://doi.org/10.1016/j.jenvman.2024.122413

[26] F. Abbasi, M.T. Yaraki, A. Farrokhnia, M. Bamdad, Keratin nanoparticles obtained
from human hair for removal of crystal violet from aqueous solution: Optimized by
Taguchi method, Int. J. Biol. Macromol. 143 (2020) 492-500.
https://doi.org/10.1016/j.ijbiomac.2019.12.065

[27] R. Pundir, G.H.V.C. Chary, M.G. Dastidar, Application of Taguchi method for
optimizing the process parameters for the removal of copper and nickel by growing
Aspergillus sp, Water Resour. Ind. 20 (2018) 83-92.
https://doi.org/10.1016/j.wri.2016.05.001

25



492
493
494
495
496
497
498
499
500
501
502
503
504
505
506
507
508
509
510
511
512
513
514
515
516
517
518
519
520
521
522
523
524
525
526
527
528
529
530
531
532
533
534
535

[28] J.F. Liu, Z.S. Zhao, G.B. Jiang, Coating Fe304 magnetic nanoparticles with humic
acid for high efficient removal of heavy metals in water, Environ. Sci. Technol. 42 (2008)
6949-6954. https://doi.org/10.1021/es800924c

[29] W.J. Shi, CW. Lu, J. He, H. En, M.S. Gao, B.Y. Zhao, B. Zhou, H.J. Zhou, H.L. Liu, Y.
Zhang, Nature differences of humic acids fractions induced by extracted sequence as
explanatory factors for binding characteristics of heavy metals, Ecotoxicol. Environ. Saf.
154 (2018) 59-68. https://doi.org/10.1016/j.ecoenv.2018.02.013

[30] Y. Ding, M.Q. Liu, S.M. Peng, J.H. Li, Y.Z. Liang, Z.Q. Shi, Binding characteristics of
heavy metals to humic acid before and after fractionation by ferrihydrite,
Chemosphere 226 (2019) 140-148.
https://doi.org/10.1016/j.chemosphere.2019.03.124

[31] M.E. Mahmoud, M.S. Abdelwahab, E.M. Fathallah, Design of novel nano-sorbents
based on nano-magnetic iron oxide-bound-nano-silicon oxide-immobilized-
triethylenetetramine for implementation in water treatment of heavy metals, J. Chem.
Eng. 223 (2013) 318-327. https://doi.org/10.1016/j.cej.2013.02.097

[32] H.N. Tran, S.J. You, H.P. Chao, Fast and efficient adsorption of methylene green 5
on activated carbon prepared from new chemical activation method, J. Environ.
Manage. 188 (2017) 322-336. https://doi.org/10.1016/j.jenvman.2016.12.003

[33] S. Koesnarpadi, S.J. Santosa, D. Siswanta, B. Rusdiarso, Synthesis and
Characterizatation of Magnetite Nanoparticle Coated Humic Acid (Fe304/HA), Procedia
Environ. Sci. 30 (2015) 103-108. https://doi.org/10.1016/j.proenv.2015.10.018

[34] P. Singhal, S.K. Jha, S.P. Pandey, S. Neogy, Rapid extraction of uranium from sea
water using Fe304 and humic acid coated Fe304 nanoparticles, J. Hazard. Mater. 335
(2017) 152-161. https://doi.org/10.1016/j.jhazmat.2017.04.043

[35] C.H. Yan, L. Fan, Y. Chen, Y.T. Xiong, Effective adsorption of oxytetracycline from
aqueous solution by lanthanum modified magnetic humic acid, Colloids Surf. A
Physicochem. Eng. Asp. 602 (2020). https://doi.org/10.1016/j.colsurfa.2020.125135
[36] T. Damena, T. Alansi, Review: Low Cost, Environmentally Friendly Humic Acid
Coated Magnetite Nanoparticles (HA-MNP) and Its Application for the Remediation of
Phosphate from Aqueous Media, J. Encapsulation Adsorpt. Sci. 08 (2018) 256-279.
https://doi.org/10.4236/jeas.2018.84013

[37] D.L. Rossatto, M.S. Netto, S.L. Jahn, E.S. Mallmann, G.L. Dotto, E.L. Foletto, Highly
efficient adsorption performance of a novel magnetic geopolymer/Fe304 composite
towards removal of aqueous acid green 16 dye, J. Environ. Chem. Eng. 8 (2020).
https://doi.org/10.1016/j.jece.2020.103804

[38] U. Azhar, C.X. Huyan, X.Z. Wan, CY. Zong, A.H. Xu, J.T. Liu, J.C. Ma, S.X. Zhang, B.
Geng, Porous multifunctional fluoropolymer composite foams prepared via humic acid
modified Fe304 nanoparticles stabilized Pickering high internal phase emulsion using
cationic fluorosurfactant as co-stabilizer, Arab. J. Chem. 12 (2019) 559-572.
https://doi.org/10.1016/j.arabjc.2018.04.003

[39] W.J. Jiang, Q. Cai, W. Xu, M.\W. Yang, Y. Cai, D.D. Dionysiou, K.E. O'Shea, Cr(VI)
Adsorption and Reduction by Humic Acid Coated on Magnetite, Environ. Sci. Technol.
48 (2014) 8078-8085. https://doi.org/10.1021/es405804m

[40] H.J. Ly, J.K. Wang, F. Li, X. Huang, B.Q. Tian, H.X. Hao, Highly Efficient and Reusable

26



536
537
538
539
540
541
542
543
544
545
546
547
548
549
550
551
552
553
554
555
556
557
558
559
560
561
562
563
564
565
566
567
568
569
570
571
572
573
574
575
576
577
578
579

Montmorillonite/Fe304/Humic Acid Nanocomposites for Simultaneous Removal of
Cr(VI) and Aniline, Nanomaterials 8 (2018). https://doi.org/10.3390/nano8070537
[41] C.X. He, J.H. Qu, Z.H. Yu, D.H. Chen, T.T. Su, L. He, Z.K. Zhao, C.X. Zhou, P.Z. Hong, Y.
Li, S.L. Sun, CY. Li, Preparation of Micro-Nano Material Composed of Oyster
Shell/Fe304 Nanoparticles/Humic Acid and Its Application in Selective Removal of
Hg(ll), Nanomaterials 9 (2019). https://doi.org/10.3390/nan09070953

[42] L. Peng, P.F. Qin, M. Lei, Q.R. Zeng, H.J. Song, J. Yang, J.H. Shao, B.H. Liao, J.D. Gu,
Modifying Fe304 nanoparticles with humic acid for removal of Rhodamine B in water,
J. Hazard. Mater. 209 (2012) 193-198. https://doi.org/10.1016/j.jhazmat.2012.01.011
[43] M.T. Pham, D.P. Bui, F. Lin, N.H. Phuong, Y. Huang, J.J. Cao, S.J. You, Y.F. Wang,
Enhanced near-visible-light photocatalytic removal of formaldehyde over Au-assisted
ZnSn(OH)(6) microcubes, Environ. Technol. Innov. 20 (2020).
https://doi.org/10.1016/j.eti.2020.101112

[44] H. Murano, K. Suzuki, S. Kayada, M. Saito, N. Yuge, T. Arishiro, A. Watanabe, T. Isoi,
Influence of humic substances and iron and aluminum ions on the sorption of
acetamiprid to an arable soil, Sci. Total Environ. 615 (2018) 1478-1484.
https://doi.org/10.1016/j.scitotenv.2017.09.120

[45] J. Liu, C. Dai, Y. Hu, Aqueous aggregation behavior of citric acid coated magnetite
nanoparticles: Effects of pH, cations, anions, and humic acid, Environ Res 161 (2018)
49-60. https://doi.org/10.1016/j.envres.2017.10.045

[46] S. Xue, J. Fan, K. Wan, G. Wang, Y. Xiao, W. Bo, M. Gao, Z. Miao, Calcium-Modified
Fe(3)O(4) Nanoparticles Encapsulated in Humic Acid for the Efficient Removal of Heavy
Metals from Wastewater, Langmuir 37 (2021) 10994-11007.
https://doi.org/10.1021/acs.langmuir.1c01491

[47] S. Xue, Y. Xiao, G. Wang, J. Fan, K. Wan, Q. He, M. Gao, Z. Miao, Adsorption of
heavy metals in water by modifying Fe304 nanoparticles with oxidized humic acid,
Colloids and Surfaces A: Physicochemical and Engineering Aspects 616 (2021).
https://doi.org/10.1016/j.colsurfa.2021.126333

[48] J. Chen, H. Li, Y. Wang, Humic acid-based biomass-derived magnetic
nanocomposites modified by a deep eutectic solvent for the efficient adsorption of
trypsin, New Journal of Chemistry 48 (2024) 6608-6617.
https://doi.org/10.1039/D3NJ05602C

[49] Z. Hajizadeh, K. Valadi, R. Taheri-Ledari, A. Maleki, Convenient Cr(VI) Removal from
Aqueous Samples: Executed by a Promising Clay-Based Catalytic System, Magnetized by
Fe304 Nanoparticles and Functionalized with Humic Acid, ChemistrySelect 5 (2020)
2441-2448. https://doi.org/10.1002/slct.201904672

[50] A.S. Giwa, J.M. Ndungutse, Y. Li, A. Mabi, X. Liu, M. Vakili, A.G. Memon, L. Ai, Z.
Chenfeng, M. Sheng, Modification of biochar with Fe304 and humic acid-salt for
removal of mercury from aqueous solutions: a review, Environmental Pollutants and
Bioavailability 34 (2022) 352-364. https://doi.org/10.1080/26395940.2022.2115402
[51] W. Wu, X. Ma, R. Wang, D. Zhang, Green preparation of Fe304/HA/CS magnetic
nanoparticles for oil-water separation, Journal of Chemical Technology &
Biotechnology 99 (2024) 1637-1645. https://doi.org/10.1002/jctb.7657

[52] L.Q. Guo, P.R. Ye, J. Wang, F.F. Fu, Z.J. Wu, Three-dimensional Fe304-graphene

27



580
581
582
583
584
585
586
587
588
589
590
591
592
593
594
595
596
597
598
599
600
601
602
603
604
605
606
607
608
609
610
611
612
613
614
615
616
617

618

619

macroscopic composites for arsenic and arsenate removal, J. Hazard. Mater. 298 (2015)
28-35. https://doi.org/10.1016/j.jhazmat.2015.05.011

[53] J. Alchouron, C. Navarathna, H.D. Chludil, N.B. Dewage, F. Perez, E.B. Hassan, C.U.
Pittman, Jr., A.S. Vega, T.E. Mlsna, Assessing South American Guadua chacoensis
bamboo biochar and Fe304 nanoparticle dispersed analogues for aqueous arsenic(V)
remediation, Sci Total Environ 706 (2020) 135943.
https://doi.org/10.1016/j.scitotenv.2019.135943

[54] R.S. Bangari, V.K. Yaday, J.K. Singh, N. Sinha, Fe304-Functionalized Boron Nitride
Nanosheets as Novel Adsorbents for Removal of Arsenic(lll) from Contaminated Water,
ACS Omega 5 (2020) 10301-10314. https://doi.org/10.1021/acsomega.9b04295

[55] H. Zeng, L. Zhai, T. Qiao, Y. Yu, J. Zhang, D. Li, Efficient removal of As(V) from
aqueous media by magnetic nanoparticles prepared with Iron-containing water
treatment residuals, Sci Rep 10 (2020) 9335. https://doi.org/10.1038/s41598-020-
65840-1

[56] M. Rakibuddin, H. Kim, Sol-gel derived Fe304 quantum dot decorated silica
composites for effective removal of arsenic (lll) from water, Mater. Chem. Phys. 240
(2020) 122245. https://doi.org/10.1016/j.matchemphys.2019.122245

[57] M. Deng, X. Wu, A. Zhu, Q. Zhang, Q. Liu, Well-dispersed TiO2 nanoparticles
anchored on Fe304 magnetic nanosheets for efficient arsenic removal, J. Environ.
Manage. 237 (2019) 63-74. https://doi.org/10.1016/j.jenvman.2019.02.037

[58] S.A. Hashemi, S.M. Mousavi, S. Ramakrishna, Effective removal of mercury, arsenic
and lead from agueous media using Polyaniline-Fe304- silver diethyldithiocarbamate
nanostructures, J. Clean. Prod. 239 (2019) 118023.
https://doi.org/10.1016/j.jclepro.2019.118023

[59] E. Shabani, F. Salimi, A. Jahangiri, Removal of Arsenic and Copper from Water
Solution Using Magnetic Iron/Bentonite Nanoparticles (Fe304/Bentonite), Silicon 11
(2019) 961-971. https://doi.org/10.1007/s12633-018-9895-z

[60] J. Liu, L. Kong, X. Huang, M. Liu, L. Li, Removal of arsenic(v) from aqueous solutions
using sulfur-doped Fe304 nanoparticles, RSC Adv. 8 (2018) 40804-40812.
https://doi.org/10.1039/C8RA08699K

[61] X. Gao, M. Li, Y. Zhao, Y. Zhang, Mechanistic study of selective adsorption of Hg2+
ion by porous alginate beads, Chemical Engineering Journal 378 (2019).
https://doi.org/10.1016/j.cej.2019.122096

[62] Y. Zhang, J.B. Fein, Y. Li, Q. Yu, B. Zu, C. Zheng, U(VI) adsorption to Fe304
nanoparticles coated with lignite humic acid: Experimental measurements and surface
complexation modeling, Colloids and Surfaces A: Physicochemical and Engineering
Aspects 614 (2021). https://doi.org/10.1016/j.colsurfa.2021.126150

28



Supplementary Files

This is a list of supplementary files associated with this preprint. Click to download.

e SupportingInformationS.docx


https://assets-eu.researchsquare.com/files/rs-9662371/v1/f446da026e15df7ed7ddb6a9.docx

