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A B S T R A C T   

Superparamagnetic iron oxide nanoparticles (SPIONs) were synthesized by the hydrothermal method and used 
for effective removal of arsenite, As(III), in their native and alginate beads-encapsulated (SPIONs-Alg) forms. The 
size of SPIONs was determined as ~25 nm, and the structural properties of the adsorbents were validated using 
FTIR and XRD. The magnetization curve had zero coercivity, indicating superparamagnetism. Furthermore, the 
effects of pH, contact time, temperature, adsorbent dosage, and initial As(III) concentration on removal efficiency 
were studied. The optimum removal percentages for SPIONs and SPIONs-Alg were 99% and 90%, respectively, at 
pH 7, 30 ◦C, and 6.5 mg/L As (III) concentration. The Langmuir isotherm model (R2 ≥ 0.97 for SPIONs and R2 ≥

0.99 for SPIONs-Alg) fitted the equilibrium data better than Freundlich. The As(III) adsorption capacity of 
sorbents was evaluated using the Langmuir adsorption isotherm and found to be 11.89 mg/g and 240.081 mg/g 
for SPIONs and SPIONs-Alg, respectively. The adsorption kinetic data for both adsorbents showed a better fit to 
the pseudo-second-order kinetic model (R2 ≥ 0.99). The spontaneity of the adsorption process, the endothermic 
nature of the sorption reaction, and the adsorbents’ affinity for As(III) were determined using the negative ΔG, 
positive ΔH and ΔS values. SPIONs-Alg (1.5 g/l solid-to-liquid S/L ratio) could be collected easily, recovered 
using 0.1 M NaOH, and reused for five times (sorption ≥ 97%). The feasibility of SPIONs-Alg as a promising 
adsorbent for removing As(III) from wastewater is clearly validated.   

1. Introduction 

Increasing heavy metal concentrations in the environment remains a 
global challenge [1]. These materials may reach natural streams through 
the discharge of wastewater from industrial and human activities [2]. 
Water is one of the most essential human resources, with global eco
nomic, social, political, and environmental importance [3,4]. Water 
pollution as a result of rising population and manufacturing activity is 
one of the biggest concerns for scientists to manage since millions of 
people are being exposed to high levels of toxic metals through the 
consumption of contaminated drinking water [5]. International orga
nizations such as the WHO (World Health Organization) study and 
assess the existence of these heavy metals and their impact on human 
health on a regular basis [5]. The most hazardous heavy metals, ac
cording to the United States Environmental Protection Agency (EPA), 
are arsenic, chromium, mercury, cadmium and lead [6]. Out of these 

toxic metals, arsenic has been determined to have the most negative 
impact on human health when consumed through drinking water 
contaminated with arsenic [7]. Both human activity (mine wastes, 
chemical pesticides, petroleum refining, and ceramic manufacturing 
enterprises) and natural processes (weathering, soil erosion, and vol
canic emissions) can cause arsenic pollution of water [8]. Both the WHO 
and EPA have reduced the arsenic threshold limits for drinking water 
from 50 µg/L to 10 µg/L due to the deadly health effects produced by 
drinking arsenic-contaminated water [6,7]. Arsenic is found in the 
environment both in inorganic and organic forms (methyl and dimethyl 
arsenic compounds). Arsenite, As(III) (H3AsO3, H2AsO3

- , and HAsO3
2-), 

and arsenate, As(V) (H3AsO4, H2AsO4
- , and HAsO4

2-), are two inorganic 
forms of arsenic that are much more toxic than organic forms [9,10]. 
Arsenite is 20–60 times more toxic than arsenate while also being more 
mobile and thermodynamically stable. As(III) is also linked to a number 
of diseases, including skin, lung, liver, kidney, and bladder cancer, as 
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well as cardiovascular and neurological effects [11–13]. Researchers 
have become more interested in studying arsenic pollution and methods 
for its removal as a result of growing evidence that arsenic can cause 
cancer in developing nations [1,5]. 

So far, several technologies have been developed to remove arsenic 
from water and wastewater, including membrane technologies [14,15], 
chemical precipitation [16], ion exchange [17], reverse osmosis [18], 
coagulation–flocculation [19], and electrochemical treatment [20]. 
These methods are generally ineffective at removing As(III). Adsorption, 
on the other hand, has demonstrated high As(III) and As(V) removal 
efficiencies [21,22]. Adsorption has many advantages, such as being 
simple to operate, having the potential for regeneration, and requiring 
less energy, water, and chemicals. This simple and cheap method would 
have a minimal environmental effect and be a viable option in devel
oping nations where access to huge amounts of energy and financial 
resources might be difficult. Adsorption’s mechanistic process allows for 
a wide range of adsorbent design and application [23,24]. Numerous 
adsorbents have been studied for As removal, such as sandy soils [25], 
activated carbon [24,26–29], activated alumina [30,31], hydrous zir
conium oxide [32,33], lanthanum-loaded silica gel [34], metal-loaded 
coral limestone [35], titanium oxides [36], and metal oxides (hema
tite, magnetite, goethite, and ferrites) [37–43]. Among the innovative 
adsorbents, ferrite nanoparticles have received a great deal of attention 
due to their high surface area and highly active surface sites, which may 
lead to superior adsorption capacity and selective removal of specific 
pollutants [44]. Among them, spinel ferrite nanoparticles are frequently 
referred to as having a particularly significant potential for arsenic 
adsorption due to their unique advantages of magnetic and chemical 
stability [45]. The general formula of spinel ferrite nanoparticles is 
MFe2O4, where M represents various metal cations (M = Fe2+, Mn2+, 
Co2+, Zn2+, etc.) situated at a tetrahedral site and Fe situated at an 
octahedral site. Spinel ferrites’ physical and chemical properties are 
determined by the type of M cation and by the distribution of both M and 
Fe3+ cations across tetrahedral and octahedral sites [46,47]. Spinel 
ferrites are classified as normal, inverse, or mixed based on the position 
of M(II) and Fe(III) site preferences. M(II) is found at tetrahedral sites, 
while Fe(III) is found at octahedral sites (e.g., Zn Fe2O4). In the inverse 
type, Fe(III) is equally distributed at both sites, whereas M(II) is equally 
distributed at only the octahedral sites (e.g., Fe3O4 and CoFe2O4). In a 
mixed spinel structure of ferrite, both ions randomly occupy the tetra
hedral and octahedral sites (e.g., MnFe2O4) [48]. Any adsorbent’s spe
cific surface area increases with decreasing particle size, so this greater 
surface area results in a higher removal rate. Previous research has 
found that shrinking ferrite nanoparticles improves As(III) removal ef
ficiency [46]. However, separation from treated water is challenging 
due to their nanoscale size. Magnetic separation has been shown to be 
more efficient and selective than traditional methods such as centrifu
gation or filtration for separating nanomaterials from aqueous envi
ronments [49]. Superparamagnetic iron oxide nanoparticles (SPIONs) 
have been used for the treatment of arsenic-polluted water [50]. Pre
vious studies have demonstrated the superparamagnetic behavior of 
manganese ferrite nanoparticles (MnFe2O4 NPs), magnesium ferrite 
nanoparticles (Mg0.27Fe2.50O4 NPs) and MgxMn1− x Fe2O4 have proved in 
previous works [50–52]. 

Furthermore, regeneration and reuse of adsorbents can minimize the 
total cost of the removal process, which is crucial for low-income and 
developing nations. Because of the high reactivity and nanoscale size of 
ferrite nanoparticles, regeneration and reuse by traditional methods are 
generally difficult [53]. Additionally, the discharge of materials into 
treated water has the potential to damage natural flora and fauna. To 
resolve these problems, support materials were employed to immobilize 
ferrite nanoparticle adsorbents [54]. Immobilization of nanoparticles 
onto supports such as polystyrene anion exchangers, chitosan beads, and 
alginate beads has been reported to be highly effective at improving 
adsorption and reusability of adsorbents [55–59]. Recently, alginate 
beads have been widely being used in metal removal due to their 

favorable properties like high adsorption capacity, high water perme
ability, selectivity, biocompatibility, and biodegradability. Alginate is a 
polymer that is widely derived from brown algae and certain microor
ganisms [8]. According to earlier research, various metals may be 
removed from aqueous solutions using ferrite nanoparticle adsorbents 
enclosed in alginate beads [53,57,60,61]. Several studies reported that 
MnFe2O4 NPs have a high arsenic removal efficiency [62–64]. The 
superparamagnetic Mg-MnFe2O4 nanoparticles encapsulated in alginate 
have not been reported before. The preparation of this adsorbent was as 
economical and facile method under standard environmental condi
tions. Combining the unique properties of SPIONs and alginate can in
crease their efficiency where the suitable magnetization and high 
surface area of SPIONs lead to easy magnetic separation and superior 
adsorption capacity. And also, alginate beads, because of their appro
priate features such as selectivity, biocompatibility, and high adsorption 
capacity, avoid the discharge of materials into treated water and can be 
easily reused. 

Thus, in this study, superparamagnetic iron oxide nanoparticles 
encased in alginate beads (SPIONs-Alg) were produced and employed as 
adsorbents to treat an aqueous solution containing As (III). Kinetics, 
isotherm sorption studies, and the effects of contact time, starting 
adsorbate concentration, and pH were investigated. In addition to 
adsorption capacity, regeneration qualities that have never been re
ported by researchers, were examined. This innovative nanoadsorbent, 
if further developed, might enable a straightforward, one-step As(III) 
adsorption technique from water, without the pre- and post-treatments 
which are now required in industry. 

2. Experimental 

2.1. Materials 

Magnesium(II) nitrate hexahydrate Mg(NO3)2⋅6H2O (99.9%), man
ganese(II) nitrate Mn(NO3)2⋅6H2O (99.9%), iron(III) nitrate non
ahydrate Fe(NO3)3⋅9H2O (99.9%), sodium arsenite (NaAsO2), sodium 
alginate (C6H9NaO7), and CaCl2⋅2H2O were obtained from Acros Or
ganics (Morris Plains, NJ) and were procured from Merck and used 
without further purification. Sodium hydroxide (NaOH) and hydro
chloric acid (HCl) were obtained from Sigma Aldrich. 0.1732 g of 
analytical grade NaAsO2 was dissolved in 100 mL of double-distilled 
water to make a (1000 mg/L) stock solution of As(III). Moreover, the 
quantities of the nitrates are calculated according to their atomic/mo
lecular weights too. 

3. Synthesis of SPIONs 

To formulate SPIONs (Mg1-xMnxFe2O4), the hydrothermal method 
was used, where the greatest outcomes occurred at the value x  = 0.5 
(Mg0.5Mn0.5Fe2O4) (~8 nm) [51]. The hydrothermal reactions were 
conducted at autogenous pressure in a stainless-steel autoclave with a 
Teflon liner (63 mL total capacity). In a typical synthesis, the nitrate 
solution mixture was progressively mixed and transferred to an auto
clave, and then 10 mL of an 8 M NaOH solution was added dropwise to 
the above solution while magnetic stirring was going on. The autoclave 
was sealed and maintained at 180 ◦C for 10 h. After the reaction was 
finished, the solid products were collected and dried in a vacuum oven at 
90 ◦C for 5 h [65]. 

3.1. Synthesis of SPIONs-alginate beads 

The synthesized SPIONs were immobilized by entrapping NPs in 
alginate matrix formed by ionic polymerization in CaCl2 solution, in 
proportion to the following steps [57]. Briefly, 100 mL of the alginate gel 
matrix (3% wt) was prepared. Then, a suspension of SPIONs in 1:10 ratio 
was added into the matrix, and final volume of the mixture was adjusted 
to 150 mL by adding double-distilled water. The mixture was uniformly 
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mixed with a magnetic stirrer at a temperature of 50 ◦C for 6 h. 
Therefore, the mixture containing sodium alginate and NPs in a ratio of 
9:1 (3 g alginate/0.34 g NPs) was formulated for 10% wt absorbent 
loading. Later, using the syringe-method, the suspension was extruded 
drop wise to calcium chloride bath (4%, w/v) 4 ◦C, and beads were 
produced through crosslinking of sodium alginate with CaCl2 solution 
[63]. The beads were allowed to polymerize for 6 h, then removed from 
the solution by filtration and washed multiple times with double- 
distilled water to remove water-soluble chemicals, and air-dried for 
48 h [66]. Fig. 1 shows the schematic diagram for the preparation 
procedure followed for the SPIONs and SPIONs-Alg. 

3.2. Characterization 

The synthesized SPIONs were physiochemically characterized for 
surface morphology, elemental composition, functional groups, particle 
size, and crystal structure using standard procedures [67]. The 
morphology of samples was analyzed by field emission scanning elec
tron microscopy with energy dispersive X-ray spectroscopy (FESEM- 
EDX). The samples were subjected to characterization using X-ray 
diffraction (XRD) and a vibrating sample magnetometer (VSM Lake
shore 7304). The specific surface area of prepared samples was 
measured by Surface Area Analyzer (BELSORP mini II) using N2 sorption 
method and the Brunauer–Emmett–Teller (BET) model. The Zeta po
tential was measured by Electrophoretic light scattering measurements 
using Malvern Zetasizer Nano ZS90. To define the functional groups 
existing on the surface of the adsorbent, Fourier transform infrared 
spectroscopy (FTIR, NEXUS 670, Nicolet, USA) via the KBr method (the 
range is from 400 to 4000 cm− 1) was used. 

3.3. Adsorption experiments 

Batch adsorption experiments were carried out to evaluate the 

removal efficiency of As(III) ions from aqueous solution by SPIONs and 
SPIONs-Alg [68]. Both adsorbents were separately incubated in 100-mL 
flasks containing As(III) solution and shaken at 150 rpm for 0–180 min 
on a temperature-controlled (10–50 ◦C) shaker to determine the opti
mum temperature and contact time [69]. The effects of pH (2–9) and 
initial As(III) concentration (0–7.5 mg/L) on the adsorption capacity of 
various adsorbents were investigated. By adding HCl for an acidic so
lution or NaOH for an alkaline solution, the initial pH was adjusted [70]. 
After incubation, adsorbents were periodically removed, powders were 
centrifuged, and beads were filtered, and the As(III) concentration in the 
remaining solution (supernatant) was determined using the modified 
molybdenum blue method [71]. Samples were filtered, dried, and stored 
at 4 ◦C for future analysis. The adsorption capacity (Qe) and removal 
percentage (R%) of As(III) at the equilibrium were calculated as follows: 

Qe =
(Ci − Cf )V

W
(1)  

R% =
Ci − Cf

Ci
× 100 (2) 

where Ci is the initial concentration of As(III) in the solution (mg/L), 
and Cf is the equilibrium concentration of metal ions in the solution 
(mg/L), V is the solution volume (L) and W is the mass of adsorbent (g). 

3.4. Isotherm study 

The maximal adsorption capacity is determined in part by the 
adsorption isotherm’s capacity, which is crucial. Additionally, it pro
vides a brief overview of the steps taken by the system, indicating how 
effectively an adsorbent will work as an adsorbent, and allowing for an 
evaluation of the adsorbent’s financial viability and potential for use in 
commercial settings. The use of the Langmuir and Freundlich models 
(two-parameter models) to describe the biosorption isotherm is fairly 
widespread in the published literature [72]. Some of the significant 

Fig. 1. Schematic diagram for the preparation of SPIONs (Mg1-xMnxFe2O4) by the hydrothermal method and SPIONs-Alg by polymerization of NPs-alginate matrix in 
CaCl2 solution. 
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factors usually mentioned for the extensive use of these models include 
their simplicity, physical meaning, ease of interpretation, and well- 
established models. Due to their ease of linearization despite their 
simplicity, two-parameter models are generally favored. Adsorption 
isotherms (Langmuir and Freundlich) were performed by altering the 
initial concentration of As(III) in a range of 2.5–7.5 mg/L to explain the 
equilibrium adsorption features. Then, a plot of qe (As(III) concentration 
in solid phase at equilibrium) versus Ce (arsenic concentration in solu
tion at equilibrium) was obtained and analyzed. The mathematical and 
the linear description of the Langmuir equation are represented by 
equations (3) and (4) [73]: 

qe =
qmax bCe

1 + bCe
(3)  

1
qe

=
1

KLqmax
.

1
Ce

+
1

qmax
(4) 

where, qe represents the metal concentration on the sorbent (mg/g) 
at equilibrium, qmax is the maximum adsorption capacity (mg/g), Ce is 
the equilibrium solute concentration in the aqueous solution (mg/L) and 
KL is the Langmuir isotherm constant (L/mg) related to the free energy of 
adsorption between As(III) and adsorbents. To get the separation factor 
(RL) equation (5) was used. 

RL =
1

1 + Ci × KL
(5) 

where, RL is the dimensionless Langmuir constant which indicating 
whether adsorption is favorable (0 < RL greater than 1), unfavorable (RL 
greater than 1), or irreversible (RL = 0). 

The Freundlich model, in contrast to the Langmuir model, implies a 
distinct heterogeneous adsorption surface and active sites with varying 
energies [74]. The Mathematical representation and its linear equation 
can be written as 

qe = KF C(1/ n)
e (6)  

Log qe = Log KF + 1/n log Ce (7) 

where k and n are constants for a given adsorbent-adsorbate system. 

3.5. Kinetic analysis 

Adsorption kinetic models can be used to match experimental data, 
providing information on the adsorption mechanism, a prospective rate 
profile, and the viability of chemical adsorption during the adsorption 
process [75]. In order to illustrate the As(III) biosorption kinetics by 
SPIONs and SPIONs-Alg, we used pseudo-first order and pseudo-second 
order models. In equilibrium 8, the pseudo-first order rate expression is 
shown where k1 (min− 1) is the rate constant of sorption, qt (mg/g) is the 
amount of As(III) ions adsorbed at any time t (min) and qe (mg/g) is the 
amount of As(III) sorbed at equilibrium. The pseudo-first-order model 
for As(III) ion adsorption onto sorbents is depicted as linear plots of ln 
(qe- qt) vs t. 

log(qe − qt) = logqe −
K1

2.303
t (8) 

In equation (9), pseudo-second order model is represented by 
equilibrium. 

t
q
=

1
h
+

1
qe

t (9) 

where qe (mg/g) is the amount of As(III) sorbed at equilibrium, qt 
(mg/g) is the amounts of As(III) sorbed at equilibrium (mg/g) t (min) is 
time, h = k2* (qe)

2 (mg g− 1 min− 1) can be regarded as the initial 
adsorption rate as t → 0, and k2 (g/mg min) is the rate constant of the 
second-order equation. Finally, linear plots of t/qt vs were drawn. 

3.6. Adsorption thermodynamics 

Thermodynamic studies were performed to identify the thermal ef
fects of sorption and Gibbs free energy (ΔG◦) (kJ/mol), which is the 
essential criterion to establish whether a process happens spontane
ously. Standard change in entropy (ΔS◦) (J/mol K) and standard change 
in enthalpy (ΔH◦) (kJ/mol) were determined [76]. The values of ΔG◦, 
ΔH◦ and ΔS◦ can be obtained from equations (10), 11 and 12, 
respectively. 

ΔG◦

= − RT ln K
◦ (10)  

lnKo = −
ΔHo

RT
+Constant (11)  

ΔS◦

=
ΔH◦

− ΔG◦

T
(12) 

where R is the ideal gas constant (8.3145 Jmol-1K -1) and T represents 
the temperature (K), and KL (L/mol) is the Langmuir constant. The slope 
and intercept of the plot of ln K versus 1/T give ΔH and ΔS values, 
respectively. 

3.7. Desorption experiments 

Secondary water pollution in water purification systems could be 
caused by SPIONs leaching from SPIONs-Alg during arsenic adsorption 
from arsenic-contaminated water. To investigate this potential problem, 
0.2 g of SPIONs-Alg was added to 100 mL of deionized water at pH 7 and 
30 ◦C for 120 min while shaking at 150 rpm. SPIONs-Alg beads were 
separated with a magnet, and the supernatant was looked at to see if any 
SPIONs had leached into the aqueous solution. The suitability of syn
thesized SPIONs and SPIONs-Alg was assessed using consecutive 
adsorption–desorption cycles. The adsorption process was carried out 
under optimum conditions, and the supernatant was analyzed for metal 
ion concentration. The adsorbents were then collected from the solution, 
washed with distilled water, and dried. Then, to estimate the desorption 
ability, dried adsorbents were contacted with 100 mL of HCl and NaOH 
at the following concentrations (0.01, 0.1, and 1.0 M) in 250 mL 
Erlenmeyer flasks to allow metal ions to be released from the adsorbents 
[77]. 

The regeneration efficiency was measured by the following equation: 

Desorption efficiency % =
Amount of metal desorpted(mg)

Amount of metal loaded(mg)
× 100 (13) 

In order to detect high desorption at low values of the solid-to-liquid 
(S/L) ratio, various S/L ratios (0.5, 1, 1.5, and 2) were tested. The S/L 
ratio is defined as the ratio of metal-laden adsorbent to the volume of the 
elutant. The desorption process was carried out after determining the 
optimum eluent concentration and solid-to-liquid ratio. To assess the 
adsorbents’ potential for reuse, the regenerated samples were collected 
following each procedure, washed, dried, and used again for As(III) 
removal for up to eight consecutive regeneration cycles [69]. 

4. Results and discussion 

4.1. Materials characterization 

In the current study, two adsorbents, SPIONs and SPIONs-Alg, were 
successfully synthesized. The FESEM micrograph displayed nearly 
spherical-shaped SPIONs with grain sizes below 30 nm (Fig. 2). Despite 
the fact that these smaller crystallites are uniformly dispersed across the 
whole region and exhibit fine grain development, a distinct border be
tween nearby crystallites can be recognized, with occasional agglom
eration caused by the interactions of magnetic nanoparticles. The 
disparity between XRD-calculated particle size and FESEM-observed 
particle size may be related to molecular structural disorder and 
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lattice strain, which are caused by the nanoparticles’ differing ionic radii 
and/or clustering. The aggregation is indicative of the sample’s high 
reactivity following heat treatment, which may result from magneto- 
static or exchange interactions between particles. When nanoparticles 
encounter a persistent magnetic moment proportionate to their volume, 
they tend to agglomerate [78]. 

Fig. 3a represents the indexed XRD patterns of the synthesized 
samples (SPIONs and SPIONs-Alg) using the hydrothermal method. The 
formation of single-phase cubic spinel structures for both samples was 
validated, and no additional phase was detected. The hkl indices of the 
samples were (220), (311), (400), (511), and (440). These planes 
reveal the presence of a mixed type cubic spinel structure. The crystallite 
sizes (25 nm) were calculated using the Debye-Scherrer equation, D =

kλ
βcosθ, where, D is crystallite size, λ is the wavelength of radiation and β is 
full width at half maxima (FWHM) centered at 2θ of intense peak (311). 
The similar diffraction patterns of SPIONs and Alg indicate that alginate 
coating had no effect on the crystalline structure of SPIONs [79]. This 
indicates that the alginate coating occurs only at the surface of SPIONs 
[80]. The decrease in the sharpening of the peaks of SPIONs-Alg is due to 
the increase in size after alginate coating. 

To elucidate the functional groups in the surface of the sorbents, 
FTIR analysis was carried out with the data shown in Fig. 3b. Samples a 
and b represent SPIONs and SPIONs-Alg, respectively. The two main 
broad metal–oxygen bands are seen in the IR spectra of all spinel ferrites 
[81]. The band that appeared at approximately 3400 cm− 1 is related to 
the symmetric vibration of O–H groups in the absorbed water of these 
samples. Besides, the bands noted at 2936 cm− 1 refers to the stretching 
vibration of the aliphatic C–H. The band around 600 cm− 1 could be 

attributed to the intrinsic stretching vibrations of the metal–oxygen 
[Fe–O] bond, and the bands at 400 cm− 1 correspond to vibration of 
octahedral [Fe–O] bond [82]. This band is clearly evidence of the ferrite 
formation in spinel form, which is matched with the XRD pattern of 
SPIONs. The absorption peak around 400 cm− 1 is not clearly visible in 
FTIR due to the limited device measuring range. Nevertheless, in the 
case of SPIONs-Alg, the band at 585 cm− 1 appeared with a high in
tensity, confirming the existence of the nanoferrite. The infrared spectra 
of SPIONs-Alg demonstrate that the peaks around 1600 and 1400 cm− 1 

represent the asymmetric and symmetric stretching vibrations of the 
carboxylate groups, respectively [83]. Moreover, SPIONs-Alg has an 
ether C–O stretching vibration peak at about 1030 cm− 1. 

The specific surface area was determined using the BET technique. 
The volumetric measurement method was used, which provides accu
rate readings. Fig. 4a illustrates the BET results of SPIONs and SPIONs- 
Alg. The specific surface areas of SPIONs and SPIONs-Alg were 30.27 
and 37.21 m2/g, respectively. The addition of alginate to SPIONs im
proves the specific surface area, ensuring adequate stability [84]. Fig. 4b 
demonstrates the zeta potential of SPIONs and SPIONs-Alg. The zeta 
potentials of SPIONs and SPIONs-Alg were found to be − 36 mV and − 48 
mV, respectively [85]. The results showed that following stabilization 
with alginate polymer, the SPIONs stability was enhanced, which is in 
good agreement with the result of BET measurements. 

Fig. 5 depicts the hysteresis loops of both SPIONs and SPIONs-Alg at 
room temperature. These hysteresis loops are used to determine mag
netic parameters such as saturation magnetization (Ms), remanence 
(Mr), and coercivity (Hc). The leading magnetic phase for both samples 
at room temperature is determined to be superparamagnetic due to the 

Fig. 2. (a) FESEM image, and (b) particle size distribution histograms of SPIONs.  

Fig. 3. A) Xrd spectra for (a) SPIONs-Alg and (b) SPIONs. b) FTIR spectra of synthesized adsorbents; (a) SPIONs-Alg and (b) SPIONs.  
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S-like form of the loops, which do not have coercivity [86]. Although 
SPIONs (Mg0.5Mn0.5Fe2O4) is soft cubic ferrites, one can expect some 
magnitude of coercivity, as reported elsewhere [87]. However, the 
samples’ observed superparamagnetic activity suggested that the size 
range of synthesized particles (25–30 nm) is smaller than the required 
size to see ferrimagnetic behavior. This was determined by comparing 
the size range to the crucial size [88]. After coating, there is a marked 
decrease in the saturation magnetization of SPIONs. It is suggested that 
the mass ratio of magnetic material decreases after coating in each 
capped particle, which in turn results in a decrease in the saturation 
magnetization. This is because saturation magnetization is proportional 
to the mass ratio of the magnetic material that is contained inside the 
organic layer [89]. The inversion degree brought on by surface spin- 
canting and the finite size effect bring to a reduction in magnetization 
in spinel ferrite nanostructured materials, bringing the value down from 
46 emu/g to 42 emu/g. 

4.2. Effect of contact time on As(III) adsorption 

Another crucial operational characteristic for a cost-effective 
wastewater treatment process is the equilibrium time. To explore the 
effect of contact time on the arsenic elimination by the synthesized 
(SPIONs and SPIONs-Alg) sorbents, removal times between 0 and 180 
min were selected, and the related outcomes are shown in Fig. 6a. From 
the results, a two-stage behavior was observed. Indeed, the percentage 
of As(III) uptake increased with time, reaching maximum values (43% 
and 51%) at 40 and 120 min for SPIONs and SPIONs-Alg, respectively. 
Consequently, it is likely that during the first phase of the process, all 
sites on the surfaces of the adsorbents were readily available, and the 
concentration gradient of the adsorbate was extremely large, resulting in 
a greater absorption rate [90]. As a result, as removal time increased, the 
percentage of arsenic uptake remained constant. This result could be 
explained by the fact that, at times over the optimum removal time, a 
saturation phase was formed, so As (III) desorption and adsorption 
repeated again and the removal percentage stayed constant [91]. 

4.3. Effect of adsorbent dosage on As(III) adsorption 

Since maximizing the interactions between metal ions and adsorp
tion sites of adsorbent in the solution fundamentally requires an optimal 
adsorbent dose, the impact of sorbent concentration on the elimination 
percentage of arsenate was examined using 0–3 g/L of sorbent. From 
Fig. 6b, arsenic removal efficiency increased to 88% and 99% for SPIONs 
and SPIONs-Alg, respectively, when the sorbent concentration was 
raised from 0.5 to 2.5 and 2 g/L. This result can be explained by the 
claims that more surface area was made available during the adsorption 
process with the increase in the adsorbent dose. Therefore, raising active 
sites leads to a growing arsenic removal percentage [92]. However, as 
concentrations rose above 2.5 and 2 g/L for SPIONs and SPIONs-Alg, 
respectively, removal efficiency did not change. This happens as a 
result of the solution ion concentration decreasing at increasing adsor
bent doses, the system reaches equilibrium while the adsorption sites 
remain unsaturated [93]. So, for further experiments, 2.5 g/L of SPIONs 
and 2 g/L of SPIONs-Alg were chosen as the optimum sorbent dose. 

4.4. Effect of temperature and initial concentration on As(III) adsorption 

The effect of temperature on the arsenic removal efficiency of the 
synthesized adsorbents was examined in batch adsorption experiments 
at different temperatures (10 ◦C, 20 ◦C, 30 ◦C, 40 ◦C, 50 ◦C, and 60 ◦C). 
Because of the endothermic nature of the adsorption process onto the 
synthesized adsorbents, As(III) adsorption increased from 10 ◦C to 30 ◦C. 
Furthermore, because temperature influences the interaction between 
metal ions and sorbent, increasing the temperature increases the diffu
sion rate of As(III) ions (Fig. 6c); this result is consistent with previous 
research [94]. However, after 30 ◦C, the removal of As(III) ions by ad
sorbents decreased with increasing temperature. A higher temperature 

Fig. 4. (a) BET (specific surface area measurements) and (b) Zeta potentials of (a) SPIONs (b) SPIONs-Alg.  

Fig. 5. Magnetization versus applied magnetic field for (a) SPIONs and b) 
SPIONs-Alg. 
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resulted in a lower efficiency for As(III) removal due to a variety of 
factors, including the destruction of some active sites on the adsorbent’s 
surface or deactivation of the sorbent due to bond breaks and weakening 
of the adsorptive forces between the As(III) ions and the active sites of 
the adsorbent [95]. So, for further experiments, 30 ◦C was chosen as the 
optimum temperature [96]. 

Furthermore, the effect of the initial As(III) concentration on the 
removal of As(III) by adsorbents was investigated in the 0–7.5 mg/L 
range, and the results are shown in Fig. 6d. The percentage of arsenic 
adsorption increased with increasing initial As(III) concentration and 
reached a saturation value of 6.5 mg/L for both sorbents. Higher in
teractions between the As(III) and adsorbent molecules may be the cause 
of the increased adsorption capabilities [97]. However, as the concen
tration of As(III) increased, the removal percentage decreased due to a 
decrease in accessible active sites at higher concentrations [98]. 

4.5. Effect of pH on As(III) adsorption 

In the metal adsorption process, pH is an imperative factor, as it has a 
crucial impact on metal ion speciation in the solution and functional 
groups existing on the adsorbent surface [99]. As a result, the binding 
capacity of adsorbents for adsorbing As(III) ions varied with pH. The 
effect of pH on the removal of As(III) by synthesized SPIONs and 
SPIONs-Alg is depicted in Fig. 6e. Separately, the optimal amount of 
adsorbents was added to 100 mL of As(III) solution (6.5 mg/L) at 
different pH (4–9) levels and then placed in a shaking incubator for 40 
and 120 min. The removal of As(III) increased rapidly as the pH of the 
solution increased from 4 to 6, with the maximum As(III) adsorption by 
all adsorbents occurring at pH 7. The plots show that the efficiency of As 
(III) adsorption increased to a maximum at pH 7, where SPIONs and 
SPION-Alg adsorbed 90% and 99%, respectively. This result indicated 
that the arsenic adsorption efficiency of these sorbents was pH- 
dependent. 

Adsorption can occur through ion-exchange of surface carboxyl 
groups and As(III) ions in the solution. The findings revealed that in 

acidic media, carboxyl groups have more protons (H+) available to 
them. As a result, As(III) ions compete with hydrogen ions for proton
ated active sites. Therefore, a high level of protons can reduce the 
available binding sites on an adsorbent’s surface [100]. It is a plausible 
explanation for the low As(III) uptake in acidic environments. Further
more, as the pH increased, the number of negatively charged positions 
available for As(III) ion binding increased. Arsenic adsorption in alka
line solution increases as the amount of OH– increases [101]. Arsenic 
adsorption does not merely depend on the availability of active sides on 
the adsorbent surface; it also depends on the arsenic chemical changes in 
the aqueous medium. It was previously found by numerous researchers 
that arsenic occurs in non-ionized (neutral) form as H3AsO3 and in 
ionized forms such as H2AsO3

- , HAsO3
2- and H2AsO3- at a pH range of 

3–11 [102]. Adsorption capability decreased significantly at pH greater 
than 7 due to changes in adsorbent properties and As(III) ionic forms 
[103]. Because SPIONs-Alg achieved the highest As(III) adsorption, this 
can be explained by the fact that the presence of ferrite NPs implanted in 
alginate beads increases the number of active [70,96,104]. 

4.6. Adsorption isotherm 

The capacity of the sorbents (SPIONs and SPIONs-Alg) to remove As 
(III) from the solution was shown using Langmuir and Freundlich 
isotherm models in Fig. 7. These models also demonstrated a link be
tween the surface characteristics and affinity of the sorbent in the batch 
culture and the efficacy of arsenic removal. The Langmuir isotherm 
explains the monolayer adsorption of pollutants onto the adsorbent 
surface with a finite number of adsorption sites, whereas the Freundlich 
isotherm supports the idea that adsorption happens on the adsorbent’s 
heterogeneous surface [105]. According to the results presented in 
Table 1, Langmuir’s isotherm was the best fit because the values of the 
coefficients of determination (R2) were found to be 0.9729 for SPIONs 
and 0.9955 for SPIONs-Alg. As(III) ion sorption onto adsorbents was 
thus defined as monolayer adsorption because it occurred at functional 
groups or binding sites on the surfaces of the sorbents [106]. On the 

Fig. 6. Effects of a; contact time (0–180 min) b; adsorbent dosage (0.5–3 g/l) c; As(III) concentration (0–7.5 mg/L) d; temperature (10–50 ◦C) and e; PH (2–9) on 
adsorption of As(III) ions at 150 rpm. 
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other hand, R2 values for the Freundlich isotherm model were found to 
be just 0.916 for SPIONs and 0.9899 for SPIONs-Alg. According to these 
findings, the Freundlich model was unable to adequately define the 
relationship between the percentages of As(III) adsorbed and their 
equilibrium concentrations in solution. The maximum adsorption ca
pacity (qmax) of SPIONs-Alg for As(III) was found to be 204.081 mg/g, 
which is significantly higher than the value of SPIONs, which is 11.89 
mg/g. Table 2 compares the arsenic adsorption capabilities of the sor
bents used in the present study with those of other different sorbents 
reported in the literature. Because the separation factor (RL) values for 
both sorbents are less than one, the adsorption phenomena are 
favorable. 

4.7. Determination of kinetics rate 

The measurement of biosorption rates, which are crucial for figuring 

out the ideal operating parameters for full-scale batch processes, can 
provide important information for constructing biosorption systems. 
The kinetics of As(III) adsorption onto SPIONs and SPIONs-Alg were 
represented using pseudo-first-order and pseudo-second-order models. 
Fig. 8 depicts the fitting of two kinetic models to the As(III) equilibrium 
data, and Table 3 shows the results of the corresponding kinetic pa
rameters. The pseudo-first-order model was unsuitable for simulating As 
(III) adsorption onto both sorbents because the values of R2 are low and 
the values of qe, exp are not in good agreement with the theoretical 
values obtained (qe) from equilibrium 5. In comparison to pseudo-first 
order kinetics, pseudo-second order kinetics was found to be the best 
fit model for explaining the kinetics of As(III) adsorption on both sor
bents, as evidenced by a higher linear regression coefficient (R2 0.9904 
for SPIONs and R2 0.9965 for SPIONs-Alg). Furthermore, there is a 
logical agreement between the experimental and theoretical adsorption 
capacity (qe) values, favoring the pseudo-second-order kinetic model. 
The greatest fit for the data is provided by a model that presupposes that 
the rate-limiting phase may be controlled by chemical sorption 
involving valence forces through the exchanging or sharing of electrons 
among sorbent and sorbate [116]. These findings support previous 
research and demonstrate a strong correlation between the second-order 
equation and adsorption experiments [117–119]. 

4.8. Adsorption thermodynamics 

Adsorption thermodynamics is used to determine if the adsorption 
process is spontaneous or not. The nature of the adsorbent and adsorbate 
is also predicted at equilibrium. Additionally, it makes predictions about 
the ideal conditions for the feasibility of the adsorption process and 
looks into the range of temperatures at which the adsorption process is 
favorable or unfavorable. Along with the spontaneity of the adsorption 
process, the endothermic or exothermic nature of the sorption reaction 
can be determined using the thermodynamic parameters of enthalpy 
(ΔH◦), entropy (ΔS◦) and Gibbs free energy (ΔG◦) of the sorption. Fig. 9 
shows the graph of ln ko against 1/T, and Table 4. lists the relevant data 
obtained from the equations (10–12). As(III) adsorption increased with 
increasing temperature, and was found to be positive. The presence of a 
strong interaction between sorbents and As(III) was confirmed by the 
positive value of ΔH◦ indicating that the adsorption process for As(III) is 
endothermic. Endothermic reactions happen when the enthalpy of the 
products is higher than the enthalpy of the reactants. This means that 
heat energy is taken in from the environment [57]. 

The standard free energy change (ΔG◦) can be used to predict 
whether or not the adsorption process is thermodynamically feasible; if 
the ΔG◦ < 0, the adsorption process is always feasible and spontaneous, 
whereas if the ΔG◦ greater than 0, the adsorption process is non-feasible 
and non-spontaneous [120]. The results showed that the adsorption 

Fig. 7. As(III) adsorption isotherm models (a; Langmuir and b; Freundlich) by SPIONs and SPIONs-Alg at pH 7, 30 ◦C.  

Table 1 
Isotherm models’ parameters for biosorption of As(III) onto SPIONs and SPIONs- 
Alg.  

Adsorbent Langmuir Freundlich 

b qmax mg/g R2 KF (mL/mg) n R2 

SPIONs  0.1945  11.89  0.9729  1.503  0.974  0.98 
SPIONs-Alg  0.0073  204.081  0.9955  2.0137  1.462  0.91  

Table 2 
Comparison of the As(III) adsorption capacity of synthesized adsorbents with 
those previously reported.  

Adsorbent Adsorption capacity 
(mg/g) 

PH Reference 

Chitosan-magnetic-graphene oxide 
(CMGO) 

45 7.3 [107] 

γ-Fe2O3-TiO2-GO 110.4 6.5 [108] 
Goethite calcium alginate (Cal-Alg- 

Goe) 
30.44 6 [109] 

Magnetic nanoparticles coated zeolite 
(MNCZ) 

19.39 2.5 [110] 

MFMNABs 6.6533 7 [111] 
Graphene Oxide–MnFe2O4 Magnetic 

Nanohybrid 
97 6.5 [112] 

Fe–Mn binary oxide 132.6 7.7 [113] 
Carbon nanotubes (MWNT/f) 109.457 7 [114] 
Bacteria/Sawdust/MnFe2O4 composite 87.573 7 [115] 
CoFe2O4 100 7 [63] 
MnFe2O4 94 7 [63] 
SPIONs 11.89 7 This study 
SPIONs-Alg 240.081 7 This study  
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reaction was feasible and spontaneous because the Gibbs free energy 
change (ΔG◦) was negative at various temperatures. The decrease in 
ΔG◦ values as temperature increased indicated that at higher tempera
tures, efficient adsorption was greater. Because ions are easily dehy
drated at higher temperatures, their adsorptions become more favorable 
[121]. Positive entropy change (ΔS◦) values may indicate structural 
changes in the sorbents as well as the adsorbents’ affinity for As(III) ions 
in aqueous solutions. During arsenic adsorption onto SPIONs and 
SPIONs-Alg, the results showed a higher randomness tendency at the 
adsorbents and adsorbed materials interface. The equilibrium uptake of 
arsenic ions was found to be temperature-dependent, increasing with 
temperature rises up to 30 ◦C (313.15 K). When the temperature was 
raised to 40 ◦C (313.15 K), the process became unstable. The data for 
temperatures higher than 30 ◦C (303.15 K) were left out in Fig. 9 since 
they would have affected the trend that was being illustrated, so it can 
be noted that 10 ◦C to 30 ◦C was the suitable condition for the adsorption 
process. These recent findings are similar to those in earlier research 
[122]. 

4.9. Desorption and regeneration 

During arsenic adsorption, SPIONs were leached from SPIONs-Alg. 
The total SPIONs concentration leached from the SPIONs-Alg was 
0.014 mg/L. Since SPIONs and alginate establish powerful chemical 
interactions, some SPIONs in SPIONs-Alg could not bind tightly to the 
alginate and leached out into the water. This can be because there are 
fewer binding sites on the polymer matrix and all functional groups have 
been consumed. SPIONs were leached at a very low concentration 
(0.014 mg/L), confirming the strong impregnation of SPIONs into the 
beads and reducing the risk of secondary contamination. The leaching 
investigation also confirms that the adsorbent is stable and that it can be 
applied to the treatment of water as well as other possible environmental 
applications [93]. 

As a practical matter, reusability is an essential aspect of an advanced 
adsorbent [53]. Adsorbents with higher adsorption capacity and better 

Fig. 8. Kinetic models for As(III) sorption. (a) and (b) Pseudo-first and second order models for SPIONs and SPIONs-Alg.  

Table 3 
Kinetic parameters for biosorption of As(III) onto SPIONs and SPIONs-Alg.  

Adsorbent Pseudo-first order Reaction Pseudo-second order Reaction 

R2 qe K1 R2 qe K2 

SPIONs  0.62  1.535  0.0019  0.9904  2.99  24.78 
SPIONs-Alg  0.69  3.556  0.003  0.9965  9.22  49.298  

Fig. 9. Adsorption thermodynamics at different temperatures (283.15, 293.15 and 303.15 K) for As(III) for SPIONs and SPIONs-Alg.  

Table 4 
Thermodynamic parameters for adsorption of As(III) onto SPIONs and SPIONs- 
Alg.  

Adsorbent Temperature K ΔG◦ (kJ/mol) ΔH◦ (kJ/mol) ΔS◦ (J/mol K) 

SPIONs  283.15  − 0.08 61.148 0.216  
293.15  − 2.242  
303.15  − 4.405 

SPIONs-Alg  283.15  − 0.029 22.933 0.081  
293.15  − 0.839  
303.15  − 1.650  
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desorption characteristics can reduce the overall cost of the adsorption 
process. To evaluate practical applications and economics, the regen
eration possibilities of SPIONs and SPIONs-Alg were studied. The choice 
of eluents is significantly influenced by the type of sorbent and the 
adsorption mechanism. Additionally, the eluent should possess certain 
essential qualities, including: not harming the adsorbent, affordability, 
environmental friendliness, and effectiveness. Researchers have previ
ously looked at a variety of chemical agents to desorb metals from 
various adsorbents, and most of them concluded that mineral acids and 
alkaline eluent agents may achieve a higher percentage of desorption 
efficiency [123]. The recovery of adsorbed As(III) ions was examined by 
using different concentrations (0.01, 0.1, and 1.0 M) of eluents such as 
HCl and NaOH. The best elution was achieved using 0.1 M NaOH so
lution, and the As(III) ion recovery percentage in SPIONs-Alg and 
SPIONs was determined to be 91% and 82%, respectively (Fig. 10a), 
which are in line with previous studies that reported alkaline solution as 
a desirable regenerating agent for anion recovery from polymer-based 
composite adsorbents. This efficiency was caused by the impregnated 
metal oxides’ strong affinity for hydroxyl ions [124]. Most of the surface 
sites of SPIONs-Alg are negatively charged at high alkaline pH, and 
competition between complexed ligands and hydroxyl ions induces 
ligand desorption [70]. 

In order to determine the ideal solid-to-liquid (S/L) ratio in the 
presence of 0.1 M NaOH, tests were conducted. High As(III) recovery can 
be obtained at S/L ratios of 1.5 g/l for SPIONs-Alg and 2 g/l for SPIONs 
(Fig. 10b). Elution efficiency decreased at S/L ratios greater than 1.5 g/l 
and 2 g/l for metal recovery. Due to the thick suspension that was made, 
there was not much interaction between the adsorbent and the NaOH. 
This may be why the elution efficiency values at high S/L ratios 
[119,120] were not very good [125,126]. 

Through the eight following adsorption–desorption cycles, the 
reusability of the sorbents was tested. Fig. 10c demonstrates that 
SPIONs-Alg can be used frequently in As(III) with no significant loss in 
total adsorption capacity after five cycles. While the As(III) removal 
percentage of SPIONs was found to be greater than 90% during the first 
three adsorption–desorption cycles, it gradually decreased on subse
quent cycles. SPIONs immobilized in alginate beads are mechanically 
and chemically stronger and more favorable to regeneration for multiple 
cycles than non-immobilized ones. The inability of the granulated or 
non-immobilized SPIONs to regenerate may be attributed to their 
disintegration with the corrosive effects of an alkaline solution as well as 
their wettability and dispersibility in water. The early deactivation of 
the particles, weak mechanical strength, and separation of used particles 
from any flow-through system can all be resolved by immobilizing 
SPIONs inside alginate beads [127]. 

5. Conclusion 

Novel superparamagnetic iron oxide nanoparticles Mg0.5Mn0.5Fe2O4 
(SPIONs) and superparamagnetic iron oxide nanoparticles alginate 
beads (SPIONs-Alg) were successfully synthesized. By characterization, 
the size of SPIONs was determined to be 25 nm, and the specific surface 
area of SPIONs and SPIONs-Alg was 30.27 and 37.21 m2 g− 1, respec
tively. In addition, the zeta potentials of SPIONs (-36 mV) and SPIONs- 
Alg (-48 mV) were determined. The arsenic removal efficiency of the 
adsorbents (SPIONs 90% and SPIONs-Alg 99%) was optimized in bath 
culture. SPIONs and SPIONs-Alg obtained maximal adsorption in 40 and 
120 min at neutral pH 7 and 30 ◦C, respectively. The sorption charac
teristics of both sorbents supported the idea that the adsorption process 
could be better described by the pseudo-second-order kinetic (chemi
sorption through electron exchange) and Langmuir models. The Lang
muir sorption capacity was determined to be 11.89 mg/g for SPIONs and 
204.081 mg/g for SPIONs-Alg (monolayer sorption). The thermody
namic characteristics demonstrated that the adsorption of As(III) was 
endothermic, practicable, and spontaneous. Arsenic could be easily 
desorbed from adsorbents using a 0.1 M NaOH solution, and the ad
sorbents could be isolated from the solution using a magnet and reused 
as sorbents (SPIONs) for three and (SPIONs-Alg) five regeneration cy
cles. Consequently, we reported herein for the first time that SPIONs-Alg 
can be used as a promising adsorbent for selective separation and re
covery of As(III) from aqueous solutions due to its high efficiency, fast 
kinetics, and good reusability, as well as its low cost, simple preparation, 
and convenient separation. The upgrading of these composite materials 
for use in large-scale wastewater treatment facilities requires more 
study. Future research may also concentrate on the post-treatment of the 
by-products of such a complicated sorbate-sorbent system. 
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