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groups and afterward heating the solution to a refluxing
temperature. This method has been used to synthesize
metallic, oxide, and semiconductor NPs.13,14 It is possible to
reduce many metals in polyol media, from metal complexes.15

Reduction of Fe metal was found to be more difficult
compared to noble metals due to its electro-reduction
potential. The reduction mechanism of Co and Ni metals in
the polyol environment has been previously reported by some
authors.16−18 Acetaldehyde and diacetyl were found as
byproducts in some studies, but it was observed that the
presence of [OH]− ions in the system provided acetaldehyde
formation and metal reduction.16 However, Takashi et al.
claimed that no acetaldehyde was formed during the reduction
of Co with EG and they predicted that the diacetyl molecules
formed could result from the use of catalysts such as Pd that
could increase the degradation of organic structures.17

Shengming et al. calculated the EG-Ni-H2O pourbaix diagram
thermodynamically in the study of metallic Ni reduction from
Ni(NO3)2 with ethylene glycol; they claimed that diacetylene
is stable at low pH and stated that oxidation of diacetylene to
H2CO3, HCO3

−, and CO3
2− structures occur at high pH; also,

they stated that by adding CaCl2 to the system, CaCO3
precipitated.18 The CaCO3 precipitation reaction they gave is
given in eq 1.18

CaCl NaCO CaCO 2NaCl2 3 3+ = + (1)

In this study, Na2CO3 formation was examined with the
energy dispersive spectroscopy (EDS) results and discussed in
the following sections. In general, the reduction has occurred
in all studies, and different ideas have been advocated about its
mechanism. The agreed point is that the coordination shell of
the ions is changed with the addition of sodium hydroxide so
that reduction is possible in the polyol medium with a basic
medium, and reduction is carried out. [OH]− ions increase the
potential to reduce ionic species with the polyol, and the
reaction rate is a function of the reduction potential of polyol,
the concentration of Fe and [OH]− ions, and also temper-
ature.19 Joseyphus et al. showed that the reduction reaction
with ethylene glycol from the FeCl2·4H2O precursor; [OH−]/
Fe ion ratio has to be at a critical ratio, and it is important for
reduction.19 Furthermore, in studies on Fe reduction, the
formation of Fe oxide phases has been observed; Fe3O4 and �-
Fe2O3 occurred.19,20

Furthermore, in adsorption studies by doping metallic
nanoparticles into different polymeric structures, various
advantages such as increasing the pH stability of the particles
and facilitating the regeneration of metal ions are provided.
Recovery of heavy metal ions from wastewater by doping
magnetic particles into the hydrogel matrix has been reported
by some authors.21,22 Hydrogels are three-dimensional, cross-
linked hydrophilic polymer chains that can absorb and keep in
significant amounts of water, without dissolving or losing their
three-dimensional structures.23,24 Hydrogels can be designed
with controllable responses to shrink or expand with changes
in external environmental conditions. They may perform
remarkable volume transitions in response to a diversity of
physical and chemical stimuli.25 Hydrogels are classified into
two categories: chemical gels that have covalently bonded
cross-linked chains and physical gels whose chains are kept
together by molecular entanglements and/or secondary forces
including ionic, hydrogen bonding, or hydrophobic inter-
actions.23,25 One of the most important precursor materials of
hydrogel materials is alginates. Alginate is a naturally occurring

polysaccharide that includes homopolymeric (1,4)-d-mannur-
onic acid (M) and (1,4-l-guluronic acid (G) blocks coupled
with different sequences or blocks.12 It is nontoxic,
inexpensive, and possesses gelling capabilities because of
ionic interactions with divalent cations.12 Moreover, it is a
biocompatible and biodegradable material that can be used in
areas where toxicity is most important, such as the food
industry.26 It forms rigid hydrogels by interacting physically
with carboxyl groups in the alginate structure and divalent or
multivalent metal ions, forming the structure called “Egg-Box”.
In this study, alginate hydrogels were used because they are
both inexpensive and environmentally friendly. However, it is
known that the carboxyl group of alginate becomes protonated
and loses its stability in low-pH environments such as
wastewater. For this reason, alginate hydrogels need to be
coated with a second polymer to increase their stability at low
pH. The pH stability of the gels was increased by coating them
with chitosan. Chitosan, the fully or partially deacetylated form
of chitin, is a common and abundant polymer in nature as the
basic supporting structure for many living organisms, including
fungi, crustaceans, insects, and arthropods.27 Chitosan is
obtained by the deacetylation of chitin. It contains
deacetylated and un-deacetylated groups in chitosan. At low
pH, the deacetylated group is protonated and becomes water-
soluble. The positive charge of this group and the negative
charge of the alginate provide an electronegative coating of the
alginate.

In this study, REM was tried to be removed from
wastewater, and adsorbent REMs were tried to be recovered
with different acidic media. First, sub-micron Fe-based
particles were produced by the polyol method, the produced
particles were doped into calcium alginate hydrogels, and the
stability of the produced Fe particle-doped hydrogels was
increased by coating with chitosan. The magnetic saturation of
the produced material has been kept low by considering the
regeneration studies. For this reason, the effects of temper-
ature, pH, and absorbant-wastewater ratio parameters in the
process of Nd3+ absorption from wastewater were examined
and the optimization of the parameters was studied. The Fe-
based particles were characterized by X-ray diffraction (XRD),
scanning electron microscopy (SEM) and energy dispersive
spectroscopy (EDS), differential scanning calorimetry (DSC),
and Fourier transform infrared (FT-IR) spectroscopy. The
obtained hydrogels were characterized by FT-IR and DSC, and
the magnetic properties were determined by vibrating-sample
magnetometer (VSM) analysis. The crystallite size of the
synthesized Fe particles was calculated by modified Debye−
Scherrer (MDS) and Williamson−Hall analysis (W−H) based
on the uniform deformation model (UDM). Adsorption
kinetic models, which include pseudo-first-order, pseudo-
second-order, Weber-Morris and Elovich, adsorption iso-
therms, which are Langmuir and Freundlich, thermodynamical
constants and different parameters, which are time, temper-
ature, pH, and solid to liquid ratio, effects on the adsorption
process were evaluated. This work may provide a new
perspective on Fe-chitosan material synthesis and also rare
earth metals (REMs) from wastewater and removal.

2. MATERIALS AND METHODS
2.1. Materials. FeSO4·7H2O (TEKKIṀ, Türkiye) was

used as a precursor in the synthesis of Fe particles,
polyvinylpyrrolidone (PVP, � w = 40,000 mol/g, Sigma
Aldrich, USA) as the surface active material, and ethylene
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glycol (Merck, Germany) and NaOH (TEKKIṀ, Türkiye)
were used. Sodium alginate (ISOLAB, Germany), as the
precursor powder, and calcium chloride (E−401, Kimbiotek
Kimyevi Maddeler San. Tic. A.Ş., Türkiye), as the crosslinking
agent, were used in gel synthesis. Chitosan (Sigma Aldrich,
Switzerland) solution was prepared with 2% acetic acid
(Merck, Germany) solution and gels were coated with
chitosan. The wastewater used in the adsorption experiments
was prepared by using the starting material Nd2(SO4)3 (Merck,
USA). The pH of the wastewater was adjusted using 0.1 M
HCl (37%, Merck, Germany) and 0.1 M NaOH (TEKKIṀ,
Turkey) solutions. In deadsorption studies, 0.1 M H2SO4 (95−
98%, TEKKIṀ, Turkey), HCl (37%, Merck, Germany), HNO3
(65%, TEKKIṀ, Türkiye), L (+)-ascorbic acid (Merck,
China), glycolic acid (Sigma Aldrich, USA), and L(+)-tartaric
acid (Merck, Germany) were used. Ethanol (Merck,
Germany), acetone (99.5%, Tekkim, Türkiye), and de-ionized
water (produced from Milli-q, ITU, Türkiye) were used at
different stages.

2.2. Synthesis of Fe Particles. The reduction of metallic
Fe particles in the polyol medium was achieved by modifying
the method described in another study.19 Two different
solutions were prepared, homogenized, and heated to 110 °C,
separately. The first solution contains 20 mL of ethylene glycol,
20 mL of deionized water, 0.8 g of NaOH, and 0.6 g of PVP,
while the second solution contains 10 mL of deionized water
and 0.44 g of FeSO4·7H2O. After mixing the two solutions, the
reduction was carried out at 110 °C for 30 min. After the
reduction is complete, the solution is rapidly reduced to 5 °C
(model: GPWB-240 V PolyScience) to prevent agglomeration.
After the particles were washed with acetone, deionized water,
and ethanol, produced Fe-based particles were centrifuged
(model: M19 Electromag) at 4000 rpm for 30 min.

2.3. Producing Chitosan Coated, Fe-Doped Calcium
Alginate Hydrogel. Sodium alginate powders (2 g) were
stirred in 100 mL of deionized water at 60 °C, 120 rpm until
the solution became homogeneous. The sodium alginate
solution waited 24 h at room temperature for the gases trapped
in the solution to release. Fe-based particles (1 g) were added
into 20 mL of the homogeneous and degassed sodium alginate
solution. The Fe particles were homogenized in the sodium
alginate solution by using an ultrasonic homogenizer (model:
UP200HT Hielscher) for 30 min. From the homogenized
solution, 100 microliter droplets were added in 50 mL of 0.1 M
CaCl2 solution in a magnetic stirrer. After adding 20 mL of
sodium alginate/Fe solution completely, it was stirred for 1 h
in CaCl2 solution at room temperature. After 1 h, the gels were
filtered and waited 1 day for gelatin to occur completely. The
obtained gels were added to 50 mL, 2% acetic acid solution
containing 2 g of chitosan and stirred for 1 h. The gels coated
with chitosan were filtered and washed 7 times with deionized
water to neutralize the pH. Produced chitosan-coated Fe-based
particles doped hydrogels were used for recovery of Nd from
wastewater.

2.4. Adsorption Experiments. The solution contains 100
mg L−1 Nd3+ ion was prepared by dissolving a sufficient
amount of Nd2(SO4)3 in deionized water. All adsorption
experiments were performed with 50 mL solution, overhead
stirrer (model: OS20-Pro, Dlab), and 500 rpm stirrer speed.
The experimental parameters, which are given in Table 1, were
used to determine the optimum adsorption conditions. The
temperature of the experimental setup was adjusted using a
thermostat (model: GPWB-240 V, PolyScience), and pH

values were adjusted using 0.1 M NaOH and 0.1 M HCl. In
Experiment 1, the time was chosen as 300 min, and samples
were taken from the solution at regular intervals. As will be
explained in the following sections, the adsorption kinetics
were tried to be understood and it was seen that the system
reached equilibrium at the 180th minute. In the other 6
experiments, the time was chosen as 180 min. The adsorption
efficiency was calculated using eq 2:21
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where � 0 is the initial Nd3+ ion concentration (mg L−1), and � e
is the Nd3+ ion concentration (mg L−1) in the solution at the
equilibrium of the system. The adsorption capacity of the
adsorbent was calculated using eq 3:21
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where � t is the adsorption capacity at a certain time (mg g−1),
� 0 is the initial concentration (mg L−1), � t is the concentration
of the solution at a certain time (mg L−1), � is the volume of
solution (L), and � is the amount of adsorbent (g).

2.5. Adsorption Kinetics and Isotherms. The kinetics of
the adsorption study was deduced by taking samples from the
solution at different time intervals from experiment 1 that
actualized with 0.2 g of the adsorbent amount, 5.5 pH, and 25
°C temperature. The most commonly used theorems to
explain adsorption kinetics are pseudo-first-order equations,
pseudo-second-order equations, intra-particle diffusion models,
and the Elovich equation.28 Adsorption kinetics can be
expressed by these 4 different approaches. The compatibility
of 4 different models with the experimental data obtained was
examined separately. With eq 3, adsorption kinetics can be
explained with the linearized version of the pseudo-first-order
eq 4:29

q q q K tln( ) ln
e t e 1= (4)

In this equation, � e and � t represent the adsorption capacity
at equilibrium and “�,” respectively, (mg L−1), � 1 is the
equation constant, and � is the time (min). The pseudo-first-
order equation gives the rate of change of ion adsorption with
time. � 1 and � e values were calculated by plotting ln(� e − � t)
versus time. The linearized version of the pseudo-seconder-
order (eq 5) is fitted to the experimental adsorption data:29
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The variables here are the same as the pseudo-first-order
equation. In adsorption studies that comply with the pseudo-
seconder-order equation, it is accepted that the rate limiter is
chemisorption. � 2 and � e values were calculated by plotting the

Table 1. Experiments To Determine the Optimum
Adsorption Conditions

experiment codes

parameters 1 2 3 4 5 6 7
amount of

adsorbent (g)
0.2 0.2 0.2 0.2 0.2 1 1

pH 5.55 3.55 7.55 5.55 5.55 5.55 5.55
temperature

(°C)
25 25 25 55 75 25 75
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change of �/� t value to time. The intraparticle diffusion model
was calculated with eq 6:29

q K t C
t d

1/ 2
0= (6)

The � d value was calculated by plotting the variation of � t
with �1/2. The Elovich equation was calculated using eq 7:29

q tln( ) ln
t
= + (7)

Here, � (mmol/g) is the deadsorption constant, and � (mmol/
t g) is the adsorption constant. The variations of Elovich
equations are calculated by plotting � t versus ln �. The Elovich
model is used when describing heterogeneous and chem-
isorption processes.

Adsorption isotherms are important to explain the
interaction between the adsorbent and adsorbance. The
relationship between isotherm models and experimental data
was examined. In this study, it was seen that the ″Langmuir″
and ″Freundlich″ isotherm models were in better agreement
with the experimental data. Eq 8 examined the agreement
between experimental data and Langmuir isotherm:30

q K q C q
1 1 1

e L m e m

= +
(8)

R K C1/ (1 )L L 0= + (9)

Here, � e is the equilibrium concentration (mg L−1), � m is the
maximum adsorbent capacity of the adsorbent (mg g−1), and
� L is the Langmuir constant. For adsorption studies in
accordance with the Langmuir model, it can be thought that
homogeneous adsorption occurs on the adsorbent surface and
in the monolayer. Also, eq 9 represents the Langmuir
separation factor (� L). The � L number reflects the nature of
adsorption as either unfavorable (if � L > 1), linear (if � L = 1),
favorable (if 0 < � L < 1), or irreversible (if � L = 0).31

Furthermore, the relationship between the Freundlich
isotherm and experimental data can be examined with eq 10:30

q
n

C Klog( )
1

log( ) log( )
e

f
e f= +

(10)

Here, unlike the Langmuir isotherm, � f is the Freundlich
constant, and 	 f is the Freundlich isotherm constant, which
gives an idea about the adsorption feasibility. Also, typical
adsorption is suggested if the value of 1/	 f is less than 1, but if
	 f equals to 1, the partition between the two phases is
concentration-independent.31 To explain both isotherms with
experimental data, different experiments were accomplished
with 1 g of adsorbent, 5.5 pH, 75 °C, and 180 min. These
parameters were kept constant and the initial Nd3+

concentration was changed to 133, 100, 66, 33, and 16.5
ppm. The results obtained were inserted into the equations in
both models and the 1/� e versus 1/� e change was plotted for
Langmuir, and the ln � e versus ln � e change was plotted for the
Freundlich model. Furthermore, � L and � f were calculated.

2.6. Thermodynamic Considerations. Gibbs free energy
change (Δ
 0) of adsorption studies was calculated by eqs 11
and 12; also, Δ� 0 and Δ� 0 were calculated by eq 13:22

G RT Kln(55.5 )0
d= × (11)
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The value of � d in the equation represents the equilibrium
constant of adsorption. By determining Δ
 0, it is possible to
have an idea about whether the system occurs spontaneously
or nonspontaneously. Δ� 0 and Δ� 0 were calculated via
plotting � d vs 1/
.

2.7. Deadsorption Studies. Recovery of adsorbed metal
ions is important economically. Therefore, a certain amount of
adsorbent was mixed with 0.1 M H2SO4 0.1 M HCl, 0.1 M
HNO3, 0.1 M tartaric acid, 0.1 M glycolic acid, and 0.1 M
ascorbic acid, separately, for 3 h at room temperature with the
magnetic stirrer. Deadsorption efficiencies for different media
were calculated by eq 14;
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where � m represents the adsorption capacity of the adsorbent
(mg g−1), � represents the amount of adsorbent (g), and �
represents the solution volume (L).

2.8. Characterization. The chemical structure of the Fe-
based particles produced was determined by XRD (Rigaku
Miniflex, Cu ��, 10° ≤ 2Θ ≤ 90) phase analysis. SEM/EDS
(model: FEI Quattro Analytical Scanning Electron Micro-
scope, Thermo Fisher) was used for the morphology and
surface elemental analysis of Fe-based particles, and FESEM
(model: JEOL JSF-7000F Field Emission SEM) analysis was
used to understand the morphology and oxide thickness of the
particles. SEM and FESEM samples were prepared by
dropping the particles suspended in alcohol onto an Al-based
substrate and drying them in a vacuum atmosphere without
applying heat. DSC (N2 atmosphere, 10 K/min) (204f1,
Netzch) analysis was performed to understand the thermal
properties of the synthesized Fe-based particles, and SEM/
EDS analysis was performed for the morphology and surface
elemental analysis of the sample obtained after the DSC
analysis. The viscosity of sodium alginate and Fe-based
particles added to sodium alginate solution was determined
by a U-tube viscometer (Paragon Scientific LTD) and eq 15:32

t

tsolution water
solution solution

water water

=
(15)

By comparing the time needed for a liquid to flow between
two lines drawn on a viscometer under the influence of gravity
to the time needed for a reference fluid with known viscosity
and density to flow between the same two lines at the same
temperature, the viscosity was determined.32 As a reference
solution, water was employed. The gravity bottle was used to
gauge the solution densities. Every measurement was made at
20 °C. At 20 °C, water viscosity was supposed to be 1.002 mPa
s.33 The water adsorbed by the gels during production was
calculated with eq 16:

w
w w

w
percentageof 100water

hydrogel dried gel

hydrogel

= ×
(16)

After the gels were dried, they were kept in deionized water
and the weight gain was calculated with eq 17:
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(17)
After drying the gels produced at 80 °C for 2 h, their

chemical structure was determined by FTIR (Bruker) analysis
and their thermal properties were determined by DSC (N2
atmosphere, 10 K/min) (204f1, Netzch) analysis. The
magnetic properties of the produced chitosan-coated Fe-
doped gels were determined by VSM (at 25 °C). Nd3+ ion
concentration in the solution was determined by inductively
coupled plasma mass spectrometry (ICP-MS).

3. RESULTS AND DISCUSSION
3.1. Fe-Based Particle Characterization. 3.1.1. XRD

Analysis of Fe Particles. XRD phase analysis of Fe-based
particles is given in Figure 1. Characteristic Fe peaks were

observed at 2� = 46.0284, 66.8581, and 84.3150° (ICDD
number: 96-900-6601). In other reduction studies of Fe on
polyols, it has been shown that the oxide layer is formed but
cannot be determined by XRD, also the oxide layer reaches the
limit that can be determined by XRD with the increasing
surface area when the particle size is reduced below 100
nm.19,20 In this study, oxide phases could not be observed, due
to the particle size. The presence of the oxide layer was
determined by SEM/EDS analysis in the following sections.
The crystallite size of the synthesized Fe particles was
calculated by modified Debye−Scherrer (MDS) and Wil-
liamson−Hall analysis (W−H) based on the uniform
deformation model (UDM). They are given in Supporting
Information Figure S1. The crystallite size was calculated as 34
nm by W−H analysis based on a uniform deformation model.
MDS analysis was performed to compare the W−H analysis.
Crystallite sizes of the synthesized Fe particles were
approximately 21 nm. As the lattice strain was not taken into
account, as expected, the crystallite size values determined by
the MDS approach differ from those determined by the W−H
method. The MDS approach calculates smaller crystallite sizes
than the W−H method because the lattice contains tensile
stress. Similar findings were reported elsewhere.34−38 Using
crystallite sizes derived from W−H analysis and the
Williamson−Smallman (W−S) analysis, the average disloca-
tion density was calculated (see Supporting Information). 8.65
× 10−4 � was determined to be the average dislocation density

of the produced Fe-based particles. Due to a combination of
nanoparticles and uncompensated spins along the dislocation
lines, it is known that there is a relationship between magnetic
properties, crystal size, and dislocation density.39 Also, small
dislocation density values show a high degree of crystal-
lization.40 The dislocation density was calculated in order to
better understand the magnetic properties of the gels we
produced and to show that the crystallization takes place at
high values.

3.1.2. SEM/EDS Analysis of Fe Particles. First, SEM/EDS
analysis was performed immediately after the particles were
reduced and before the gradual cleaning process to understand
the mechanism of reduction. SEM/EDS analysis of unwashed
particles is presented in Supporting Information Figure S2.
The presence of salt phases (light color) in SEM images and
EDS results also show the presence of Na-based residue
phases. The distribution of elements and expected phases in
the unwashed particles are given in Table 2. It has been

observed that Na2CO3 may indeed be formed in the system,
which is compatible with the literature claim that ethylene
glycol gets oxidized to CO3

− and the surfaces of particles
coated with Fe3O4 due to the EDS result. The expected phases
are fully coupled, with 4.5% C atoms remaining; this is thought
to be due to impurity.

SEM/EDS analysis of washed particles is given in Figure 2.
As can be seen in the SEM images, the particles agglomerated
together during drying. It is seen that there is growth in a
certain direction with the magnetic field effect you have during
the drying phase. As a result of the EDS analysis, no other
significant element except oxygen and iron was observed in the
structure (the carbon in the EDS results is fused from the
coating while preparing the SEM sample and impurities). In
regions where the presence of oxygen and therefore the oxide
layer is dense, the agglomeration is more significant. The
results of the EDS quant map and EDS map confirm (see
Figure 2c,d) that the dense regions of the oxide layer come
together and grow in certain directions. FESEM analysis was
used to determine the thickness of the oxide layer and the size
of the particles (see Figure 3). FESEM images show that the
regions where the oxide layer is dense are agglomerated in
certain directions during the drying phase. It was observed that
the particles were in the form of rods with an average length of
400 nm, and the thickness of the oxide layer was 16 nm on
average. In other studies, using FeCl2 precursor solution, it has
been reported that the reduced Fe particles are in a cube
shape.19,20 It has been reported that applying a magnetic field
to Fe nanoparticles synthesized in the cubic form during
reduction causes the particles to grow in the form of chains at a
certain level.19 A magnetic stirrer and heater were used in this
study. The magnetic field created by the magnetic stirrer was

Figure 1. XRD pattern of synthesized Fe particles.

Table 2. EDS Results of Unwashed Particles and Expected
Phases

EDS results

element percentage (%) expected Phases Na2(SO)4 Na2CO3 Fe3O4

C 9 Na2(SO)4 4.5
O 52.5 Na2CO3 26.4 13.5 12.3
Na 22.2 Fe3O4 13.2 9
S 6.6 6.6
Fe 9.1 9.1
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thought to cause the particles to grow in rods rather than
cubes.

3.1.3. DSC Analysis of Fe Particles. DSC analysis was
performed to understand the thermal behavior of Fe particles
(see Figure 4), and then, SEM/EDS analysis of the obtained
structure was performed (see Figure 5). The first, broad peak
indicates the dehydration of the water remaining on the
particles during the washing phase, while the second sharp
peak indicates the gelatinization endotherm of Na-based

salts.41 There is not observed crystallization peak of Fe, so
the reduction temperature was enough to synthesize crystalized
Fe particles. Figure 5 also shows the SEM/EDS analysis of the
particles obtained after DSC analysis. It has been observed that
the particles agglomerated with the effect of temperature and
formed macro-sized particles. EDS maps also show that the
particles are based on Fe. Al peaks come from the substrate.
Oxygen was evenly distributed; however, it was observed that
metallic Fe was present in some regions and did not form an

Figure 2. SEM/EDS analysis of washed particles; (a) ×5000 magnification, (b) ×5000 magnification/quant map of Fe, (c) EDS maps, (d) EDS
data and elemental compositions.

Figure 3. FESEM analysis of particles; (a) ×200, (b) ×1000, (c) ×5000, (d) ×40,000 magnification.
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oxide phase. It was thought that this effect was related to
diffusion and that it was effective with the diffusion behavior of
iron oxide under high temperatures.

3.2. Formation and Characterization of Hydrogels.
The wet and dry states of the produced hydrogels are
presented in Figure 6a and Fe-based particle-doped chitosan
coated hydrogels are given in Figure 6b. It has been observed
that the coating of alginate gels with chitosan affects the
deterioration of the spherical morphology. The average
diameter of Fe-based particle-doped hydrogels is 4.04 mm.
Furthermore, it has also been observed that chitosan-coated
and uncoated gels were dried at 80 °C for 3 h in a standard
atmosphere, disrupting their spherical morphology. In

addition, coating the gels with chitosan caused a change in
the +b* direction on the color coordinate.

The pH of the sodium alginate (NaAlg) solution and the
NaAlg solution doped with Fe nanoparticles was measured as
4.29 ± 0.02 (at 21.6 °C). The pH of the solution containing
(2% v/v) acetic acid and containing chitosan was measured as
3.76 (at 21.1 °C). The viscosities of SA solution and SA
solutions containing Fe-based particles were measured as
173.06 and 64.36 mPa S, respectively. The reason for this is
thought to be the effect of the zeta potential of Fe-based
particles on the solution. The particles we produce are thought
to have an outer surface in the form of Fe3O4. Fe3O4 particles
have a negative value in the pH 3−5 band,42 and this negative

Figure 4. DSC diagram of Fe particles and optical image of particles after DSC analysis.

Figure 5. SEM/EDS analysis of Fe particles after DSC analysis; (a) ×1000 magnification, (b) ×500 magnification/quant map of Fe, (c) EDS maps,
(d) EDS data and elemental compositions.
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value interacts with the negatively charged −COO groups and
repels each other. Furthermore, the change in weight of all gels
after the drying step was calculated (see Figure 6c). This
change in their weight gives an idea of how much water they
absorb during the production phase. It has been observed that
coating alginate hydrogels with chitosan reduce the amount of
water absorbed. Coating alginate beads with chitosan at pH
3.76 causes protonation of carboxyl groups at low pH and
some deterioration of the rigid structure.43 For this reason, gels
coated with chitosan absorb less water during the production
step. Furthermore, some deterioration of the spherical
structure is also due to this reason. To examine the water
absorption behavior of the gels, they were kept in deionized
water for 576 h and the weight change was measured at
different intervals (see Figure 6d). While the rate of weight
gain was relatively high in the first 15 min, this rate decreased
in the following time. It is predicted that this effect is related to
the diffusion rules, and as the water concentration in the gels
increases, the diffusion rate decreases over time. It was
observed that the gels reached equilibrium within 120 min and
maintained the change in weight at the end of the 576th
minute. The most important point in the water absorption
behavior is while the chitosan-coated gels absorb less water
during the production step, chitosan-coated gels absorb more
water in the aqueous environment than the nonchitosan-
coated gels due to the increase in the number of −OH groups
increasing with chitosan and the increase in secondary bond
interactions between water and −OH groups. The addition of
Fe-based particles to the structure did not have a striking effect
on both water release and water absorption behavior. As
explained in the thermal analysis of the gels section, Fe
particles were effective on the amount of nonfreezing water
content.

3.2.1. FTIR Analysis of Hydrogels. To determine the
structure of the bonds in the synthesized gels, FTIR analysis
was performed, and the results are presented in Figure 7.

NaAlg showed absorption peaks, referring to the hydroxyl,
ether, and carboxyl groups. The absorption peak in the range
of 3000−3500, and a peak of 3326.101 cm−1 refers to the O−
H bonds in the chemical structure of NaAlg.44 Aliphatic C−H
vibrations were observed at 2924.818 cm−1; furthermore,
asymmetric and symmetric stretching vibrations of the
carboxylate salt ion were observed at 1594.791 and 1404.492
cm‑1,45 respectively. The peak observed at 1021.825 cm−1

refers to the C−O vibration of the pyranose ring, and the peak
observed at 943.223 cm−1 refers to the C−O stretching formed
by the C−C−H and C−O−H deformation.46 It is observed
that the absorption peaks caused by the chemical structure of
calcium alginate (CaAlg) shift relative to NaAlg. It is seen that
aliphatic C−H vibrations shifted to 3015.83 cm−1 and
asymmetric−symmetrical carboxylate ion vibrations to
1588.586 and 1416.902 cm−1. Furthermore, it is determined
that the C−O vibration of the pyranose ring’s peak shifted to
1065.262 cm−1, and the C−O stretching, formed by the C−
C−H and C−O−H deformation, occurred at 980 cm−1.
Chemical property differences between the Ca2+ ion and the
Na+ ion, such as the atomic radius, have caused such
absorption peak shifts. Moreover, these peaks in CaAlg were
narrower than the peaks in NaAlg’s IR spectrum. This
narrowing means that the “Egg-Box” structures formed,
limiting molecules’ mobility under the IR spectrum.47

Narrowing was observed in the 3000−3500 cm−1 band of
CaAlg. It is known that divalent metal ions, such as Ca2+, have
a chelating effect on the alginate structure. The narrower band
in calcium alginate is due to the resulting reduction in
hydrogen bonding between hydroxyl functional groups as a
result of the chelating effect.46 The addition of Fe-based
particles into the CaAlg hydrogels caused the carboxylate
bonds to shift to the right (1600.996 and 1423.108 cm−1),
while the C−O stretching and C−O stretching in the pyranose
ring, formed by the C−C−H and C−O−H deformation
bonds, shifted to the left (1013.551 and 941.151 cm−1). It is

Figure 6. Wet and dry gels (a), synthesized Fe particle doped hydrogels (b), weight losses after 3 h, at 80 °C (c), and weight gain at deionized
water (d).
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thought that the reason is the magnetic field of Fe-based
particles has also affected Ca2+ ions and (CO2)− groups.
Furthermore, the peaks between 580 and 600 cm−1 wave-
lengths are thought to be related to the Fe−O bond.12

In the IR spectrum of chitosan, absorption peaks were
observed at 3352.991 and 3282.663 cm−1 wavelengths. These
peaks refer to the stretching of O−H and N−H bonds.48 The
absorption in the 2868.969 cm−1 wave number is referred to as
the aliphatic C−H stretch, which is characteristic of typical
polysaccharides.49 The bands at roughly 1646.503 cm−1 (C�
O stretching of amide I) and 1315.547 cm−1 (C−N stretching
of amide III) provided evidence of the existence of residual �-
acetyl groups.48,50 The absorption peak (1588.586 cm−1) has
occurred via N−H bending of primary amine, and 1421,039
and 1375 cm−1 absorption peaks refer to the CH2 bending and
CH3 symmetrical deformations, respectively.48−50 C−O−C
bonds’ give a peak at 1148.001 cm−1, while C−O bonds’
stretching peaks have occurred at 1061.125 and 1021.825
cm−1.48 chitosan’s absorption peak at 1646.503 cm−1, which is
related to the amine group, shifted to the left in Chit_CaAlg
and Fe_Chit_CaAlg’s IR spectrum. Chitosan’s N−H absorp-
tion peak at 1588,586 cm−1 disappeared at both Chit_CaAlg
and Fe_Chit_CaAlg’s IR spectra. These mean that there are
interactions between alginate’s (CO2)− and chitosan’s (NH3)+

groups.51 The absorption peak range between 3000 and 3500

cm−1 gets broad, when alginate structure coated chitosan,
because of increasing O−H and N−H bonds.

3.2.2. DSC Analysis of Fe Particles and Hydrogels. DSC
analysis was performed to examine the thermal behavior of the
synthesized gels and to observe the changes in their chemical
structures, and the results are presented in Figure 8. Sodium
alginate gives the first peak at 88.3 °C, which attributes to the
dehydration of the structure; furthermore, the peak at 241.1 °C
refers to the thermal degradation of NaAlg.52 Also, while the
chitosan dehydration peak occurs at 78.6 °C, the decom-
position peak was at 295.4 °C.53 Different metal alginates
thermodynamically contain three different types of water; free
water, weakly bound water, and nonfreezing-strong bound
water.52 DSC analysis was performed after all hydrogels and
powders were dehumidified. While it is easy to separate free
and weakly bound water from the structure of gels and powder,
it is difficult to remove strongly bound-nonfreezing water from
the structure. The strong nonfreezing water in the gels is a
function of the metal ion and the amount of nonfreezing water
increases as the ionic diameter increases.52 Since the diameter
of the Na+ ion is larger than the Ca2+ ion, the amount of water
that is strongly bonded in its structure is greater. For this
reason, while the dehydration peak occurs in the DSC diagram
of NaAlg, the dehydration peak does not occur in the structure
of CaAlg and Chit_Ca_Alg. When Fe particles were doped to

Figure 7. FTIR results of hydrogels.
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the gels, dehydration peaks were observed to occur again. The
reason for this was interpreted as the interaction of Fe particles
with (CO2)− groups, as seen in the FTIR analysis, and the
increase in the amount of water trapped in the structure by
opening the distance between the chains with doping. In
addition, while the dehydration peak of Fe_Ca_Alg was close
to that of NaAlg, Chit_Fe_Ca_Alg was close to the
dehydration peak of chitosan. As shown in Figure 6,
chitosan-coated gels were thought to absorb more water and
show closer thermal behavior to chitosan.

Cross-linking alginate with calcium increases the decom-
position temperature. It is known that cross-linking with Ca2+

ions increases alginate’s resistance to thermal oxidation.54 Fe
particle doping into the CaAlg structure did not have a striking
effect on the thermal oxidation behavior. Coating the gels with
chitosan decreased the thermal oxidation resistance because

the interaction between alginate and chitosan started at
relatively low temperatures.

A sharp peak was observed around 180 °C in all calcium
alginate gels. The sharp endothermic peak around 180 °C
refers to the disruption of the interaction between Ca2+ and
(CO2)−and even indicates the presence of “Egg-Box”
structures in gels.54 The presence of a second sharp peak
was observed in the Fe-doped gels, and the interactions
between Fe particles and (CO2)− groups were seen by FTIR
analysis. It has been observed that Fe particles interact with
these groups via their magnetic field and strengthen the
existence of “Egg-Box” structures.

3.2.3. VSM Analysis. VSM analysis results of hydrogels and
dried gels are given in Figure 9. Hydrogels and dried gels
showed ferromagnetic properties and their magnetic satu-
rations were found to be 0.297 and 5.136 emu/g at room
temperature, respectively. The difference is due to the very
high water content of the hydrogels.

3.3. Nd3+ Ion Removal from Wastewater. 3.3.1. Ad-
sorption Time. In adsorption studies, the contact time of the
adsorbent and adsorbance should be optimized as it affects the
kinetic stability of adsorption.21 To determine the adsorption
time, the first experiment was carried out with a solution
containing 0.2 g of adsorbent and 50 mL of 100 mg/L Nd3+

ions at pH 5.5, temperature 25 °C, and 300 min. The time-
dependent variation of the adsorption capacity (� t) of the
adsorbent was calculated and is given in Figure 10. The
adsorption system reached equilibrium at the 180th minute.
After the first experiment, all experiments were done at 180
min. The adsorption capacity (� e) of the adsorbent at
equilibrium was found to be 6.72 mg/g. In literature studies
on the removal of heavy metals from wastewater by adsorption
using alginate-based magnetic gels, this value was found to be
between 200 and 300 mg/g.55−58 In this study, the capacity of
the adsorbent has been tried to be kept low so that
deadsorption can be done easily in an acid medium. In the
study of Hamed et al., the adsorptions of Ce3+ and Fe3+ ions
were studied using magnetic alginate-based gels; while HCl
acid yielded 20%, HNO3 16.2%, oxalic acid 0%, and citric acid
24.5% in deadsorption studies, EDTA provided 100%
efficiency.21 Since Nd is a metal with a high economic value,
which is in the list of critical metals, the adsorption capacity of

Figure 8. DSC diagrams of gels.

Figure 9. VSM analysis of Fe-doped (a) hydrogel and (b) dried gels.
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the adsorbent has been tried to be kept low by taking into
account the deadsorption studies.

3.3.2. Adsorption Kinetics. To determine the optimum
reaction parameters in applications with the same operating
conditions, the kinetic properties of metal ion adsorption
should be determined.21 Figure 11 represents four different
models’ agreement with experimental data. Reaction constants
and � 2 values are given in Supporting Information Table S1. � 2

values calculated with four different equations were not greater
than the 99% confidence interval. � 2 of the highest value was
achieved by the pseudo-second-order equation with 97.05%.
Therefore, the general effective mechanism in the adsorption
process is chemisorption. However, in adsorption systems, as
in this study, it may not be possible for a single mechanism to
be effective on the system, and a linear agreement between the
experimental data and a kinetic equation may not be possible.
In such reactions, more than one limiting factor is effective on
the system, the data can be divided into different time intervals,
and kinetic analysis can be performed.59 The adsorption study
was divided into different time intervals, the results are given in

Figure 12, and the calculated variables are given in Table 3.
The first 30 min of adsorption showed 99.61% compliance
with the pseudo-first-order equation. It has been understood
that the first minutes of adsorption comply with the pseudo-
first-order, due to the high concentration difference between
the wastewater and the solution in the hydrogels at the first 30
min of adsorption. Furthermore, the adsorption kinetics
exhibited by gels with sufficient saturation between the 30th
and 120th minutes comply with the pseudo-second-order.
Moreover, weak interactions (magnetic field effect) affect
adsorption. The system is chemisorption-controlled in this
time interval. After the 120th minute, it was seen that the
system complied with the Elovich equation. The Elovich
model assumes that the rate of adsorption of solute decreases
exponentially as the amount of solute adsorbed increases.60 In
addition, the Elovich equation is applied to systems with
heterogeneous adsorption surfaces of chemical adsorption
processes.61 While the accumulation of Nd3+ on the surface of
the adsorbent increases with magnetic separation, the Nd3+

concentration in the solution decreases. For these reasons, it
was determined that the system followed the Elovich equation
after the 120th minute. It was observed that the calculated � e
values were very close to the experimentally obtained � e values
(see Table 3).

3.3.3. Effect of pH on Adsorption. Three experiments were
carried out with 50 mL of a solution containing 100 mg/L
Nd3+ ion and 0.2 g of adsorbent, at 25 °C at 3 different pHs
(3.5, 5.5, and 7.5) for 180 min. The obtained adsorption
efficiencies are given in Table 4. While the adsorption
efficiency was calculated as 26.8% at pH 5.5, it was calculated
as 17.69 and 17.24% for pH 3.5 and 7.5, respectively. It was
thought that increasing H+ ions as pH decreased led to
decrease in the adsorption efficiency. In literature studies, it
was reported that the accumulation of H+ ions on the
adsorbent surface and the efficiency of the adsorbed metal ions
decreased for this reason.21,56 In this study, it was observed
that the H+ ions adsorbed at lower pH values accumulate on

Figure 10. Time-dependent variation of the adsorption capacity of
the adsorbent (50 mL solution, 0.2 g adsorbent, pH 5.5, 25 °C).

Figure 11. Agreement of the absorption data with the different models; (a) pseudo-first-order, (b) pseudo-second-order, (c) Weber-Moris, and (d)
Elovich equations.
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the adsorbent surface and decrease the adsorption efficiency.
Also, the adsorption efficiency decreased again when the pH of
the system was increased to 7.5. The pourbaix diagram was
drawn with the “Materials Project” program with the amount
of Nd3+ and SO4

− used in the adsorption system62−64 and is
given in Figure S3. It was observed that Nd did not precipitate
as a solid until the pH value was around 10.5. However, along
with Nd3+ ions, the adsorption of H+ ions also takes place. As a
result, the pH value increases locally and may cause Nd to
precipitate as a solid, or it has been predicted that the
produced gels may also result from the positive increase in the

zeta potential at high pH. For these reasons, the higher the pH,
the lower the adsorption efficiency. It has been deemed
appropriate that the pH 5.5 value is the optimum value for
adsorption efficiency and that all subsequent experiments
should be carried out at pH 5.5.

3.3.4. Effect of Temperature on Adsorption. To observe
the effect of temperature on the adsorption process, three
different experiments were carried out at 25, 55, and 75 °C for
180 min each with 50 mL of a solution containing 100 mg/L
Nd3+ ion and 0.2 g of adsorbent, and the adsorption
efficiencies are given in Table 4. Increasing the temperature
from 25 to 55 °C increased the efficiency by 4.74% while
increasing it to 75 °C increased it by 33.95%. In the study of
Zhang et al., the effect of temperature was observed at 15, 20,
30, and 45 °C in the study of Cu2+ ion adsorption from
wastewater with alginate-based magnetic gels; an increase in
inefficiency was observed with an increase in temperature, but
a striking increase was observed.56 In this study, increasing
from 25 to 55 °C did not have a striking effect on the system,
but increasing it from 55 to 75 °C showed a striking effect. The
reason for this is that the � e value was tried to be kept low by
considering the deadsorption studies in this study, and the
adsorption efficiency was tried to be increased significantly
with the increasing ion mobility with the effect of temperature.
In other literature studies where the temperature did not show
a striking effect, the efficiency was greater than 65% at room
temperature.22,56,58 It has been seen that increasing the

Figure 12. Examination of the kinetics of the system divided into different time intervals; (a) 0−30th, (b) 30−120th, (c) 135−180th minutes.

Table 3. Equations Applied and Calculated Variables for Different Time Intervals

0−30th minutes 30−120th minutes 120−180th minutes

pseudo-first-order pseudo-second-order Elovich

� e calculated (mg/g) � 1 (min−1) � 2 � e calculated (mg/g) � 2 (g/mg min) � 2 � (mg/(g t)) � (g/mg) � 2

6.766931854 0.0236 0.9961 6.42673522 0.0063 0.9969 6.7243 0.20726677 0.9939

Table 4. Adsorption Efficiency Calculated with Changing
pH Values (50 mL, 100 mg/L Nd, 0.2 g of Adsorbent, 25
°C, 180 min), Adsorption Efficiency Calculated with
Changing Temperature Values (50 mL, 100 mg/L Nd3+, 0.2
g adsorbent, 5.5 pH, 180 min), and Adsorption Efficiency
Calculated with the Varying Solid to Liquid Ratio (50 mL,
100 mg/L Nd, 25 °C, 5.5 pH, 180 min)

parameters

pH 3.5 5.5 7.5
adsorption efficiency 17.69 26.80 17.24
adsorbant to liquid ratio (g/mL) 1/250 1/50
adsorption Efficiency 26.80 76.84
temperature (°C) 25 55 75
adsorption efficiency 26.8 31.54 60.75
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efficiency with the increase in temperature provides conven-
ience in deadsorption studies rather than the higher efficiency
of the material at room temperature. In addition, the increase
in yield with temperature increases indicates that the process is
endothermic.56

3.3.5. Effect of the Solid-to-Liquid Ratio on the
Adsorption Process. To observe the effect of the solid-to-
liquid ratio on the adsorption process, two different experi-
ments were carried out for 180 min each with 50 mL of a
solution containing 100 mg/L Nd3+ ion, 0.2, and 1 g of
adsorbent material at 25 °C and the adsorption efficiencies are
given in Table 4. As expected, the efficiency increased as the
amount of the adsorbent increased. Efficiency is increased as
more adsorbent recognizes more adsorption surface area.

3.3.6. Adsorption Efficiency. The adsorption efficiency of
seven experiments is given in Figure 13. It was observed that

the adsorption efficiency increased to 94.22% by using
optimized pH, temperature, and solid/liquid parameters with
50 mL of a solution containing 100 mg/L Nd3+ ions. It has
been understood that the adsorption efficiency can be
increased not only by the chemical and physical properties
of the adsorbent material but also by optimizing the adsorption
parameters.

3.3.7. Thermodynamic Analysis of Adsorption. Thermo-
dynamic variables effective in the adsorption process were
calculated for three different temperatures and are given in
Table 5. It was made with a 50 mL solution containing 100

mg/L Nd3+ ion and 0.2 g of adsorbent material at 25, 55, and
75 °C temperatures. Negative Gibbs free energy was obtained
at three different temperatures; the adsorption reaction occurs
spontaneously, with positive enthalpy values; adsorption is
endothermic, with positive entropy values, showing that the
reaction is entropy-driven.22

3.3.8. Effect of the Initial Concentration on Adsorbent
Capacity. The adsorbent capacity varying with the initial
concentration of the Nd3+ ion is given in Figure 14. Four

different 50 mL solutions containing 133, 100, 66, and 33 mg/
L Nd3+ ions were prepared, and adsorption experiments were
carried out for 180 min with pH 5.5, 1 g adsorbent material. It
is seen that with increasing initial metal concentration, the
adsorbent capacity also increases. More collisions occur
between metal ions and active adsorbent surfaces in the
solution, and as a result, the capacity of the adsorbent increases
in proportion to the initial concentration.21

3.3.9. Adsorption Iṡotherms. Experimental results were
fitted to Langmuir and Freundlich isotherm models to better
understand the adsorption behavior of Nd3+ ions. � e/� e versus
� e is plotted for the Langmuir isotherm model; log(� e) versus
log(� e) is plotted for the Freundlich model and results are
given in Figure 15. The variables calculated from isotherm
models are given in Table 6. When the � L value was calculated
for all concentrations, it was observed that it remained between
0 and 1, indicating a favorable adsorption process. When the
Freundlich isotherm model is examined, it is seen that 1/n is
less than 1, that is, the reaction is normal adsorption. When the
overall compatibility of the two models is examined, the
experimental data fit the Freundlich model with a value of � 2 =
0.9991. Therefore, the adsorption reaction occurs heteroge-
neously in multiple planes and on the surface.65

3.3.10. Deadsorption Studies. Recovery of Nd3+ ions by
deadsorption after adsorption is important due to economic
and environmental factors. After adsorbing the Nd3+ ions from
the aqueous medium, chemical regeneration of the adsorbent
material was carried out using various acids (0.1 M HCl, 0.1 M
H2SO4, 0.1 M tartaric acid, 0.1 M HNO3, 0.1 M glycolic acid,
and 0.1 M ascorbic acid). Obtained deadsorption results are
given in Figure 16. While the highest efficiency was obtained
with HCl (88.48%), the lowest efficiency was observed with
ascorbic acid (5.05%). Compared to the deadsorption
efficiencies obtained in literature studies, very high dead-
sorption efficiencies were obtained with metal-acid com-
plexes.21 The mineral acids were at a sufficient level to disrupt
the interaction between the adsorbent and metal ions. In
organic acids, tartaric acid showed a high removal efficiency.
The reason for the high efficiency, of tartaric acid, is the
complex formation between tartaric acid and REMs.66 The
deadsorption efficiency of other organic acids was lower than
that of mineral acids. Furthermore, glycolic acid showed

Figure 13. Adsorption efficiency of seven different experiments.

Table 5. Effective Thermodynamic Parameters in the
Adsorption Process (100 mg/L Nd3+, 50 mL of Solution, pH
5.5, and 0.2 g of Adsorbent)

temperature (Kelvin) Δ
 0 (kJ/mol) Δ� 0 (kJ/mol) Δ� 0 (J/mol K)

298 −1.51 0.32 1.15
328 −2.27 0.32 1.15
348 −5.92 0.32 1.15

Figure 14. Adsorption capacity of the adsorbent changes with varying
initial metal concentrations (50 mL of solution, 1 g of adsorbent, 75
°C).
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greater deadsorption efficiency than ascorbic acid. In addition,
it was reported that glycolic acid at the same concentration
showed much higher resolution efficiency than ascorbic acid in
organic acid leaching studies.67 It has been reported that the
difference in the efficiency of glycolic and ascorbic acid in
leaching processes is related to pKa (acid strength).67 For the
same reason, it was thought that the efficiencies of these acids
are different.

4. CONCLUSIONS
In this study, magnetic gel production was carried out
successfully to be used in the cleaning of heavy metals and
REMs from wastewater by the magnetic separation method.
Magnetic Fe particles with an oxide layer of 16 nm and an
average size of 400 nm were synthesized by the polyol method.
It was observed that ethylene glycol was oxidized to CO3

−

during the Fe reduction reaction. The synthesized particles
were added to the gels and ferromagnetic gels were produced
successfully. It was determined by FT-IR and DSC analysis
that the addition of Fe particles to the gels was effective on the

Egg-Box structure. Then, absorption of Nd from wastewater
experiments was done and it achieved 94.22% absorption
efficiency. Temperature, time, pH, and solid-to-liquid ratio’s
effects on the absorption process were investigated. It was
observed that the adsorption efficiency was the highest at 75
°C, 5.5 pH, and 1/50 absorbent liquid ratio. Furthermore,
kinetic models, isotherms, and thermodynamic constants were
calculated. It has been observed that the adsorption process
does not fit a single kinetic model but fits different models at
different time intervals. It has been observed that the
adsorption isotherm conforms to the Freundlich Isotherm
model, that is, adsorption takes place from heterogeneous and
multiple planes. When the thermodynamic dimensions of the
process are examined, it was observed that the reaction
developed spontaneously was an endothermic process and was
entropy-driven. After the absorption process, deabsorption
experiments were done and absorbed Nd3+ ions get the
solution back with 87.48% efficiency with HCl acid. However,
Nd3+ ions were recovered with more than 70% efficiency with
organic acids such as tartaric acid.
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Figure 15. Fitting experimental data to Langmuir (a) and Freundlich (b) models.

Table 6. Langmuir and Freundlich Models’ Constants

Langmuir model Freundlich model

� m
(mg/g)

� L
(L/mg) � 2

� f
[(mg/g)(L/g)1/n] 	 f � 2

6.88 0.44 0.9961 0.06 1.06 0.9991

Figure 16. Efficiency of deabsorption studies in different acid media.
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Şeref Sönmez for ICP analysis, and Assist. Prof. Dr. Nuri Solak
for SEM/EDS and VSM analysis.

■ REFERENCES
(1) Water Resources Management. World Bank. https://www.

worldbank.org/en/topic/waterresourcesmanagement (accessed 2022-
11-11).
(2) Baresel, C.; Schaller, V.; Jonasson, C.; Johansson, C.; Bordes, R.;

Chauhan, V.; Sugunan, A.; Sommertune, J.; Welling, S. Functionalized
Magnetic Particles for Water Treatment. ����&�	 2019, 0, No. e02325.
(3) Zeng, X.; Zhang, G.; Zhu, J.; Wu, Z. Adsorption of Heavy Metal

Ions in Water by Surface Functionalized Magnetic Composites: A
Review.  	����	3 ���34-���� ���3 
��$	��3 2022, 5, 907−925.
(4) Bolisetty, S.; Peydayesh, M.; Mezzenga, R. Sustainable

Technologies for Water Purification from Heavy Metals: Review
and Analysis. �$��3 ���3 ���3 2019, (5, 463−487.
(5) Fu, F.; Wang, Q. Removal of Heavy Metal Ions from

Wastewaters: A Review. 63 	����	3 ��	���3 2011, *1, 407−418.
(6) Kim, Y.; Lin, Z.; Jeon, I.; Van Voorhis, T.; Swager, T. M.

Polyaniline Nanofiber Electrodes for Reversible Capture and Release
of Mercury(II) from Water. 63.�3 �$��3 ���3 2018, 7(2, 14413−
14420.
(7) Zhang, S.; Niu, H.; Cai, Y.; Zhao, X.; Shi, Y. Arsenite and

Arsenate Adsorption on Coprecipitated Bimetal Oxide Magnetic
Nanomaterials: MnFe2O4 and CoFe2O4. �$��3  	�3 632010, 705,
599−607.

(8) Chowdhury, S. R.; Yanful, E. K. Arsenic and Chromium Removal
by Mixed Magnetite−Maghemite Nanoparticles and the Effect of
Phosphate on Removal. 63 	����	3 ��	���3 2010, *7, 2238−2247.
(9) Hou, X.; Feng, J.; Liu, X.; Ren, Y.; Fan, Z.; Wei, T.; Meng, J.;

Zhang, M. Synthesis of 3D Porous Ferromagnetic NiFe2O4 and
Using as Novel Adsorbent to Treat Wastewater. 63������� "	������� ���3
2011, ')1, 477−485.
(10) Roy, A.; Bhattacharya, J. Removal of Cu(II), Zn(II) and Pb(II)

from Water Using Microwave-Assisted Synthesized Maghemite
Nanotubes. �$��3  	�3 632012, 177/171,493−500.
(11) Mahapatra, A.; Mishra, B. G.; Hota, G. Electrospun Fe2O3−

Al2O3 Nanocomposite Fibers as Efficient Adsorbent for Removal of
Heavy Metal Ions from Aqueous Solution. 63��8���3 �����3 2013,
105/10*,116−123.
(12) Rezayan, A. H.; Mousavi, M.; Kheirjou, S.; Amoabediny, G.;

Ardestani, M. S.; Mohammadnejad, J. Monodisperse Magnetite
(Fe3O4) Nanoparticles Modified with Water Soluble Polymers for
the Diagnosis of Breast Cancer by MRI Method. 63���	3 ���	3
�����3 2016, (12, 210−217.
(13) Bensebaa, F. Wet Production Methods. In "	������� ����	�� �	�


��$	����&; Elsevier, 2013; Vol. 7*, pp. 85−146.
(14) Oh, A. H.; Park, H.-Y.; Jung, Y.-G.; Choi, S.-C.; An, G. S.

Synthesis of Fe3O4 Nanoparticles of Various Size via the Polyol
Method. �����3 "	�3 2020, (), 10723−10728.
(15) Fiévet, F.; Ammar-Merah, S.; Brayner, R.; Chau, F.; Giraud, M.;

Mammeri, F.; Peron, J.; Piquemal, J.-Y.; Sicard, L.; Viau, G. The
Polyol Process: A Unique Method for Easy Access to Metal
Nanoparticles with Tailored Sizes, Shapes and Compositions. �$��3
���3 ���3 2018, (9, 5187−5233.
(16) Fievet, F.; Lagier, J.; Blin, B.; Beaudoin, B.; Figlarz, M.

Homogeneous and Heterogeneous Nucleations in the Polyol Process
for the Preparation of Micron and Submicron Size Metal Particles.
����� ����� "�	��� 1989, '1/'', 198−205.
(17) Takahashi, K.; Yokoyama, S.; Matsumoto, T.; Cuya Huaman, J.

L.; Kaneko, H.; Piquemal, J.-Y.; Miyamura, H.; Balachandran, J.
Towards a Designed Synthesis of Metallic Nanoparticles in Polyols −
Elucidation of the Redox Scheme in a Cobalt−Ethylene Glycol
System. ��: 63�$��3 2016, (2, 8632−8642.
(18) Shengming, J.; Liangsheng, Y.; Ying, Z.; Guanzhou, Q.;

Cuifeng, W. Study on Thermodynamics and Oxidation Mechanism of
Ethylene Glycol in the Preparation of Nanometer Nickel Powders.
�����3 ���3 ;���3 2006, (7, 2130−2136.
(19) Joseyphus, R. J.; Shinoda, K.; Kodama, D.; Jeyadevan, B. Size

Controlled Fe Nanoparticles through Polyol Process and Their
Magnetic Properties. �����3 �$��3 ,$&�32010, 71', 487−493.
(20) Joseyphus, R. J.; Kodama, D.; Matsumoto, T.; Sato, Y.;

Jeyadevan, B.; Tohji, K. Role of Polyol in the Synthesis of Fe Particles.
63���	3 ���	3 �����3 2007, '72, 2393−2395.
(21) Hamed, M. G.; Breky, M. M. E.; Ghazy, O.; Borai, E. H.

Separation and Preconcentration of Cerium (III) and Iron (III) on
Magnetic Nanocomposite Hydrogel. �������� ����3! . 2022, )01,
No. 129779.
(22) Tao, X.; Wang, S.; Li, Z.; Zhou, S. Green Synthesis of Network

Nanostructured Calcium Alginate Hydrogel and Its Removal
Performance of Cd2+ and Cu2+ Ions. �����3 �$��3 ,$&�32021,
105,No. 123931.
(23) Hamedi, H.; Moradi, S.; Hudson, S. M.; Tonelli, A. E. Chitosan

Based Hydrogels and Their Applications for Drug Delivery in Wound
Dressings: A Review. ���#�$&��3 ,��&�3 2018, 7**, 445−460.
(24) Hamedi, H.; Moradi, S.; Hudson, S. M.; Tonelli, A. E.; King, M.

W. Chitosan Based Bioadhesives for Biomedical Applications: A
Review. ���#�$&��3 ,��&�3 2022, 151,No. 119100.
(25) Ahmed, E. M. Hydrogel: Preparation, Characterization, and

Applications: A Review. 63.��3 ���3 2015, ), 105−121.
(26) Dikmetas, D. N.; Uysal, E.; Karbancioglu-Guler, F.; Gurmen, S.

The Production of PH Indicator Ca and Cu Alginate ((1,4)- � -d-
Mannuronic Acid and � -l-Guluronic Acid) Cryogels Containing
Anthocyanin Obtained via Red Cabbage Extraction for Monitoring

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.2c08221
ACS Omega 2023, 8, 16762−16778

16776



Chicken Fillet Freshness. "	�3 63;���3 ��������3 2023, 1'7,
No. 123304.
(27) Wang, K.; Liu, Q. Chemical Structure Analyses of

Phosphorylated Chitosan. ���#�$&��3 ���3 2014, '5), 48−56.
(28) ������� ,��&����/;���� 
���	 .����#�	�� ��� -���� 
������	�,

1st ed.; Kalia, S., Ed.; Elsevier: Cambridge, 2021.
(29) Qiu, H.; Lv, L.; Pan, B.; Zhang, Q.; Zhang, W.; Zhang, Q.

Critical Review in Adsorption Kinetic Models. 63<$�=��	� %	��3���3 .
2009, 72, 716−724.
(30) Al-Ghouti, M. A.; Da’ana, D. A. Guidelines for the Use and

Interpretation of Adsorption Isotherm Models: A Review. 63��8���3
�����3 2020, '*', No. 122383.
(31) Dada, A. O. Langmuir, Freundlich, Temkin and Dubinin−

Radushkevich Isotherms Studies of Equilibrium Sorption of Zn 2+
Unto Phosphoric Acid Modified Rice Husk. ">�� 63.���3 �$��3
2012, ', 38−45.
(32) Beaulieu, L. Y.; Logan, E. R.; Gering, K. L.; Dahn, J. R. An

Automated System for Performing Continuous Viscosity versus
Temperature Measurements of Fluids Using an Ostwald Viscometer.
���3 ���3 "	�����3 2017, 55, No. 095101.
(33) Korson, L.; Drost-Hansen, W.; Millero, F. J. Viscosity of Water

at Various Temperatures. 63,$&�3�$��3 1969, 9', 34−39.
(34) Khorsand Zak, A.; Abd Majid, W. H.; Abrishami, M. E.;

Yousefi, R. X-Ray Analysis of ZnO Nanoparticles by Williamson−Hall
and Size−Strain Plot Methods. ����� ����� ���3 2011, 7', 251−256.
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