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Abstract. Magnetic spinel ferrite nanoparticles Fe,Fe;.,Mn,O, were synthesized by a simple co-
precipitation method. The morphology and structures of the synthesized samples were
characterized by X-ray diffraction (XRD), field-emission scanning electron microscope (FE-
SEM), Raman spectroscopy, and infrared spectroscopy (FTIR). The magnetic properties of the
materials were studied using VMS measurement. The results showed that the spinel ferrite
nanoparticles formed a single phase of packed face-centered cubic spinel structure. When
replacing Mn?* ions with Fe?*, the crystal structure shifted from the Fe;O, crystal structure to the
MnFe,0, crystal structure assigned with an increased lattice constant from 6.30 nm to 26.33 nm.
Raman and FTIR spectrum analysis showed that when replacing Mn** ions with Fe**, the Mn-O
and Fe-O bonds changed significantly. Specifically, the intensity of the Raman spectrum's
reflection and the FTIR spectrum's absorption decreased gradually. All the samples exhibited
uniform spherical shapes, and particle size varied from 9.8 nm to 30 nm, depending strongly on
the substituted concentration. The magnetization curves confirm the soft ferromagnetic behavior
with close superparamagnetic properties of Fe,Fe;,Mn,O, nanoparticles. The material used to
study the adsorption of Direct Red 79 (DR79) in water has good adsorption capacity. The
adsorption process obeys pseudo-second-order kinetics and also shows compliance with
Langmuir, Freundlich and Temkin isotherms.
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1. INTRODUCTION

Along with the development of the economy and the needs of life, the textile and garment
industry has developed rapidly and has become an important and large-scale industry in Viet
Nam and the world. Weaving and dyeing technology has developed, but the main source of raw
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materials is still ordinary cellulose fibers. The dyeing process usually uses colorants covalently
bonded to the hydroxyl group in the cellulose polymer molecule [1]. However, the water used to
clean the fabric after use contains many dyes and toxic chemical additives that strongly affect
human health and the environment [2]. Thus, water treatment before discharging into the
environment has become an urgent issue that has attracted scientists' attention [3]. Currently
dyes are divided into many types including direct, basic, acid, reactive, metal complex, and
solubilized vat. Among them, direct dyes own one or more azo groups and are commonly used
for coloring and painting. They have a much larger molecular weight than other types. They are
often toxic, irritating to the skin, inflammatory, mutagenic, and carcinogenic. About 80 % of
direct dyes are azo that need to be removed from wastewater [4]. Direct Red 79 is one of the
direct dyes [5 - 7]. Studying its adsorption also predicts the adsorption of other direct dyes.
There are many physical, chemical, and biological methods to remove dyes from wastewater,
such as coagulation, membrane filtration, precipitation, electrochemical techniques, hydrolysis,
photocatalysis, and adsorption. Adsorption is a popular method due to its low cost and high
efficiency [8].

With the development of nanotechnology, using nanoadsorbents offers many advantages
for the adsorption technique, such as enhanced removal efficiency, which is easy to use on a
larger scale [9]. There are different types of adsorbent nanomaterials used in wastewater
treatment, such as carbon nanotubes [10], graphene [11], metal oxides [12], etc. To increase the
adsorption capacity, the recovery of adsorbents is increasingly interested in research. One of the
ways to recover adsorbent material quickly is to take advantage of the material's magnetic
properties. Previous studies showed that nanostructured magnetic materials, especially magnetic
nanomaterials that belonged to the spinel structure family were highly effective in removing
pollutants in water [13]. Due to their highly flexible surface, spinel ferrite nanomaterials readily
interact with molecules and pollutant ions. Under an external magnetic field, these materials are
easily separated, recovered, and reused for a long time after adsorbing contaminants. Spinel
ferrite magnetic materials are an important class of composite metal oxides containing ferric
ions. They have a a closely packed face-centered cubic structure that is formed by oxygen
anions, and the smaller metal cations (M** and Fe®*") occupied the hole positions: tetrahedral and
octahedral oxygen coordination (termed as A and B sites, respectively) with the general
structural formula [M?*]a[Fe,**]z04 (Where M = Mg, Co®*, Ni¥, Zn?, Fe**, Mn*, etc.) [14].
According to a recent review by Yun [15], iron oxide nanoparticles, FesO4 have been
traditionally used for water treatment applications with the ability to adsorb and remove heavy
metals such as As, Cu, Pb, Se up to 99 % [16, 17]. However, in low pH environments, Fe;0,
nanoparticles are subjected to phase changes which significantly influence the magnetic
characteristics of the particles and lead to a change in the pollutant removal performance. In
order to overcome this problem, recent attempts have focused on using the substituted-spinel
ferrite M,Fes O, (M = Mn, Zn, Mg, etc.) for contaminant removal [18]. In fact, the most
interesting characteristic of spinel ferrite materials is that their structure and magnetic properties
depend strongly on the cation distributions and super-exchange interaction between cations at
the A site and cations at the B site. Therefore, by doping or substituting other ions such as Co**,
Mn%, Zn**, Ni** to MFe,0, spinel materials, different spinel structures (invert spinel, normal
spinel, and mixed spinel) can be obtained [19]. This flexibility may result in significant changes
in the magnetic properties and adsorption characteristics [15, 19].

In this study, Fe,Fe;MnxO,4 materials were used for the first time to study the adsorption
of DR79 from aqueous solution. The effects of the initial pH medium, amount of adsorbent,
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initial concentration, adsorption time, and temperature were investigated. The adsorption kinetic
models and isotherm equations were analyzed and calculated based on the survey data.

2. MATERIALS AND METHODS
2.1. Materials

Metal salts and NaOH were purchased from Sigma-Aldrich. All chemicals used in this
study were of analytical grade and used directly without further purification. Mn,Fez, O, (x=0-1)
nanoparticles were synthesized by a simple co-precipitation method. Typically, a mixture of
metal precursors MnCl,.4H,0 and FeCl,.4H,O with various molar ratios of Fe?/Mn?*
corresponding to x = 0, 0.2, 0.4, 0.6, 0.8, 1 was dissolved in 20 mL of H,O using a magnetic
stirrer. Then, the mixed solution was added to a solution of FeCls.6H,0 according to the molar
ratio (Mn**/Fe*"): Fe* = (1):2. The mixed metal salt solution was added dropwise to a NaOH
solution under a magnetic stirrer. The reaction was maintained at 60 °C for 1 hour. After that, the
dark precipitation was separated by a permanent magnet and washed several times until pH = 7,
and then dried in an oven at 60 °C for 24 hours.

2.2. Methods
Characterization

The crystal structure and phase structure, morphology, particle size, and chemical structure
of the synthesized samples were characterized by X-ray diffraction analysis (XRD-Bruker D8
Advance), field-emission scanning electron microscopy (FESEM, S-4800, Hitachi), FTIR
spectroscopy (Nicolet Nexus 670 FTIR), and Raman spectra (XploRA, Horiba). The magnetic
properties were observed on magnetization plots through a homemade VSM.

Adsorption isotherms

The effects of pH, adsorbent dose, and adsorption time on the adsorption of DR79 were
investigated. The adsorption medium was pH-adjusted water by adding 0.1 M NaOH or 0.1 M
HNOs. The adsorption process was accelerated by shaking at 3000 rpm. After adsorption, the
samples were centrifuged at 5000 rpm for 10 min. The concentration of DR79 was determined
using a UV-1700 spectrophotometer. The maximum optical absorption of DR79 was at 508 nm.

2.3. Theoretical background

Adsorption efficiency: Removal (%), adsorption capacity at equilibrium: g. (mg/g), and
adsorption capacity at time t: g, (mg/g) were calculated according to the following equations:

Removal (%) = % 1)
0
Co—Ce)V
o = el 2
Co—C)V
g = o ®3)

where, Cy, C.,and C; (mg/L) are the concentrations of the dye at the initial time, at equilibrium,
and at any moment, respectively; V (L) is the volume of solution; m (g) is the amount of
adsorbent.
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Langmuir, Freundlich, and Temkin adsorption isotherms are commonly used to study
adsorption [20, 21]. The Langmuir model is a homogeneous monolayer adsorption model
according to the following equation:

S

(4)

max Va Ky, are constants of the Langmuir model, g,ax iS maximum adsorption capacity. qmax
and K, are determined from the slope and intercept of the plot % VS C.

de GmaxKL dmax

The Freundlich model describes a heterogeneous adsorption process:
Inq. = InKp + %lnCe (5)

where n and K are constants, Kg is Freundlich constant, n and Ky are determined from the slope
and intercept of the plot Ing, versus InCe.

The Temkin model describes a linear dependence:
RT RT
e = b—tlnAt + b—tll’lCe (6)

where, A, (L/g) and b, (J/mol) are Temkin constants. T and R are the absolute temperature (K)
and universal gas constant [8.314 J/(mol K)], respectively. A, and b, are determined from the
slope and intercept of the plot g, versus InCe.

The adsorption kinetics was investigated according to the following models: Pseudo-first-
order, Pseudo-second-order, Elovich, and Intra-particle diffusion model mentioned in
reference [22].

The pseudo-first-order kinetic model (rate constant: k;) with a linear expression is shown
as follows:

In(qe — q¢) = Inq, — kqt (M

The pseudo-second-order kinetic model (rate constant: k;) with a linear expression is
shown as follows:

t 1 1

q_t B kzqg E

(8)

The Elovich model shows the nature of chemisorption. It allows for predicting the
activation energy, deactivation, and diffusion processes of the system:

q; = %ln(aﬂ) + %lnt 9)

where, a [mg/(g min] is the initial adsorption rate, and 3 is the desorption constant.

The intra-particle diffusion model is used to study the rate-limiting step during adsorption
with a linear expression:

where K, is a rate constant, and C is the boundary layer thickness.
3. RESULTS AND DISCUSSION

3.1. Morphology and structure of materials
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The crystalline phase structure of the samples was

demonstrated by X-ray diffraction

(XRD) measurement. Figure 1 shows the XRD patterns of Fe;0,, MnFe,O4 and Fe,Fe; ,Mn,O4
(x=10.2;0.4; 0.6; 0.8).

Figure 1. XRD patterns of Fe30,4, Fe,MnO4and Fe,Fe; ,Mn,O,.
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From Figure 1, it can be seen that all the samples exhibit the characteristic peaks of the
face-centered cubic structure belonging to spinel ferrite materials with the peaks at around
18.32° 30.14°,6 35.50° 43.150° 53.54° and 57.07° corresponding to the (111), (220), (311),
(400), (422), (511), and (440) planes. For the samples with x = 1, the peaks' positions are
consistent with the structure of the MnFe,O, material (card of JCPDS No0.10-0319) [23]. For the
samples with x = 0, the XRD pattern clearly shows the typical peaks of FesO, structure (well-
matched with JCPDS 71-6336) without any strange impurity phase, confirming the single phase
[24, 25]. For the substituted Fe,Fe;.,Mn,O, samples, the diffraction peaks gradually shift to the
20 angular position of the MnFe,O, material when increasing the concentration of the
substituted Mn*" ions to Fe** in the Fe;O, crystal. The crystal size of the sample system can be
determined by Scherrer equation [26].

0,94.1

dhk] - B.cosB

(11)

Table 1. XRD, TEM and magnetic properties analysis data for the synthesized samples, a (lattice
parameter); ds;; (d-spacing of 311 planes); dxrp (crystalline size); dsgm (particle size);

Ms (saturation magnetization); Hc (coercivity).

Substituted a da11 dxrp dsem Ms Hc
concentrati (A) (A) (nm) (nm) (emu/qg) (Oe)
ons
x=1 8.4977 30.8 26.325 30.2 41 58
x=0.8 8.4716 15.5 13.775 18.1 47 1
x=0.6 8.4478 19.5 12.175 17.6 58 2
x=0.4 8.4119 10.4 10.6975 14.7 67 7
x=0.2 8.3808 6.3 10.63 11.6 65 18
x=0 8.3525 5.98 6.295 9.8 74 76
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From Table 1, it can be seen that lattice parameters, including lattice constant and d-
spacing of Fe;O, nanoparticles increase with an increase in Mn?* substituted concentration.
From Figure 2, it can be seen that the lattice constant is increasing linearly with the substituted
concentration. This increase could be originated from the ionic radius of Mn** (0.081 A) being
larger than that of Fe** (0.074 A). When Mn®* ions took the place of Fe" ions in the crystal, a
lattice expansion occurred. The shifting of diffraction peaks and the change of the crystal
parameters in the substituted samples confirm the successful replacement of Mn?* for Fe®* in the
FesO4 nanoparticles by a simple co-precipitation method.
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Figure 2. Dependence of lattice constant on the doping concentration.
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Figure 3. Raman spectra of Fe,Fe; 4Mn,O,.
Figure 3 presents the Raman spectra of the Fe,Fe; ,Mn,O, (x = 0-1) samples in a

wavelength range from 0 to 1000 cm™. The broad peak centered at 664 cm™ was attributed to
Alg mode corresponding to the symmetric stretch of oxygen atoms along Fe—O in Fe;O4 NPs
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[27]. When Fe®* ions were substituted by Mn?* ions in the crystal, the characteristic peaks of the
Fe-O bond shifted clearly to the low wavelength. These results confirm again that Mn?* was
successfully incorporated into the Fe;O;, lattice

To fully understand the chemical structure of the synthesized samples, the FT-IR spectra of
Fe,Fe;xMn,O, x = 0-1) samples were performed and are shown in Figure 4. All samples exhibit
the major absorption bands centered at 3380 cm™ and 2350 cm™ related to the O-H and C=0
vibration modes. The band centered at 1570 cm™ can be attributed to the stretching vibration of
H-O-H of the absorption of H,O molecules [28]. Additionally, two strong peaks centered at
about 560 cm™and 439 cm™ represent the vibration modes of metal-oxygen bonds (Mn-O and
Fe-O) at octahedral sites [29].
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Figure 4. FTIR spectra of Fe,Fe; ,Mn,Oy,.

Similar results were also reported in the previous papers [30]. From Figure 4, it can be
found that the characteristic vibration modes of the metal-oxygen shift to low wavenumber, and
the intensity of absorption peaks increases gradually when the concentration of Mn®* ions
increases, indicating that Fe** ions were substituted by Mn*" in the Fe-O bonds of the Fe;O,
material. The absorption intensity at the peak of 439 cm™ decreased sharply for samples with a
Mn?*" concentration larger than 0.4. This phenomenon can be explained by the fact that the
MnFe,O, material belongs to the mixed spinel type, i.e., Mn?* and Fe?" ions occupied both
tetrahedral (A) and octahedral (B) positions [31]. When the concentration of Mn®* ions
increased, the Mn?" ions were mainly located in the tetrahedral position, so the absorption
strength was reduced.

Figure 5 shows the SEM images of the substituted Fe,Fe; ,Mn,O, samples with Mn?* ions
at the values of x equal to 0, 0.2, 0.4, 0.6, 0.8 and 1. The SEM image shows that the particles are
uniformly spherical in shape with different diameters corresponding to each doping ratio. The
pristine Fe;O, material shows the smallest particle size - about 9 nm (Table 1) and increases as
the substituted concentration of Mn®* ions in the sample system increases. The ionic radius of
Fe?* ion (0.64 A) is smaller than the ionic radius of Mn?* (0.8 A). Therefore, replacing Fe** ions
with Mn?* ions will reduce the size of the crystal, leading to an increase in the size of the
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particles. This result is consistent with the crystalline size obtained from XRD analysis,
demonstrating that the spinel ferrite nanoparticle grains are a single crystal. Besides, the SEM
image also confirms that the particles have the phenomenon of agglomeration because they are
attracted to each other by the magnetic force.

Figure. 5. SEM images of (a) MnFe,O,, (b, ¢, d, e) Fe,Fe; ,Mn,O, (X = 0.8, 0.6, 0.4 and 0.2) and (f) Fe30,.

3.2. Magnetic properties of materials
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Figure. 6. (a) Magnetization curves of the Fe,Fe; ,Mn,O, (x = 0 + 1) and (b) the enlarged low-field
hysteresis.

Magnetic properties of Fe,Fe;.\Mn,O, (x = 0 - 1) were studied by the magnetic hysteresis
loops measured with the magnetic field in the range from -12 kOe to 12 kOe as shown in Figure
6. From Figure 6, it can be seen that all samples present the soft ferromagnetic properties with
the coercivity below 100 Oe (as shown in Figure 6b), indicating a closeness to
superparamagnetic behavior.
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Figure 7. Variation of Ms and H, with the Mn** substituted content.

The saturation magnetization (Ms) of all samples was estimated by extrapolating the
magnetization to high-field regions using the following function:

M =Ms(1-a/H) (1)

in which a is the fitting parameter. The obtained saturated magnetization and coercivity for all
samples are listed in the Table 1 and the variation of Ms and Hc with the Mn®" substituted
content is presented in Figure 7.

The highest magnetization of 74 emu/g was observed for the Fe;O, sample and decreased
with an increase in the Mn?* substituted concentration. However, the Fe,Fe;.,Mn,O, sample with
x = 0.4 displays Ms value which does not obey the trend of decreasing Ms with increasing the
Mn*" doping concentration. This can be explained by the fact that the occupation of A site for
Mn?* jons forms a mixed spinel structure of the samples with x = 0.4. In the spinel structure, the
A and B sublattices are antiferromagnetically coupled when Mn®" ions with the larger ion radius
would prefer to occupy the A-site to replace Fe** ions. This reduces the magnetic moment of the
A-site and consequently increases the net magnetization [32]. It is noted that the sample with x =
0.4 remains the Ms value.

The saturation magnetic moment tends to decrease as the doping concentration increases.
The reason can be derived from the distribution of Mn?* and Fe? cations between
the sublattice [33].

When Fe®* ions were replaced by Mn?* ions in the crystal, the following cases would occur:

i) When the Mn®* ion replaces the position of the Fe** ion in sublattice A, the magnetic
moment of the sample will increase. Since the magnetic moment of Fe** (4.9 BM) is smaller
than that of Mn?* ion (5.9 BM), the total magnetic moment of the two sublattices increases.

if) When the Mn?" ion replaces the position of the Fe®* ion in sublattice B, the magnetic
moment of the sample will decrease. Because the magnetic moment of the Fe? ion is smaller
than that of the Mn?" ion, the total magnetic moment of the two sublattices decreases.
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i) When the Mn?* ion replaces the position of the Fe** ion in both sublattices A and B,
the magnetic moment of the sample will be caused to change, leading to the total magnetic
moment of the two sublattice change.

The Ms value tends to decrease because most of the Mn?* ions have replaced Fe®* ions in
sublattice B, which is consistent with the results of previous studies [34, 35]. Therefore, the
material structure is more mixed than the inverse spinel structure.

In order to investigate the magnetic stability over time of the fabricated samples, M(H)
measurements of the samples with x = 0 and x = 0.4 were performed again after two months of
synthesis. It is noted that the samples with x = 0 and 0.4 possess the highest Ms value among the
substituted samples. The results are shown in Figure 8. It can be seen that after two months of
synthesis, the sample with x = 0.4 remained at the Ms value of 67 emu/g while Ms of Fe;O, was
reduced by 20 % for the same time. It can be explained by its mixed spinel structure with the
substitution of Mn?" on both sides which prevents the substituted sample from oxidizing over
time. Thus, the sample with x = 0.4 was chosen as the absorbent for removing DR79.
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Figure 8. M(H) curves of samples with x = 0 and x = 0.4 after two months of synthesis.
3.3. DR79 adsorption properties of Fe,Fe; ,Mn,O,x = 0.4 (FMO) material
3.3.1. Isoelectric point of material

50 mg of FMO material was immersed in solutions of different initial pH; (from 1 to 7).
After 24 hours, the solutions were filtered, followed by measuring their pH value (pHe). The
difference between the initial pH (pH;) and the equilibrium pH (pH.) is ApH = pH; — pH,,
plotting the dependence of ApH on pHj, the intersection point of the curve with the coordinates
at which the value ApH is the isoelectric point as shown in Figure 9. The results show that the
isoelectric point FMO is 6.36. This result indicates that at pH < 6.37, the material's surface is
negatively charged, whereas at pH > 6.37, the material's surface is positively charged.
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Figure 9. Determination of isoelectric point of FMO.
3.3.2. Effect of initial pH

The pH environment for adsorption is one of the most important factors because it is
directly related to the adsorbent surface charge, the adsorbent dissociation, and adsorbent
ionization. In this study, the initial pH range from 2 to 7 was investigated. As can be seen in
Figure 10, with an initial DR79 concentration of 50 mg/L, FMO weight of 0.02 g, and shaking
speed of 300 rpm, pH strongly affects the DR79 adsorption capacity of FMO. The adsorption
capacity was strong at pH 2 and rapidly reduced at pH 3, and almost no adsorption took place at
higher pH. It can be explained that DR 79 contains many sulfonate radicals (-SO;Na) and amine
groups (-NH,), so at low pH, it is protonated as a positively charged molecule. This result is
consistent at low pH; the surface of the negatively charged FMO material increases the
adsorption capacity of the material at low pH.

100
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b2 O o
o (=] o

N
o
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|

Figure 10. Effect of initial pH on adsorption (50 mg/L DR79; 0.02 g of FMO; 300 rpm).

3.3.3. Effect of absorption time
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After a period of adsorption, the adsorption process will reach equilibrium. The evaluation
of the adsorption process over time with different amounts of FMO is shown in Figure 11. It can
be seen that the adsorption efficiency increased gradually over time and remained almost
constant after 70 minutes for all 3 cases. Therefore, a time interval of 70 minutes was chosen as
the time for the adsorption to reach equilibrium.
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Figure 11. Adsorption efficiency versus time with adsorbent doses of 0.01 g; 0.02 g and 0.03 g.
3.3.4. Effect of adsorbent dose

Various amounts of adsorbent samples ranging from 0.005 g to 0.05 g were added to 50 mL
of 50 mgL™ DR79 solutions to study the adsorption process. As shown in Figure 12, the
adsorption dye percentage reached above 96 % and tended to increase slowly at a higher initial
dosage. This result indicates that there was active center saturation on the absorption surface.
However, the adsorption capacity decreased from 183.99 to 48.02 (mg/g).
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Figure 12. Effect of adsorbent dose (C, = 50 mg/L; 300 rpm; pH = 2; 25 °C).
3.3.5. Adsorption isotherms

Based on the adsorption process with different adsorbent doses, adsorption isotherm
models can be found.
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Figure 13. Adsorption isotherms: (a) Langmuir, (b) Freundlich, and (c) Temkin models.

Table 2. Constants of Langmuir, Freundlich and Temkin models.

Langmuir Gmax = 220.75 K, = 0.1318 R*=0.99113
i 1 - 72
Freundlich ~= 046675 K = 38.00 R“=0.98195
Temkin A, = 1.305 b, = 5192 (J.mol™) R”=0.9928

A study of isotherm adsorption models is shown in Figure 13. The constants and
correlation coefficients are calculated and shown in Table 2. It can be seen that the above
adsorption models are quite suitable in which the Temkin isothermal adsorption model shows
the best fit from the actual values (R?= 0.9928) [36].

3.3.6. Adsorption kinetics
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Figure 14. Adsorption kinetics: (a) Pseudo-first-order; (b) Pseudo-second-order constants;
(c) Elovich constants; and (d) Intra-particle diffusion.
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Table 3. Kinetic parameters.

Pseudo-first-order constants Pseudo-second-order constants
Adsorbent q, (Mg/g) Ky R’ q, (Mg/g) ko R?
dose (g)
0.01 71.833 0.06611 0.91256 119.05 0.002183 0.99861
0.02 63.90 0.05171 0.96378 127.88 0.001587 0.99224
0.03 27.70 0.06026 0.9864 83.96 0.006564 0.99995
Elovich constants Intra-particle diffusion constants

a B R? K, C R?
0.01 724.2368 0.073719 0.96435 5.3498 65.546 0.86201
0.02 423.5824 0.062466 0.95224 6.3723 65.773 0.86709
0.03 4074.877 0.127436 0.91901 2.9093 56.852 0.72599

The adsorption kinetics was investigated according to various models as shown in Figure
14. Kinetic parameters are shown in Table 3. It can be seen that the correlation coefficient (R?)
for the second-order kinetic model is the largest (R?> > 0.992), much larger than the first-order
mzodel (R? < 0.964), Elovich model (R® < 0.965), and Intra-particle diffusion model (very low,
R < 0.868).

4. CONCLUSIONS

The substituted products Fe,Fe; sMnO, (X = 0 - 1) were successfully synthesized by the
co-precipitation method. The obtained samples display a cubic spinel structure with particle
sizes ranging from 9 to 40 nm depending on the substituted concentration of Mn?*. The lattice
constant and particle size increase with increasing the Mn** substitution. Especially, FTIR and
magnetization results reveal that at high substituted Mn?" concentrations, the samples exhibit a
mixed spinel structure. As a consequence, the magnetization values of the samples depend
strongly on the cation distribution. The existence of the mixed spinel structure helps the samples
with x = 0.4 maintain their saturation magnetization after two months. The DR79 adsorption
study of Fe,Fe; ,Mn,O, (x = 0.4) materials showed that the adsorption of the materials was high
at low pH (at pH = 2) and decreased very quickly at higher pH. At pH 2, the time to reach
adsorption equilibrium was 60 min. The experimental data show that the adsorption process is
quite suitable with Langmuir, Freundlich, and Tempkin models, in which the Temkin model
gives the best fit. The adsorption kinetics is ideal for the pseudo-second-order adsorption model.
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