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ABSTRACT

In this study, ferrites nanoparticles of formula MFe,O, (M = Co, Zn, and 50% Co/50% Zn) were
synthesized and characterized by X-ray diffraction, Fourier transforms infrared spectroscopy, scan-
ning electron microscopy, energy-dispersive X-ray spectroscopy, and the N, adsorption—desorption
technique. The magnetic properties were studied using a vibration sample magnetometer, and the
magnetic susceptibility was measured as a function of temperature. Among the specimens eval-
uated, CoFe,O, has the largest saturation magnetization (66.380 emu/g), and ZnFe,O, exhibits
the largest surface area (120.1 m%g). The prepared nanoparticles were investigated as adsorbents
for the removal of methylene blue (MB) from an aqueous solution at different contact times, pH,
and initial concentrations. The influence of the adsorption conditions was examined, finding that
the adsorption process is favored in alkali conditions and high MB concentration. The Langmuir
and Freundlich models fit the adsorption data of CoFe,O, and the composite, whereas only the
Freundlich model fits the experimental results of ZnFe,O,. The adsorption kinetics of MB adsorp-
tion onto MFe,O, is better described by pseudo-first-order and pseudo-second-order models than

by an intraparticle diffusion model.
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1. Introduction

Industrial development is continuously increasing,
and with it, the amount of wastewater discharged to the
environment. This wastewater contains a large amount of
pollutants, predominantly dyes, which are used and dis-
charged in different industries like painting, paper, and
textiles, with a negative impact on nature, aquatic plants,
and animals [1]. Consequently, many research efforts have
been devoted to the removal of dyes from wastewater.
Among thlues investigated, adsorption stands out because
it is a low-cost process. Nowadays, research attention

* Corresponding author.

in this field is mainly focused on the development of
innovative nanomaterials as new adsorbents.

Recently, nanoparticles have attracted attention for
wastewater management owing to their excellent adsorp-
tive characteristics resulting from their high surface area
and specific mechanical and chemical properties [2].
In adsorption studies, methylene blue (MB) is widely
used as a model dye, and its adsorption from water has
been investigated using different adsorbents such as
activated lignin—chitosan extruded pellets [3], a Fe,0,@
AMCA-MIL-53(Al) nanocomposite [4], and arginine-
modified activated carbon [5]. In this context, the adsorp-
tion technique has also been favored because of its low
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cost, rapidity [6], and applicability to the efficient removal
of water pollutants using adsorbents based on industrial
by-products [7].

Ferrite nanoparticles are an interesting class of
nanoparticles. Some studies have investigated the mod-
ification of magnetic ferrite nanoparticles; however, their
applications are scarcely reported because of their low
surface area and high tendency to oxidize. For exam-
ple, Rahimi et al. [8] investigated ZnFe,O, prepared by
a solvothermal method for the removal of Congo red
(CR) from wastewater, for which the maximum adsorp-
tion capacity (g, ) was 16.6 mg/g. Etemadinia et al. [9]
examined a nanocomposite based on ZnFe,O, for the
removal of MB, achieving a q__ of 109.37 mg/g at pH 8.
Another adsorbent based on ZnFe,0O, was developed
by Hou et al. [10] using a sol-gel method. The samples
showed high adsorption capacity (>90%). They con-
cluded that the adsorption capacity toward MB increased
with the Zn substitution in the composite, whereas the
quickest adsorption occurred at the lowest substitu-
tion value. Li et al. [11] synthesized ZnFe,O, using a fac-
ile biotemplate method and tested it for the removal of
acid fuchsin. Konicki et al. [12] employed a microwave/
hydrothermal method to synthesize ZnFe,O,, which was
characterized and studied for the removal of acid dye
(ARS88). The effects of various parameters such as initial
concentration, pH solution, and temperature were inves-
tigated. Feng et al. [13] synthesized ZnO@ZnFe,O, using
a microwave combustion technique. The surface area
and MB removal efficiency from the aqueous solution
were found to increase with the fuel mass, and the g,__
reached 37.27 mg/g within 0.5 min. Liang et al. [14] pre-
pared CoFe,O,@activated carbon for the removal of
gentian violet and investigated the adsorption parameters.
The g, was 184.2 mg/g. The same adsorbent was investi-
gated for the removal of MB [15], reaching a removal effi-
ciency of 99%. Tatarchuk et al. [16] synthesized Co-ZnFe,O,
for the removal of two dyes (cationic and anionic).
They found that the removal efficiency toward MB
increased as the Co percentage in the composite increased.
In contrast, the removal efficiency of the composite for acid
orange 7 increased with the zinc percentage in the compos-
ite. Ai et al. [17] modified CoFe,O, for dye removal using
montmorillonite. The resulting adsorbent was character-
ized and investigated for the removal of MB, achieving a
q,... of 97.75 mg/g. Samoila et al. [18] developed CoFe,O,
using a sol-gel auto combustion method. The q__ toward
CR was 14.06 mg/g at 293 K. Ding et al. [19] studied the
effect of the ethanol percentage during the synthesis of
CoFe,0, using a hydrothermal approach. It was found that
the ethanol percentage affected the Brunauer-Emmett—
Teller (BET) surface area and the pore structure. A q,__
of 190.5 mg/g was obtained for an ethanol/water volume
ratio of 4/3. Zhao et al. [20] enhanced the adsorptivity
of CoFe,0O, toward CR by doping with gadolinium. The
removal efficiency increased by 18.6% compared with
that of undoped CoFe,O,, and a g, of 263.2 mg/g was
reached. Yavari et al. [21] functionalized CoFe,O, with
amine groups, and the developed adsorbent was investi-
gated for the removal of three anionic dyes (DR80, DG6,
and AB92). The obtained adsorbents were characterized

by Fourier transform infrared (FTIR) spectroscopy, X-ray
diffraction (XRD), specific surface area, and zeta poten-
tial. Different adsorption parameters were also studied.
Jacob et al. [22] suggested alternatives to activated car-
bon for water purification. They investigated a fixed bed
based on CoFeO, for the removal of cationic (MB and
malachite green) and anionic dyes (Orange G and CR)
and their mixtures, finding that the adsorption mecha-
nism was based on film diffusion. Li et al. [23] function-
alized CoFe,0O, with graphene sheets, which exhibited a
q,... of 71.5 mg/g for the removal of methyl orange from an
aqueous solution.

Oyetade et al. [24] compared CoFe,0, and carbon
nanotube-cobalt ferrite nanocomposites for the removal
of rhodamine B from aqueous solution in terms of pH,
contact time, adsorbent dose, dye concentration, and tem-
perature. The composite exhibited higher adsorption
capacity. Wang et al. [25] investigated the removal of CR
using CoFe,O, synthesized by hydrothermal technique.
Interestingly, they found that the adsorption capacity
depended mainly on the cations distribution on the ferrite
nanoparticles and that electrostatic adsorption governed
the adsorption mechanism. In addition, acetone was an
effective reagent for the regeneration of the spent adsor-
bent. The q__ was 244.5 mg/g.

Compared with the adsorption of MB onto ferrite
materials in previous studies (Table 1), the adsorbents
evaluated in the present study showed low adsorption capac-
ities because of their low specific surface area. However,
their efficiencies were enhanced by introducing specific
functional groups to their surface. Moreover, it is known
that the internal surface area and porosity of the ferromag-
netic materials can be increased by decreasing the annealing
temperature during their synthesis.

Bearing this in mind, the adsorptive behavior of
MB onto Co/Zn ferrites was reported [16]. However, the
researchers focused on the effect of Co/Zn on the adsorp-
tivity of MB. Herein, we investigated the microstructural
behavior and morphological and magnetic characteris-
tics of MFe O,, where M is Co, Zn, and Co/Zn, to explore
the adsorption mechanisms. The three adsorbents were
characterized by XRD, FTIR, scanning electron micros-
copy (SEM), energy-dispersive X-ray spectroscopy (EDX),
and surface area analysis. The magnetic properties were
studied using a vibration sample magnetometer (VSM),
and the magnetic susceptibility was measured as a func-
tion of temperature. The adsorptive removal of MB was
evaluated by varying the pH, initial MB concentration,
and contact time.

2. Experimental
2.1. Materials

All chemicals of analytical grade were used to prepare
the samples. Fe(NO,),, Co(NO,),, Zn(NO,),, and urea were
purchased from Sigma-Aldrich (Germany) with a purity
of 99.9%. A stock solution of MB was prepared by dissolv-
ing 1 g of MB in 1 L of distilled water. This stock solution
was diluted as needed for the adsorption studies using
distilled water.
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2.2. Preparation of ferrites nanoparticles

Cobalt-ferrite, CoFe,O,, nanoparticles were prepared as
shown in Fig. 1. Briefly, Fe(NO,),, Co(NQ,),, and urea were
burned together and then grinded, followed by sintering
at 900°C for 2 h. Finally, the product was grinded again
for 1 h. ZnFe,0O, nanoparticles were prepared following
the same procedure by replacing Co(NO,), with Zn(NO,),.
The nanocomposites (50% CoFe,0,/50% ZnFe,O,) were

prepared by grinding method.

2.3. Characterization

The samples were characterized by XRD (Poker D8
Advance) in a Bragg angle range of 20°< 20 < 80°. The crys-
tallite size (Table 2) was calculated by using the following
Debye-Scherrer equation [29]:

_09%
BcosH

@

where A is the X-ray wavelength, (3 is the full width at
half maximum intensity, and O is the Bragg angle.

The morphology and surface of the samples were
characterized by field-emission SEM (FESEM). A VSM
model 9600-1 LDJ, USA, and Faraday’s method with a
homemade setup were used to study the magnetic prop-
erties and to measure the magnetic susceptibility as a
function of the absolute temperature at different magnetic
field intensities, respectively.

Table 1
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The specific surface area can be calculated using
MB [30] according to Eq. (2) as follows:

_Fxg  *xNxA
M

S &)

mb

where S_, is the specific surface area using MB test (m?%g),
F is the purity of MB (-), g, is the maximum adsorption
capacity of MB onto MFe,0, (mg/g), A is the cross-section
area of one molecule of MB (A?), N is Avogadro’s number
(6.023 x 10® mol™?), and M is the molecular weight of MB
(355.89 g/mol).

2.4. Adsorption experiments

To investigate the adsorption of MB onto MFe,O,, 0.1 g
of adsorbent and 100 mL of MB were mixed together in
the dark. The effect of pH (2-10) was determined by adding
drops of NaOH or HCI (0.1 N) as required. The effect of
the initial MB concentration (10-100 mg/L) on the adsorp-
tion properties was also investigated. The adsorption iso-
therm was determined by subtracting the amount of dye
that remained in the solution (C) from the initial dye con-
centration (C)) multiplied by the volume of the solution
(L) divided by the amount of adsorbent (g). The initial
and final concentrations of MB were analyzed by ultra-
violet-visible (UV-vis) spectroscopy at a wavelength of
655 nm. The adsorption capacity, g, was calculated accord-
ing to the following equation [31]:

Maximum removal capacities of methylene blue ions using MFe, O, and their derivatives under different conditions

Adsorbent based on MFe, O, q,... (Mg/g) pH C, (mg/L) Time (min) Ref.
ZnFe,0,@Si0,@Tragacanth gum 109.4 8 60 60 [9]
SDS@ZnFe,O, 699.30 12 40-100 150 [26]
ZnO@ZnFe,0, 37.27 7 5-100 [13]
Mn, Zn,Fe,0, 40.97 9-10 7.5-100 180 [10]
CoFe,0,@Co,Fe @AC 196.7 - 250 50 [27]
Montmorillonite@CoFe,O, 97.75 - 40-20 - [17]
CoFe,0O, 0.86-3.37 7 10-150 - [28]
CoZn@Fe,0, 3.4 [16]
ZnFe O, 3.6 7 10-100 240 This study
CoFe O, 1.91
50% 4CoFe,0, + 50% ZnFe,0, 3.88
Co (NO3)3.6H20 S i i i
(NO3)3.6H20 —> Grinding Sintering
Burning (1h) at 900°C
Fe (NO3):.9H20 —> »
( ) for 2h
Urea ——y

Fig. 1. Preparation technique for ZnFe O, and CoFe,0O, nanoparticles and the 50% CoFe,0,/50% ZnFe,O, nanocomposite.
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2.5. Adsorption isotherms

The Langmuir [32], Freundlich [33], and Langmuir—
Freundlich models [34] were used to calculate the param-
eters of MB adsorption onto MFe O,. The linearizing form
of Langmuir and Freundlich expressions are represented
by Egs. (4) and (5), respectively, and the nonlinear equa-
tion of the Langmuir-Freundlich model can be described

by Eq. (6):

C_ b, 1 )
qe L KL
1
logg, =log K, +—logC, 5)
n
MLF
_ Dwir (KLFCc) (6)
e MLF
1+(KC,)

where 4, and K, are Langmuir constants, K, and n are
Freundlich constants, q,,, is the Langmuir-Freundlich
maximum adsorption capacity (mg/g), K, is the equi-
librium constant for a heterogeneous solid, and M, is
a heterogeneous parameter that lies between 0 and 1.
The equilibrium coefficients were calculated from the
equation R, =1/(1+K,C)).

2.6. Adsorption kinetics

The adsorption kinetics values were determined accord-
ing to the adsorption studies of 0.1 g of MFe,O, in MB
solutions of different concentrations (10, 30, and 50 mg/L)
at room temperature. The concentration of MB in the
supernatant solution was determined by UV-vis analysis.
To study the adsorption kinetic mechanism, the following
three models were applied:

Pseudo-first-order model [35]:

ln(qﬂ fq,):lnqg —kt @)

Table 2

Pseudo-second-order model [36]:

t 1 t
+7

L 8

9, ka; 4. ®
Intraparticle diffusion model [37]:

qf = kip\/; + Cip (9)

where k, and k, are the pseudo-first- and pseudo-second-
order rate constants (min™ and g/mg min, respectively), k is
the diffusion coefficient (mg/g min®®), and ¢, is the intrapar-
ticle diffusion constant (mg/g).

To determine the model that provided a better fit of
the experimental data, each model was evaluated in terms
of the difference between the calculated and experimen-
tal adsorption capacity values and the correlation coeffi-
cient (R?) obtained.

3. Results and discussion

3.1. Characterization of the adsorbents

3.1.1. XRD analysis.
Fig. 2 shows the XRD diffraction patterns of the pre-
pared samples. The presence of the reflection planes (220),

ZnFe,O,+CoFe,O,

1(au)

Fig. 2. X-ray diffraction patterns of MFe,O,.

Comparison between theoretical and experimental values of lattice parameters (g, b, and c), cell volume (V), and crystallite size (D)

Sample Theoretical values Experimental values

AA) C(A) V(A A (A) CA) V(A D (nm)
CoFe,O, 5.9366 14.543 443.87 5.9367 14.543 443.89 10
ZnFe,O, 8.4465 8.4465 602.60 8.4464 8.4464 602.58 8
50% Zn/50% CoFe,O, 12




374

(222), (400), (511), (440), (104), (006), (024), (125), and (208)
indicates the pure formation and crystallinity of MFe,O,.
Table 2 summarizes a comparison of the experimental val-
ues of the lattice parameters a, b, and ¢ and the volume of
the unit cell with the theoretical values of the ICDD cards
01-079-1744 for CoFe,0, and 01-079-1150 for ZnFe O, for all
the samples. A good agreement between experimental and
theoretical values can be observed.

Table 2 clarifies the agreement between experimentally
calculated values and theoretical ones obtained from ICDD.

3.1.2. Magnetic properties of MFe,O,

To investigate the magnetic behavior of the prepared
samples, the magnetic hysteresis loops were studied at
room temperature. As shown in Fig. 3, the saturation mag-
netization of CoFe,O,, ZnFe O,, and 50% Zn/50% Co Fe,O,
was 66.380, 2.7327, and 35.545, respectively. CoFe,O, has
ferromagnetic properties with high saturation magnetiza-
tion and coercivity, which are related to the high ordered
spin arrangement of spinel CoFe O, [38,39]. For a normal
spinel structure of bulk ZnFe O,, Zn* (nonmagnetic) occu-
pies the A position, and Fe** (magnetic) occupies the B posi-
tion; owing to the absence of A-B superexchange interac-
tion, bulk ZnFe,O, would not show any magnetic behavior
theoretically. When ZnFe,O, is prepared in the nanoscale,
a small portion of nonmagnetic Zn* occupies B sites, and
some Fe® occupies A sites. This A-B exchange explains the
transformation of the magnetic behavior of ZnFe, O, from
paramagnetic to weakly ferromagnetic with a very small
value of the saturation magnetization [40]. The present

Magnetization (emu/g)

H(Oe)

—m— CoFey0y
—e—ZnFey0y
—4— 50% CoFep04+50% znFey0y

Fig. 3. Magnetic hysteresis loops of the MFe,O, samples (M = Co,
Zn, and 50% Zn/50% Co).

Table 3
Magnetic parameters of MFe, O,
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composite sample showed intermediate magnetic behav-
ior because of the mixing of strongly and weak magnetic
materials. Table 3 shows the magnetic parameters of the
prepared samples, which range from low to high values.

3.1.3. Molar magnetic susceptibility as a function of
temperature at different field intensities.

All samples represented in Figs. 4a—c follow the same
trend. At low temperatures, the molar magnetic suscepti-
bility (x,,) has a constant value because the temperature is
not sufficiently high to align the magnetic moments. Then,
a gradual decrease is observed with increasing tempera-
ture until a certain temperature (Curie temperature). After
that, x,, decreases drastically as the temperature keeps ris-
ing, and the material loses its ferromagnetic properties. At
a temperature equal or above the Curie temperature, the
magnetocrystalline anisotropy disappears, which is related
to the drop of magnetization. Subsequently, the samples
reach paramagnetic behavior with a completely disordered
state. As shown in Figs. 4a—c, an increase in the field inten-
sities is accompanied by a decrease in x,, for all the samples,
which can be explained by the following equation:

Am =T (10)

H

where M is the magnetization and H is the field intensity.
By increasing the field intensity, the spin magnetic moment
alignment increases until reaching saturation values, and
the magnetization reaches a constant value. This leads to
a decrease in ¥,, with any increase in the field intensities.

3.2. Adsorption studies of methylene blue
onto ferrite nanoparticles

3.2.1. Effect of pH

The pH of the solution affects the adsorbate charac-
teristics in the solution, the surface charge of adsorbents,
and the adsorption mechanism [41,42]. As shown in Fig.
5, the adsorption capacities increase slightly with increas-
ing pH from 2 to 9, followed by a sharp increase from pH
9 to 11. This may be attributed to the fact that the affin-
ity of MFe,O, toward the cationic MB dye increases at
higher pH to compensate for the positive charge of the
dye molecules. Zeta potentials of ZnFe,O,, CoFe,O,, and
50% CoFe,0,/50% ZnFe,O, were positively charged. The
surface of the adsorbent subjected to protonation/depro-
tonation is dependent on the pH solution. The net surface
charge at pH lower than these values is positive, which is
not preferable for adsorbing the cationic MB species. An

Samples M, (emu/g) M, (emu/g) Positive H (G) Negative H_(G) M-H loop area
(erg/g)

CoFe,O, 66.380 19.890 529.27 -533.27 125.84 x 10°

ZnFe O, 2.7327 8.3292 x 10°® 16.628 -14.084 793.38

50% CoFe,O, + 50% ZnFe,O, 35.545 10.584 582.57 -585.00 69.344 x 10°
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Fig. 4. Molar magnetic susceptibility as a function of temperature at different field intensities for: (a) CoFe,O,, (b) ZnFe,0O,

and (c) 50% CoFe,O,/50% ZnFe,O,.
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Fig. 5. Effect of pH on the adsorption of methylene blue onto
MFe,0O, (V=50mL, m=0.1g, C,;=50 mg/L, and t =4 h).

increase in pH resulted in a build-up of negative charges
on both adsorbent and adsorbate, leading to an enhanced
electric attraction between them. The ferrite nanoparticles
have positive charges on their surfaces because of the pres-
ence of Zn*" and Co?, resulting in partial repulsion with
the cationic MB dye. Generally, at high pH, the presence of
OH anions decreases these repulsion forces and enhances
the electrostatic attraction between MB and MFe,O,
[12,43]. The p, of MB is 3.8 [44], resulting in a net positive
charge in the surface of the dye molecule that explains the
low adsorption capacity and affinity at low pH.

3.2.2. Adsorption isotherm

The adsorption capacities of MB onto the magnetic fer-
rite nanoparticles (MFe,O,) at equilibrium vs. equilibrium
MB concentration are shown in Fig. 6. According to Gils clas-
sification, all of them are isotherms of type L3, which indi-
cates the flat orientation of the MB molecule onto MFe,O,.
The isotherm profile also suggests the accumulation of MB
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molecules in the form of layers on the surface of MFe,O,.
As the concentration increases, the attraction of the mag-
netic nanoparticles toward MB increases. The adsorbents
understudy show high surface area and low adsorption
capacity, which may be attributed to the agglomeration of
the magnetic particles [26]. This could be also explained
in terms of the effect of the microstructure, pore-volume,
and distribution and surface morphology of these materials
on their adsorption capacity, despite exhibiting large sur-
face area [19]. As can be seen from Fig. 6, the difference in
the size of Zn and Co ferrite nanoparticles leads to com-
pacting of the resulted composite, in which small particles
are embedded in the space and pores of larger particles.
The synthesis procedure for magnetic ferrite is known to
play an important role in the adsorption mechanism and
capacity [45-47]. Thus, for adsorption purposes, higher
pore volume and better pore shape and size are obtained
at lower temperatures; the annealing temperature should
not exceed 400°C [48,49]. The introduction of functional

60 Y T b T v T ¥ T v
= CoFe,0, '
® ZI‘IF9204 4
4 50% CoFe,0,+50% ZnFe,0, i
40+
@ -
o
E i ~
o J
20+ I .
] & - y
‘ L
PR II
0.-&*-1. % v ) T I r I. v )
0 20 40 60 80
C, (mgll)

Fig. 6. Sorption of methylene blue onto MFe, O, at 25°C, m=0.05g.

Table 4
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groups on the surface of the ferrite nanoparticles has been
suggested for the removal of specific pollutants.

According to the results summarized in Table 4, the
Langmuir and Freundlich models fit the data obtained
for CoFe,0, whereas only the Freundlich model fits the
experimental results of ZnFeO,. For the composite, both
models fit the experimental data, but the correlation coef-
ficient of the Freundlich model is higher than that of the
Langmuir model. In contrast, the Langmuir-Freundlich
model does not fit the experimental data. For the MB
adsorption onto MFe,O,, the values of the equilibrium
parameter R, are less than 1, ranging from 0.012 to 0.67,
which confirms the favorable adsorption.

3.2.3. Effect of initial MB concentration and contact time

The effect of contact time and initial concentration of
MB on its adsorption onto MFe,O, was investigated (Fig. 7).
It was found that the adsorption capacity increased with
both the initial MB concentration and the contact time.
The adsorption capacity of MFe,O, reached equilibrium
very fast (30 min) at low MB concentration (10-30 mg/L),
whereas the time to reach equilibrium increased to
120 min at higher concentration (50 mg/L). This may be
attributed to the increased competition of MB molecules
for the adsorption sites on MFe,O, as the concentration
increases. Another reason could be the presence of MB
molecules in dimer form at higher concentrations; the
surface area of the monomer molecule is 130 A, which
is relatively higher than the pore of the adsorbent (13.9-
14.7 nm). However, as the concentration of MB molecules
increases in the same volume of the solution, the repul-
sion between the charges on the adsorbates slows down
the adsorption rate. Overall, it can be concluded that both
the initial MB concentration and the contact time play an
important role in the adsorption of MB onto MFe,O,.

3.2.4. Adsorption kinetics

The kinetic parameters of pseudo-first- and pseudo-sec-
ond-order models were determined from the linear plots
of In(g, - g,) and t/g, vs. t, respectively (Figs. S1 and S2).

Parameters of the Langmuir, Freundlich, and Langmuir-Freundlich models

Adsorption models Parameter ZnFe,O, CoFe,O, 50% CoFe,0,/50% ZnFe,O,
Langmuir ... (Mg/g) 3.64 191 3.88
K, (L/mg) 0.075 0.857 0.05
a, (L/mg) 0.021 0.45 0.013
R? 0.11 0.99 0.79
Freundlich K, (mg/g) 0.047 1.52 0.015
n, 1.047 0.737 1.544
R? 0.67 0.97 0.83
Langmuir-Freundlich Tmax (mg/g) 9,378 46 52,610
K ; (L/mg) 0.002 0.009 1E-05
M, 2.059 3.75 1.018
R? 0.87 0.88 0.99
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Fig. 7. Brunauer-Emmett-Teller plot of MFe, O, samples before and after methylene blue adsorption.
Table 5
Kinetic parameters (pseudo-first- and pseudo-second-order and intraparticle diffusion models) for the adsorption of methylene
blue onto MFe,0O,
C, (mg/L) Top (MB/8) Pseudo-first-order model Pseudo-second-order model
k(min™) g, (mg/y) R k(g/mgmin)  q,(mgg) R
ZnFe O, 10 3.78 0.0013 10.1 0.13 0.11 3.94 0.99
30 11.52 0.0034 1.18 0.08 0.12 11.51 0.99
50 17.9 0.0057 3.7 043 0.021 17.86 0.99
CoFe,O, 10 3.8 0.004 3.2 0.09 0.0718 3.73 0.99
30 8.7 0.0073 1.05 0.4 0.0137 8.53 0.99
50 16.4 0.0044 2.2 0.22 0.0037 16.34 0.99
50% CoFe,O,/50% 10 3.8 0.0021 4.16 0.02 0.483 3.834 0.99
ZnFe,0, 30 9.12 0.003 2.73 0.06 0715 9.124 1
50 17.3 0.0044 34 0.42 0.0141 17.73 0.99
C, (mg/L) (op (ME/B) Intraparticle diffusion model
k_c R?
ip “ip
ZnFeO, 10 3.78 0.24 0.62 0.78
30 11.5 0.72 1.65 0.81
50 17.9 1.09 2.37 0.83
CoFe,O, 10 3.8 0.23 0.61 0.78
30 8.7 0.52 1.44 0.77
50 16.4 1.01 2.43 0.81
50% CoFe,O, + 50% ZnFe,O, 10 3.8 0.24 0.62 0.78
30 9.12 0.56 15 0.78
50 17.3 1.07 2.34 0.83
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The resulting parameters of the models are summarized
in Table 5 and Fig. S4. The correlation coefficients for the
pseudo-second-order model were very high (0.99-1) com-
pared with those for the pseudo-first-order model (0.02-
0.43), which suggests that the adsorption process obeys a
pseudo-second-order model. The experimental data also
agreed with the latter, which confirms that the adsorption
process is better described by a pseudo-second-order model.
All these results suggest that the rate-limiting step of the
adsorption of MB onto MFe,O, might be chemical adsorption.

The kinetic parameters of the intraparticle diffusion
model were determined from the plots of g, vs. t (Fig. S3).
The calculated parameters of the model are summarized in
Table 5, which shows that the experimental data were fitted
to the model with good correlation coefficients.

3.3. Determination of the specific surface area using MB

Monomer or dimer form hinders the calculation of the
cross-section area, which might be also complicated by the
different orientations that the MB molecules can adopt on
the adsorbent, that is, lying flat on the adsorbent surface,
sandwiched in the adsorbent pores, or adsorbed perpen-
dicular to the surface. The dimensions of the MB molecule
are 17 A x 7.6 A x 3.25 A. However, the adsorption isotherm
profile suggests the presence of multilayers (Fig. 6), result-
ing in the adsorption of the MB molecules as monomers
lying flat to the adsorbent surface. Thus, the cross-sec-
tion area of the MB molecule (A) can be estimated to be
129 A2 (17 A x 7.6 A). Table 6 summarizes the values of S
obtained by inserting the following values in Eq. (2): F = 0.70,
N =6.023 x 10* (mol™?), and M = 319.86 g/mol.

3.4. Adsorption mechanism
3.4.1. Surface area analysis using BET

According to the data in Fig. 7, all samples exhibit
type IV isotherms, which are related to mesoporous struc-
tures [50]. The pore volume, pore diameter, and specific
surface area were determined, and the results are listed in
Table 7. ZnFe,O, exhibits a larger specific surface area than

Table 6
Specific surface area of MFe O, using methylene blue test

Adsorbent S, (m*g)
ZnFe,O, 6.2
CoFeO, 3.25

50% CoFeO,/50% ZnFe,O, 6.61

Table 7
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do CoFe O, and the composite, which may be attributed to
the smaller size of the former.

The surface properties were also determined after MB
adsorption (Table 7), and the results showed a large drop
in the specific surface area of the adsorbents, confirming
the occupation of the adsorbent surface by MB molecules.
This decreases the average pore radius and increases the
pore volume of the adsorbents.

3.4.2. FTIR analysis
Fig. 8 shows the FTIR spectra of MFe,O,, which con-

firm the formation and the chemical structzur4€ of ZnFe O,,
CoFe, 0O, and the composite. For spinel ferrites, both
octahedral and tetrahedral sites are involved in the bond-
ing [51-53]. The absorption bands around 420 cm™ are
attributed to the vibration mode of Fe*—O% in the tetrahe-
dral sites [43,54] and the absorption bands around 580 cm™
are related to the vibration mode of Zn**-0O* and Co*-0O% in
the octahedral sites [40]. The observation of these bands in
the spectra of the present samples confirms the successful
synthesis of spinel ferrites. Moreover, the bands at 3,500
and 1,600 cm™ are attributed to the stretching and bending
vibration of the O-H group of absorbed water, respectively.
As shown in Fig. 8, the bands of the composite are more
intense than those of CoFe,O, and ZnFe,O, because it is a
combination of two individual spinel ferrites.

Fig. 8 also shows the presence of MB in the spectra of
the materials after adsorption, where the peak appearing at
2,923 cm™ in the spectra of ZnFe,O, and 50% CoFe,O,/50%

120 4
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@
o
c
2
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"
[
©
=
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Fig. 8. Fourier transform infrared spectra of MFe,O, before and
after methylene blue adsorption.

Surface area, pore volume, and average pore size for MFe,O, samples before and after methylene blue adsorption

Material CoFe O, ZnFe O, 50% CoFe,O,/50% ZnFe,O,
Surface properties Before After Before After Before After
Pore volume (cc/g) 2.45 %1072 0.026 441 =102 0.073 3.22 x 102 0.043
Surface area (m?*/g) 71.56 12.08 120.1 17.69 87.54 13.37
Average pore radius (nm) 6.94 1.77 7.38 1.77 7.36 1.63
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Table 8
Atomic percentage and weight percentage of MFe,O,

R. Ramadan, N. Shehata / Desalination and Water Treatment 227 (2021) 370-383

Sample CoFe O, ZnFe O,
Element Co Fe o Zn
Atomic % 20.88 37.78 41.34 26.80
Weight % 30.75 52.73 16.53 40.14

50% CoFe,0,/50% ZnFe,O,

Fe O Co Zn Fe O
36.19 37 5.87 13.98 39.02 41.13
46.30 13.56 8.45 22.31 53.18 16.06

ZnFe,O, can be assigned to the stretching vibration of —
CH-aromatic bonds. The characteristics peaks of the aro-
matic ring structures of MB appear at 1,519 and 1,452 cm™
in the spectrum of CoFe,O,, at 1,544 and 1,409 cm™ in the
spectrum of ZnFe,O,, and at 1,409 cm™ in the spectrum of
50% CoFe,0,/50% ZnFe,O, [55]. The peak at 1,108 cm™
in the ZnFe,O, spectrum is attributable to the C=C bonds
of the aromatic rings [56]. The decrease in the intensity of
these peaks indicates that these bonds are involved in the
adsorption process. The bands at 593.1, 552.7, and 556.4 cm™
in the spectra of CoFe,0,, ZnFe O,, and 50% CoFe,0,/50%
ZnFe,0O,, respectively, are due to the -C-H out-of-plane
bending vibration of the benzene ring. Fig. 8 shows that
most of the peaks intensities (-OH, -C-H, and-NO) change
after adsorption, which suggests that the MB molecules
form complexes with oxygen-containing functional groups
in the ferromagnetic materials.

3.4.3. FESEM and EDX

Fig. 9 displays the morphology of the prepared ferrite
nanoparticles. As shown in Figs. 9a and b, CoFe,0O, has a
hexagonal shape, whereas ZnFe,0, exhibits a uniform spher-
ical morphology. The two phases can be clearly observed in
Fig. 9c. Owing to the difference in size and shape between
CoFe,0, and ZnFeO,, the spherical particles of the latter
decorate the surface of the former.

Figs. 9d—f shows that the surfaces of the adsorbents are
covered with a layer of the dye and the surfaces become
less uniform after MB adsorption. This suggests that the MB
adsorption onto MFe,O, could proceed via physical adsorp-
tion or surface precipitation.

An EDX analysis was performed to examine the purity
and chemical composition of the prepared samples, and
the corresponding micrographs are shown in Figs. 9a—c.
All peaks are in accord with the standard positions, which
confirms the expected stoichiometry.

The data summarized in Table 8 reveals that all
precursors underwent a chemical reaction to form ferrite
materials of the expected composition.

According to the results of the effect of pH, adsorption
isotherms, and FTIR analyses, it can be concluded that the
MB adsorption onto the materials under study proceeds
through a mechanism involving electrostatic adsorption
and complexation via m-7 interaction. Moreover, the N,
adsorption and kinetic studies suggest intraparticle diffu-
sion as a probable mechanism.

4. Conclusion

With the aim of developing new adsorbents for the
removal of pollutants, we have synthesized magnetic,

highly porous nanoparticles of formula MFe,O, (M = Co,
Zn, and 50% Co/50% Zn) and evaluated their per-
formance in the adsorption of MB. It was concluded that
factors like the preparation condition of the nanoparticles
and their dose, the pH of the adsorption solution, and the
initial concentration of the model dye play important roles
in the adsorption process, which is favored in alkaline
media and at high MB initial concentration. The kinetic
results showed that the adsorption onto MFe,O, nanopar-
ticles followed pseudo-second-order and intraparticle
diffusion models.
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adsorption of MB at different concentrations onto ZnFe,O, (a), CoFe,O, (b) and 50%
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Fig. S3. Intraparticle diffusion kinetic models for the adsorption of MB at different concentrations onto ZnFe,O, (a), CoFe,O, (b), and

50% CoFe,O,+50% ZnFe O, (c).
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Fig. S4. Kinetic curve for the adsorption of MB at different concentrations onto ZnFe,O, (a), CoFe,O, (b), 50% CoFe,O, + 50%

ZnFe,O, (o).
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