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Abstract

Magnetic ferrite (Mg-doped bismuth ferrite) and its clay-based composite (Mg-doped bismuth ferrite/bentonite) were pre-
pared by a self-combustion method utilizing glycine as fuel and served for the removal of methyl orange (MO) from aqueous
solutions. The ferrite-based adsorbents were characterized by the measurement of specific surface area (BET), scanning
electron microscopy (SEM), Fourier Transform Infrared Spectroscopy (FTIR), X-ray diffraction (XRD). Both FTIR spectra
of both ferrites showed three bands located around 419 cm™!, 534 cm™!, and 673 cm™!, attributed to the stretching vibra-
tions of Fe—O, MgO, and BiO, respectively. On the other hand, we observed an irregular and very porous structure in SEM
images. Microcavities noticed on the surface of the two adsorbents were favorable for the good diffusion of dye molecules.
BET analysis of the composites allowed us to measure their specific surface area. Thereby, we observed a mesoporous struc-
ture with a pore diameter of 15.5 nm. The different experimental parameters that affected the performance of this reaction
such as temperature, contact time, initial dye concentration, and mass of adsorbent, were investigated. The point of zero
charge pH (pHp,c) was determined for the two adsorbents. Langmuir and Freundlich’s adsorption models were employed
to describe the equilibrium isotherms. The equilibrium time was found to be a function of the starting dye concentration
in adsorption testing. The equilibrium adsorption for Mg-doped bismuth ferrite was formed after 300 min, whereas it was
established after 180 min for Mg-doped bismuth ferrite-bentonite composite, according to the adsorption kinetic analysis.
Furthermore, results revealed that pseudo-second order kinetics could properly characterize MO adsorption on both adsor-
bents. The adsorption isotherms confirmed that the methyl orange adsorption process on both the ferrite and its composite
was successful. With a maximal adsorption capacity of 181.8 mg.g™! at 298 K, the Freundlich model perfectly reflected the
adsorption of MO dye on the synthesized Mg-doped bismuth ferrite. The Langmuir model appeared to be the best fit for
MO absorption on the Mg-doped bismuth-bentonite composite, with a maximum adsorption capacity of 188.8 mg.g~! in
the same conditions. Adsorption was spontaneous and exothermic, according to the thermodynamic parameters associated
with the sorbent/adsorbate system. The isosteric heat of adsorption was determined, showing that physisorption with weak
intermolecular interactions between MO and the adsorbent surface was occurring.
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1 Introduction

Dyes are used in a variety of industries, and their produc-
tion is on the rise. However, their use in industries includ-
ing cosmetics [1], foods [2], textiles [3], paper industries
[4], medicines, and medical diagnostics [5] produces a lot
of wastewater. Dyes are dangerous because their accumula-
tion has major effects on ecosystems and, as a result, public
health [6, 7]. Several wastewater treatment systems have
been implemented selectively during the previous three
decades, depending on the type of business and production.
These include adsorption [8, 9] coagulation-flocculation
[10], biological treatments [11], membrane separation [12],
and chemical oxidation [13]. Adsorption techniques have
been very effective in treating colored water, removing odors
and organic pollutants [14]. Currently, activated carbon is
the most widely used adsorbent [15], but the cost of prepara-
tion remains very high, which limits its use in developing
countries. These problems have prompted us to investigate
the processing of several types of adsorbents, such as mag-
netic materials [16]. Magnetic nanocomposites and magnetic
core thin films have recently gained a lot of attention among
the various natural and synthetic adsorbents employed.
This is due to their great capacity to remove dyes and other
organic and inorganic contaminants from aqueous solutions.
They are also crucial for speeding up the separation rate and
increasing the efficiency of water treatment. The ability to
recycle magnetic nanoparticles for additional dye removal is,
however, the greatest benefit of their employment. The mag-
netic insulation of harmful contaminants is developing as a
viable approach to wastewater purification, and it has proven
to be crucial in eliminating dyes more effectively than the
traditional treatment method [17-19]. They are a dynamic
emerging technology for inventive, practical, and high-per-
formance electronics, as well as other interesting applica-
tions. Iron oxides, in particular, offer a variety of remarkable
magnetic, electrical, and optical properties. These specific
features have enhanced at the nanoscale, resulting in a grow-
ing interest in a wide range of applications. Various forms
of ferrite nanoparticles [20, 21] have attracted attention in
recent years due to their reactive surfaces. Other new ferrites
include doped ferrites [22-27], which are multicomponent
materials with better ferrites properties. These magnetic
particles can potentially be used for a variety of purposes,
including antibacterial activity [28], photodegradation [29],
heavy metal removal [30], and dye adsorption [31].
Bentonite is montmorillonite type clay. An octahedral
layer between two tetrahedral layers (T-O-T) forms the
elementary sheet of montmorillonite. Si** ions are located
inside a tetrahedron with oxygen atoms occupying the ver-
tices. AI’* ions are located inside an octahedron with four
oxygen atoms and two hydroxyl ions occupying the vertices.
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The elementary sheets are of type 2/1 separated by water
molecules and exchangeable cations [32, 33]. Numerous
investigations on the alteration of clay minerals, such as
bentonite, have been conducted in order to give them new
functionalities. There have been a few studies on the design
of magnetic bentonite for dye removal [34—37], but no inves-
tigations on the use of bismuth ferrite-modified bentonite for
dye removal as far as we are aware.

For this purpose, we proposed the synthesis of a new-
doped nanoferrite BiMgFeO, and its composite (BiMgFeO,
/ Bentonite) for the discoloration of water. The anionic dye
Methyl Orange (MO), one of the most frequent colors used
in textiles and considered as a model organic pollutant, was
removed from wastewater using a self-combustion approach
derived from the sol-gel method employing glycine as a
fuel [38]. These materials were characterized by measuring
the specific surface area by the BET method, scanning elec-
tron microscopy (SEM), Fourier transform infrared (FTIR),
X-ray diffraction (XRD). We studied the adsorption of MO
in a batch system by examining the effect of adsorbent dose,
contact time, initial pH, and temperature. We used kinetic
and thermodynamic adsorption, as well as several models
of adsorption isotherms, including Langmuir and Freundlich
models.

2 Materials and Methods
2.1 Chemicals Materials

All chemicals were purchased from Aldrich: Ferric nitrate
nonahydrate (Fe (NO;);.9H,0), magnesium nitrate hexa-
hydrate Mg(NO,),.6H,0, bismuth nitrate pentahydrate Bi
(NO3);.5H,0, the Glycine C,Hs NO,, and hydrochloric
acid (HCI, ACS reagent, 37%) were provided by Sigma-
Aldrich, except Methyl Orange (C,,H,,N;NaO;S, supplied
by Scharlu) and sodium hydroxide (BioXtra, >98%).

Bentonite was obtained from Jebel Ad-Darin sand from
the Orbata formation in the Sened-Gafsa region (Tunisia).
Its chemical composition showed maximum silica (SiO,)
contents on the order of 98%, with the presence of other
oxides in small quantities [39].

2.2 Preparation of Bentonite

We introduced 100 g of the raw clay (bentonite) in a beaker
containing a volume of 1L of distilled water; then stirred the
mixture for 24 h at room temperature. The resulting suspen-
sion was dried at 80 °C until it reached a consistent weight,
then crushed in a mortar, and finally sifted.
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Fig. 1 The general strategy of preparation of Mg-doped bismuth ferrite Nanoparticles

2.3 Preparation of Nanomaterials
2.3.1 The General Strategy of the Work

The self-combustion process was used to make ferrite. Fol-
lowing that, we described it as having the property of chelat-
ing metals by forming a very stable soluble complex while
preserving solvent volume. A more complete description
can be found in Sect. 2.3.2. The whole process of adsorbent
preparation and application is depicted in Fig. 1.

2.3.2 Preparation of BiMgFeO,

Mg-doped bismuth ferrite powder was prepared by the self-
combustion method [40]. For the preparation of Mg-doped
bismuth ferrite powder, an equimolar concentration of bis-
muth nitrate pentahydrate (Bi(NO;);.5H,0), ferric nitrate
nonahydrate (Fe(NO;);.9H,0) and magnesium nitrate hexa-
hydrate (Mg(NO5),.6H,0) were dissolved independently in
50 mL of distilled water (Fig. 1). First, ferric nitrate nonahy-
drate Fe(NO;);.9H,0 and magnesium nitrate hexahydrate
Mg(NO;),.6H,0 were mixed at 80-90 °C with thermal
stirring until a homogenous mixture was formed, and then
bismuth nitrate pentahydrate Bi(NO;);.5H,0 was added.
The combustible agent (Glycine) was introduced after a few
minutes respecting the following condition:

nglya-ng = Np3+ + nMg2+ + Npp+

where n is the mole number.

The homogeneous solution was mixed for 3 h at
80-150 °C with continuous thermal stirring. Afterward, it
was evaporated to form a dry gel. Rapid heating was applied
to this gel until it self-ignited. The rapid evaluation of a large
volume of gas was accompanied by a significant loss of mass
during combustion, leading to the formation of numerous
foams and sparks, resulting in a bulky and fluffy product in
the vessel. The direct transformation to the powder ferrite
during combustion was obviously due to the heat generated
by the exothermic reaction [41].

To obtain nanoparticles, the fine powder was crushed
with a mortar. Finally, it was placed in an oven for 3 h at
180 °C to increase crystallinity and remove any remaining
organic materials.

2.3.3 Preparation of the BiMgFeO,/Bentonite Composite

BiMgFeO,/Bentonite was synthesized by the auto combus-
tion method: the raw materials used are iron (III) nitrate
Fe(NO3);.9H,0, magnesium (II) nitrate Mg(NO;),.6H,0,
bismuth (II) nitrate Bi(NO;);.5H,0, bentonite and glycine
C,HsNO,. The reagents were dissolved in distilled water
according to a stoichiometric ratio that was determined,
and the molar ratio between all components was set to one
(except glycine).

The synthesis of BiMgFeO,/Bentonite composite was
carried out following the same pathway for the preparation
of BiMgFeO, nanoferrite; however, the bentonite was intro-
duced before the addition of the combustible agent.
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2.4 Characterizations of the Nanoparticles

The synthesized samples were submitted to the FTIR analy-
sis which was performed at room temperature over a range
between 400 and 4000 cm™! using KBr pellets solid (10%
solid) in a Shimadzu 8400-S spectrometer.

Brunauer—-Emmett—Teller (Sggy) specific surface area
and pore structure parameters of synthesized material were
obtained from N, adsorption—desorption measurements at
77 K using a Micromeritics ASAP 2020 instrument. Before
measurement, the sample (approximately 40 mg) was
degassed at 300 °C for 8 h.

Using a Powder X-ray diffraction (PXRD) D8 Advance
Bruker two-circle diffractometer with a lynxeye detector,
we acquired powder diffractograms. The dichromatic cop-
per radiation (A CuK o,/ a,) was utilized by the 6-26 scan
in the 20 angular range of 5-70°. The wavelengths were
Ake1 =0.154 060 nm and Ay, =0.154 439 nm. Full diffrac-
tion power of 40 mA /40 kV with 0.02° AO step and an
exposure time of 2 s time per step.

The morphology of the samples has been assessed using
Scanning electron microscopy (SEM) micrographs obtained
on a ZEISS-ULTRAS5 SEM microscope.

The pH of point of zero charge (pHpy) was determined
by the pH drift method [42]. Briefly, many aqueous solu-
tions of NaCl (0.1 M) with different pH from 2 to 12 were
obtained by addition of hydrochloric acid and sodium
hydroxide. Then, 0.15 g of the nanoferrite was added to the
NaCl solutions. We set the pH to between 2 and 12, and
the suspension reached equilibrium after 2.5 h of agitation.
The final measured pH was determined as a function of the
original pH. The pH value that intersects the pH (final) =pH
(initial) line is known as the zero charge point (PZC) for the
nanomaterial. However, these various pH tests were all car-
ried out simultaneously.

2.5 Batch Adsorption
2.5.1 Analytical Method

Following the adsorption experiments, the concentration of
MO was determined by a Beckman UV/Vis DU 800 Spectro-
photometer at a maximum wavelength of A, =465 nm. The
equilibrium adsorption capacity Q (mg. g~!) was calculated
according to Eq. (1):

C,—-C.)V
oo GGV (1)
m
With C,, is the initial concentration of MO, C, (mg. L™ Yis
the equilibrium concentration of MO, V (L) is the volume of
the solution, and m (g) is the mass of the nanoferrite.
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2.5.2 Effect of Initial pH, Adsorbent Dose and Temperature

MO adsorption tests were realized in batch mode to examine
the effects of adsorbent dose, initial pH, and temperature. To
evaluate the effect of initial pH, we have performed experi-
ments at room temperature using 10 mL of MO dye solution
(50 mg. LY. A fixed dose of adsorbent (10 mg) was added,
and the pH was adjusted from 2 to 12 by adding HCI or
NaOH solutions (0.1 mol. L™!) using a pH meter. The solu-
tions were shaken for 720 min in a temperature-controlled
water bath shaker at 60 rpm. The samples were then filtered,
and the concentration was determined.

In order to determine the most favorable adsorbent dos-
age, we varied the adsorbent dosage from 5 to 150 mg.
The experiments were carried out according to the same
approach and conditions as previously stated.

To assess the influence of the temperature on the adsorp-
tion process of the different adsorbents, we mixed 100 mL of
MO solution (C=50 mg. L™!) with 50 mg of the considered
adsorbent and observed the reaction at different temperatures
(2,7, 15,25, 40, 60 and 75 °C).

2.5.3 Adsorption Kinetic Studies

The following steps were adopted to evaluate the influence
of contact time on adsorption: 50 mg of adsorbent was
stirred with 100 mL of MO solution (50 mg. L™!) at room
temperature (25 °C) and for the appropriate contact time,
which can range between 0 and 720 min.

2.5.4 Adsorption Isotherms

Experiments were performed by varying the initial MO con-
centration (20-200 mg.L‘l), for 720 min. Each test utilized
an adsorbent mass of 50 mg. The experimental points were
examined using Langmuir's Eq. (2) [43], and Freundlich Eq.
(3) [44]:

KLCe
= TTK.C, @
1
Q. = KrC¢ (3)

With K being the Langmuir equilibrium constant asso-
ciated with the adsorption affinity, Ce is the concentration
at the equilibrium; Q, is the adsorbed amount and C, is the
equilibrium concentration; Ky is the Freundlich constant
(heterogeneity factor), and 1/n is the Freundlich coefficient.
n related to sorption affinity and Ky is related to the sorption
capacity.
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3 Results and Discussions

3.1 Characterization of the Nanoferrites
with Infrared Spectrum

The analysis of the infrared spectrum of BiMgFeO,
(Fig. 2a) showed the existence of a wide absorption band at
3734 cm™! which corresponded to the stretching vibrations
of internal OH groups. The band located between 1600 and
1700 cm™" could be attributed to the valence vibrations of
the OH group of the constituent water, in addition to the
stretching vibrations of the adsorbed water, and found at

1634 cm™'. As well, the peak at 1384 cm™! corresponded
to the vibrations of the nitrate coming from the iron nitrate
nonahydrate, which is a constituent of the ferrite.

In general, the infrared spectrum of spinel ferrites exhib-
ited two main characteristic bands associated with intrinsic
vibrations of the oxygen bonds with metal cations on the two
subarrays [45, 46].

Indeed, the metal-oxygen bands were located in the range
400-1000 cm™, the first band being present on the spectrum
around 419 cm™! that corresponded to the Fe-O stretching
vibration. The second band was at 534 cm™! and was due
to the elongation of the Mg-O bond and the third band at
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673 cm™! which corresponded to the Bi-O stretching vibra-
tion [47].

The analysis of the infrared spectrum of the (BiMgFeO,/
Bentonite) composite (Fig. 2b) allowed to observe the pres-
ence of an intense band at 3456 cm™! relating to an elonga-
tion vibration of the O—H group derived from the bentonite
present in the composite. The little band around 3700 corre-
sponded to the presence of the BiMgFeO, nanoferrite, which
corresponded to the elongation vibrations of internal OH
groups. The band at 1634 cm™' was due to the deformation
vibrations of the O—H bond of the constituent water and to
the deformation vibrations of the bonds of the water mol-
ecules adsorbed during the preparation of the composite.
The band at 1384 cm™! corresponded to the vibrations of the
nitrate. The signal detected around 1468 cm™! corresponded
to sodium carbonate Na,CO; derived from the bentonite. We
observed as well, a significant signal at 1024 cm™, which
justified the presence of silica due to the stretching vibration
of Si—O-Si group of kaolinite or quartz. Moreover, bands of
the metal-oxygen were located around 400—-1000 cm™" and
attributed to the intrinsic stretching vibrations of the metal.
The first band was located on the spectrum at 682 cm™! and
corresponded to the stretching vibration of Bi-O [48]. The
second band was at 469 cm™' and was due to Fe-O bond
elongation. Finally, the presence of a band of low intensity
around 534 cm™! corresponded to a stretching vibration of
Mg-O present in the ferrite.

3.2 Characterization of the Nanoferrites
with Scanning Electron Microscope (SEM)
Micrographs

Figure 3 displays SEM images of ferrite (Fig. 3a—c) and its
composite (Fig. 3d—f) at various magnifications.

On the surface of the ferrite, nodular and non-homoge-
neous particles of various sizes could be seen (Fig. 3b). On
the other hand, SEM images showed an irregular and very
porous structure favorable for good diffusion of dye mol-
ecules, with a large percentage of voids, and different pore
sizes present in the samples. These voids could generally
be explained by the release of a large amount of gases (NO,
NO,, CO, NH; and H,0) during the combustion process [49,
50] (Fig. 3a). Indeed, the release of associated gas resulted
in a highly porous structure [51]. Microcavities observed
on the surface of the adsorbent, seemed to indicate a very
irregular structure porous favorable for good diffusion of
dye molecules.

The BiMgFeO,/Bentonite exhibited important spongy
structure (Fig. 3d-f), which was due specifically to the
effect of the combustion agent used (glycine). The pores of
various sizes observed in the samples were attributed to the
voids, which corresponded to the release of a large quantity
of gases during the combustion reaction. Since the release
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of associated gas resulted in a highly porous structure with
non-homogeneous and agglomerated particles. This result-
ing porosity presented a very important factor for the evolu-
tion of adsorption.

The incorporation of bentonite during the preparation
of the ferrite-derived composite has helped to modify the
morphological structure of the latter's surface, as well as the
number and size of cavities and pores in the nanocomposite.
This implied that the composite thus prepared, would be
more subject to the adsorption of the molecules of the dye.
The surface morphology of mineral substrates, nanoferrite
(BiMgFeO,), and its BiMgFeO,/Bentonite composite were
compared at the same magnification (first at 5 um scale, and
then at 50 um scale). There was evidence of surface enrich-
ment of the produced composite through greater porous
cavities and an enhanced spongy structure of the adsorbent,
as well as its heterogeneity. This phenomenon enhanced the
dye adsorbing capacity of the composite.

3.3 Characterization of Nanoferrites with X-ray
Diffraction (XRD)

Figure 4 displays the diffractogram of the composite. The
peak positions are reported and assigned to Fe;O,, MgO
and Bi,0; identified in the composite. For comparison,
diffraction patterns of the composite and pure Bi,O; are
shown in the Supplementary Information. There are also
several minerals such as kaolinite (Al,Si,05(OH),), which
corresponded to 20=12.37° and to 260 =24.92°. The peaks
appearing towards 26=12.31°, 20 =26.59° and 20=29.34°
corresponded to the calcite Ca (CO;) and mainly the quartz
(SiO,) present in large proportions in the bentonite.

3.4 Measurement of the Specific Surface Area
of the Composites by BET Analysis

The specific surface area and the distribution and pore size
were determined from adsorption—desorption isotherms of
liquid nitrogen at — 195° C (77 K) [52]. Because of the
limitations in N, adsorption, this approach can only assess
the material's external surface [53]. The composite results
are provided below (Fig. 5).

Figure 5 suggested that the isotherm plot recorded with
BiMgFeO,/Bentonite composite belongs to the type IV
adsorption isotherm in the classification of Brunauer, Dem-
ing, Deming and Teller (BDDT). The analysis of adsorp-
tion and desorption isotherms of dinitrogen at low tempera-
tures of the materials revealed at low pressures a significant
adsorption followed by a gradual increase in the amount of
quantity of adsorbed gas, which was rather apparent for the
composite compared to that of ferrite. Then, at a relatively
high pressure, a distinguished capillary condensation phe-
nomenon was observed during desorption by the presence
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Fig.3 SEM images of BiMgFeO, nanoferrite powder (a, b, ¢), and BiMgFeO,/Bentonite composite (d, e, f) at different magnifications

of a hysteresis loop type H4 large enough for the composite
[54].

The volume of N, adsorbed by BiMgFeO,/Bentonite com-
posite was quite high, and reached 34 cm®/g at high pressure,
due to the increase of the specific surface. The specific sur-
face area calculated using the BET equation was ~25.0 m%/g
for the composite. The size of the pore volume in the

(BiMgFeO4/Bentonite) composite was 0.0456 cm?/g, and
the pore diameter was 15.5 nm (Table 1). The mean vol-
umes of the pores as well as their diameters of the powder
were calculated by the method of Barrett—Joyner—Halenda
BJH [55]. The composite was a mesoporous material with
a surface area of 25 m?/g and diameters of the pores ranged
from 2 to 50 nm. This mesoporous structure was well suited
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Fig.4 XRD pattern of the com-
posite material
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Table 1 Textural and morphological of the BiMgFeO,/Bentonite

Adsorbent  Pore volume Pore diameter Specific surface
(cm3/g) (nm) area SBET (mzlg)
Composite 0.0456 15.5 25.0

to the removal of the MO anionic dye. The pores observed
on the surface of the adsorbents showing small diameters,
confirmed that it was indeed a type IV isotherm.

3.5 Determination of Point of Zero Charge pH (PZC)
for the Nanoferrites

The adsorbent's surface and nature have a significant impact
on the adsorption of any sort of ion at different pH levels.
The pHpzc of the adsorbent can be used to describe its sur-
face charge. Below this value when pH < pHpzc there is an
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excess of positive charge on the surface, so that anions can
be adsorbed. Conversely, beyond this value at pH > pHpzc,
the surface charge would be negative so that the cations can
be adsorbed. [56].

The pHp, of the nanoferrite is determined by intersect-
ing the experimental curve of final pH versus initial pH with
the bisector (final pH =initial pH) [57].

As shown in Fig. 6a, for BiMgFeO, the pHp, (nanofer-
rite) is 7.6. If the pH of the solution is less than 7.6, the
surface of the adsorbent is positively charged and anions
would be adsorbed at this pH zone. The adsorbent's surface
functional groups would be protonated by excess H + protons
from the solution, and the support would attract negatively
charged adsorbate.

According to the curve (Fig. 6b), the pHp, (BiMgFeO,/
Bentonite) = 8.2. This indicates that when solution pH
is below 8.2, the surface of the (BiMgFeO,/Bentonite)
composite is positively charged via the protonation of the
hydroxyl group bonded to the metal.

(M-OH +H" M-OH,*, where M is metal).

When the solution pH rises over pHp,, the surface of the
composite becomes negative due to the deprotonation of the
hydroxyl group linked to the metal.

(M—OH+OH™ M-O™ +H,0).

3.6 Batch Adsorption Experiments

3.6.1 Effect of initial pH on the Adsorption of Methyl
Orange

Figure 7 displays the variation of the adsorbed amount
of the MO anionic dye on BiMgFeO, nanoferrite and on
BiMgFeO,/Bentonite composite versus pH. At acidic pH
levels, there was a high MO adsorption capacity. This might
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Fig.7 pH effect on the adsorption of methyl orange on the
BiMgFeO, nanoferrite (Filled Square) and the BiMgFeO,/Ben-
tonite composite (Filled Square) ([MO]=50 mg. L~!, adsorbent
amount =10 mg, time =720 min, T=25 °C)

be explained by the pHp,, which is 7.6 for the produced
ferrite and 8.2 for its composite.

3.6.2 Effect of the Adsorbent Dose on the Adsorption
of Methyl Orange

As shown in Fig. 8, when the adsorbent dose was increased,
the MO removal efficiency increased, whereas the MO
adsorption capacity decreased. Because adsorption sites
were entirely accessible for MO at low adsorbent dosage,
the adsorption capacity was increased. However, at high
adsorbent doses, the majority of the low-energy adsorption
sites were first occupied. Consequently, the accessibility of
high-energy adsorption sites significantly decreased, and
adsorption capacity was reduced [58]. Moreover, the higher
the adsorbent dose, the more likely collisions and agglomer-
ation between solid particles occurred, leading to a decrease
in total surface area and ferrite adsorption capacity for MO.

Increasing the mass of the adsorbent offers an increased
number of available adsorption sites and therefore increased
amount of adsorbed dye [59]. While the decrease of MO
adsorption could be explained by the saturation of adsorp-
tion sites [60]. However, the percentage of the solution dye
decolorization was higher with the BiMgFeO,/Bentonite
composite. It reached 92% for 1.5 g of adsorbent in 100 mL
of solution, while it was 72% for BiMgFeO, nanoferrite as
adsorbent with the same dose.

3.6.3 Effect of the Contact Time on the Adsorption
of Methyl Orange Using Nanoferrites

The test of discoloration of MO by adsorption on the
BiMgFeO, ferrite and the (BiMgFeO,/Bentonite) composite
(Fig. 9) was carried out by following the contact time of the
adsorption equilibrium, where a substrate saturation state
was established. It is considered the most critical parameter
in the development of an economical wastewater treatment
system [61]. In fact, the contact time is fundamental for the
determination of the maximum quantity of adsorption. The
adsorption capacity or removal rate was calculated from
Eq. (4)

CO - Ct
%Removal = ——— x 100 4)

Co

With C,: initial concentration and C: concentration at
time t.

As shown in Fig. 9, when BiMgFeO, nanoferrite was
the adsorbent, the removal efficiency (percentage) of MO
increased as the contact time varied from 20 to 300 min
before reaching a steady state. Consequently, the equilib-
rium time was determined to be 300 min. At this stage,
the amount of dye desorbed from the adsorbent was in a
dynamic equilibrium state with the amount of dye adsorbed
on the adsorbent.
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Fig.9 The effect of the contact time on the adsorption of methyl T(°0)

orange by (BiMgFeO,) nanoferrite and BiMgFeO,/Bentonite com-
posite. ((MO] =50 mg. L~!, Adsorbent amount=>50 mg, T=25°C)

The adsorption was fast during the first minutes of the
reaction because at the beginning of adsorption, the number
of active sites available on the surface of the adsorbent was
much more important than the number of sites remaining
after a certain time. For high contact times, the molecule
needed time to diffuse inside the pore of the adsorbent [62],
for the rest of the quantity not adsorbed is interpreted by the
saturation of the surface of the adsorbent (all the sites of
adsorption were occupied).

On the other hand, the removal efficiency (percentage) of
MO dye by the BiMgFeO,/Bentonite composite increased
as the contact time progressed to reach 180 min before
becoming constant. Therefore, the equilibration time of 3 h
was sufficient in this case as maximum adsorption occurred
during this time. It was due to the aggregation of the dye

@ Springer

Fig. 10 Effect of temperature on MO dye adsorption on the two
adsorbents. ((MO] =50 mg. L~!, adsorbent amount= 50 mg)

particles with increasing contact time, which made it almost
impossible to diffuse deeper into the adsorbent structure at
higher energy sites. This aggregation canceled out the influ-
ence of contact time as the pores filled in and began to offer
resistance to diffusion of aggregated dye molecules into the
adsorbents [63]. The experimental results indicated that the
optimal value of contact time for OM removal was lower
with the composite. This fact proves that the addition of
bentonite increased the percentage of dye adsorption and
decreased the adsorption contact time.
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Table 2 Pseudo-first-order and pseudo-second-order models parameter
Adsorbent Pseudo-first order model Pseudo-second order model

R? K1 (mn™h) Q1 (mg/g) Q exp (mg/g) R? K2 (g/mg/mn) Qexp.(mg/g)
BiMgFeO, 0.952 0.0095 41 52.6 0.996 0.00058 56.1
BiMgFeO,/Bentonite 0.0239 96.9 72.9 0.997 0.00063 75.7 0.92
3.6.4 Influence of the Temperature on the Adsorption 5 o Ln(Qe-QUF W Ln(Qe-QH]C

. n(Qe- n(Qe-
of Methyl Orange by Nanoferrites
4
Figure 10 d1sp1ays the variation of temperature versus = JC=-0.0239x + 4.5736
the removal efficiency (percentage) of methyl orange on g 3 R2=0.92
BiMgFeO, nanoferrite, and the BiMgFeO,/Bentonite com- & .
posite. Due to the obvious decrease in solution viscosity, ris- 527
ing temperature was known to enhance the rate of diffusion L JF = -0.0095x + 3.7144
of adsorbate molecules through the outer boundary layer and R?=0.9527
into the interior of the adsorbent particles [64].
Figure 10 reveals that at 25 °C, the maximum removal 0 ' ' ' A '
. . 50 100 150 200 250
rate of the MO dye from BiMgFeO, nanoferrite was 44.7%. . K
-1 A Time(min)

At the same temperature, it was 60.6% when the BiMgFeO,/
Bentonite composite was used as an adsorbent.

From the comparison of the two curves in Fig. 10, room
temperature (25 °C) was the most suitable temperature for
the maximum removal of the methyl orange anionic dye by
both materials. A rise in temperature was not favorable for
the adsorption phenomenon; this could prove that it was an
exothermic mechanism.

3.6.5 Adsorption Kinetics

The thermodynamic equilibrium between the adsorbate in
the liquid phase and the adsorbate fixed to the solid was
attained at a rate that depended not only on the rate at which
the components diffused in the adsorbent and fluid but also
on the adsorbent-adsorbate interaction. We were able to
examine the effect of contact time on dye retention by study-
ing dye adsorption on nanoferrite as a function of time.

For this purpose, two models have been applied to
describe the mechanism of the adsorption kinetics of meth-
ylene blue on wood ash: the pseudo-first order (Eq. 5) and
the pseudo-second order (Eq. 6) [65, 66]:

1n(Qads - Qt) = anads - Klt (5)
rt__1 .t
Q- @xK,  Q ©

Qe (mg / g) is the equilibrium adsorption capacity, Q,
(mg/g) is the adsorption capacity at time t. K; (mn~1) is the
constant of the pseudo-first order model, and K, (g.mg~".
mn~!) constant of the pseudo-second order model.

Fig. 11 Pseudo-first order model applied to the adsorption of MO on
the Ferrite and on the Composite (C=Composite; F=Ferrite)

16 -
14 1 @ (t/Qt)e B (t/Qt)c
12 -
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- R?=0.9967
G 8-
~
- 6 .
4 ye=0.0132x + 0.2743
R?=0.9974
2
0 T . .
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Time (min)

Fig. 12 Pseudo-second order model applied to the adsorption of MO
on the Ferrite and on the Composite (C =Composite; F=Ferrite)

The results in Table 2 demonstrate that the experimental
adsorbed quantity differed from the estimated amount for the
pseudo-first order kinetic adsorption reaction on BiMgFeO,
ferrite and on BiMgFeO,/Bentonite composite. Similarly,
the values of correlation coefficient (Respectively R?=0.952
and 0.92) were slightly away from the unit. Therefore, the
adsorption kinetic of the MO did not obey to a pseudo-first
order kinetic. In contrast, higher correlation coefficients R?,
close to unit, were obtained for the ferrite and its composite
(R>=0.996 and 0.997, respectively) for the pseudo-second
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order kinetic adsorption. The results better fit second order
kinetic model for the adsorption of MO.

The pseudo-first order constants were determined by
extrapolation of the curve representing the variation of Ln
(Q.—Qy) as a function of time t (mn) (Fig. 11).

Otherwise, Fig. 12 clearly illustrates the pseudo-second
order kinetic model results for the adsorption of Methyl
orange dye on the two adsorbents. The two quantities K,
constant of the pseudo-second order model, and Qe the
adsorbed capacity at equilibrium, corresponded respectively
to the y-intercept and the slope of the line that represented
the variation of t /Q, as a function of the time t (min).

3.6.6 Adsorption thermodynamics

The adsorption thermodynamic constants are the standard
enthalpy variation (AH®), the standard Gibbs free energy
variation (AG"), and the standard entropy variation (ASY).
They were calculated as following equations, Eq. (7) and
Eq. (8) [67].

AG, = —RTInK}, )
InK; = ﬁ — % 8
L™ R RT

where T is the absolute temperature in Kelvin, K; (L. mol™)
as Langmuir's constant, R is the universal gas constant

13.8 -
@ Ferrite M Composite
13.6 1
y=377.1x+12.42
R?=0.997
3.4 4
2
S 324
13 A
] y=310.7x + 11.98
R?=0.994
12.8 T T r T T 1
0.0028 0.003 0.0034

1T (K'l) 0.0032

Fig. 13 Ln (KL) versus (1/T) for MO adsorption on BiMgFeO, nano-
ferrite and on BiMgFeO,/Bentonite composite

(8.314 J. mol™! K1) and AH® and AS® were calculated
from the linear plot slope and the intercept of In K; =f (1/T)
(Fig. 13). Table 3 reports AG® values; all are negative which
indicates thermodynamically favorable process. When the
temperature increased, the values of standard free enthalpy
variation decreased, it is a confirmation of the exothermic
nature of the adsorption process.

The AHC values reported in Table 3 were negative indi-
cating that the adsorption reaction of methyl orange (MO) on
nanoferrite and composite was exothermic. In addition, the
positive values of AS, showed the increase in molecular dis-
order at the solid/liquid interface of the adsorption process
and an increase in the degree of freedom of the adsorbed
molecules. AH; and AS,, were of opposite sign; therefore,
we did not observe a modification in the sign of the free
enthalpy variation or a remarkable variation in its value by
varying the temperature.

3.6.7 Adsorption Isotherm of Methyl Orange (OM)

The experimental results were examined using Langmuir
(Eq. 9) and Freundlich (Eq. 11) models. Langmuir isotherm
model is one of the most frequent isotherms used for the
adsorption in order to evaluate the maximum adsorption
capacity of an adsorbate on an adsorbent. It requires that
adsorption occurs on monolayer coverage of adsorbate over
a homogenous adsorbent surface. Also, this model assumes
that adsorption performs on specific homogeneous and ener-
getically identical sites [68].

1_1 ., 1
Qe B Qm QmKLCe (9)

where K; (L.mg™") is the Langmuir equilibrium constant
related to the affinity of adsorption, Q,, (mg. g7 1) is the
maximum adsorption capacity in monolayer, and Ce is the
concentration at equilibrium.

The dimensionless equilibrium constant for the Langmuir
isotherm can be expressed as (Eq. 10) [69]:

1

R = —1
LT 14K G, (10)

(Eq. 10) defines the separation factor, R; [70-74]. The
adsorption isotherm is unfavorable when R; > 1, it is linear

Table 3 Thermodynamic parameters for the adsorption of MO on the BiMgFeO, ferrite and (BiMgFeO,/Bentonite) composite

Adsorbent AHC (kJ. mol™") AS® (I 'mol™' K AG® (kJ. mol™!)
-1
) 275K 288 K 298 K 333K 348 K
BiMgFeO, —-2.583 99.626 —29.308 —31.003 —32.269 —-35.777 —37.239
BiMgFeO,/Bentonite —-3.135 103.259 —30.811 - 32512 —33.898 —37.521 —39.064

@ Springer



Chemistry Africa (2022) 5:589-606

601

0.06
y,= 0.0506x + 0.0055 (a)
0.05 R>=0.989
0.04

[

9 oo03 ¥ =0.04x +0.0053 _

- R2=0.993 —o—ferrite
0.02 composite
0.01

4
0
0 05 1 15
1/Ce
6 ..
yp=0.701 1x +2.911 +—ferrite
5 R2=0.993 composite
. (b)
g
1 L g y, = 0.6894x +3.0929
= R2=0.985
2 .
1 .
‘ 0— ;
1 0 1 2 3 4

Ln(Ce)

Fig. 14 Langmuir (a) and Freundlich (b) isotherms for the adsorption
of MO on ferrite. (Blue filled diamond) and composite (Orange filled
square)

Table 4 Adsorption Equilibrium parameters for Langmuir and Freun-
dlich Isotherms

Langmuir Isotherm parameters Freundlich Isotherm parameters

Item BiMg- BiMg- Item BiMg- BiMg-

FeO, FeO,/ FeO, FeO,/
Bentonite Bentonite
Qm 181.8 188.8 1/n 0.7011 0.3234
(mg/g)

KL (L/g)  0.1087 0.1325 Kf (L/g) 18.38 22.0409

RL 0.1554 0.131 R2 0.993 0.985

R2 0.988 0.9931

when R; =1, it is favorable when O <R; <1 and it is irre-
versible when "R; =07.

The Freundlich model assumes heterogeneous surface
energy. This model is widely used to describe multilayer
adsorption [75]. The no-linear form of the Freundlich can
be expressed as follows:

LnQ, = LKy + %LnCe (11)

where Ky, is the Freundlich constant (heterogeneity factor),
and 1/n is the Freundlich coefficient. n is related to the sorp-
tion affinity and K, is related to the sorption capacity. When
the coefficient n is between 1 and 10, the adsorption perfor-
mance of an adsorbent improves [76-78].

Figure 14 depicts the adsorption isotherms for both adsor-
bents, and the table below (Table 4) displays the results of
the modeling studies of the adsorption isotherms for the
two models (Langmuir and Freundlich) and the correlation
coefficients (R?). We observe that the Freundlich model
(R?=0.993) represented better the adsorption isotherms of
MO on (BiMgFeO,) nanoferrite than the Langmuir model
(R?=0.988). This suggests that the sites were heterogene-
ous, with the possibility of more than one adsorption mon-
olayer on the ferrite surface.

On the other hand, when BiMgFeO,/Bentonite was
the adsorbent, we observe that the correlation coefficients
were close to unit (R>=0.993) in the Langmuir model and
(R>=0.985) for the Freundlich model. We conclude that the
Langmuir model was the most consistent with the experi-
mental data. The n value of the Freundlich model calculated
for the two adsorbents was always between zero and one.
These results verify that the adsorption process of MO on
the composite was favorable.

3.6.8 Isosteric Heat of Adsorption

The isosteric heat of adsorption Q (kJ.mol™") is the amount
of heat developed during the adsorption of one mole of MO
dye by one gram of adsorbent. It was determined at a con-
stant amount of adsorbate adsorbed (Qe =30, 32, 34, 36,
38 mg. g~!) and was calculated using the Clausius—Clapey-
ron equation given by the following relation where AH, ;=

- Qsl
d(InCe) _  AHy;
d RT?

H ads

Ln(Ce) = A + constant

For this purpose, the equilibrium concentration (Ce) at
a constant amount of methyl orange adsorbed was obtained
from the isotherm data at different temperatures. Ln Ce
versus 1/T plots were found to be linear (Fig. 15), and the
slopes of the plots were used to calculate the values of AH,
for different amounts of adsorbate on the two adsorbents
separately.

The R? values of the isosteres and the corresponding
AH, 4 values for the adsorption of MO on the two prepared
adsorbents are listed in the following table (Table 5) at dif-
ferent values of the amount of methyl orange adsorbed at
equilibrium Qe (mg. g ).
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Fig. 15 Plots of Ln Ce versus 1/T(K?) (a)
/T for adsorption of MO onto -8.7 T T T T T )
BiMgFeO, nanoferrite (a), and 0.0p28 0.003 0.0032 0.0034
BiMgFeO,/Bentonite composite 1
(b)
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c R%?=0.990
-
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0.0p28 0.003 0.0032 0.0034
-8.8 A
y=-300.8x - 7.884
b RZ=0.991
s
= -8.9 1 y=-308.1x - 7.923
ar | R?=0.999
-9 1
-9.1 A
1 y=-347.4x - 8.022
R%=0.998
9.2 -

¢ Qe=38mg/g M Qe=36mg/g A Qe=34mg/g ® Qe=32mg/g X Qe=30mg/g

Table 5 Isosteric heat of adsorption of MO onto BiMgFeO, nanofer-
rite and on BiMgFeO,/Bentonite composite

Adsorbent  BiMgFeO, BiMgFeO,/Bentonite

Q. (mg.g™h) AH,, (kJ. Mol™) R?  AH,, (kJ. Mol™) R?

30 —1.100 0973 —2.88 0.998
32 - 1.094 0973 —2.87 0.991
34 - 1.092 0.998 —-2.70 0.995
36 —1.085 0.990 -2.56 0.999
38 —1.081 0.986 —2.50 0.991
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Figure 15a displays the variation of Ln Ce versus 1/T for
different amounts of BiMgFeO, nanoferrite, and Fig. 15b
displays the variation of Ln Ce versus 1/T for different
amounts of adsorbate for adsorption of MO onto BiMgFeO,/
Bentonite composite.

The negative values of isosteric heat of adsorption con-
firm the exothermic adsorption process. Moreover, the heat
of physical adsorption, which involves only relatively weak
intermolecular forces such as van der Waals and electrostatic
interactions, is typically lower than that of chemisorption,
which involves the formation of a chemical bond between
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adsorbate molecules and the adsorbent's surface. The upper
limit for Qst physical adsorption, known as physisorption,
should be 80 kJ.mol ™! for adsorption on adsorbents, while
the highest limit for chemical adsorption, called chemisorp-
tion, which is characterized by covalent bonding, should be
between 80 and 400 kJ mol~! [79]. In the present work, the
values of isosteric heat of methyl orange adsorption ranged
between 1.081 and 1.1 kJ.mol ™! for the prepared ferrite, and
between 2.5 and 2.88 kJ.mol™" for its composite.

The preceding results suggest that the interaction between
the surface of both (Mg-doped bismuth ferrite) and the com-
posite (Mg-doped bismuth ferrite-bentonite) and MO dye
molecules was a physisorption, involving weak van der
Waals and electrostatic interactions.

3.6.9 Comparison with Other Adsorbents

A comparison of the maximum adsorption capacity (g,
value) for MO on magnesium doped magnetic nanofer-
rite and its bentonite-based composite, with those of other
adsorbents published by other studies, was demonstrated
(Table 6). Magnesium doped magnetic nanoferrite and its
bentonite-based composite were relevant and promising for
the removal of MO from aqueous solutions because they
had a relatively higher adsorption capacity than many other
magnetic adsorbents.

4 Conclusion

This study demonstrated the effectiveness of nano-adsorbent
based on magnetic ferrite (Mg-doped bismuth ferrite) and its
clay-based Mg-doped bismuth ferrite-bentonite in removing
methyl orange dye in aqueous medium. Adsorbents were
produced using a self-combustion process with glycine as
the fuel. The effect of operating-condition factors such as

contact time, adsorbent dose, pH, and temperature, was
investigated.

Increasing the adsorbent mass generated an increase of
the adsorption capacity of the anionic dye for both adsor-
bents. However, the percentage of the solution dye decolori-
zation was higher with the (BiMgFeO,/Bentonite) compos-
ite. It reached ~91.3% for 150 mg of adsorbent in 100 mL of
solution, while it is~71.3% for (BiMgFeO,) nanoferrite as
adsorbent with the same dose. Moreover, acidic pH was the
optimal medium to have better adsorption of the MO anionic
dye on both adsorbents.

The equilibrium was attained after 300 min for the Mg-
doped bismuth ferrite, and after 180 min for the BiMgFeO,/
Bentonite composite, according to the kinetic analysis. Fur-
thermore, the adsorption process for both the produced fer-
rite and its composite could be explained by pseudo-second
order kinetics.

The plot of the adsorption isotherms confirms that the
adsorption process of methyl orange on both the ferrite and
its composite was favorable. The Freundlich model perfectly
represented adsorption of MO dye to the prepared Mg-doped
bismuth ferrite with a maximum adsorption capacity of
181.8 mg. ¢! at 298 K. This suggests that the sites were het-
erogeneous, with the possibility of more than one adsorption
monolayer on the ferrite surface. While, Langmuir model
seemed to be the most suitable model for the absorption of
methyl orange to the Mg-doped bismuth-bentonite compos-
ite, with a maximum adsorption capacity of 188.8 mg. g™! at
298 K. The n value of the Freundlich model, which is related
to the adsorption intensity and surface heterogeneity, gave
evidence that the adsorption is favorable for both adsorbents.
The coefficient n was greater in the case of the composite
than in the case of the ferrite, revealing that the composite
had higher adsorption of MO dye.

Table 6 Comparison of the

. . Adsorbent Adsorption Experimental conditions Refer-
Adsorption Capaqty for methyl capacity (mg. ences
orange on magnesium doped -1
magnetic nanoferrite and its g
bentonite-based composite with  Modified fly ash with Ca(OH),/Na,FeO, 238 25°C, pH=10 [80]
other adsorbents Fe,05-biochar nanocomposite 20.53 25°C,pH=8 [81]

B-cyclodextrin/Fe;O,/polyvinylpyrrolidone 47.62 25°C,pH=7 [82]
Magnetic lignin-based carbon nanoparticles 113 20 °C, pH=5 [83]
Magnetic Lignin-based 85 25 °C,pH=5 [84]
Fe;0,4/Al,05/chitosan composite 416 25C,pH=6 [85]
y-Fe,05/2C nanocomposite 72.7 25°C,pH=4.38 [86]
Magnetic Activated Carbons 189.2 35°C,pH=2.8 [87]
Maghemite/chitosan nanocomposite films 29.41 57°C,pH=3 [88]
Mg-doped bismuth ferrite 181.8 25°C,pH=6 This study
Mg-doped bismuth ferrite/bentonite 188.8 25°C,pH=6 This study
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It was also established that the composite has a
mesoporous structure, which was favorable for the removal
of the MO anionic dye.

The thermodynamic parameters indicated that the adsorp-
tion of methyl orange was an exothermic process with a ran-
dom distribution of MO dye molecules over the adsorbent
surface.

The determination of isosteric heat of adsorption for both
prepared adsorbents suggested that it is indeed a physisorp-
tion characterized by weak intermolecular forces between
adsorbate and the adsorbent surface.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s42250-022-00343-2.
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