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ABSTRACT: Even low concentrations of pollutants in water, particularly heavy
metals, can significantly affect the ecosystem and human health. Adsorption has ‘ v~ o Marsg,

been determined to be one of the most effective techniques of removing pollution 05 T !
from wastewater among the various strategies. To remove heavy metals such as '

Zn** and Pb*", we prepared a silica-coated CuMgFe, 0O, magnetic adsorbent using M e ' e
sol—gel method and tested it for wastewater treatment. X-ray diffraction w3 Moo e T fat
investigation validated the creation of cubic spinel structure, while morphological o J_,J' =~ §

analysis showed that silica coating reduces the particle size but boosts the surface v

roughness of the nanoparticles and also reduces the agglomeration between e ot oo
particles. UV—visible spectroscopy indicates a rise in bandgap and magnetic e —’JJ'LLS oSt TEOS
characteristics analysis indicates low values of magnetization due to silica coating. M.i § / M-

The kinetic and isotherm parameters for heavy metal ions adsorption onto silica- e v g -

coated CuysoMgysoFe,O, nanoparticles are calculated by applying pseudo-first-

order, pseudo-second-order, Langmuir and Freundlich models. Adsorption

kinetics revealed that the pseudo-second-order and Langmuir models are the best fit to explain adsorption kinetics. Synthesized
adsorbent revealed 92% and 97% removal efficiencies for Zn>" and Pb*" ions, respectively.

1. INTRODUCTION toxic and carcinogenic. Heavy metals do not degrade and tend
to build up in organisms.” As a result, heavy metals’ exposure
via potable water has remained a major concern of public
health worldwide.® Zinc, nickel, copper, chromium, arsenic,
cadmium, lead, and mercury are some well-known heavy
metals.

Heavy metals from industrial influents have been eliminated
from wastewater for decades by using common treatment
technologies, including electrochemical removal,” ion flota-
tion,'” coagulation,11 solvent extraction,'” and adsorption
methods.'®> Various substances, including chitosan, zeolite,
ferrites, resins, and activated carbon, have been used for
wastewater treatment.'* In the current scenario, magnetic
materials have drawn much attention, because of their
exceptional characteristics and possible use in wastewater

The uncontrolled discharge of polluted water from the
chemical and metal processing industries causes the accumu-
lation of toxic elements in freshwater reserves. The existence of
synthetic dyes, drugs, pesticides, petroleum hydrocarbons, and
heavy metals contaminants adversely affects water’s purity,
which is a major threat to aquatic life and humans." Even low
concentrations of heavy metals can cause adverse effects on
human and aquatic species.” Thallium is the main cause of
alopecia in humans; Minamata disease is caused by mercury.
Cadmium is the source of itai-itai disease, and lead poisoning
causes intellectual abnormality in children.” Pollutants in water
are classified as either point or nonpoint sources. Pollution in
the former case comes from a single identifiable source,
whereas pollution in the latter case comes from various
sources.” Pollutants are generally classified into suspended
solids and sediment, radioactive, microorganism, nutrients,
inorganic, and organic, depending on their key physicochem-
ical characteristics. Heavy metals, ammonia, fertilizers, sulfides,
acids, bases, and nitrogen oxides are typical examples of
inorganic pollutants.” Heavy metals have densities larger than 5
g/cm>>° These metals, unlike organic pollutants, are highly
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Figure 1. Illustration of synthesis and silica coating of Cu,5,Mg,soFe,O, adsorbent.

treatment. The magnetic separation method is extensively
utilized for wastewater treatment due to its reusability for
many cycles. Nonmagnetic nanoparticles are less effective in
treating industrial effluents because of difficulty of separatin%
from the aqueous phase and small reactive surface area.'
Ferrite nanomaterials have several advantages over conven-
tional adsorbents as they exhibit tremendous adsorption
capacity and chemical stability, even at high temperatures.
Moreover, ferrites can be designed with specific characteristics,
allowing the adoption of selective species from aqueous
media.'® However, ferrite nanoparticles can oxidize under
acidic conditions and aggregate due to the magnetic effect.
Coating ferrite nanoparticles, in many cases, is done to avoid
the oxidation problem. Magnetic nanoparticles are frequently
coated with substances, such as inorganic compounds,
polymeric materials, or hybrid materials, to increase their
effectiveness and stability. Consequently, encapsulating mag-
netic nanoparticles is a crucial tactic for inhibiting the direct
interactions of the magnetic nanoparticles.'” In silica-coated
magnetic adsorbents, silanol (—SiOH) and other hydroxyl
groups on the absorbent form complexes with heavy metal ions
to immobilize these metal ions on the adsorbent nanoparticles.
The Langmuir and Freundlich isotherms are also used to get
insights into the affinity and adsorption capacity of adsorbents
for selected heavy metal ions. Therefore, both adsorption
isotherms were studied to deduce an effective adsorption
mechanism of the tested silica-coated CuMgFe,0, adsorbent.
This study focuses on the removal of lead and zinc metals from
wastewater. Lead is a toxic metal with severe environmental
and health related issues. It is imperative to reduce exposure to
lead ions to protect human health and the environment. Zinc,
when properly managed, can be beneficial for various
biological processes. It is an essential human nutrient with
limited environmental impact when available within acceptable
levels. Excessive zinc intake through contaminated water and
food can lead to gastrointestinal disturbances and impair the
absorption of other minerals like copper and iron. The zinc in
water bodies can also be toxic to aquatic life, particularly
sensitive species such as fish and aquatic invertebrates. Zinc in
the soil affects plant growth and enters the food chain.

In the published literature, Liu et al.'® reported that
MgFe, 0, nanoparticles perform well in removing basic fuchsin
dye and methyl green from wastewater. Naz et al.'’
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investigated the optical properties, structure and magnetic
response of MgFe,O, nanoparticles for dye removal from the
wastewater. The ferrite nanoparticles were given nonthermal
plasma treatment to make the surface more porous and
reactive. The plasma-treated nanoparticles revealed 97% dye
removal from the solution compared to 93% removal by the
pristine nanoparticles. Tang et al.”’ reported that
Mg ,7Fe; 500, nanoadsorbents exhibit a higher surface area
than ultrafine a-Fe,O; nanoadsorbents produced using the
same solvent thermal processing method. The magnesium
doping improved the adsorption of the sample for both As(V)
and As(III) pollutants. The use of suitably surface-function-
alized ferrite nanoparticles as nanoadsorbents seems attractive
due to their vast surface area, strong magnetization, and good
selectivity. Shukrullah et al.*' revealed that the chemisorption
property of the nanomaterials could be improved by attaching
the amine groups to the surface of the nanostructures. In this
work, we have chosen Cu** and Mg** as dopants to construct
the CuMgFe,0, adsorbent. The Cu*" and Mg** ions with
larger ionic radii are substituted between the Fe and the O
sites. Cu and Mg are occasionally favored over other metals in
preparing composite ferrite adsorbents for treating heavy metal
ions from wastewater due to their particular features and
potential to improve adsorbent performance. Cu and Mg are
relatively cost-effective metals, making them attractive for
adsorbent materials. These metals can provide good magnetic
characteristics to the ferrite adsorbent, allowing it to be easily
separated from the treated water by using some external field.
It streamlines the recovery process and makes wastewater
treatment more efficient. Cu®>* and Mg** ions have large ionic
radii that are replaced between the Fe and the O sites. This
substitution enhances the active surface area for heavy metal
ion adsorption from wastewater. The large surface area of
silica-coated CuMgFe,O, provides plenty of active sites for
heavy metal ions to adsorb onto the material. Combining metal
oxides (Cu, Mg, Fe) and silica increases its adsorption
capacity, allowing it to remove heavy metals.”” Under diverse
environmental conditions, silica-coated CuMgFe,0, demon-
strates good stability. It is cost-effective for long-term heavy
metal remediation activities, because it may be regenerated and
reused several times.

https://doi.org/10.1021/acsomega.3c05764
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Figure 2. XRD spectrum and Williamson Hall plot for microstrain of the silica-coated Cu,soMgy soFe,O, adsorbent.

2. MATERIALS AND METHODS

2.1. Synthesis of Ferrite Adsorbent. A facile sol—gel
method was adopted to synthesize CugsoMgsoFe,O, as
illustrated in Figure 1. In the first step, Fe, Cu, and Mg metal
chlorides were dissolved in deionized water in the required
stoichiometric ratios. After that, the citric acid solution was
prepared separately by utilizing 2.22 mol of citric acid
(C¢H50,) and 60 mL of deionized water. Afterward, the citric
acid solution was introduced to the metal chloride solution
under vigorous stirring. The acquired solution was then
continuously stirred for 2 h at 60 °C. After mixing metal
chlorides and citrate solution, ammonium hydroxide was
added to adjust the pH of the solution at 7. Continuous
stirring and heating of the acquired solution resulted in the
formation of sol, which was further converted into gel after
heating for 8 h. The produced gel was then dried at 100 °C for
6 h and subsequently calcined at 600 °C for 6 h. After
calcination, the obtained matrix was finely ground into powder.
The prepared ferrite specimen was then coated with silica
using tetraethyl silicate. A powdered ferrite sample was
introduced in distilled water and then tetraethyl orthosilicate
silane was added dropwise for direct silanization of ferrite
adsorbent. The sample was then treated ultrasonically for 10
min and then stirred for 2 h. Silica-coated CuysoMgysoFe,O,
was obtained after heating the obtained slurry for 3 h at 300
°C.

2.2. Characterization Techniques. The structure and
crystallite size of the synthesized samples, along with the lattice
parameters, were investigated through XRD analysis. Bruker
D8 equipment with Cu Ko radiation, having wavelengths of
1.54 A, was operated at 40 kV to produce XRD spectra. SEM
Nova-Nano 450 SEM instrument was used to study the
morphology of pristine and silica-coated ferrites. TEM images
were produced to check the internal structure and interlayer
spacing of the nanostructures. FTIR spectra of ferrite samples
were generated by using an Agilent Cary-630 spectrometer.
Optical absorption spectra were obtained with a UV/vis
spectrometer (Perkin Lambda 25). Lakeshore-7410 (VSM)
was utilized to examine the magnetic attributes of the uncoated
and silica-coated ferrites.

2.3. Adsorption Process. To simulate the wastewater,
0.02 g of zinc acetate and lead nitrate were added to 100 mL of
deionized water. Then, 0.25 g of silica-coated
Cuyg50Mgg 50Fe,0, adsorbent was dissolved in the simulated
wastewater to conduct the adsorption experiments. The
prepared solution was continuously stirred for 1 h after
maintaining pH at 7 and supernatants were filtered using filter

47625

paper. AAS (atomic adsorption spectroscopy) was used to
analyze the residual heavy metal concentrations in super-
natants. The kinetic parameters for heavy metal ions
adsorption onto silica-coated CugsoMgysoFe,O4 nanoparticles
were calculated by applying pseudo-first-order and pseudo-
second-order kinetics. The Langmuir and Freundlich isotherms
were also used to gain insights into the affinity and adsorption
capacity of adsorbents for selected heavy metal ions.

3. RESULTS AND DISCUSSION

3.1. XRD Analysis of Adsorbent. The XRD spectrum of
silica-coated CuysoMgg soFe,O, is presented in Figure 2. The
formation of (311), (400), (422), (511), and (440) planes at
20 values of 35.4°, 43.2°, 55.5°, 57.8° and 62.7° confirm the
production of cubic spinel structure of CuysoMg,soFe,0,.>
Equation 1 was used to calculate the lattice constant.

a=di + K+ 1)"? (1)

The lattice constant was estimated as 8.36 A, which is
slightly lower than the reported value in the literature.”* The
small value of the lattice parameter can be due to a difference
in crystal structure and thermal expansion coefficient of silica
and ferrite that resulted in defects and dislocations at the
interface.”® The size of the crystallite was estimated by using
the Scherrer equation:

D = (kA/p cos 0) (2)

The crystallite size of silica-coated CuMgFe,O, was
measured to be 23 nm, slightly lower than the crystallite size
of pristine ferrite. Silica coating generates a barrier to crystal
growth and prevents aggregation by reducing surface energy,
consequently reducing crystallite size.”>*” Such reduction in
crystallite size results in an increased surface area to volume
ratio of ferrites, which consequently offers excessive active sites
and upsurges the absorption capacity of composite ferrite
adsorbents for heavy metals.”® Leal et al.”® performed surface
treatment MFe,0, (M = Cu, Ni, Co, Mn, and Fe) spinal
ferrites through silanization and chitosan functionalization.
The surface modification significantly influenced the crystallite
size. The size decreased after silanization of the spinal ferrites
for all substituted metals. The chitosan functionalization
further reduced the crystallite size. Zeb et al.”’ revealed that
a decrease in crystallite size of the surface-treated ferrite
nanoparticles might be due to the high nucleation rate of
nanocrystals in the silane matrix. Fast nucleation suppresses
the growth of crystallites. Saturation magnetization was also
reported to be lower in pristine ferrite nanoparticles than SiO,

https://doi.org/10.1021/acsomega.3c05764
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Figure 3. (a) SEM micrographs of the pristine adsorbent and (b) silica-coated adsorbent and (c) TEM image of the silica-coated adsorbent.

modified nanoparticles due to magnetically nonresponsive
surface covering of pristine adsorbent nanoparticles. The
modified nanoparticles showed high surface anisotropy
compared to pristine nanoparticles due to weak dipolar
interactions among the modified nanoparticles. Ferrer et al.”’
modified the structural and surface properties of NiFe,O, with
SiO,—silane coating for adsorption of Cu®** ions from
wastewater. It was revealed that the crystallite size growth
shows a linear relation with the temperature. The crystallite
size followed the Ostwald ripening process. The growth in
particle size is due to agglomeration of smaller particles, which
are energetically less stable. The agglomerated particles reduce
the limits of the interface and surface energy. It is worth
mentioning that the redistribution of cations at octahedral and
tetrahedral sites of a spinal structure and the formation of a
hematite phase impurity may also affect the crystallite size.
Dislocations are the asymmetry in a crystal, which occurs
due to mismatch of lattice from one part to another part with
in a crystal.”® The dislocation density (6) and strain (&) of
synthesized samples were calculated by eqs 3 and 4, while eq §
is Williamson—Hall’s term that is used to plot the microstrain

graph.

§=1/D* (3)

_ b
l‘2_4tan9 (4)

K1
0=— 4 4esind
By cos € sin s)

Figure 2 exhibits a Williamson—Hall plot for the prepared
sample. The microstrain is obtained from the slope of the
linearly fitted data and the crystallite size is obtained from the
root of the y-intercept. The dislocation density and microstrain
were calculated as 0.03905 and —4.35 X 10%, respectively. The
total strain in the sample is due to applying stress on the
sample. The microstrain plot revealed that the obtained
microstrain is compressive in nature, which may be due to the
incorporation of Cu®" and Mg*" ions in the adsorbent.

3.2. Morphological Analysis. Figure 3(a) reveals the
surface characteristics of the pristine spinel ferrite. Figure 3(b)
reveals the surface characteristics of the silica-coated ferrite.
Both pristine and silica-decorated samples exhibited spherical
particle shapes. The degree of agglomeration among the
nanoparticles was relatively high in the pristine ferrite sample
due to the existence of magnetic dipole—dipole interactions.
The agglomeration among the nanoparticles of silica-decorated
ferrite is somewhat lower than the pristine ferrite. A decrease in
agglomeration is due to increased dispersion and reduced
magnetic affinity among the nanoparticles due to the silica

https://doi.org/10.1021/acsomega.3c05764
ACS Omega 2023, 8, 47623—-47634
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Figure 4. (a) UV—vis spectrum with Tauc plot, (b) FTIR spectrum, and (c) hysteresis loop of the silica-coated Cuy5,Mgy soFe,O, adsorbent.

barrier. The particle size distribution was fine in both samples,
confirming the controlled growth and coating of adsorbent
nanoparticles.”’ The surface morphology of silica-decorated
ferrite nanoparticles was rougher than that of pristine ferrite
nanoparticles. The structures formed on the superficial layer of
the samples were not destroyed or fractured, and well-shaped
particles were obtained due to silica coating. Similar surfaces
for silica-coated ferrites have already been reported by
Ghalehno et al.”> Moreover, very clear particle boundaries
were demonstrated by silica-coated ferrite with a reduced
particle size compared to pristine ferrite. The silica coating
improved the surface-to-volume ratio, corrosion resistance and
stability of nanoparticles.”

The internal morphology and lattice fringes were observed
from the TEM images in Figure 3(c). The crystallite size,
estimated from XRD, differs from the particle size calculated
through microscopic analysis. According to the preparation
techniques, one particle may include many crystallites. XRD
analyzes the size of the small domains within the grains. TEM

analysis reveals better crystallinity of the nanoparticles. The
image of Figure 3(c) shows the high-resolution TEM images of
the nanoparticle, clearly showing the patterns of lattice fringes
in the nanoparticles. The prominent lattice fringes with 0.248
nm interplanar spacing correlate well with (311) crystal plane
of the cubic spinel structure.”* TEM images showed the
predictable orientation of lattice fringes by suggesting a better
crystallinity of the structures.

3.3. Optical and Magnetic Characteristics. UV—vis
spectroscopy is not typically a primary method of character-
izing the adsorption characteristics of spinel ferrite adsorbents.
However, this technique can provide insights into the
electronic structures of such adsorbents. By measuring the
absorption of UV or visible light by a material, it is possible to
determine the energy levels and electronic transitions within
the material. This information can be important for under-
standing how the molecules or ions of the adsorbate interact
with the adsorbent surface. Since Cu, Mg, Fe,0, is a mixed
metal ferrite compound, its electronic transitions involve the

47627 https://doi.org/10.1021/acsomega.3c05764
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movement of electrons between energy levels associated with
different elements within the compound. The major electronic
transitions in Cuy Mg soFe,O, involve 3d orbitals of Fe
ions.”> These ions undergo electronic transitions between
various 3d orbitals. The oxidation state of Fe ions can influence
these transitions, the coordination environment of Fe ions, and
crystal field splitting. The electronic transitions involving Cu
and Mg ions may occur in different energy ranges and may not
be as prominent as the Fe ion transitions. Cu, Mg, and Fe ions
in CuysMg,sFe,O, can lead to charge transfer transitions
between these elements. Electronic transitions across the
bandgap can also occur from the valence band of the
nanoparticle material to the conduction band. The bandgap
of the material determines the energy of these transitions.

The bandgap of silica-coated CugysMg,sFe,O, was studied
by UV—vis spectroscopy in the range 200—900 nm. About 15
mL of deionized water was used to dissolve 3 mg of prepared
sample and sonicated for 30 min. After this, the solution was
examined by a UV—vis spectroscopic analysis. The UV—vis of
coated Cu, Mg, Fe,0, in Figure 4(a) showed an absorbance
peak at 308 nm, indicating the creation of Cu, ;Mg ;Fe,0, and
electronic transitions between 3d orbits. The Cu and Mg ions
in the adsorbent create surface defects and cause a wide
bandgap; therefore, the light absorption by the adsorbent was
slightly toward UV range due to the larger ionic radii of both
metals. Band gap energy (E,) was determined from the
absorbance curve by utilizing the Tauc relation in eq 6. The
inset of Figure 4(a) reports a Tauc plot of the modified ferrite
nanoparticles.

(ahv)n = K(hw — E)'? (6)

where @ demonstrates the optical absorption coeflicient. In
semiconductors, n is a transition type, which can have various
values (2, 3, 1/2, 1/3), and K is the constant known as the
band tailing parameter. Meanwhile, v is the frequency of
incident photons, and & is Planck’s constant. The values of n,
related to the material, have been specified as 2, 1/2, 3, and 3/
2, corresponding to tolerable indirect, direct, forbidden
indirect, and forbidden direct transitions.’® It is worth noting
that the sort of band gap corresponding to silica-coated
CuMgFe,0, is still up for debate. Few researchers recom-
mended that the band gap is indirect, and few suggested their
band gap is direct.’” The latest analysis of the electrical
structure of CuMgFe,0, confirmed the occurrence of a direct
band gap. As a result, the direct band gap for CuMgFe,0, is
chosen and n = 1/2 is considered.

FTIR analysis was performed in the range 500—4000 cm™*
to determine the various functional groups in silica-coated
ferrite, as shown in Figure 4(b). A very bulbous peak at 654
cm™! indicated Fe—O bond vibrations, a characteristic feature
of ferrites.”® The sharp peak appeared at 1068 cm™, indicating
dipole—induced dipole interaction between silica and ferrite
ceramic.”® A band at 1620 cm™}, demonstrating H-O—H
bending vibrations, appeared due to water molecules present in
the silica-coated spinel ferrite and a band witnessed at 1680
cm™' revealed OH stretching associated with hydrogen
bonding, which arises from manganite.”” Relatively weak
vibration bands at 2352 and 2920 cm™ were referred to CO,
and C—H stretching vibrations."'

Measurement of the magnetic properties of materials is
commonly accomplished by performing VSM analysis. Figure
4(c) reports a typical hysteresis loop of the adsorbent at room

temperature. The remnant magnetization, saturation magnet-
ization, and coercivity can be determined from the hysteresis
loop. The synthesized silica-coated spinel ferrite exhibited
saturation magnetization at 37.80 emu/g, remnant magnet-
ization at 20.87 emu/g, and coercivity at 0.03 T. A slight
decline in saturation magnetization was observed for silica-
coated ferrite compared to pristine ferrite. Silica coating
generates a nonmagnetic sheet on ferrite particles, which
disrupts the exchange interactions between spins. Another
important factor is surface oxidation produced due to silica
coating, which significantly reduces the magnetic moment as
compared to that of pristine ferrites. It consequently causes a
decline in saturation magnetization.*”*’ The squareness ratio
was calculated at 0.55, which is greater than 0.5, demonstrating
the development of single magnetic domain structure in the
ferrite adsorbent.”’

3.4. Adsorption Mechanism of Silica-Coated Adsorb-
ent. The adsorption of heavy metal ions on silica-coated
CuMgFe,0, adsorbent involves the structural properties of the
adsorbent, properties of adsorbate, and adsorption conditions.
So, the adsorption of metal ions involves chemical and physical
processes. The morphological analyses of adsorbent nano-
particles revealed spherical shape and narrow size distribution.
TEM analysis reveals better crystallinity of the nanoparticles.
The prominent lattice fringes with 0.248 nm interplanar
spacing correlate well with the (311) crystal plane of the cubic
spinel structure.”® TEM images showed the predictable
orientation of lattice fringes by suggesting the crystallinity of
the structures. These findings suggest that a large active surface
area is available for the interaction of adsorbate metal ions with
the surface and, consequently, the increased adsorption
capacity. Heavy metal ions are normally positively charged,
whereas the surface of silica-coated CuMgFe,O, adsorbent is
negatively charged. Adsorption of adsorbate ions onto the
adsorbent surface is caused by electrostatic attraction. The
tested adsorbent under examination may also have some active
sites with exchangeable hydroxyl groups. Through the ion
exchange mechanism, metal ions replace these exchangeable
groups, resulting in their adsorption onto the adsorbent. The
other factors involved in the adsorption of heavy metal ions
onto the adsorbent are complexation adsorption isotherms and
solution pH. Silanol (—SiOH) and other hydroxyl functional
groups on the absorbent surface form complexes with metal
ions to immobilize these metal ions on the adsorbent
nanoparticles. The Langmuir and Freundlich isotherms are
also used to get insights into the affinity and adsorption
capacity of adsorbents for selected heavy metal ions. Therefore,
both adsorption isotherms were studied to deduce an effective
adsorption mechanism of the tested silica-coated CuMgFe,0,
adsorbent.

3.5. Adsorption Kinetics. To understand the adsorption
process, pseudo-models were adopted to study the behavior of
the adsorbent. As a reversible process, pseudo-first-order
kinetics was employed instead of physisorption in this
reversible process, where equilibrium is maintained between
liquid and solid. An interpretation of the pseudo-second-order
kinetic model can explain how heavy metal ions adsorb onto
adsorbents during the adsorption process. Hazardous metal
ions interact chemically with the surface of silica-coated
adsorbents to affect their cation exchange capacity. It is widely
admitted that the pseudo-first-order kinetic model is one of the
most useful models for studying the process of adsorption on
solid surfaces. Typically, the pseudo-first-order model fits the
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Figure 5. Adsorption of Zn** and Pb?* ions onto silica-coated CuMgFe,0, adsorbent for pseudo-first-order kinetics.

Table 1. Comparison of the Findings of Kinetic Adsorption Models for Different Reported Adsorbents

do-1st-order model

pseu pseudo-2nd-order model
heavy k, (1/ '8
adsorbent type metals 9. (mg/g) min) R? (mg/g) k, R? ref

CoFe,0,@Si0,—NH, NPs Cu(II) 177.8 0.000401  0.99897 V7
Pb(II) 181.6 0.000453  0.99997

Dioctylphthalate triethylenetetraamine (DOP-TETA) Zn(11) 13.89 0.01 0.81 43.1 0.00273 0.99 8

MNPs

Lemon wood Biochar Zn(11) 52.19 0.055 0.986 100 0.002 0.999 *
Cu(1D) 54.43 0.049 0.985 111.1 0.0016 0.99

Chitosan functionalized Fe;0, NPs Pb(II) 112.4 003928 09624 1528 0.0002 09613  *°

SPIONSs/gel Cu(I1) 18.834 0.055 0.992 20.779 0.004 0.991 st
Zn(II) 14.109 0.137 0.986 14.888 0.019 0.998

ZnO NPs Pb(II) 5.8 0.014 0.959 4.5 0.048 0.997 2

Cug 50Mgo.50Fe,0,@Si0, Pb(I1) 3.46 0.0148 0.9349 37.13 0.00189 09826  This study
Zn(1I) 38532 0.0153 0.9226 34.65 —0.0058 0.9868

kinetics of adsorption, occurring via diffusion through an
interface."* To express the pseudo-first-order model in a linear
form, we can follow eq 7:

d

I 1(‘1e - qt)

)
In this model, g, indicates the quantity adsorbed at ¢ time and
q. is the quantity adsorbed at the equilibrium stage, while k;
represents the pseudo-first-order constant. Equation 7 gets the
following form (eq 8) after applying boundary conditions.
K1

In(qg —q) =1 -
n(g, - ) = In(g) 2.303

(8)

Using the linear graphs of the logarithms of g, and g, over a
period of time, one can determine the value of k;. An
adsorption process obeying pseudo-first-order kinetics will
have log(q. — q;) as the intercept against the log(q.) plot. It is
extremely difficult to determine the precise value of g, for slow
adsorption because equilibrium condition are difficult to
achieve.” Magnetic ferrite nanoparticles absorbed Zn>* and
Pb** ions content of 3.85 and 3.46 mg/g, respectively, at the
equilibrium state. Figure 5 shows plots of Zn** and Pb** ion
adsorption onto the silica-coated CuMgFe,O, nanoparticles
based on a pseudo-first-order model. Table 1 reports the
estimated kinetic factors. R® values reported in previous
research works ranged from 0.92 to 0.99 for heavy metals
Pb(II), Cd(II), and Zn*" elimination using different additives
in ferrites."> The obtained values of kinetic parameters for
silica-coated CuMgFe,0O, in the current study were slightly
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lower than reported for NiFe,O,, and CoFe,0, indicating that
the reaction kinetics of reported materials are more precisely
described through pseudo-first-order kinetic model.*

Pseudo-second-order kinetics forecasts the adsorption
response during the adsorption procedure because chem-
isorption is a rate-limiting phase. The rate of the reaction can
be calculated as a function of the product of the concentrations
of the reactants assuming that the reaction occurs according to
a second-order rate law. When contrasting the pseudo-first-
order model, this model can be used to determine equilibrium
adsorption capacity, eliminating the need to perform experi-
ments to measure equilibrium adsorption capability.”® The
differential expression for pseudo-second-order kinetics is
given in eq 9.

dqt

dt 9

A pseudo-second-order kinetic model is established after the
boundary condition has been considered and mathematically

developed as
t/q, = 1/k(g)* + t/q,

= kz(‘ie - qt)z

(10)

Z=Kyq,’ (11)

In the above relation, Z represents the initial adsorption rate, g,
demonstrates the equilibrium amount of the heavy metals, and
K, reveals the pseudo-second-order rate parameter. Plotting ¢/
q; against t reveals a direct relationship, which can be used to
estimate the amount of adsorbed adsorbate at equilibrium. A
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Figure 7. Langmuir adsorption isotherm plots for adsorption of Zn?*

and Pb** onto the CuMgFe,0, adsorbent.

Table 2. Comparison of Adsorption of Different Adsorbents Based on Isotherm Models

Freu

heavy

adsorbent type metals

Dioctylphthalate triethylenetetraamine (DOP-TETA) Zn(11)

MNPs

Fe,0,@Si0,~NH, NPs Zn(11)
Chitosan functionalized Fe;O, NPs Pb(II)
Magnetite-NH, NPs Cu(II)
7nO NPs Pb(ID)
SPIONS/gel/PVA Cu(1I)
Zn(11)

Chitosan based Fe;O, NCs Cu(1I)
Lemon wood biochar Zn(II)
Cu(I1)

Cug 50Mgo.50Fe,0,@Si0, Pb(1D)
Zn(1T)

0.57

1.6471
2.6716
1.79
2.81
2.2867
22732

4.41
4.06
12

1.16

ndlich isotherm model Langmuir isotherm model
K Ky,

(mg/g) R? Ginax (L/mg) RrR? ref
5.58 0.9 23.75 0.44 0.93 8
99115  0.9923 169.492  36.76 0.8094 37
2.369 0.9764 95.36 0.9881 50
5.81 0.972 28.7 0.25 0.996 58
3.16 0.914 19.65 0.0839  0.999 52

45.658 0.976 56.051 3.397 0.993 st

32.866 0.979 40.865 3.267 0.999

215 0.0165 09932 %

49.77 091 100 0.27 0.998 9

56.1 0.975 111.1 1 0.999

25.66 0.939 56.689 0.75 0.98886  This study

32.57 0.96314 51.84 0.654 0.98407

pseudo-second-order kinetic model for Pb** and Zn*" ions is
demonstrated in Figure 6 as a plot of its linearized form. The
adsorption rate constants are compared with those in the
published literature in Table 1. For the adsorption by
synthesized silica-coated spinel ferrite toward Zn** and Pb**
ions, correlation coefficient R* of the pseudo-second-order
kinetic model was observed much greater than the pseudo-
first-order kinetic model. It shows that the pseudo-second-
order kinetic model is a better fit than the pseudo-first-order
kinetic model. The obtained values of kinetic parameters also
agreed with the reported values of the pseudo-second-order
kinetic model for ferric oxide adsorbent.”
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3.6. Adsorption Isotherms. Freundlich and Langmuir’s
isotherms were utilized to investigate the adsorption capability
of silica-coated CuMgFe,0,. The association between the
adsorbent and the adsorbate was represented to better
understand the phenomenon. An adsorbent’s maximum
capacity for adsorbing adsorbate can be determined by its
adsorption isotherms. Temperature, pressure, and concen-
tration can be applied to calculate the adsorbent—adsorbate
behavior using isotherms. In adsorption procedures, such as
those used to remove contaminants from wastewater or
separate gases, the Langmuir isotherm is commonly used for
design and optimization. Langmuir’s model provides an initial
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Figure 8. Freundlich plots for adsorption of Zn>* and Pb** ions onto the silica-coated CuMgFe,0, adsorbent.
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approach for csluantifying and comparing gas adsorption on
solid surfaces.”” At equilibrium, the adsorption and desorption
rates of adsorbate are equal in the adsorption process.
Multilayer formation and partial mobility and differences in
molecular sizes are not considered in Langmuir’s model.
Langmuir’s model of adsorption equilibrium describes the
equilibrium between solids and solutions as explained in eq 12.

_ qmaxKLCe
T 11K (12)
In the above equation, g, reveals the solute quantity consumed
per unit mass of adsorbent when equilibrium is established. C,
demonstrates the concentration of the solute at an equilibrium
state. In addition, ¢, shows the maximum adsorption
capability of the adsorbent and K represents the equilibrium
constant. The fitting curves for Langmuir isotherms are
presented in Figure 7 while the parameters obtained from
these curves are compared with the published literature in
Table 2. Since the Langmuir model has very large R* values for
both Zn** and Pb** ions, the adsorption process can be
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explained accurately with this method. Similar values of
reaction parameters were witnessed for different ferrites,
including ZnFe,O, NiFe,0,, and iron oxide adsorbents,
demonstrating the effectiveness of the Langmuir kinetic
model for investigating reaction kinetics.*®

The Freundlich isotherm is frequently applied as an
empirical equation formulated from experimental data because
it depicts the adsorption process of organic pollutants and
heavy metal ions on different adsorbents. Herbert Freundlich
proposed the model as an addition to Henry’s model in
1906.”” To develop Freundlich isotherms for adsorbents, it was
necessary to develop a heterogeneous surface consisting of
many adsorption sites. When the adsorption energy decreases
exponentially at the end of the adsorption phase, the amount
adsorbed is the sum of the adsorption rates on all sites. It has
the advantage of being used for multilayer adsorption; thus,
Freundlich kinetics can be seen as more advantageous than
Langmuir kinetics. When chemisorption is predominant in the
adsorption process of monolayers, Freundlich’s model explains
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the monolayer adsorption process. Freundlich model can be
expressed mathematically in eq 13.

log g, = (log C,)/n + log K (13)

In the above equation, C, reveals the equilibrium concen-
tration, while g, shows the amount of metal ions adsorbed onto
an adsorbent, K denotes the Freundlich constant, and n shows
the intensity of adsorption. Furthermore, the estimated values
of n for adsorption of Zn** and Pb*" ions are greater than
unity. Figure 8 shows Freundlich plots for the adsorption of
Zn** and Pb*" ions onto silica-coated CuMgFe,0,. R* values
for Zn** and Pb** ions revealed an important relationship
between the variables in the Freundlich model. According to
Table 2, Freundlich isotherm parameters for both Zn** and
Pb>* ions revealed lower correlation coefficients for the
Freundlich isotherm than the Langmuir Isotherm model.

No leaching of Cu ions from CuMgFe,O, into the aqueous
solution was observed in this study since this adsorbent is
generally stable in neutral or slightly basic environments.
However, in acidic environments, the solubility of copper ions
(Cu®") may increase, potentially leading to leaching. The other
ions in the solution can also affect the Cu leaching. These ions
may form a complex with Cu ions to reduce their solubility and
leaching. Since Zn** and Pb** ions are generally neutral, they
do not alter the neutrality of the aqueous solution under
moderate concentrations. A coating on the adsorbent nano-
particles may also create a barrier between the adsorbent and
the surrounding environment. The silica coating of the
adsorbent therefore also prevented the leaching of constituent
ions from the adsorbent.

3.7. Removal Efficiency. The Zn*" and Pb*" ion removal
efficiency of silica-coated CuMgFe,O, was estimated over
different times and cycles. The Pb** and Zn>" removal
capability of the adsorbent from wastewater was estimated
by measuring initial and final amounts of ions in water by

applying eq 14.
R % =[(Cy— C,)/C,y] X 100 (14)

Removal efficiencies of silica-coated CuMgFe,0, for Pb*
and Zn*' ions were measured at about 97% and 92%,
respectively, after 36 h of adsorption time. The removal
efficiency for Pb** ions is notably higher than that for Zn**
ions, as shown in Figure 9(a). The tested adsorbent also
showed good stability over repeated adsorption cycles, as
revealed in Figure 9(b). The efficiency for Pb** ion adsorption
decreased from 97% to 88% after three consecutive adsorption
cycles. Similarly, the adsorption efficiency for Zn** ions
decreased from 92% to 85% after three consecutive adsorption
cycles.

4. CONCLUSIONS

A silica-coated CuMgFe,0, adsorbent was synthesized and
examined for the treatment of the Zn** and Pb** pollutants.
The silica modified adsorbent showed excellent adsorption
properties, stability, and good magnetic characteristics. XRD
and FTIR investigations endorsed the successful formation of
spinel ferrites. SEM analysis demonstrated narrow distribution
of particle size with reduced agglomeration in silica-decorated
ferrites. Optical characteristics analysis demonstrated that silica
coating enhanced the energy band gap up to 4 eV. Magnetic
analysis revealed saturation magnetization and remnant
magnetization at 37.80 and 20.87 emu/g, respectively. The

adsorption kinetics study validated that the pseudo-second-
order model is the best fit, while the isotherm analysis
demonstrated that the Langmuir fit was good throughout the
board. The synthesized ferrites can separate when an external
magnetic field is applied so they can be used for multiple
cycles. Synthesized silica-coated CuMgFe,O, demonstrated an
excellent removal efficiency for Zn** and Pb** ions. The
adsorbent revealed 92% and 97% removal efficiencies for Zn**
and Pb** ions, respectively. The adsorption efficiency of the
adsorbent decreased from 97% to 88% for Pb** ions and 92%
to 85% for Zn®* ions after three consecutive adsorption cycles.
These findings suggest reasonably good stability of the tested
adsorbent.
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