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ABSTRACT

Heavy metal ions, such as As (lll) and Pb (Il), are harmful even at trace levels and have caused series
health effects on living beings. Therefore, removing these heavy metal ions from the aqueous
environment is highly desirable. In this study, Mg, ..Ni ..Co ..Sm Fe, O, nanoparticles, where x =
0.00, 0.01, 0.02, 0.04, and 0.08, were synthesized by the co-precipitation method and characterized
using X-Ray Diffraction (XRD), Transmission Electron Microscopy (TEM) and UV-Vis spectroscopy
techniques to study the structural and optical properties. The prepared nanoparticles were applied
as adsorbents for the removal of As (lll) and Pb (II) from wastewater. Among the prepared samples,
Mg, ,;Ni, ,,Co,,,Sm Fe, O, nanoparticles with x = 0.04 and 0.08 exhibited improved adsorption
performance whereas As (l1l) was removed after 90 min. The experimental adsorption data of As ()
was well fitted with a second-order kinetics model and Langmuir isotherm. Furthermore, the highest
removal % of Pb (ll) was revealed by Mg, ,.Ni ..Co ..Sm Fe, O, nanoparticles with x = 0.01. Thus,
doping Mg, ..Ni ..Co ..Fe O, with Sm improved the adsorption performance of nanoparticles for the

removal of As (lll) more than that of Pb (ll).

Keywords: Spinel ferrite nanoparticles; Heavy metal ions removal; As (Ill) and Pb (11); second-order kinetics;

Langmuir adsorption isotherm.
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INTRODUCTION

With the expansion of industry and human
activities, such as plating, batteries, pesticides,
electroplating, and mining, excessive amounts
of heavy metal ions and organic pollutants are
found in wastewater [1-3]. Lead (Pb), arsenic (As),
mercury (Hg), cadmium (Cd), and chromium (Cr)
are the most often used heavy metals [4]. Being
non-biodegradable and carcinogenic, the presence
of heavy metal ions in water in inappropriate
concentration poses a serious risk to the health
of all living things [5]. Since heavy metal ions
endanger both human health and the ecosystem
their removal from water is highly desirable.
Consequently, several technologies have been used
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to remove heavy metal ions, including adsorption,
chemical precipitation, ion exchange, and
membrane filtration [6-8]. Among the previously
listed techniques, adsorption is one of the most
often applied techniques due to its low cost and
ease of usage [9, 10].

The majority of adsorbents, used for the removal
of heavy metal ions, are difficult to separate after the
treatment process since complicated procedures
like filtration or centrifugation are required [11].
However, the usage of magnetic adsorbents solves
the separation problem since the adsorbents
can be simply separated by applying an external
magnetic field. Spinel ferrite nanoparticles have
been expansively used in various environmental
applications such as the degradation of toxic
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pollutants and the removal of heavy metal ions
[12-15]. This is owed to their small particle
size, dispersity, large surface area, and magnetic
properties that permit their magnetic separation
[16]. Khoso et al. reported the following removal
efficiencies of 89 % of Cr(VI), 79 % of Pb (II), and
87 % of Cd(II) by NiFe O, nanoparticles [17].
Moreover, Ca-doped Ni ,Zn Fe O, nano-ferrites
removed 98.25 % of Cd and 57% of Cr ions [18].

Doping spinel ferrite nanoparticles with
rare earth metals improves their properties
[19, 20]. Based on the above background, this
work evaluates the adsorption performance of
Mg, . Ni ..Co ,.Sm Fe, O, nanoparticles where x
=0.00, 0.01, 0.02, 0.04, and 0.08 for the removal of
As (IIT) and Pb (II).

METHODS AND MATERIALS
Synthesis of Nanoparticles

Mg, . Ni . Co . Sm Fe, O, nanoparticles,
where x = 0.00, 0.01, 0.02, 0.04, and 0.08, were
synthesized by the co-precipitation technique.
Appropriate amounts of CoCl,.H,O, NiCl.6H,O,
MgCl,.6H,0, SmCl,.6H,0, and FeCl,6H,0
were dissolved in a specific volume of deionized
water. To prepare 25 g of Mg  Ni . .Co .FeO,
nanoparticles, 2.58, 2.59, 2.21, and 17.6 g of CoClL..
H,O, NiCL.6H,0, MgCL.6H,O, and FeCl, 6H,0,
respectively, were dissolved in deionized water.
For the synthesis of Mg ..Ni ..Co, ,.Sm Fe O,
nanoparticles where 0.01 < x < 0.08, the amount
of SmCl,.6H,0 and FeCl,6H,O ranges between
0.06 and 0.47 g and between 8.38 and 8.76 g,
respectively. Then, the prepared solutions were
mixed and stirred magnetically for 30 minutes
at room temperature. Afterward, 60 g of sodium
hydroxide (NaOH) was dissolved in 0.5 L of
deionized water to prepare a 3 M solution of NaOH
which was added to the mixture drop by drop till
reaching pH 12. Then, while stirring magnetically,
the resulting solution was heated at 80 °C for 2
hours. The precipitated products were filtered and
washed until the pH reached 7. The precipitates
were dried for approximately 18 hours at 100 °C.
Finally, dried powders were then annealed at 550
°C for 4 hours.

Characterization of Mg0.33Ni0.33C00.33SmxFe2-
x04 Nanoparticles

The structural properties of the prepared
samples were determined by X-ray diffraction
(XRD) and transmission electron microscopy
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(TEM). Thus, Bruker D8 Focus was employed to
do the XRD analysis using Cu-k_ radiation source
(A =1.54056 A) in the range of 20° < 2q < 80°. The
morphology and particle size were evaluated by
TEM via JEM-1400 Plus. The optical properties of
the prepared samples were evaluated by ultraviolet-
visible (UV-Vis) spectroscopic measurements
that were conducted in the range of 290 - 700 nm
using a V-670 spectrophotometer. The magnetic
properties were examined at room temperature by
a Lakeshore 7410 vibrating sample magnetometer
(VSM) applying a magnetic field in the range of
-20000 and +20000 G.

Adsorption Performance of Mg, , Ni ..Co,  Sm Fe,

O, Nanoparticles
The adsorption performance of
Mg, ,.Ni ..Co,,.Sm Fe, O, nanoparticles, where

0.00 < x < 0.08, was evaluated for the removal of As
(IIT) and Pb (II). The desired concentrations of the
As (IIT) and Pb (II) solutions, namely 5 mg.L* for
As (IIT) and 5, 7.5, and 10 mg.L"* for Pb (II), were
prepared through dilution of the corresponding
stock solutions. It is important to note that the
stock solutions for As (III) and Pb (II), purchased
from Sigma-Aldrich, have a concentration of 1000
mg.L! each. The pH of 5 mg.L* As (III) and Pb
(IT) solutions are 2.69 and 2.64, respectively. To
determine the most efficient sample in the removal
of As (III) and Pb (II), 40 mg of each of the prepared
samples was mixed with 50 mL of 5 mg.L! As (III)
and Pb (III) solutions. The mixtures were sonicated
at room temperature. After a predetermined time
interval, the concentration of heavy metal ions was
determined by atomic absorption spectroscopy
(AAS). The adsorption kinetics and isotherm
for the removal of As (III) were determined.
Furthermore, the effect of the adsorbent amount
and initial concentration of Pb (II) on the removal
% of Pb (II) was studied. The removal % and
adsorption capacity (q,) were calculated using the
following formulas:

Co— G

®* 100 and (1)

Removal % =
o

(= Calx ¥

Q=" 2)

¢ m

where C| (mg.L" ) and C (mg.L") denote the
concentration of As (III) at t = 0 and equilibrium
respectively, V (L) is the volume of As (III) solution,
and m (g) is the adsorbent mass.
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Fig. 1 XRD patterns of Mg ,.Ni ..Co ,.Sm Fe, O, nanoparticles x 0.08.

Table 1 The values of lattice parameter (a), X-ray density (p), and specific surface
area (S) of Mg, Ni . .Co . Sm Fe, O, nanoparticles with x 0.08

X a(A) p x 10° (kg/m?) S (m¥/g)
0.00 8.351 5.075 41.164
0.01 8.372 5.059 45.469
0.02 8.361 5.101 45.290
0.04 8.437 5.006 54.356
0.08 8.380 5.194 53.335
RESULTS AND DISCUSSION the successful replacement of iron ions by the

Structural, Optical, and Magnetic Properties of
Mg, .Ni .Co,  Sm Fe, O, /Nanoparticles

0.33 0.33 2-x 4

The XRD patterns for Mg, . Ni .. Co ,.Sm Fe,
O, nanoparticles where 0.00 < x < 0.08 are
displayed in Fig. 1. The observed peaks are indexed
to cubic spinel phase with space group Fd3m and
are well matched with the standard JCPDS card
no. 36-0398 [21]. The presence of an extra peak in
the XRD pattern confirms the presence of hematite
as a secondary phase. However, the intensity of
this peak decreases as the Sm content increases.
The decrease in intensity of the hematite peak
might be attributed to the occupation of Sm*
ions in the host lattice. Thus, the absence of extra
peaks of dopants or secondary phases revealed
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dopant ions (Sm*). Similar results are reported
in a previous study upon doping Co,,Cu, Fe O,
with Dy** and Sm?* [22]. The lattice parameter (a)
values of Mg, . .Ni . Co, ..Sm Fe O, nanoparticles
where 0.01 < x < 0.08 are greater than that of pure
nanoparticles (x = 0.00) as listed in Table 1. This is
mainly attributed to the substitution of Fe** by Sm**
ions which is driven by the significant difference in
ionic radii knowing that Sm** ions have a larger
ionic radius (1.08 A) compared to that of Fe** (0.65
A). Liu et al. [23] reported similar results where the
lattice parameter increased from 8.381 to 8.411 A
upon doping Ni ,Zn Fe O, with Sm.

TEM images and particle size distribution
of Mg, .Ni  Co .Sm Fe O, nanoparticles are
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Fig. 2 TEM images and particle size distribution of Mg, Ni . Co ., Sm Fe, O, nanoparticles where (a) x = 0.00, (b) x = 0.01, (c) x =

0.02, (d) x = 0.04 and (e) x = 0.08.

displayed in Fig. 2. The prepared samples exhibit
spherical morphology. In addition, as Sm content
rises from 0.00 to 0.08, the average particle size is
reduced from 28.72 to 21.66 nm. It is known that
the rare earth metal ions substitution shrinks the
particle size of ferrite nanoparticles as reported in
previously published studies [24, 25]. The particle
size reduction is attributed to the substitution of
Fe** with Sm*". The diffusion of Sm**, having a larger
ionic radius than Fe*, into Mg, ,.Ni ,.Co,..Fe O,
grains arises upon doping nanoparticles with
Sm. Thus, the surface energy is reduced and the
growth of the nanoparticles is inhibited owed
to the segregation of Sm*" to the surface. Similar
results were reported in a previous study where the
particle size was reduced from 60 to 32 nm as the
Sm content increased from 0 to 0.1 in CoSm Fe_
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O, nanoparticles [26].

The specific surface area of nanoparticles plays a
vital role in their versatility and applicability across
various fields such as catalysis and heavy metal
adsorption. To determine the specific surface area
(S) of the synthesized nanoparticles, the following
relation was employed [27]:

_ eooo
_pr’

3)

where p and D represent the X-ray density
and the average particle size obtained from TEM
analysis, respectively. It is worth mentioning that
the X-ray density (p) was calculated using the
following equation [27]:

gM
_Nﬂb{ﬂa,

P 4)
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knowing that M denotes the molar mass, N,
represents Avogadros number, and a signifies the
lattice parameter of the prepared nanoparticles.
The obtained values of p and S are listed in Table
1. Notably, the specific surface area (S) increases
upon doping nanoparticles with Sm. Among the
prepared samples, Mg . Ni . Co . Sm Fe O,
nanoparticles with x = 0.04 exhibited the largest
specific surface area (S = 54.356 m?/g)

Theoptical propertiesof Mg, . Ni .. Co ,.Sm Fe,
O, nanoparticles, where x ranges between 0.00
and 0.08, are determined via UV-vis spectroscopy.
The absorption spectra, depicted in Fig. 3, were
recorded in the range of 290 - 700 nm and a
major peak appeared at 335 nm. Comparable UV
spectra of Ni, Mg Fe O, nanoparticles are stated in
previous studies [28].

The bandgap energy (E) was estimated from
Tauc’s plot by applying the following equation:

(ahv)* = A (hv - E), (5)

where a denotes the absorption coeflicient, hv is
the photon energy and A represents the transition
probability constant. Thus, the bandgap energy
(Eg) was assessed by plotting (ahv)* versus hv, as
displayed in Fig. 4 and Table 2. The Sm-doped
nanoparticles revealed greater E_values compared
to that of pure Mg ,.Ni ..Co ..Sm Fe, O, (x=0.00).
As revealed from TEM analysis, the Sm-doped
samples revealed smaller particle sizes compared
with pure nanoparticles. Thus, the decrease in the
particle size and increase in the bandgap energy
upon Sm-doping is owed to the quantum size effect
[29].

The Urbach energy (E,), related to the disorder
or defect in the prepared samples, is estimated from
the following equation:

In (a) = In(a) + =2, )
Ey

knowing that « is constant. Thus, E; is
determined from the reciprocal slope of the plot of
In (a) vs. (hv). The obtained results are displayed in
Fig. 5 and E, values are listed in Table 2. The doped
samples exhibited lower E  than pure nanoparticles.
Furthermore, an inverse proportionality between
E, and E  was noticed. Similar results were
reported in a previous study upon doping ZnFe O,
and thin films of PVA with La and SrCuTi,Fe O,
respectively [30, 31].

The extinction coeflicient (k) related to the
absorption coeflicient (a) can be determined by the

J. Water Environ. Nanotechnol., 8(4): 357-368 Autumn 2023
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Fig. 3 UV-vis spectra of Mg  Ni  Co . SmFe O,
nanoparticles with x 0.08.
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Fig. 4 Tauc’s plot of Mg . Ni .. Co, ,.Sm Fe, O, nanoparticles
with x 0.08.

Table 2 Bandgap energy (E,) and Urbach energy (E) values of
Mg, ,,Ni ,.Co . .Sm Fe, O, nanoparticles with x 0.08

X Eg (eV) Eu (eV)
0.00 2915 1.322
0.01 3.172 0.517
0.02 3.157 0.555
0.04 3.234 0.331
0.08 3.215 0.365
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Fig. 5 Plots of E | determination of Mg, . Ni . Co ,.Sm Fe, O, nanoparticles with x 0.08.
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Fig. 6 Variation of the (a) extinction coefficient (k) and (b) refractive index against wavelength for Mg . Ni . .Co , Sm Fe O,

nanoparticles with x 0.08.

following equation [30]:

oA
k= pog (7)
The variation of the extinction coeflicient (k)
as a function of wavelength (1) for the prepared
samples is illustrated in Fig. 6 (a). The extinction
coefficient (k) increases to its maximum value
around 335 nm and then decreases. Furthermore,
the extinction coefficient of Sm-doped samples is
greater than that of pure nanoparticles. This might
be attributed to the increase in the absorption
coeflicient revealing the occurrence of direct
electronic transitions [30, 32].
The refractive index (n) is an important
characteristic in determining the optical and
electric properties of a semiconductor [33]. It can
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be calculated from the following equation:

1

TE

1

s
* (TE — 1)

where T, is the percentage transmission
coefficient. The variation of the refractive index (n)
against wavelength for Mg . Ni ..Co ,.Sm Fe, O,
nanoparticles with 0.00<x<0.08 is represented
in Fig. 6 (b). The refractive index increases as the
wavelength increases to reach 335 nm. With a
turther increase in the wavelength to reach 700
nm, the refractive index decreases. Furthermore,
the refractive index is greatly increased upon
doping the nanoparticles with Sm. Hence, doping
MgOA33NiO,33C00A3SSmeeZ—XO4 plays

n=

(8)

nanoparticles
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Fig. 7. M-H loops of Mg , Ni ..Co ..Sm Fe, O, nanoparticles
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an important role in controlling the k and n
values, helps in enhancing the optical properties
of nanomaterials and enables its usage in
optoelectronic applications [30].

The prepared nanoparticles were subjected
to VSM analysis to investigate their magnetic
properties. The obtained M-H loops are displayed
in Fig. 7. Ferromagnetic behavior was exhibited
by Mg, ..Ni ..Co ,.Sm Fe, O, nanoparticles with x
= 0.00, 0.01 and 0.08. Furthermore, the values of
M, and M are reduced from 31.87 to 15.31 emu/g
and from 8.31 to 1.72 emu/g, respectively, as Sm
content increases from 0.00 to 0.08. In addition,
the H_values are reduced from 284.89 to 199.70 G
upon doping nanoparticles with Sm. The reduction
in M_ and M, can be attributed to the introduction
of Sm** ions into the nano ferrite lattice, which
replaces some of the Fe** ions. This substitution
leads to a dilution of the magnetic moment, as the
magnetic moment of Sm** (1.7 uB) is smaller than
that of Fe** (5 uB) [34]. Consequently, the overall
magnetic moment of the doped nanoparticles
decreases, resulting in a decrease in the M, values.

Adsorption Performance of Nanoparticles for the
Removal of As (I11I)

The efficiency of Mg, ,.Ni ,.Co, ,.Sm Fe O,
nanoparticles with 0<x<0.08 for the removal of
As (III) was evaluated. The removal % of As (III)
as a function of contact time in the presence of
nanoparticles with various Sm content is shown in
Fig. 8. As the contact time increases from 30 to 90
min, the removal % of As (III) increases. Among
the prepared samples, Mg . Ni . Co ..Sm Fe O,

J. Water Environ. Nanotechnol., 8(4): 357-368 Autumn 2023
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contact time of 30, 60, and 90 min analyzed at room temperature.

nanoparticles with x = 0.04 and 0.08 exhibited
improved performance where 100 % of As (IIT) was
removed after 90 min. Thus, the adsorption activity
of Mg, .Ni .Co ,.Fe O, nanoparticles is boosted
with Sm doping. Enhanced adsorption performance
was exhibited by Mg . Ni  Co ,.SmFe O,
nanoparticles with x = 0.04 and 0.08 compared
with magnetite-maghemite nanoparticles; 98.5
% of As (III) was removed in the presence of 0.4
g.L" of magnetite-maghemite nanoparticles after a
contact time of 24 hours knowing that the starting
initial As (III) concentration was 1.5 mg/L and the

solution pH = 2 [35].

Adsorption kinetics

To study the adsorption kinetics, 40 mg of
Mg, .Ni ..Co ,Sm Fe O, nanoparticles with
0<x<0.08 was mixed with 50 mL of 5 mg.L " As (III)
solution having pH = 2.69. The adsorption kinetics
were analyzed at room temperature. To determine
the kinetic model that best fits the adsorption
experimental results of As (III), the first-order,
second-order, Elovich, and intra-particle diffusion
(IPD) models were applied. The first-order model
is represented in the following equation:

In(q,-q)=-kt+In(q). 9)

However, the second-order model is represented
as follows [36]:

t 1 1

—, (10)
ar e s

—_— —t
where g, and q, represent the adsorption

capacity at any time t and equilibrium (mg.g"),
k, denotes the first-order rate constant (min")
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studied at room temperature. Operating conditions for As (III)

solution (V =50 mL, C = 5 mg.L" and pH = 2.69).

and k, represents the second-order rate constant
(g.mg'.min"'). The Elovich kinetic model is an
empirical equation used to describe the adsorption
kinetics and assumes that the rate of adsorption is
influenced by both the surface coverage and the
activation energy of the adsorption process. The
Elovich equation can be written as [37]:

qt=§ x In(ap) + %xln(t), (11)

where g, is the amount of solute adsorbed at time
t, B is the desorption constant, which represents
the desorption energy or activation energy of the
adsorption process and a is the initial adsorption
rate constant. The intra-particle diffusion (IPD)
model, is used to analyze the adsorption process
and assumes that the adsorption occurs in multiple
stages, including external mass transfer, intra-
particle diffusion, and equilibrium. The IPD model
can be represented by the equation [38]:

q=kxt”+I (12)

where k represents the IPD rate constant and
I is the IPD model’s boundary layer constant.

The equations and the coefficient of
determination values (R?) of the kinetics fitting data
are listed in Table 3. The R* values were found to
be close to 1 by applying the second-order kinetics
model and are much greater than that obtained
by applying the first-order kinetics, Elovich, and
Intra-particle diffusion models. This recommends
that the second-order model is more satisfactory
in describing the adsorption kinetics of As (III).
The values of k, and q, were estimated from the
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intercept and slope of the linear plot of t/qt versus t,
respectively. The results are displayed in Fig. 9. It is
clear that as the Sm dopant content increases from
0.01 to 0.08, the adsorption capacity increases.
Furthermore, the highest adsorption rate was
achieved in the presence of Mg, Ni ..Co ..Sm Fe
O, nanoparticles with x = 0.04.

Adsorption Isotherm
The adsorption performance between the
AS (III) and Mg0.33Ni0.33C00.33sm0.04Fel.9604
adsorbent can be determined by analyzing
the adsorption isotherm. To do so, 40 mg of
Mg, ,.Ni ..Co, ,.Sm  Fe O, nanoparticles were
mixed with As (III) solution (V = 50 mL, C=
5 mg.L' and pH = 2.69) at room temperature.
Consequently, Langmuir, Temkin, and Freundlich
isotherms were applied and the results are shown
in Fig. 10. According to the Langmuir isotherm,
each active site may only adsorb one molecule, and
no interaction exists between adsorbate molecules
occupying various active sites. The equation of the
Langmuir isotherm is expressed as follows [39]:
Gy Gt 1

' (13)

at Amax Omax FL

where C  (mglL"') signifies the As (III)

concentration determined in the solution at
any time t, q__and q, (mg.g™') is the maximum
adsorption capacity and the adsorption capacity at
any time t, and K, (L.mg") represents the Langmuir
constant. The Temkin model, which considers the
adsorbate-adsorbent interaction throughout the
adsorption process, is expressed by the following
equation [40]:

q, = FInC, +BIn K, (14)

knowing that B is the coefficient linked to the
sorption heat and K is the Temkin equilibrium
constant consistent with the maximum binding
energy. Whereas, the Freundlich isotherm
describes multilayer adsorption as well as
interaction amongst the molecules that have been
adsorbed. The linearized equation of this model is
represented below [41]:

Inq, = Elnﬂt +1n K, (15)

where n and K symbolize the adsorption
intensity and Freundlich constant, respectively.
The negative slopes of the plots demonstrating
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Table 3 Equations and coefficient of determination (R?) of first-order, second-order kinetics, Elovich, and Intra-particle diffusion model

First-order kinetics

Second-order kinetics

Elovich model

Intra-particle diffusion

model
X Equation R? Equation R? Equation R? Equation R?
0.00 y=-0.03x + 0.37 0.9436 y=0.19x + 0.07 0.999 y=0.65x + 2.31 0869 y=0.26x+272 0.686
0.01 y=-0.03x + 0.57 0.8065 y=0.18x + 0.63 0.989 y=0.82x +2.11 0.889 y=049+2.15 0.908
0.02 y=-0.03x + 0.67 0.9132 y=0.17x + 0.68 0.985 y=1.02x + 1.43 0.859 y=0.54x+1.89 0.945
0.04 y=-0.05x + 0.21 0.7678 y=0.17x + 0.07 0.999 y=0.17x + 5.13 0.883 y=0.44x+3.31 0.566
0.08 y=-0.02x + 0.27 0.7847 y=0.16x + 0.22 0.999 y=039%+4.57 0925 y=044x+346 0.711
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Fig. 10 (a) Langmuir isotherm, and (b) Freundlich and Temkin isotherm plots for adsorption of As (III) in the presence of 40 mg of

Mg0.33N10,33C00v33sm0.04Fe1 .96

mg.L" and pH = 2.69.

Temkin and Freundlich isotherms (Fig. 10 (b))
indicate the failure of these isotherms in the
description of the adsorption process of As (III)
0.33C00.33sm0.04Fel.9604
However, the linear plot denoting the Langmuir
model, represented in Fig. 10 (a), shows the
well-fitting of this model with the experimental
adsorption data. Thus, q_and K, estimated from
the slope and intercept of the Langmuir plot, are 5.05
mg.g' and 0.198 L.mg'. As reported in a previous
study, the removal of As (III) using copper II oxide
nanoparticles followed the Langmuir model where
q,,,, was 1.0862 mg.g" [42]. Thus, superior activity
was revealed by Mg ,.Ni  Co  Sm  Fe O,
nanoparticles in comparison to copper II oxide
nanoparticles, as both exhibited conformity with
the Langmuir isotherm.

on Mg  Ni nanoparticles.

Adsorption Performance of Nanoparticles for the
Removal of Pb (1)

To  evaluate  the  performance  of
Mg, ,.Ni ,.Co, ..Sm Fe, O, nanoparticles with

0<x<0.08 for Pb (II) removal, the removal % of Pb
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O, adsorbent examined at room temperature. Operating conditions for As (IIT) solution (V = 50 mL, C = 5

(II) was estimated in the presence of 40 mg of each
of the prepared nanoparticles after 120 min at room
temperature. 50 mL of 5 mg.L'' Pb (II) solution
having a pH of 2.64 was used in this experiment. As
shown in Fig. 11, the highest removal % is exhibited
by Mg, ..Ni .. Co ,.Sm Fe, O, nanoparticles with x
=0.01.

Effect of adsorbent amount

To investigate the effect of the adsorbent amount
on the removal % of Pb (II), different masses of
Mg, ..Ni ..Co, ,.Sm  Fe , O, nanoparticles (20,
40, 60, and 80 mg) were mixed with 5mg.L" Pb (II)
solution and the removal % was calculated after 30,
60 and 90 min. The obtained results are shown in
Fig. 12 (a). As the contact time between the Pb (II)
solution and the adsorbent increases, the removal
% also increases. In addition, the removal of Pb (II)
is boosted in the presence of 80 mg of adsorbent
compared to that in the presence of fewer amounts
where 96 % of Pb (II) is removed after 90 min. Thus,
increasing the amount of nanoparticles increases
the removal of Pb (II). This is mainly attributed to
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Fig. 11 Removal % of Pb (II) in the presence of 40 mg of Mg, . Ni

0.33

Co
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Sm Fe, O, nanoparticles with x 0.08 after a contact time of

120 min examined at room temperature (Pb (II) concentration: 5 mg.L! volume: 50 mL, pH = 2.64).
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Fig. 12 (a) Removal % of Pb (II), studied at room temperature, in the presence of different amounts of Mg, . Ni ., Co,,.Sm  Fe
nanoparticles and (b) effect of initial Pb (II) concentration on the removal % in the presence of Mg . Ni ..Co

nanoparticles.

additional adsorption sites acquired as the amount
of nanoparticles increases.

Effect of Pb (II) initial concentration
The effect of Pb (II) initial concentration

on the adsorption efficiency of
Mg, . Ni ..Co . Sm  Fe O, nanoparticles
was studied. Thus, 5, 7.5, and 10 mglL

1

of Pb (II) solution was mixed with 40 mg of
Mg, . Ni ..Co ,.Sm  Fe O, nanoparticles. As
displayed in Fig. 12 (b), the removal % decreases
with increasing the Pb initial concentration. The
highest removal % was achieved in a 5 mgL"'
Pb (II) solution. At low Pb (II) concentration,
the availability of adsorption sites is relatively

high. Thus, Pb (II) ions can be easily removed by
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adsorption. Whereas, as the Pb (II) concentration
increases, the available adsorption sites of
Mg, . .Ni ..Co, ..Sm  Fe O, adsorbentarelimited
which in turn decreases the removal %.

CONCLUSION

Mg, ..Ni ..Co .. Sm Fe, O, nanoparticles were
successively prepared by the co-precipitation
method and used as adsorbents for the removal of
heavy metal ions. XRD analysis reveals the purity
and spinel structure of the prepared samples. The
TEM image displays that the nanoparticles have
a spherical morphology with an average particle
size that ranges between 21.66 and 28.72 nm. An
increase in the bandgap energy and a decrease in
the Urbach energy was noticed upon Sm-doping.
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Doping nanoparticles with Sm improved the
adsorption efficiency for the removal of As (III)
and Pb (II). The adsorption of As (III) follows
the second-order kinetics. Among the applied
adsorption isotherms, the Langmuir model best
fits the experimental data for the removal of As
(III). Additionally, the optimum adsorbent amount
of Mg .Ni_ Co . Sm  Fe O, nanoparticles

0.33 0.01 1.99

was 80 mg. As the Pb (II) concentration
increases, the removal % decreases. This was
owed to the reduction in the adsorption sites of
Mg, . Ni ..Co ,.Sm  Fe O, nanoparticles at

0.33 0.33 0.01 1.99

high Pb (II) concentration. The results restate the
potential of ferrite nanoparticles for the removal of
heavy metal ions from wastewater.
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