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ABSTRACT

In this work, the magnetite nanoparticles (MNP) were synthesized from steel waste product and
used as an adsorbent to remove metal copper (Cu) in an aqueous solution. The magnetite powders
were mechanically alloying using high energy ball milling for 3, 6, and 9 h to produce MNP. The
structural, composition, magnetic properties and morphological of the MNP were characterized
using X-ray diffraction and Fourier-transform infrared spectroscopy, vibrating sample magnetome-
ter and transmission electron microscopy, respectively. The adsorption parameters and the surface
area of the MNP were studied using a Brunauer-Emmett-Teller and atomic absorption spectro-
photometer. The parameters of contact time, temperature, pH, adsorbent dosage, and initial Cu
concentration of the solution were investigated. The kinetic studies of the pseudo-second-order
model were successfully employed. Langmuir model (R? > 0.993) were more correspond with the
adsorption isotherm data of Cu(II) ions. According to the results from adsorption thermodynamic
studies, it can be inferred that the main adsorption mechanism between MNP absorbent and Cu(II)
ions is ion-exchange-surface mechanism. The highlight of this work is the adsorption properties
and the characterization of the MNP as a natural, low-cost and good potential adsorbent for the
waste treatment process.
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1. Introduction

Clean water is important for our everyday life. It is
crucial for humans to get clean water on daily basis activ-
ities such as drinking, cleaning, industry, farming, and
agriculture. However, with the rapid growth of industrial
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development, the pollution of water has risen a big issue in
obtaining clean water. The wastes produced by the chem-
ical from the industrial process were dumped into the
river, lake, and ocean which contribute to the production
of wastewater. Wastewater is a combination of liquid or
water-carried wastes that consist of impurities and pollutant
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substances in the form of solids or gasses. The wastewater
contains chemical substances and heavy metal pollutants.
Recently, heavy metal pollution that has excessively released
into the environment and become one of the major global
concern to the environment due to rapid industrializa-
tion and urbanization [1]. There are enormous heavy met-
als in industrial wastewater, such as cadmium, zinc, lead,
chromium, nickel, copper, platinum, arsenic, and mercury.
Heavy metals are highly toxic to human health and aquatic
organism. Besides, heavy metals affect the yield, growth,
and quality of crops. These toxic metals that are exposed to
humans and the environment pose several serious health
problems and environmental hazards [2].

The environmental problem causes severe health
because they are persistent in nature, non-biodegradable
to the environment [3]. Even though the metals are needed
in small quantities for health, but the high level of metals
like copper may be toxic in the present study. Copper (Cu)
is categorized to be one of the most toxic heavy metals
and has significant effects on living organisms. Cu ion is
a heavy cation found commonly in industrial wastewater
[4]. Besides, high doses of Cu can cause anemia, intesti-
nal irritation, liver, kidney damage, intravascular hemo-
lysis, hematuria, and gastrointestinal bleeding [5]. Due to
the toxicity, non-degradability, easy accumulation of ele-
ments, the removal of Cu from wastewater has attracted
much interest worldwide [6].

Recently, great attention has been a concern by research-
ers and scientists to eliminate harmful pollutants from both
air and water using a natural product and widely available
in sorption treatment [7]. Besides, numerous approaches
have been studied for low-cost, more effective technologies
developed to improve the quality of water. Over the past
decades, the researchers have carried out low-cost and high
capacity adsorbents for water remediation. In this regard,
the adsorption method is a simple, attractive, universal,
and efficient treatment to remove contaminants within the
aqueous phase [8]. Besides, adsorption is one of the effective
treatments that can replace high-cost wastewater treatment
methods because of its simplicity, convenience, and high
removal efficiency [9].

Magnetic separation has widely used because of the
fast, efficient, cost-effective method in water treatment tech-
nology [10-13]. The application of magnetite nanoparticles
(MNP) is more attractive for the removal of heavy metals
contamination from the wastewater because of their essen-
tial features like small particle size, high surface area, and
has a magnetic property. MNP is promising for industri-
al-scale wastewater treatment due to its low cost, strong
adsorption capacity, easy separation, and enhanced stability
[14]. In this paper, we intend to highlight the adsorption of
Cu metal using MNP in aqueous solutions.

Besides, the nanoparticles are widely studied for their
feasibility as a filter, and a fantastic result was highlighted
[15]. Despite their advantages in removing several metals,
the present work aimed to study the effectiveness of MNP
for different particles size that milled at different milling
hours were investigated. The preparation and surface char-
acterization of the adsorbent were discussed critically. The
isotherm adsorption models and kinetic studies were stud-
ied in detail.

2. Experimental
2.1. Preparation of adsorbents

Firstly, the iron oxides were extracted from the mill
scale waste product. The mill scales were weighted for about
100 g and then milled using conventional milling for 24 h to
obtain the desired size. The resultant mill scales waste pow-
der was subjected to the magnetic separation technique and
curie temperature separation technique [10,13]. The magnetic
material was dried in an oven for 24 h at 80°C. The magne-
tite powder was undergoing mechanical alloying (MA) by
conventional before subjected to high energy ball milling
(HEBM) for 3, 6, and 9 h to produce the nano-sized particles.

2.2. Adsorbents MNP characterization

Phase formation of the powder and the sintered sam-
ples were characterized using X-ray diffraction (XRD) in a
Philips X'Pert PRO X-ray (Model PW3040) diffractometer
with Cu Ka radiation with graphite monochromator using
Cu-Ka radiation with A = 1.54 A using 26 scan mode from
20° to 80° and a 0.03° scan step at room temperature. The
database of the JCPDS data was used for the interpreta-
tion of XRD spectra. The structural characterization of the
samples was carried out using the PANalytical Highscore
Plus Software. The magnetization M-magnetic field H
(M-H) hysteresis curves of the MNP were measured using
a vibrating sample magnetometer LAKESHORE Model
7404 at room temperature under an applied magnetic
field from 0-13 kG (0-1.3 T).

The BELSORP-mini II Brunauer-Emmett-Teller (BET)
machine was used to measure the specific surface area and
pore size of the samples. The N, adsorption—desorption at
the liquid nitrogen temperature using a NOVA 2200e auto-
matic surface area and porosity analyzer. About 0.2 mg of
samples were degassed at 120°C for 8 h under 1 Pa vacuum
condition before measurement to remove the humidity in the
samples. Nitrogen gas was purged with 10-100 mL/min of
the gas flow into the sample cell, and the samples were put
into a Dewar vessel containing 2 L of nitrogen liquid, and
the measurement of surface area per mass was determined.

The resultant of MNP milled particles were examined
using a JEOL JEM-2100F field-emission transmission elec-
tron microscopy (TEM) for nanometer-size confirmation.
For TEM sample preparation, the MNP powder particles
were dispersed in an acetone solution and leave the sam-
ples under UV light. The samples were then dispersed in
the ultrasonic sonicator for several hours. The morphology
of the MNP was then determined under the observation of
TEM. The distribution of the particle size was obtained by
calculating the average diameter of at least 100 different
particle images by using J-Image software.

2.3. Batch adsorption and kinetic studies

The reagents used for synthesis 0.01 M (2416 mg/L) of
copper stock solutions were prepared by dissolving 1 L dis-
tilled water and copper nitrate in a volumetric flask. 1.0 g
of MNP was added to 15 mL of copper solution in the bea-
ker. The solution was stir for several minutes before being
separated by the external magnetic field. Batch adsorption
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of copper ions onto MNP adsorbents was conducted under
four different conditions. The effect of contact time, adsor-
bent dosage, pH, and temperature on the adsorption of Cu
by MNP from aqueous solutions were investigated. All batch
adsorption was investigated in an aqueous solution for an
initial Cu ion concentration of 0.01 M.

Firstly, the effect of contact time was examined to find
the suitable contact time at which the nanoparticles are sat-
urated, and the adsorption is at equilibrium. The contact
time used was 5, 10, 15, 20, 25, and 30 min. The copper stock
solutions were treated with 1.0 g of MNP at room tempera-
ture at different periods of contact times. After adsorption
reached equilibrium, the adsorbent was conveniently sepa-
rated via an external magnetic field. Secondly, the effect of
adsorbent dosage was examined by varying the amount of
adsorbent from 0.2-1.0 g. Thirdly, the effect of pH solution
was investigated with ranging from pH 1 to pH 5 using a
pH meter by adding H,SO,. Then, the effect of temperature
on Cu(ll) adsorption experiment was determined by var-
ied the temperature of 30°C, 40°C, 50°C, 60°C, 70°C, and
80°C at pH 5 and treated with 1.0 g of MNP. The adsorp-
tion capacities of the Cu concentrations were determined
using atomic absorption spectroscopy (AAS) (Thermo
Scientific iCE 3000 Series Solaar AA).

The initial and final concentrations of the sample
solutions were measured by AAS. For kinetic studies,
experiments were conducted with 15 mL copper nitrate
solutions of concentration 2,416 mg/L, maintained at pH 5,
room temperature at a different contact time of 0-30 min of
1 g of MNP. The amount of Cu ion adsorbate was taken up
by an MNP adsorbent as a function of the concentration of
adsorbate at a constant temperature was called the adsorp-
tion capacity (q,), and percentage removal, RE (%) was
determined as in Egs. (1) and (2) [16,17]:

9%RrE =S =C 100 (1)
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where g, (mg/g) is the amount of adsorbate per unit mass
of adsorbent at time ¢t. C; and C, are the initial and final
concentrations (mg/L) of the solution, respectively. V is the
volume of the solution in L, and m is the mass of the adsor-
bent in g. All experiments were repeated two times, and
average values were reported.

3. Results and discussion
3.1. Structural analysis of MNP nanoparticles

Fig. 1 shows the XRD spectra of magnetite powder
milled at different milling times, 3, 6, and 9 h. The diffrac-
tion spectra of the materials revealed the presence of mag-
netite, MNP for all milling time. The diffraction angle at
20 of 30.272, 35.659, 37.334, 43.3543, 57.2950, 62.9057, and
74.4039 which can be indexed to (022), (113), (222), (004),
(133), (224), (115), (004) confirms the signature peaks of a
cubic unit cell Fe,O,, respectively. The XRD spectra were
matched to the ICSD of magnetite with a space group of
Fd-3m and lattice parameter (2 =b = c) of 8.3440 A. The XRD
parameter of the highest intensity 26 is tabulated in Table 1.
With increase milling time, the magnetite powder achieves
high purity magnetite samples. It shows that as milling
time increases, the formation of nanocrystalline magnetite
is determined by the broadening of XRD peaks. The aver-
age particle size was estimated by using the Debye-Scherrer
formula (Scherrer 1918) in Eq. (3):
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where D is particle diameter size, A = 0.1541 nm, { is the full
width at half maximum (FWHM), and 6 is the diffraction
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Fig. 1. X-ray diffraction spectra of crystallite magnetite nanopar-
ticles milled for 3, 6 and 9 h.

Table 1
Highest peak position, hkl, full width at half maximum, d-spacing, crystal structure, chemical formula, ICSD, and space group of
samples

Sample Highest hkl Height FWHM d-spacing  Crystal Chemical  ICSD Space group

pos. (°2Th.) (cts.) (°2Th.) A) structure formula

3h 35.764 113 437.57 1.5759 2.50865 Cubic Fe,O, 98-010-9828 Fd-3m

6h 35.5266 113 363.13 1.7718 2.52486 Cubic Fe,O, 98-010-9823 Fd-3m

9h 35.6967 113 423.36 2.5600 2.53322 Cubic Fe,O, 98-010-9827  Fd-3m
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angle. The effect of the crystallite size of MNP with milling
time is shown in Fig. 2.

The crystallite sizes obtained show a decreasing trend
of 5.5 and 4.9 nm for 3 and 6 h milling time, respectively.
By increasing the milling time to 9 h, the particle size was
slightly increased by 9.6 nm. During the milling process,
the powder was collided with the steel balls and milled in
the vial. The energy of the collision between the balls and
vial is transferred to the powders and heating the powder
continuously. By prolong milling the time, more heat is
transferred to powder. Continuous collisions in the milling
process give heat generation during the milling process.
Hence, the particle size was increased as an increase in the
milling hour. The nanometer scaled diffusion are produced
during high energy mechanical milling. This involves
cold-welding and fracture of milled powders. Thus, atomic
diffusivity is improved through the formation of alarge num-
ber of structural defects. As a result, metastable phases form
at the early stage of the milling process. The line broadening
of MNP for 9 h milled was shaper compared to MNP milled
for 3 and 6 h. This effect can be explained by the increase
of particle size, and the crystallinity was improved [18].
The Bragg peaks intensities decrease with increasing mill-
ing time, and considerable line broadening can also be
observed. As an increase in the milling time, the amount of
defect also increased [19].

TEM images are shown in Fig. 3 and displayed the
diameter measured for 100 particles. The micrographs
show sphere-morphological shape particles which favor the
ceramic processing technique [20]. The TEM micrographs
show on each of the nanoparticles is agglomerated, even
though a sonication process was done before the TEM mea-
surement. These agglomerations might be due to the large
surface area and the magnetic forces of the MNP nanopar-
ticles after subjected to HEBM. The alloying and cold
welding between the particles during the milling process
also contributes to these agglomerations. However, this is a
natural consequence of the MA technique products due to
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Fig. 2. Crystallite sizes vs. milling time (h) for magnetite nanopar-
ticles after high energy ball milling.

the high impact velocity of the milling media to the parti-
cles [21]. To reduce the agglomeration that occurred on the
nanoparticle, the surface coating on the nano-adsorbent
surfactant needs to be conducted [22]. The particle size dis-
tributions of MNP nanoparticles are shown in histograms
in Fig. 3 and Table 2. After 6 h of milling, nano-sized par-
ticles in the range of 6-11 nm on average were obtained.
In Fig. 4 are shown field-emission scanning electron micros-
copy and energy-dispersive X-ray diffraction analyses revealed
the presence of Fe and O in a high percentage of 53.74%.

3.2. Magnetic hysteresis analysis of MNP

Fig. 5 shows an overlapping hysteresis curve of MNP
powder. The curves indicate a superparamagnetic-ferro-
magnetic behavior for all the studied samples, as evidenced
by zero remanences on the magnetization loop. The mea-
sured values of saturation magnetization (M) are presented
in Table 3. The M_ value decreases with the increase in the
milling time. The M_ value is higher at lower milling time,
3 h. The estimated sizes of particles, as determined from
TEM images, and saturation magnetization, are linearly cor-
related (Figs. 3, 5, Tables 2 and 3). This means that the first
direct effect of reducing particle sizes of samples is lower-
ing the corresponding saturation magnetization values. On
average, the bigger the particle is, the higher the saturation
magnetization of the MNP. MNP amorphization decreased
their crystallinity due to the poor super-exchange interaction
between magnetic moment per unit mass sample [21].

3.3. BET analysis

Fig. 6a shows the N, adsorption and desorption iso-
therm curve of MNP. Nitrogen adsorption using BET was
used to characterize the porous and surface area property
of MNP. Morphological features such as surface area per
volume, pore-volume, pore size, and type of adsorbent
were obtained from isotherm adsorbents are presented in
Table 4. The nitrogen adsorption-desorption isotherms
were determined over the range of relative pressure.
Fig. 6a proved type III, which indicates the characteris-
tic of mesoporous material (pore size between 20-500 A)
[23]. Mesopores offer more available sites for adsorption
and plays an important role as a transportation channel
that allows adsorbate molecules to diffuse from bulk into
adsorbent [24]. Indeed, it has been proved that MNP were
porous that metal ion could diffuse in these pores, increas-
ing percentage removal [25].

Fig. 7 shows the spectrum Fe,O, before and after
adsorption of Cu(ll) ions. The Fourier-transform infrared
spectra reveal a strong characterization peak at 3,478 cm™
that corresponds to O-H due to inter and intramolecular
hydrogen bonding at polymeric compound [26]. The peak
at 2,835 cm™ is attributed to the C-H vibration and shows
the free hydroxyl group on the adsorbent surface. This
may result from the high electron density induced by the
adsorption of Cu(Il) ion onto Fe,O,. The adsorption bands at
525 cm™ (nFe,0,) shifted to 576 cm™ (Cu:nFe,O,) due to the
Fe-O band that adsorbed Cu(II) ion from aqueous medium
[27]. Besides, there is an obvious absorption band at a low
frequency in the range 400-700 cm™, which indicates the
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Fig. 4. (a) Field-emission scanning electron microscopy milled for 7 h and (b) energy-dispersive X-ray diffraction analysis of Fe,O,.
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stretching vibration of the Fe-O bond. The peak of Fe-O
has a slight shift from 525 to 576 cm™ as Cu(II) ion has to
get adsorbed onto the Fe,O, [28]. The changes in pH value
are strongly influenced by the characteristics of the Fe,O,
[29]. Thus, three functional groups that shift are likely
involved in Cu binding [30].
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3.4. Mechanism of the Cu(II) ion on MNP

Fig. 8 presents the mechanism on the MNP of the Cu(II)
ion adsorption. It suggests the exchange of ion process as
an adsorption principle for the removal of copper. This
contains a phenolic compound that has an active site for
the mechanism of adsorption. Cu(Il) ion was attached to
two adjacent hydroxyl groups and two oxyl-groups that
could donate two pairs of electrons to the metal ion and
forming four coordination and two hydrogen ions (H") into
solution [31]. Fig. 8 demonstrates the pseudo-second-or-
der model that fit for Cu(II) adsorption suggesting that the
rate-controlling mechanism of chemisorption was mainly
involved. Similar trends have been detailed in previous
literature [32].

3.5. Effect of environmental parameters

The surface characteristics of the adsorbent surface
are controlled by the contact time, adsorbent dosage, pH,
temperature [33]. Therefore, batch adsorption was carried
out to study these environmental parameters.

3.5.1. Effect of contact time

Fig. 9a illustrates the effect of contact time on the
adsorption capacity and rate of Cu(Il) uptake onto MNP.
The effect of contact time was evaluated to identify the
efficiency of MNP for the removal of Cu(Il). The Cu(II)
was rapidly removed within 5 mins of the experiment.
The results show that after 5 min MNP added in Cu aque-
ous solution, the concentration of metals was at equilib-
rium (C), at which the amount of metal desorbed is equal
to the amount of metal adsorbed. From the observation,
the adsorption process for MNP almost finished within
30 min, whereas, a faster process was observed at 90 min
MNP previously reported by [5]. The faster adsorption rate
by the MNP could be attributed to the ion exchange-surface
mechanism [34] and the monolayer surface adsorption by a
non-porous MNP adsorbent [35].
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Fig. 6. a) N, adsorption and desorption isotherm curve and (b) distribution of the pore size of magnetite nanoparticles.
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The initial concentrations which in turn may have pro-
vided the higher driving force for the ions from the solution
to the adsorbents. The result may be more collisions between
Cu ions and active sites on the MNP [36]. Since nearly
all the adsorption sites of MNP existed on their exterior, it

was easy for the adsorbate to access these active sites, thus
resulting in a rapid approach to equilibrium. This result is
promising under the economic viability as equilibrium time
plays a major role in designing a wastewater treatment
plant. Similar observations and results were reported [6].
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3.5.2. Effect of MNP dosage

Fig. 9b shows the percentage removal of Cu(Il) with
respect to the dosage of MNP. The adsorbent dosage is an
essential parameter in adsorption studies because it deter-
mines the capacity of the adsorbent for a given concentra-
tion of the metal ion solution. The results show the MNP
milled for 9 h shows the higher adsorption Cu(Il) capac-
ity percentage as the MNP dosage increases. This due to
the increases in a certain area and the probability of colli-
sion between particles of adsorbent and metal ions [37].
However, the percentage removal of copper by MNP milled
for 3 and 6 h shows a decreasing trend as the number of
dosage increases. This may be due to the adsorption of
almost Cu(Il) ions to the adsorbent and the establishment
of equilibrium between Cu(II) molecules adsorbent to the
adsorbent and those remaining unabsorbed in the solution.

3.5.3. Effect of pH

The removal of Cu(Il) from aqueous solution through
adsorption is highly dependent on the initial solution pH
that determines the surface charge of the adsorbent and
the adsorbate speciation. The effect of pH on the adsorp-
tion of Cu(II) onto MNP is shown in Fig. 9c. It is observed
that the pH is increased from 1.0 to 3.0, the percentage
removal of copper will also increase before the percentage
removal drops at pH 4.0 to 5.0. The adsorption capacity
of Cu(Il) ion with the solution pH due to less insignificant
competitive adsorption of hydrogen ions [38]. There is an
electrostatic interaction between the adsorbent and the
metal adsorbents [39]. The results show that the optimum
pH of the experimental system is pH to prevent Cu(II) from
precipitation. The pH increased from 0.15 to 0.6 mg/L, the
increment of pH from 1.0 to 5.0, indicating that the adsorp-
tion capacity of Cu(II) to MNP was highly pH-dependent.

3.5.4. Effect of temperature

Fig. 9d shows the thermodynamics experiment by
heating the solution with MNP in the temperature range
from 30°C to 80°C. The pH of the solution was pH 5, and
1.0 g of MNP milled at different milling time was used as
an adsorbent. The adsorption capacity was increased at
higher temperatures, which for MNP powder milled at 9 h,
the percentage removal increased from 5.20% to 5.52% with
increment temperature 30°C-80°C. The same trend was
also observed for 6 and 3 h samples. This suggesting that adsorp-
tion of Cu(Il) on to MNP is an endothermic process [40].

3.6. Adsorption kinetics

Kinetic studies are essential in an adsorption process
that determines the uptake rate performance of the MNP
adsorbate. The kinetic studies control the residual time for
the entire adsorption process. The adsorption kinetics of
Cu(Il) on MNP was determined using similar procedures
to those used in the batch adsorption studies. Lagergren’s
pseudo-second-order kinetic models were selected in this
study to describe the adsorption process. The adsorption
data were stimulated by the pseudo-second-order model,
which is expressed by the following equation [41—43]:

Lo Lt @)

9, ka4’ q.

where k, is the rate constant of the second-order adsorption
(g/mg h). The values of g, and k, were determined from the
slope and the intercept of the plot of t/q, vs. t (Fig. 10) are
shown in Table 3. The calculated g, values are in agreement
with the theoretical values and the graph shows good lin-
earity with R? above 0.99. Therefore, the adsorption kinetics
follows the pseudo-second-order model. The adsorption
kinetic is represented by the pseudo-second-order model,
involving donation or electron exchange between adsorbate
and adsorbent [22].

3.7. Adsorption isotherms

Langmuir isotherm model is maximum adsorption that
corresponds to a monolayer coverage of adsorption sur-
faces and predicted that metal ion adsorption takes place
on the homogenous surface of the materials [13]. The linear
form of the Langmuir adsorption isotherm model and its
separation factor R, as in Eq. (5) [44,45]:

c__1 ¢ 5
qe quL qmax

where g, (mg/g) is the amount adsorbed at equilibrium,
C, (mg/L)is the adsorbate concentration at equilibrium,

35000
® 3h

® 6h
A 9h

30000 +

25000

20000 +

15000

tiqt

10000

5000

0 5 10 15 20 25 30
Milling time (h)

Fig. 10. Pseudo-second-order kinetics models for the adsorption
of Cu(Il) for 3, 6 and 9 h.

Table 3
Magnetic parameter of magnetite nanoparticles at 3, 6 and 9 h

Milling Magnetization Coercivity
time (h) saturation (emu/g) G)

3 76.56 202.96

6 11.66 232.81

9 10.26 89.37
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Morphological characteristics of magnetite nanoparticles obtained by N, adsorption

Milling Surface area per Pore size Pore volume Type of
hour (h) volume (m?/g) A) (cm¥/g) adsorbent

3 4.9236 77.0499 0.009484 Mesoporous
6 5.9970 67.9336 0.010185 Mesoporous
9 6.8254 72.3339 0.012343 Mesoporous
Table 5
Kinetic parameter of pseudo-second-order kinetic model for the adsorption of Cu(Il) ion

Adsorbent q, (mg/g) C Pseudo-second-order

() (calculated) (mg/L) q, (mg/g) (experimental) k, (g/mg/min) R?

3 0.001 2,416 0.333 -2.383 0.8868
6 0.004 2,416 1.005 300.00 0.9104
9 0.001 2,416 1.051 34.394 0.1681

70000 Table 6
= 3h

T T T T T T
3000 6000 9000 12000 15000 18000

Ce (mg/L)

Fig. 11. Langmuir isotherm model for the adsorption of
Cu(Il) ion.

9. (mg/g) represent the maximum amount adsorbed
in monolayer, K, in the Langmuir adsorption constant,
b (L/mg) is the Langmuir constant related to adsorption
energy. Langmuir constant g and b were calculated
from the slope and intercept of the linear plot of C/q, vs.
C, (Table 4). The maximum Langmuir adsorption capacity
was found 0.0039 mg/g. The Langmuir separation factor
(R,) which is dimensionless constant, indicates whether the

adsorption process is favorable or not [46].

4. Conclusion

This study focused on the adsorption efficiency of
MNP adsorbent from an aqueous solution for a toxic cop-
per metal ion. The characterization studies revealed the
various physicochemical properties of MNP, which are
favorable for metal removal. Comparative preliminary
batch studies demonstrated not only the optimal process
parameters for maximizing metal sorption but also the
principle underlying mechanism. Langmuir adsorption

Langmuir model correlation coefficients and constants for ad-
sorption of Cu(Il) ion

Isotherm model Milling time (h) Parameters Values
G, (g/g) 0333
3 b (L/mg) 0.000
R? 0.888
9. (mg/g)  1.005
Langmuir model 6 b (L/mg) 0.00008
R? 0.7824
q,.. (mg/g)  1.052
9 b (L/mg) 0.0001
R? 0.440

plot showed maximum Cu removal by MNP at 0.0039 mg/g
at optimal conditions, and kinetic studies revealed the fea-
sibility of the process. The pseudo-second-order model is
determined as the best fit model at R* = 0.9104. The desorp-
tion studies indicate a fulfilling of essential criteria for
advanced adsorbents. The developed MNP has demon-
strated a superparamagnetic compound that can produce
high adsorption efficiency and faster kinetics. Besides, the
adsorption of Cu(ll) by external magnetic field by MNP
ease of synthesis, easy recovery, absence of secondary pol-
lutants, cost-effectiveness, and environmental-friendliness.
It can be concluded that MNP promises advanced adsor-
bent in environmental pollution cleanup. In future works,
a surface coating on the magnetic particles needs to be con-
ducted to reduce the particle agglomeration in the sample
and enhance the adsorption capacity of Cu(II) ion.
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