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ABSTRACT
Removal of Cu(Il) from aqueous solution supplies is possible through the process of adsorption. One
of these processes involves the preparation of magnetic nanoparticles on activated carbon (AC).
Adsorbed coppre ions on the surface of Fe3O4-AC are separated from aqueous solutions using
external magnetic fields. In the present study, magnetic nanoparticles were synthesized using the co-
precipitation method. Fe3O4-supported AC was also used for the removal of copper ions from an
aqueous solution. In additon, the effects of parameters such as pH, adsorbent dosage, and initial Cu(II)
concentration on the removal process were investigated. The optimal conditions for the removal of
Cu(Il) ions from aqueous solutions were at the pH of 7, adsorbent dosage of 0.1 gram, and initial
Cu(II) concentration of 10 mg/l. Removal percentage was estimated at 96.37% for Fe3O04-AC, while
it was 61.52% for AC. Langmuir, Freundlich, and Temkin isotherm models were also used in
equilibrium studies. According to the findings, Temkin isotherm was well-fitted with the
experimental data. In the kinetic studies, pseudo-first-order and pseudo-second-order models were
assessed, and the pseudo-first-order equation provided the optimal correlation with the obtained data.
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Introduction

Heavy metals in subterranean water and
industrial wastewater are a major concern for
the ecology of today’s world, and even the
smallest portions of these elements in water
could cause toxicity. Exposure to heavy metals,
even at the trace level, is a confirmed health risk
factor for humans.! The presence of copper,
cadmium, nickel, and others metals in the
aqueous environment has a potentially
damaging effect on human physiology and other
biological systems when the acceptable levels
are exceeded.’

Copper is a heavy metal with wide
applications in industries such as painting,
electroplating, fertilizers, pulp and packaging,’
textile, and batteries.* These industries hasten
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the accumulation of copper in the environment.!
Unlike organic pollutants, copper ions are not
biodegradable. At high concentrations, copper is
significantly toxic and could lead to crucial
ecological and general health problems, as well
as complications such as anemia,* high
cholesterols, greenish hair,> stomach and
intestine  discomfort,”  muscle  cramps,
convulsion, and even death.®’ Among various
copper ions, Cu(Il) has been shown to have
debilitative effects on aqueous solutions.®
Heavy metals cannot be degraded or
destroyed. The growing demand for clean and
safe water with extremely low levels of heavy
metal ions has urged researchers to develop
advanced technologies for the removal of heavy
metal ions. The technologies developed for the
elimination of Cu(Il) from industrial wastewater
include chemical synthetics, ion exchange,
coagulation, electrolysis, reverse osmosis, and
adsorption.” The conventional methods that are
often used for the removal of heavy metals from
liquid effluents (e.g., precipitation and
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flocculation) are associated with numerous
limitations, such as costly equipment,
continuous replenishment of chemicals, time-
consuming procedures, and production of
secondary pollution.

In this regard, alternative methods (e.g.,
adsorption) have been reported to have several
advantages over the other techniques for water
reuse in terms of the initial costs, simplicity of
design, ease of operation, low quantity of the
generated residues, easy recovery of heavy
metals, and the possibility of adsorbent reuse.’
However, the fundamental problem regarding
the use of various absorbents is the separation of
these absorbents after the absorption process of
pollutants.

In recent years, the magnetic absorption
technology has become an innovation for
resolving ecological problems considering its
high efficiency and easy elimination following a
refining process.'® This technology has been
frequently used for the refining of wastewater.
After using magnetic absorbents, it can be easily
separated by a magnetic force. As a composite
with other absorbents, iron oxide is effectively
applied in the production of magnetic
absorbents.!” 12 Recent advances suggest that
many of the issues involving water quality could
be resolved or greatly ameliorated using
nanoparticles (NPs), nanofiltration or the other
products resulting from the development of
nanotechnology. '3

In a study in this regard, Adeli et al. used
sodium dodecyl sulfate covered in magnetic
nanoparticles in order to remove copper, nickel,
and zinc from a wastewater sample obtained
from Iran Khodro, which is an automotive
industry in Iran. The synthesis for metal ion
elimination proved to be satisfactory in the
elimination of Cu(Il)."* In another research,
Ozmen et al. used the reclaimed nanomagnetic
particles of Fe;04.!> Moreover, Hao et al.
employed amino agent nanomagnetic particles
for the effective elimination of Cu(Il) from
aqueous solutions. '

With this background in mind, the present
study aimed to investigate the role of magnetic
NPs immobilized on activated carbon
composites in the removal of Cu(Ill) from
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aqueous solutions using the batch adsorption
method, as well as its synthetic and isotherm
properties. The experimental equilibrium
adsorption data were analyzed using various
kinetic and isotherm models.

Materials and Methods
Experimental Materials

All the chemicals in the present study were
of an analytical grade, supplied by Merck
(Germany). The chemicals included copper
nitrate (Cu [NOs3]2.3H20), ferric sulfate
(FeS0O4.7H20), ferric chloride (FeCl;.6H-0),
ammonium hydroxide solution (NH4OH 25%),
hydrochloric acid (HCI), sodium hydroxide
(NaOH), and activated carbon.

Preparation of Fe;04AC

The chemical precipitation method was
applied to prepare particles with homogeneous
composition and narrow size distribution.’
Chemical precipitation is probably the most
common and efficient method to obtain
magnetic particles. In addition, a complete
precipitation of Fe3Os4 was achieved under
alkaline conditions.

In the next stage, FeSO47H,O (1.39 g),
FeCl3-6H>O (2.7 g), and activated carbon (10 g)
were dissolved in double distilled water (80 ml)
with vigorous stirring in an inert atmosphere.
While the solution was being heated at the
temperature of 80 °C, 10 milliliters of 25%
ammonium hydroxide solution was added. The
reaction was carried out for 30 minutes at the
temperature of 80 °C with constant stirring. The
resulting suspension was cooled down to room
temperature and repeatedly washed with double
distilled water afterwards.!®

Adsorbent Analysis Methods

The supported magnetic NPs (Fe304-AC)
and AC were characterized using scanning
electron microscopy (SEM) (model: MV 2300)
at 25 Kv. The Cu(Il) concentration remaining in
the solution was measured using a flame atomic
absorption spectrophotometer (model: Perkin
Elmer 2380). The pH of the solutions was
continuously measured using a pH meter
(model: Metrohm 744).
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Adsorption Studies

Adsorption of the Cu(Il) ions by Fe304-AC
was evaluated using the batch method, and the
effects of various parameters were also
investigated, including pH (5, 7, 8, and 9),
adsorbent dosage (0.1, 0.2, and 0.5 g/L), and
concentration (10, 15, and 20 mg/1).

In each run, 100 milliliters of the Cu(Il)
solution with different pH wvalues, initial
concentrations, and adsorbent dosages were
shaken. Additionally, a Cu(Il) solution was
prepared by dissolving 3.78 grams of
Cu(NO3)2.3H20 in 1,000 milliliters of distilled
water. The pH of the solution was adjusted by
adding diluted HCI and NaOH (0.1 M). All the
adsorption experiments were conducted at room
temperature with an agitation rate and constant
speed of 100 rpm. After the equilibrium, the
sample was centrifuged at 3000 rpm for 10
minutes, and the filtrates were analyzed by
atomic absorption. The removal of Cu(Il)
capacities (q) was calculated based on the
following equation:

qe=(Co-Ce) V/IW (1)

where C, and C. represent the initial and
equilibrium concentrations of Cu(Il) (mg/l),
respectively, V is the volume of the solution (L),
and I denotes the weight of the adsorbent (g).

Results and Discussion
Morphological Analysis

The particle size and morphology of Fe3Os-
AC and AC representative of the SEM images
are shown in Figures 1 and 2, respectively. As is
depicted, Fe3Os NPs with the diameter of 20-50
nm were observed on the surface of AC. Clearly,
Fe304-AC was essentially mono-dispersed and
had a similar mean diameter of 34 nm (Figure
1). Furthermore, no aggregation was observed in
the Fe304 particles, which indicated that the
aggregation of Fe3Os NPs was properly
controlled by the presence of AC. According to
the findings, AC had higher size distribution
compared to Fe304-AC, which demonstrated
that the coating process could not result in the
significant aggregation of the prepared materials
in the solution, and it is only effective in

maintaining the morphological uniformity of
Fe;04-AC.

As is illustrated in Figure 2, AC was mainly
monodispersed and had a rough surface, with
the size within the range of 90-220 nm.
According to the SEM analysis, the surface of
AC was not uniform, and numerous pores were
observed on its surface. Co-precipitation in
aqueous solutions is probably the most common
and efficient method to obtain magnetic
particles, which was used in the present study to
prepare Fe;04-AC.'® The synthesized magnetic
NPs (Fe3O4) using this method, which were
supported on AC, were observed to have higher
narrow size distribution.!”

Fig. 2. SEM image of AC

Effects of pH
The pH of the solution plays a key role on

the adsorption of metal ions. In order to
determine the effects of pH on the removal of
the Cu(Il) ion by Fe3;04-AC, some experiments
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were carried out with various pH values, while
the other parameters remained constant.
Furthermore, the effects of pH were investigated
using the initial concentration of copper ions (10
mg/l) and Fe304-AC (0.1 and 0.2 g). The initial
pH values were adjusted with HCI (0.1 M) and
NaOH (0.1 M) in order to form a series of pH
(5, 7, 8, and 9). The adsorption capacity of pH
indicated that neutral pH was optimal (Figure 3).
Copper ions in aqueous solutions may be
present in several forms, such as Cu(Il),
Cu(OH)", and Cu(OH),. Cu(ll) is the
predominant species at the pH of <6.!% In this
study, negatively charged repulsion forces on
the nanocomposite surface at the pH of >7 were
observed to reduce the metal ion removal and
adsorption by the Fe;04 nanocomposite site.'”

100
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Fig. 3. Removal rate of Cu'? at variable pH

Effects of Adsorbent Dosage

Effects of the adsorbent dosage were
evaluated at room temperature using various
Fe304-AC values (0.1, 0.2, and 0.5 g). In all
the runs, the initial concentration of the
copper ions was fixed (10 mg/L). The results
indicated that the adsorbent dosage of 0.1
gram had the highest adsorption capacity.
Evidently, the removal rate of copper ions
decreased at higher adsorbent dosages
(Figure 4).
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Fig. 4. Removal rate of Cu™? at variable dosages
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Effects of Initial Concentration

The removal uptake mechanism is
particularly dependent on the initial
concentration of copper ions. After
identifying the optimal pH and adsorbent
dosage, an experiment was performed at
various concentrations of the copper ions
(10, 15, and 20 mg/L). The highest removal
rate was observed at the concentration of 10
mg/L (Figure 5).

After identifying the optimal pH,
adsorbent dosage, and initial concentration,
the removal of copper ions was performed in
a batch reactor at different times. The
experimental results indicated the copper
removal rate to be 96.37% for Fe3;O4-AC
after 25 minutes and 97.67% at the
equilibrium time (one hour), while it was
61.52% for AC after 25 minutes and 62.50%
at the equilibrium time (one hour).
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Fig. 5. Removal rate of Cu*? at variable concentrations

Adsorption Isotherms

The equilibrium adsorption isotherm is
essential to realizing the mechanism of
adsorption systems. In the current research,
we used the Langmuir, Freundlich, and
Temkin isotherm equations to interpret the
experimental data.

Langmuir Isotherm

The Langmuir isotherm?® 2! theory is
based on the assumption that adsorption on a
homogeneous  surface (i.e., surface
consisting of identical sites) is equally
available for adsorption and with equal
adsorption energies. In addition, the
adsorbent was observed to saturate after one
layer of the adsorbate molecules were
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formed onto the surface.?! The linearized
form of the Langmuir adsorption isotherm
equation is as follows:

The Langmuir constants (g» and kn»)
could be calculated from the plot Ce/ge
versus C.. Figure 6 shows the Langmuir
adsorption isotherm of the copper ions by the
supported magnetic NPs on AC. The
inherent features of the Langmuir isotherm
could be expressed in terms of a
dimensionless constant separation factor or
equilibrium parameter (R.), which is defined
based on the following equation:

R1=1/kCo 3)

The R; value indicated the type of the
isotherm, which could be irreversible
(RL=0), favorable (0<Rp<1), linear (Rpr=1)
or unfavorable (R >1). The isotherm model
parameters for the copper ions by the
supported magnetic NPs on AC are
presented in Table 1.

Freundlich Isotherm

The linearized Freundlich isotherm
equation that corresponded to adsorption on
the heterogeneous surface was as follows:

Log qe=log K¢+1/n log Ce 4)

where C. is the equilibrium concentration of
the solute (mg/L), and ¢. denotes the
equilibrium adsorption capacity (mg/g). The
Freundlich isotherm constants ks and I/n

were calculated based on the plot of Ln g.
versus Ln C. (Figure 7). The slope (I/n)
measures surface heterogeneity, and
heterogeneity becomes more frequent as //n
approaches zero.?*

In the present study, the R? values of the
Freundlich isotherm were higher than 0.969,
while lower than 0.999, indicating that the
model was unable to adequately describe the
correlation between the amount of the
adsorbed copper ions by the magnetic NPs
and its equilibrium concentration in the
solution.

0.011
0.01

0.009
0.008
0.007
0.006
0.005

CJ/q.

Fig. 6. Langmuir isotherm
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Fig. 7. Freundlich isotherm

Table 1. Isotherm constants for copper ion removal by magnetic nanoparticles

Langmuir isotherm

Freundlich isotherm

Temkin isotherm

qm (mg/g) KL (mg/L) RL R? n Kr (mg/g) R? B Kt (mg/L) R?
0.0291 -223.43 -4.47x10*  0.9976 0.581 1.19 0.9875 18.935 5.58 0.9998
Temkin Isotherm ge=B Ln K1t+B Ln C. (5)

The Temkin isotherm equation assumes
that the adsorption heat of all the molecules
in the layer decreases linearly with coverage
due to adsorbent interactions, and adsorption
is characterized by the uniform distribution
of the binding energies up to the maximum
binding energy. The linearized equation is as
follows:

where B=R7/b and Kr are the equilibrium
binding constant (mg/1) corresponding to the
maximum binding energy, and constant B
denotes the adsorption heat (B and K7 as the
constants). A plot of g. versus log c. (Figure
8) enabled the determination of the isotherm
constants and B. The obtained Kr and B
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values, along with the values of the
correlation-coefficients and average relative
error, are presented in Table 1.

The Temkin isotherm model is
characterized by the linear reduction of the
adsorption heat of all the molecules in the
layer due to the interactions between the
sorbent and adsorbate.

22

y=18.935x +32.585 20
R2=0.9998
18
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Fig. 8. Temkin isotherm

Table 2 shows the comparison of the
adsorption capacity (mg/g) of the magnetic
NPs-AC from the adsorption isotherm for the
copper ions, as well as the different adsorbents
reported in the literature.?22°

Table 2. Comparison of adsorption capacity of various
adsorbents for copper ions

Capacity Refs

Sorbents
. _ (mg/g)

F e3Q4 mggne‘uc NPs coated with 463 2
humic acid
Chitosan-bound Fe3Os magnetic 215 23
NPs
Actlvgted carbon modified by poly 31 46 24
(N,N-dimethylaminoethyl methacrylate)
Magnetic nanp-adsorbent modified 385 25
by gum Arabic

. This
Fe;04-Activated carbon 9.208

work

Adsorption Kinetics

In order to analyze the adsorption
kinetics of the copper ions, the pseudo-first
and pseudo-second orders were applied to
the data, and the rate controlling step was
determined using the intra-particle diffusion
model.
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Pseudo-First-Order Model

The first-order rate Lagergren equation
is widely used for the sorption of a solute
from a liquid solution,?® as follows:

Log (qe-qi)=logqe-k/2.303 (6)

where k is the pseudo-first-order reaction
rate constant (1/min), g. and ¢g: (mg/g)
represent the amounts of the metal ions
adsorbed at the equilibrium, and ¢ denotes
times (minute). The & value was calculated
from the slope of the linear plot of log g.-q:
versus ¢, indicating the application of the
first-order kinetic model (Figure 9).
Moreover, the pseudo-first order showed the
occupation rate of the adsorption sites to be
proportional to the number of the
unoccupied sites.

Pseudo-Second-Order Model

The adsorption kinetics may also be
described by a pseudo-second-order
equation.?> 26 The differential equation is as
follows:

t/qe=1/kq2+t/qe (7)

where g. and ¢ are defined as in the pseudo-
first-order model, and k& denotes the rate of
the constant of the pseudo-second-order
model for adsorption (mg/g min). The k£ and
g. values were calculated from the plot of #/g;
versus £,>2¢ indicating the application of the
second-order kinetic model (Fig. 10).

The results of the kinetic parameters are
shown in Table 3. The validity of each model
could be verified by the fitness of the straight
lines (R?> wvalues). Furthermore, the
correlation-coefficient values (R?) of the
pseudo-second-order model were observed
to be lower than those of the pseudo-first-
order model, demonstrating that the pseudo-
first-order model was better followed than
the pseudo-second-order model.
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Fig. 9. Pseudo-first-order model
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Fig. 10. Pseudo-second-order model

Table 3. Rate of adsorption kinetic model constants for copper ion removal

Pseudo-first order

Pseudo-second order

qe (mg/g) K (1/min) R? ge(mg/g) K (g/mg min) R?
9.208 0.0147 0.9642 0.148 0 0.823
Conclusion 2. Eren E, Tabak A, Eren B. Performance of

According to the results, Fe3O04-AC with an
average particle diameter of 34 nm could be
effectively used an as adsorbent for the removal
of copper ions from aqueous solutions. The
experimental results also indicated the optimal
conditions for the removal of copper ion to be
the pH of 7, adsorbent dosage of 0.1 g/I, and Cu
(IT) initial concentration of 10 mg/l. The
removal rate was estimated at 96.37% for
Fe304-AC after 25 minutes, while it was 61.52%
for AC after 25 minutes. In addition, the
equilibrium data were well fitted in the Temkin
adsorption model, and the kinetics of copper ion
adsorption onto Fe304-AC followed the pseudo-
first-order model.
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