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ABSTRACT

In this study, magnetic-activated carbon nanocomposite (m-Fe;O,@ACCs), as a new
adsorbent, has been prepared, characterization and used for the removal of lead ions from
wastewater. Pb(II) could complexes with 4-(2-pyridylazo) resorcinol (PAR) and adsorbed
onto the nanocomposite. The adsorption of Pb(II) was studied in a batch reactor at different
experimental conditions such as sorbent dosage, pH of the solution, [L]/ [Pb%*] mol ratio,
contact time, and breakthrough volume and optimum values were achieved 40 mg, 11, 1:1,
15, and 450 mL, respectively. Experimental results were indicated that the m-Fe;O,@ACCs
had removed more than 99% of Pb(II) under the optimum operational conditions. The stud-
ies on the adsorption of Pb(II) ions revealed that the process obey the pseudo-second-order
kinetic model, the determining step might be chemical sorption. The adsorption of Pb(II)
were found to follow the Langmuir isotherm and the maximum adsorption capacity was

239 mg/g.
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1. Introduction

Along with the development of industry and
increasing use of lead over the past few decades led
to an increased pollution of Pb(Il) ions in natural
water and wastewater and posed serious environmen-
tal and health risks [1]. The main sources of Pb(Il) ions
release into the environment from industry include
lead fabrications, batteries, gasoline, paints, pigments,
metal corrosion and so on [2,3]. Lead is accumulated
in humans and animals tissues and damage to the kid-
ney, nervous system, reproductive system, liver and

*Corresponding author.

brain and may bring serious health problems such as
sterility, abortion, stillbirths, and neonatal deaths [4].
The reach of lead level to more than 0.5 ug/mL in the
blood causes difference abnormalities. It interferes in
the metabolism of calcium and vitamin D and affects
formation of hemoglobin and causes anemia [5].
According to US Environmental Protection Agency,
the maximum contaminant level for Pb(Il) in drinking
water is 0.015 mg/L [6].

Due to the problems mentioned above, in recent
years, many researchers interested has been develop-
ment of proper method for Pb(Il) removal from water
and wastewaters [7]. Various absorbents include of
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modified silica [8], hydroxyapatite and ferrihydrite [9],
modified chitosan [10,11] corn straw [12], nanoalgi-
nate-based biosorbent [13], immobilized materials
[14,15], modified iron oxide [6], ion-imprinted [16,17],
graphene oxide [18-21], surfactant-modified [22],
zero-valet [23,24], modified polyvinyl alcohol [25],
biosorption  [26,27], functionalized-MnQO,/chitosan
nanocomposites [28], gelation with alginate [29], SBA-
15 modified [30], cellulose-based adsorbents [31],
polyampholyte hydrogel [32], and carbon nanotube-
based composites [33-37] have been proposed for Pb
(II) removal.

Activated carbons (ACs) are the most common
adsorbents for metal ions [38—40]. Unfortunately, the
use of ACs in large scale is limited because they are
notoriously difficult to separate from solution [41]. A
combination between carbon active and nanoparticles
iron oxide can create a new adsorbent named mag-
netic nanocomposites, which will possess easy recov-
ery from treated effluents by applying magnet [42,43].
In this magnetic-activated carbon nanocomposite
(m-Fe;0,@ACCs), it has a special structure with func-
tionalized carbon as an outer shell and magnetite as
an inner core.

Magnetic nanocomposites have preferable advan-
tages over conventional adsorbents [44] because of
favorable water dispersibility their strong magnetic
responsiveness and benign biocompatibility [45,46].
This composites have been applied in many fields
including analytical chemistry, bioscience, magnetic
resonance imaging, and pollutants removal [47].

The present study aimed to investigate the
adsorptive removal of Pb(Il) ions from water and
wastewater using magnetic-activated carbon nanocom-
posite (m-Fe;0,@ACCs). Regular-shaped nanocompos-
ites were prepared via a coprecipitation method in
laboratory and comprehensively characterized with
X-ray diffraction, Brunauer-Emmett-Teller (BET), ther-
mogravimetric analysis (TGA), scanning electron
microscopy (SEM) and vibrating sample magnetome-
ter (VSM). For increasing adsorption efficiency, Pb(II)
ions reacted with 4-(2-pyridylazo) resorcinol (PAR)
ligand (Fig. 1) [48] and the formed complexes were
adsorbed onto the nanocomposite.
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The effect of some parameters, such as Pb(Il) ions
initial concentration, contact time, temperature,
adsorbent dosage, and pH, were investigated on the
adsorption efficiency of Pb(II) ions from aqueous solu-
tions onto m-Fe;O,@ACCs. Additionally, adsorption
isotherms, kinetic and thermodynamic parameters
were also evaluated. The information gained in this
study could useful for both designing low-cost, easily
available adsorbents based on ACs and further practi-
cal applications in other inorganic ions removal from
water and wastewaters.

2. Materials and methods
2.1. Standard solutions and reagents

All chemicals were analytical reagent grade and
were obtained from Merck (Darmstadt, Germany;
www.merck-chemicals.com) and solutions were pre-
pared with high purity water. A stock solution of
1,000 mg/L of lead was prepared by dissolving
0.1077 g of PbO in nitric acid and diluting to 100 mL
with water. More dilute standard solutions were pre-
pared daily by diluting the stock solutions. The ligand
solution (1,000 mg/L) was prepared by dissolving
analytical reagent grade 4-(2-Pyridylazo) resorcinol
(PAR) in high-purity water. The pH of solutions was
adjusted by dropwise addition of NH; (0.1 mg/L) and
HCl (0.1 mg/L). Deionized (DI) water (Millipore ultra-
pure system with millipak express filter, USA) was
used throughout of the study. Prior to use, all glass-
ware were rinsed with sulfochromic acid solution and
three times with deionized water.

2.2. Instrumentation

A UV-vis spectrophotometer (Hitachi U-3310,
Tokyo, Japan; www hitachi.com) equipped with a
l-cm quartz cell and was used for recording the
visible spectra and absorbance measurements in
Amax =520 nm in parameters optimization, and for
lead determination in real samples, the measurements
were performed with a Perkin—-Elmer Optima 2100 DV
simultaneous inductively coupled plasma optical

(b) N
Pb = OoH
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Fig. 1. (a) 4-(2-Pyridylazo) resorcinol (PAR) and (b) PAR-Pb(II) complex.
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emission spectrometry (ICP-OES) (Shelton, USA;
www.perkinelmer.com) coupled to a pneumatic nebu-
lizer and equipped with a charge coupled device.
Operational conditions and selected wavelengths for
the Pb*" ions were optimized and summarized in
Table 1.

The pH of solutions was measured by a Corning
ion analyzer 255 pH meter (New York, USA;
www.corning.com) with combined glass electrode
supplied with a combined glass-calomel electrode.
Transmission electron microscopy (TEM) images of
the magnetic nanocomposite were obtained with a
Philips CM120 transmission electron microscope
(Eindhoven, Netherlands; www.fei.com) and TGA of
the adsorbent was performed by FTDA/TGA instru-
ment from Mettler Toledo (Boston, England; www.
mt.com/lab). The magnetic properties of the nanocom-
posite were measured using a homemade VSM
(University of Esfahan, Iran). The high-purity water
was prepared on a Millipore water purification system
(Billerica, MA, USA; www.millipore.com). A super
magnet Nd-Fe-B (1.4 T, 10cm x5cm x2cm) was
used for sorbent separation from solution.

2.3. Preparation and characterization of magnetic-activated
carbon nanocomposite (m-Fe;O,@ACCs)

The magnetic nanocomposite was prepared based
on the method that was described by Tajabadi et al.
[49]. At the first step, AC was modified with nitric
acid (65%) for 3h at 80°C to make it hydrophilic.
Then, 1 g of the modified AC was dispersed in 40 mL
aqueous solution containing 8 g Fe(NO;3);-9H,O and
stirred for 45 min. The resulted mixture filtrated and
dried. Afterward, modified AC that adsorbed iron salt
was heated at 750°C for 3 h in the presence of argon
for the formation of magnetic nanoparticles of Fe;O4
that are obtained by combustion synthesis in the pores

Table 1

The optimum instrumental conditions of ICP-OES
Parameter Characteristics
Plasma Gas Argon
Plasma gas flow rate 12 L/min
Auxiliary gas flow rate 0.3 L/min
Frequency of RF generator 40 MHz
RF generator power 1,300 W
Observation height 8 mm
Nebulizer pressure 1.8 L/min
Eluent deionized Water
Elution rate 5 mL/min
Pb wavelength (nm) 220.353
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of AC [50]. The obtained AC based on magnetic
nanocomposite was stable under environmental condi-
tions for several months. TEM image of the prepared
m-Fe;0,@ACCs that is shown in Fig. 2(a) demon-
strates the existence of iron oxide nanoparticles with
diameter of about 40-80 nm. The magnetic hysteresis
loop of m-Fe;O,@ACCs that was measured by VSM is
shown in Fig. 2(b). From the plotting of magnetization
(M) versus magnetic field (H), very weak hysteresis
revealed the resultant magnetic nanoparticles were
nearly super paramagnetic with a saturation magneti-
zation (M;) of 7.28 emu/g at room temperature. TGA
of the magnetic nanoparticles (Fig. 2(c)) indicated that
there was about 10 wt% of iron oxide inside the
synthesized nanocomposite.

2.4. Removal procedure

An aliquot of 25 mL solution (pH 11.0) contain
known concentration of lead, was transferred to
50-mL glass beaker. Then PAR (1:1 ratio with Pb(ID))
and sorbent were added and shaken completely. The
mixtures were stirred and allowed to complete the
extraction process for 30 min. Subsequently, an
Nd-Fe-B strong magnet (10 cm x5 cm x 4 cm, 1.47 T)
was placed at the bottom of the beaker and the mag-
netic adsorbent was collected from the solutions.

After about 5 min, the solutions became clear and
supernatant solutions were decanted. Finally, absorp-
tion of Pb** complex was measured by UV /vis spec-
trophotometer at Amax =520 nm. The lead removal
efficiency of m-Fe;O4@ACCs was calculated by using
the following equation:

Co — Ce
% Removal efficiency = % x 100 1)
0

where Cy and Cq represent the Pb(Il) concentrations
(mg/L) before and after adsorption in solution,
respectively [51].

The affected of various parameters such as pH solu-
tion, contact time, adsorbent dosage, mol ratio of PAR
to lead and breakthrough volume affected on removal
efficiencies of lead from aqueous solutions by magnetic
activated carbon nanocomposite (m-Fe;O,@ACCs)
adsorbents were investigated and optimized.

2.5. Removing of lead ion from real samples

The proposed procedure was applied to the
removal of lead ions in real samples such as top
water, Isfahan steel company’s wastewater (lead con-
centration in waste water was 0.03 mg/L) and Tehran
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Fig. 2. (a) TEM image, (b) magnetic hysteresis cycles and (c)

battery manufacturing industrial wastewater. The
sample were collected for 25d, filtered with qualita-
tive filter papers (4.25 cm diameters, 20-25 pm pore
size) to remove suspended particulate matter and
maintained in refrigerator (4°C) and above procedure
was followed. Lead remaining in the samples after
removal process was determined by inductively cou-
pled plasma optical emission spectroscopy (ICP-OES)
technique.

3. Results and discussion
3.1. Lead adsorption
3.1.1. Effect of pH

pH is one of the most important parameters con-
trolling uptake of heavy metals from wastewater and
aqueous solutions [52,53]. Fig. 3 shows the effect of
pH on lead removal efficiencies of m-Fe;O,@ACCs.

As can be seen from Fig. 3, by increasing of solu-
tion pH from 4.0 to 11.0, the lead removal increase
from 20 to 88%, that’s mean the Pb(II) adsorption

TGA analysis of the synthesized m-Fe;O,@ACCs.
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Fig. 3. Effect of pH on the removal of Pb(II).

Notes: Experimental conditions: volume =25 mL, [Pb>*]
=25mg/L, [62] =25mg/L, amount of sorbent=10mg,
stirring time = 30 min.

increasing of pH. The effects of pH can be investi-
gated from two aspects, effect on complexation
between PAR and Pb(Il) and effect on adsorbent sur-
face charge. The first effect explained by optimum pH
for complexation of the lead ions with PAR (pH 10.0)

capacity and removal efficiency increased with [48].

Adsorbent Acidic Neutral Basic

Carbon ~COOH + H* « -COOH, —COOH —COOH + OH™ <> -COO™
Carbon ~COH + H* « -COH} -COH -COH + OH™ < -CO~
Metal oxide ~MOH + H*' « -MOH; -MOH -MOH + OH™ < -MO™
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The adsorption affinity of m-Fe;O,@ACCs was
impacted  significantly by the physicochemical
properties of adsorbent and lead ions (include
complexes) under given pH. The hydroxyl and car-
boxylated groups on the surface of adsorbent (carbon
and metal oxide) in different pH were modeled as
below [54].

Due to existence of carboxylic group on the
surface of m-Fe;O,@ACCs, the surface charge of
m-Fe;0,@ACCs became negative by increasing of pH
and electrostatic attraction occurred between the posi-
tively charged metal ions complexes (Pb(NH3);" and
PAR-Pb(II)) and the adsorbent particles. At pH > 11.0,
the electrostatic and hydrophobic interactions reached
to maximum value and amount of removal and
extraction efficiency was constant, thus pH 11.0 was
chosen for further studies.

3.1.2. [LI/[PV**] mol ratio

Fig. 4 shows the effect of [L]/[Pb**] mol ratio on
Pb(I) removal efficiencies by m-Fe;O,@ACCs. In the
absence of PAR, the lead removal by sorbent was
55%. This removal can be explained by electrostatic
attraction between the positively Char%ed metal ion-
ammonium complexes (Pb**, Pb(NH;);") and adsor-
bent particles. With PAR adding in solution and
forming the PAR-Pb*" complex, due to hydrophobic
interactions between complex and adsorbent, the
removal efficiency was increasing from 55 to 89%. By
increasing in mol ratio of [L]/ [Pb?*], the lead removal
efficiency decreased due to competition adsorption
between the free ligand and complexes on the sorbent.
In most cases, it has been reported that addition of
ligand more than is stoichiometrically could be inhibit
the adsorption of metal ions and complexes by the
sorbent [55].
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Fig. 4. Effect of [62]/ [Pb?*] ratio on the removal of Pb(Il)
efficiencies.

Notes: Experimental conditions: volume =25 mL, [Pb>*]
=25mg/L, [62] =25 mg/L, amount of sorbent =10 mg,
stirring time 30 min, pH 11.
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Fig. 5. Effect of MNC-AC dosage on the removal of Pb(I)
efficiencies.

Notes: Experimental conditions: volume =25 mL, [Pb?*]
=25mg/L, [62] = 25 mg/L, stirring time = 30 min, pH 11.

3.1.3. Effect of sorbent dosage

The effect of m-Fe;O,@ACCs amount on the
removal of lead was investigated using a batch
technique by adding a known quantity of the
nanocomposite in the range of 5-80 mg (Fig. 5). The
percent removal of lead increased with increasing
m-Fe;0,@ACCs dosage up to 30 mg and eventually
reached to a value of 98%. This observation can be
explained by the greater number of adsorption sites
available for Pb(II) [56]. Further increase in the adsor-
bent dosage did not affect the removal of lead. There-
fore, the optimum dosage of m-Fe;O,@ACCs for
removing lead from their individual solutions was
found to be 40 mg.

3.1.4. Effect of contact time

The contact time between adsorbate and adsorbent
is one of the most important design parameters that
effect on the performance of adsorption processes [56].
Fig. 6 shows removal efficiencies as a function of

120
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Fig. 6. Effect of contact time on the removal of Pb(II)
efficiencies.

Notes: Experimental conditions: [Pb%*] = 25 mg/L, [62]
=25mg/L, pH 11, amount of sorbent =40 mg, volume
solution = 450 mL.
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stirring time ranging between 2 and 35 min. These
figure showed that adsorption process started immedi-
ately after adding m-Fe;O4@ACCs to solutions. The
removal efficiency rapidly increased from 58% in
the first minute of contact to a value of 99% where the
equilibrium condition was attained after 15 min.
Because shorter contact times in an adsorption system
have lower capital and operational costs for real-world
applications, therefore 15min was selected for
optimum contact time between sample solution and
m-Fe;0,@ACCs nanocomposite.

3.1.5. Effect of volume sample solutions (breakthrough
volume)

In removing process, the sample volume is one of
important factor. In order to obtain higher removal
factor, the ratio of sample to eluent volumes should be
increased by lowering the eluent volume and/or
increasing the sample volume [57]. Therefore, the
maximum applicable sample solution was investigated
by using increasing volume of metal ion solution and
keeping the total amount of metal ions constant at
1 mg. The effect of aqueous phase volume on the
removal lead from aqueous solutions was studied in
the range 25-600 mL. It was found that the dilution
effect was not significant for the sample volumes up
to 450 mL for lead removal efficiency (Fig. 7). At
higher sample volumes, the removal efficiency
decreased gradually with increasing volume of sample
solution.

3.1.6. Effect of interfering ions

The effects of common interference ions on the
sorption of Pb(Il) by m-Fe;O,@ACCs were investi-
gated. In these experiments, the solutions of 10 mg/L
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Fig. 7. Effect of aqueous phase volume on the removal of
Pb(I) efficiencies.
Notes: Experimental conditions: [Pb**]=25mg/L, [62]
=25mg/L, stirring time=30 min, pH 11, amount of
sorbent = 40 mg.
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Pb(Il) containing the interfering ions were treated
according to the recommended procedure. A series of
selected cations and anions was used to study and
evaluate their interfering effects on the sorption pro-
cesses of Pb(ll) by m-Fe;O,@ACCs. The selected
anions were Cl, NOj, and SOﬁf and the selected
cations were Na*, K", AI’**, Ca®", Ba®", Co*", Ni**,
Zn%*, Cu**, Cd**, and Mg2+. The tolerance limits of
the coexisting ions defined as the largest amount
making the recovery of Pb less than 95%. The data
listed (Table 2) are clearly showing that some of the
selected cations and anions such as (Na*, K*, AI**,
Ca%*, Ca%*, CI, NOj, and SOi_) no significant
influence on the removal of Pb(l) ion under the
selected conditions. However, Co?*, Ni**, and Cu®*
were found to exhibit high interference in Pb(II)
extraction by m-Fe;O,@ACCs because they have same
trends and behavior for complexation with PAR and
adsorption onto m-Fe;O,@ACCs.

3.1.7. Desorption and reusability studies

For express the cost effective of proposed method,
potential applications, the regeneration and reusability
of an adsorbent are important factors that should be
expressed. Possible desorption of lead ion was investi-
gated by using different solutions such as pure metha-
nol, pure ethanol, mixed methanol/acetic acid
solution (with different volume ratios of 1:1, 2:1, and
1:2), mixed water/acetic acid solution (with different
volume ratios of 1:1, 1:2, and 2:1), Nitric acid and
hydrochloridric acid. The study revealed that the
adsorbed lead could be completely desorbed in the
presence of mixed water/acetic acid solution with a
volume ratio of 1:1. In this study, more than 98% of
proposed lead could be desorbed and recovered by
1 mL of mixed water/acetic acid solution with a vol-
ume ratio of 1:1 in 25min, when 0.45mg Pb(II)

Table 2
Effect of interfering ions on metal sorption capacity of
Pb(II)

Ratio of interference ion

Interference ion on lead ([In]/[Pb**]) % Removal
Cu®* 1 60.0
Ni?*, Co** 2 87.1
Zn%* 10 92.2
Cd*, Mg** 50 94.8
AP* 100 97.3
Ba?*, Ca%* 400 95.2
Na*, K* 500 2.3
Cl, NO;, SO}~ 1,000 97.4
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(450 mL with a concentration of 1 mg/L) was already
adsorbed on m-Fe;O,@ACCs. The reusability of the
adsorbents in several successive separation processes
was tested and the result showed that the
m-Fe;04@ACCs can be recycled and reused for seven
times without significant reduction in its removal
efficiency.

3.1.8. Removing of lead ion from water and wastewater

The proposed procedure was applied to the
removal of lead ion in real samples such as top water,
Isfahan steel company’s wastewater (lead concentra-
tion in waste water was 0.03mg/L) and Tehran
battery manufacturing industrial wastewater. As can
be seen in Table 3, the proposed method could be
successfully applied for the removing of lead in real
aqueous solution.

3.2. Kinetic study

In order to understand sorption kinetics of lead
ion on m-Fe;O,@ACCs, pseudo-first-order kinetic and
pseudo-second-order kinetic were applied to experi-
mental data. In fact, examine the mechanism of
adsorption process such as mass transfer and chemical
reaction, a suitable kinetic model is needed to analyze
the adsorption data. In removing process, pseudo-
first-order and pseudo-second-order kinetic models
have been extensively used to describe the transport
of metal ions inside the adsorbents [58]. The confor-
mity between experimental data coefficient and the
model predicted values was expressed by the correla-
tion coefficient. The amount of lead ion adsorbed per
unit mass of the adsorbent was determined from the
following expression:

Table 3
The application of presented method for removal of Pb(II)
from real sample (n = 3)
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b= C=CIV @
m

where ¢, is the amount of adsorbed per unit mass of
the adsorbent at equilibrium time (mg/g), Co and C.
are the initial and equilibrium concentrations (mg/L),
respectively and m is the mass of the adsorbent (g)
and V is the volume of the solution (L).

The adsorption kinetics may be described by a
pseudo-first-order equation. The change in concentra-
tion of the system can be expressed using the
following equation:

ar K (qe -4, ©)

After integration by applying the initial condition at
t=0, g, =0 and rearrangement of equation, it can be
presented as a follows:

Kt
2.303

log(q, —q,) =log g, — @

where g; is adsorption capacity (mg/g), at any time,
and K; is the rate constant.

The adsorption kinetics by m-Fe;O4@ACCs may
be described by a pseudo-second-order equation.
The differential equation can be described as a
follows:

dq 2
d_tt = KZ (qe - qt) (5)

By integrating the above equation and applying the
initial condition of ¢ =0, g; = 0, the following equation
can be arrangement to obtain a linear form:

Added %
Sample (ug) Removal
Top water 0 9 +1
50 99 +2
100 98 +2
Wastewater (Isfahan steel company’s 0 9 +2
wastewater) 20 9 +2
50 94 +3
Wastewater (Tehran battery 0 98 +2
manufacturing industrial 20 94 +3
wastewater) 50 90 +3

t 1 t
- T (6)
g Keqz 4.
where K, (g/mgmin) is rate constant pseudo-

second-order adsorption [52].

The adsorption of Pb(Il) on m-Fe;O,@ACCs as a
function of contact time (1-40 min) in different initial
metal concentrations shown in Fig. 8.

A close look at Fig. 8 reveals that the adsorption
occurs quickly during the early stage of adsorption
reaction. The adsorption of Pb(Il) (g4 increased with
increasing contact time and rapid sorption was
observed during the first 5 min of contact time that may
be due to the plenty of availability active sites in the
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Fig. 8. Adsorption capacity-time for Pb(II) removal by
m-Fe;O,@ACCs.

sorbents. About 15 min of contact time was sufficient to
achieve this state and further increase in contact time
did not significant change on the adsorption of Pb(II). A
change in initial metal ion concentration from 10 to
40 mg/L caused an increase in the amount of adsorbed
lead complexes (PAR-Pb** and Pb(NH;);"). This could
be due to the increase in the driving force to overcome
all mass transfer resistance of metal ions between the
aqueous and solid phases [59].

The intercept of each plot in Figs. 7 and 8 are used
to calculate the adsorption rate constants (K; and K3)
and the amount of adsorption in equilibrium (ge). The
calculated kinetics parameters for adsorption of Pb(II)
ions onto the m-FesO,@ACCs at three initial concen-
trations of Pb(Il) ions are listed in Table 4. As can be
observed, at all initial concentration of Pb(Il) ions, the
correlation coefficients (R*) of the pseudo-second-
order kinetics model are higher than those of the
pseudo-first-order kinetics model.

Also, the experimental g. values are closer to g,
values calculated from the pseudo-second-order
kinetic model. The consistency of the experimental
data with the pseudo-second-order kinetic model indi-
cates that the adsorption of Pb(I) ions onto the m-
Fe;0,@ACCs at all concentration is controlled by
chemical adsorption (chemisorption) involving valence
forces through sharing or exchange electrons between
sorbent and sorbate. In chemical adsorption, it is
assumed that the adsorption capacity is proportional
to the number of active sites occupied on the adsor-
bent surface [60].

By this model, it can be assumed that the adsorp-
tion occurred through chemisorptions and the adsorp-
tion followed a monolayer regime on the adsorbent
surface. Also, the adsorption phenomena might
include the valance forces through sharing electrons
between Pb(II) ions and m-Fe;O,@ACCs [6].
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3.3. Adsorption isotherms

The adsorption isotherm provides information
between concentrations of metal ions in solution (Ceq;
mg/L) and the amount of adsorbed metal ions on
adsorbent (g.; mg/g) at equilibrium state. Langmuir
and Freundlich adsorption isotherms were used to fit
to the experimental data [59]. Linear regression was
frequently used to determine the most fitted model
throughout the years and the method of least squares
has been frequently used for finding the parameters of
the models. However, transformations of nonlinear
forms to linear isotherm equations implicitly alter
their error structure and may also violate the error
variance and normality assumptions of standard least
squares [61]. In this study, we used linear and
nonlinear method for descript the equilibrium state
data.

Langmuir model assumes uniform adsorption on
the surface and is valid for a monolayer sorption with
a homogeneous distribution of the sorption sites and
sorption energies:

o Klque

e Tk C @

Eq. (7) could be explained in linear form:

1 1 1
1_1. ®
qe qm KLque

That C. (mg/L) and g. (mg/g) are the concentrations
of sorbate and the amount of sorbate adsorbed at
equilibrium, and K, is the Langmuir’s constant that
related to the energy of adsorption.

Freundlich isotherm model can be used to descrip-
tion the sorption on heterogeneous surfaces as well as
a multilayer sorption. It assumption states that the ion
adsorption occurs on a heterogeneous adsorbent sur-
face. Freundlich model is expressed as follows:

qd. = KFC;/n (9)

The logarithmic form of the equation is expressed as
follows:

1
log g, = log K¢ + - log C, (10)

where Ky is the Freundlich constant and 1/n is the
empirical constant indicating adsorption intensity
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Table 4
The constant parameters of pseudo-first-order and pseudo-second-order models

Pseudo-first-order Pseudo-second-order

Concentration (mg/L) Jexp Jeall Ky R? fcal2 K; R?
10 47 7.9 0.13 0.9521 50 0.0061 0.9979
25 77 224 0.06 0.8575 83 0.0083 0.9998
40 145 50.5 0.10 0.9199 156 0.0056 0.9997
that depends on the temperature and properties of nanocomposite (m-Fe;0,@ACCs) have high

the sorbate and the sorbent [34]. The sorption iso-
therms of lead ion on m-Fe;O0,@ACCs are shown in
Fig. 9.

The adsorption behavior of Pb(I) on the
m-Fe;0,@ACCs expressed by Langmuir isotherm lin-
ear model gives the following equation:

% = 0.0041C. +0.073 (r* = 0.9939)

11

By using this equation, maximum adsorption capacity
calculated from the slope was 243.9 mg/g. From the
fitting curves in Fig. 9 and the correlation coefficients
listed in Table 5, it is clear that the Langmuir model
simulates the experimental data better than the Fre-
undlich model. This in turn suggests that adsorption
occurs as the monolayer lead adsorb onto the homoge-
nous adsorbent surface.

Maximum monolayer the sorption capacity (m)
was calculated from Langmuir model as 243.9 mg/g
(Table 5). The maximum sorption capacities for lead
removal by various species are given in Table 6. For
comparison that show the magnetic activated carbon
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Fig. 9. Adsorption isotherms for Pb(II) on m-Fe;O,@ACCs
at 298 K (nonlinear method).

capacity for the removal of Pb(I) from aqueous
solution. As mentioned, the high capacity related to
electrostatic and hydrophobic interaction between the
lead complexes (PAR-Pb*>* and Pb(NH;3);") and
m-Fe;O,@ACCs.

3.4. Desorption and reusability studies

To express the cost effective of proposed method,
potential applications, the regeneration and reusability
of an adsorbent are important factors that should be
expressed. Possible desorption of lead ion was investi-
gated by using different solutions such as pure metha-
nol, pure ethanol, mixed methanol/acetic acid
solution (with different volume ratios of 1:1, 2:1, and
1:2), mixed water/acetic acid solution (with different
volume ratios of 1:1, 1:2, and 2:1), nitric acid and
hydrochloridric acid. The study revealed that the
adsorbed lead could be completely desorbed in the
presence of mixed water/acetic acid solution with a
volume ratio of 1:1. In this study, more than 98% of
proposed lead could be desorbed and recovered by
1 mL of mixed water/acetic acid solution with a vol-
ume ratio of 1:1 in 25 min, when 0.45mg Pb(I)
(450 mL with a concentration of 1 mg/L) was already
adsorbed on m-Fe;O,@ACCs. The reusability of the
adsorbents in several successive separation processes
was tested and the result showed that the
m-Fe;0,@ACCs can be recycled and reused for seven
times without significant reduction in its removal
efficiency.

Table 5
Langmuir and Freundlich constants for adsorption of
Pb(II) onto m-Fe;O,@ACCs

Langmuir Freundlich
Imax (mg/g) Kp (L/mg) R* Kp (mg/g) n R?
243.9 0.06 0.9939 26.45 249 0.713
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Table 6

Comparison of adsorption capacity of various adsorbents for the removal of Pb(II)

Sorbent gm (mg/g) Refs.
Magnetic Fe;Og-silica—xanthan gum composite 21.32 [8]
Amino-functionalized Fe;O4 magnetic nano-particles 40.1 [6]
Kaolinite clay modified with 3-chloropropyltriethoxysilane 54.35 [63]
Combination of natural zeolite-kaolin bentonite 141 [58]
Magnetic hydrogels 126.4 [64]
Magnetic nanocomposite beads-chitosan 63.33 [65]
Algae 251 [66]
Peat 155 [66]
Iron oxide coated sewage sludge 424 [67]
Ethylenediamine modified attapulgite 100 [68]
Fe(Ill)-modified zeolite 133 [69]
Ethylenediamine functionalized SBA-15 360 [70]
Nano-scale zero valent iron 50.31 [71]
Combination of natural zeolite-kaolin-bentonite 140.9 [58]
Nanoparticles (NPs) suspensions of CeO, 189 [72]
Activated carbon 13.05 [73]
Zeolite tuff 34.48 [62]
m-Fe;0,@ACCs 2439 This work

4. Conclusion

In this study, magnetic-activated carbon nanocom-
posite  (m-Fe;O,@ACCs), as a novel magnetic
nanocomposite was fabricated by using activated car-
bon and Fe;O, nanoparticles which was characterized
by TEM, VSM, and TGA analysis. The m-Fe;O,@ACCs
nanocomposite was quite efficient as a magnetic
nanocomposite for the fast removal of lead from aque-
ous solutions. Magnetic nanoparticles have potential
application in the treatment of wastewater containing
heavy metal such as lead. Low cost, short contact
time, high adsorption capacity, stability, and reusabil-
ity are advantages of m-Fe;O,@ACCs as adsorbent.
The time required to achieve the adsorption equilib-
rium was 15 min. The adsorption of lead on the sur-
face of m-Fe;O,@ACCs was concluded to be
attributed to the electrostatic and hydrophobic interac-
tion between cationic complexes (PAR-Pb** and
Pb(NH3)2") and negative surface charge of adsorbent.
The adsorption data followed the Langmuir isotherm
equation and the maximum adsorption capacity on m-
Fe;0,@ACCs was 243.9 mg/g. It also indicated that
the adsorption was chemical adsorption process. Two
adsorption kinetic models have been applied to fit the
experimental data and pseudo-second-order was
proved to be the best kinetic model.

In addition, 1 mL water/acetic acid solution with a
volume ratio of 1:1 in 25 min was suitable for desorp-
tion lead ion and the reusability of m-Fe;0,@ACCs was
for seven times. Importantly, more than 99% of Pb(II)

could be removed by m-Fe;O,@ACCs from industrial
wastewater and tap water. Therefore, the magnetic acti-
vated carbon nanocomposite (m-Fe;O,@ACCs) could
be regarded as a potential candidate for high efficient
and renewable adsorbent for Pb(II) ions.
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