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ABSTRACT

In this study, a new approach was developed for the preparation of magnetic activated car-
bon (MAC) in which a nanocomposite with the mass ratio of 1:8 (Fe;O4:AC) was prepared
using commercial activated carbon (AC) treated with nitric acid and magnetite nanoparti-
cles synthesized by co-precipitation method. The MAC was characterized by scanning
electron microscopy, nitrogen adsorption isotherm at 77 K, vibrating sample magnetometer,
X-ray diffraction, and Fourier transform infrared spectroscopy. The results showed that
MAC had desirable magnetic properties and pure Fe;O, nanoparticles were successfully
synthesized and added to AC. The nanocomposite was successfully used as a separable
adsorbent for removing Pb** and Cd** from aqueous solutions. The adsorption perfor-
mances were evaluated by Langmuir and Freundlich isotherms, which showed the data
were well fitted to the Langmuir model. The adsorbent showed good adsorption capacities
of 49.8 and 86.2 mg/g for cadmium and lead at the initial pH levels of 6.0 and 5.0, respec-
tively. Kinetic studies were performed using pseudo-first-order and pseudo-second-order
kinetic models and the results demonstrated that the adsorption process followed second-
order model. Thermodynamics of the adsorption of lead and cadmium onto MAC was also
studied with results that showed the adsorption process was endothermic and spontaneous.
Adsorption performance of MAC was also evaluated using battery manufacture wastewater
samples and removal efficiencies of 91.4 and 96.6% were obtained for the removal of Cd**
and Pb**, respectively.

Keywords: Magnetic activated carbon; Separable adsorbent; Fe;O,; Heavy metals;
Nanocomposite

1. Introduction

Drinking water contamination is a worldwide
health concern, which has become increasingly impor-
tant since the 1990s [1]. In recent years, investigation
of water contamination with heavy metals has become

*Corresponding author.

the prime focus of environmental scientists [2]. Heavy
metal water contamination mainly occurs by natural
processes like weathering, erosion of bed rocks, and
ore deposits, and anthropogenic processes like mining,
smelting, industries, agriculture, and wastewater
irrigation [3]. Heavy metals present in some industrial
wastewaters, such as pulp and paper, tanneries,
petrochemicals, refineries, fertilizers, and steel and
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automobile industries have toxic effects on the receiv-
ing environment [4,5]. These metals are transported by
runoff water and contaminate water sources down-
stream from the industrial site [6]. Among various
metal ions, lead, mercury, cadmium, and chromium
(VI) are at the top level on the toxicity list [7]. Even at
low concentrations, these metals can be toxic to
organisms including humans [8].

Although the clinical presentations of toxicosis
from different metals may be quite varied, most met-
als induce damage through similar mechanisms, either
by binding the metals to vital enzymes or by substitut-
ing the metals for other elements in biochemical reac-
tions [9]. Lead is known to damage the kidney, liver,
reproductive system, basic cellular processes, and
brain functions [10]. A variety of syndromes, renal
function hypertension, hepatic injury, lung damage,
and teratogenic effects may result from cadmium
toxicity [11].

Although various methods, including chemical
precipitation [12], ion exchange [13], coagulation and
flocculation [14], flotation [15], ultrafiltration [16],
nanofiltration [17], reverse osmosis [18], electrodialysis
[19], electrocoagulation [20], electroflotation [21], and
electrodeposition [22] have been applied for the
removal of heavy metals, adsorption is considered one
of the major techniques due to flexibility in design,
ease of operation, low-cost maintenance, and high
efficiency [23,24].

Despite the existence of a significant number of
adsorbents for heavy metal removal such as agricul-
tural waste material [25], plant wastes [26], montmoril-
lonite [27], lignin [28], diatomite [29], clino-pyrrhotite
[30], lignite [31], aragonite shells [32], natural zeolites
[33], clay [34], kaolinite [35], and peat [36], commercial
activated carbon (AC) is widely used today.

Powdered AC used for water contaminant uptake
has been traditionally discarded with the process
sludge after use, which results in secondary pollution
[37]. Therefore, it is necessary to use a method of
purification that does not generate secondary waste
and involves materials that can be recycled and easily
used on an industrial scale [38]. In order to solve this
problem, magnetic separation as a rapid and effective
technology has attracted attention. Combinations of
magnetic properties of iron oxides with adsorption
properties of carbon nanotube [39], graphene [40],
chitosan [41], zeolite [42], mesoporous silica [43], SiO,
shell [44], and AC [45] have been used for removing
different metallic ions.

In recent studies, magnetic activated carbon
(MAC) has been developed in two ways. The first
method consists of a series of preparation steps start-
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ing from AC impregnated with Fe3* solution, which is
followed by drying and calcination under inert atmo-
sphere [46]. The magnetic composite prepared in this
way has been used for removing arsenate [45], methyl
orange [47,48], methylene blue [49], and malachite
green [50] from aqueous solutions. In the other proce-
dure, AC is added to the solution of Fe®" and Fe**
salts with the molar ratio of 2:1. Then, co-precipitation
of ferric and ferrous ions onto the carbon surface is
achieved by adding NaOH or NHj to the mixture.
The reaction can be expressed as follows [51]:

Fe*™ + 2Fe*t + 80OH™ — Fe;04 + 4H,0 1)

The magnetic composite developed by this method
has been used for removing trinitrophenol [52], cobalt,
copper [53], mercury [54], congo red [51], and volatile
organic compounds (i.e. phenol, chloroform, and
chlorobenzene) [55] from aqueous solutions.

In the previous works, synthesis of magnetite
was performed at the presence of AC, which could
lead to the formation of other species of iron oxide
such as maghemite (magnetic) and hematite (non-
magnetic). In the present study, MAC with the
weight ratio of Fe;OgAC=1:8 was prepared. In
order to avoid the formation of other types of iron
oxides, synthesis of Fe;O,/AC nanocomposite was
performed in two separated steps: first, the FezO,
magnetic nanoparticles were synthesized by co-pre-
cipitation method under inert atmosphere and gath-
ered wusing a magnet. Second, the magnetite
nanoparticles were mixed with the HNOj;-treated AC
suspension. The nanocomposite was used as a high-
capacity adsorbent for removing cadmium and lead
from the aqueous solutions.

2. Experimental
2.1. Reagents and equipment

A commercial AC (Loba Chemie, India) with the
particle size of 100-200 mesh, nitric acid 65%, iron
salts (FeCl,-4H,O and FeCls;-6H,O), and ammonia
solution 25% (Merck, Germany) was used for
preparing the adsorbent. Standard stock solutions
(1,000 mg/L) were prepared by dissolving an appro-
priate amount of Pb(NOjz), and Cd(NOj3),-4H,O
(Merck, Germany) in deionized distilled water. The
initial pH of the solutions was adjusted using 0.1 N
HCl and 0.1 N NaOH. An atomic absorption spec-
trophotometer (GBC, 903, USA) was also used for
determining metal ions. For the pH adjustments, a pH
meter (Metrohm, 691, Switzerland) was applied.
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2.2. Preparing MAC

In order to obtain a surface modified AC, acid
treatment was performed using nitric acid. For this
purpose, 20 g of AC was added to 100 ml of HNO;
(65%). The mixture was constantly stirred for 3 h at
80°C. The nitric acid-treated activated carbon (NAC)
was filtered, rinsed, and finally, dried in an oven at
50°C for 24h. Magnetic Fe;O,/activated carbon
nanocomposite (MAC) with the mass ratio of 1:8 was
prepared by the following procedure: Magnetic
nanoparticles were synthesized by the co-precipitation
of Fe** and Fe’" in the absence of atmospheric oxygen.
In this step, a 300-ml solution containing 2.92 g of
FeCl3-6H,O and 1.05 g of FeCl,-4H,O was vigorously
stirred at 80°C under the nitrogen flow and 80 ml of
ammonia (25%) was added dropwise to the solution
for 30 min. Black colloidal magnetic particles were
separated by a simple magnetic procedure and rapidly
rinsed with 100 ml of deoxygenized water followed by
suspension in 500 ml of water. Then, 10 g of NAC was
added to the suspension and the mixture was stirred
under N, flow at room temperature for 1h. Due to
the opposite charges, acid-treated activated carbon
(pHpzc =2) and magnetite (pHp,.=6) attract each
other at pH range of 2-6, after 1h mixing, AC
adsorbed the nanoparticles. The magnetic composite
was easily separated by a magnet, dried at 50°C over-
night, and finally, dried at 110°C for 4 h. In order to
remove some of the iron ions loaded on the composite
surface, the MAC was washed with 500 ml of 0.2 N
HCI and then 500 ml of 0.1 N NaOH followed by
drying at room temperature.

2.3. Characterizing MAC

The point of zero charge (pHp,J) for MAC was
determined according to the following method: 0.1 M
NaCl solutions at different pH values (ranging from
1.0 to 11.0) were prepared using 0.1 N HCI and 0.1 N
NaOH. 02 g of MAC was added to 20 ml of each
solution. The mixtures were stirred for 20 h and the
final pH was measured. pHp,. was determined as the
pH of the NaCl solution that did not change after
contact with MAC [48].

Fourier transform infrared spectra (4,000-500 cm™ )
were recorded on an Fourier transform infrared
spectroscopy (FT-IR) spectrometer (Bruker, Tensor 27,
Germany) to observe the functional groups of the
adsorbent.

The X-ray diffraction (XRD) measurements were
carried out on an XRD diffractometer (Bruker, D8
advance, Germany, wavelength of 1.890 Angstrom, Co
Ka, voltage of 40 kW, current of 40 mA).
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Surface area and pore distribution were measured
by PHS 1020 (PHS, China) surface area analyzer using
nitrogen adsorption—desorption method. In order to
remove moisture, the samples were initially purged
with N, gas at 150°C for 2 h.

Surface morphology of the AC and MAC was
observed using field emission scanning electronic
microscopy (Hitachi, S4160, Japan). The samples were
coated with a thin layer of gold and mounted on a
copper stab using a double stick carbon stab.

A vibrating sample magnetometer (VSM) (Lake
Shore, 7400, USA) was used for magnetization mea-
surements and the hysteresis loop was obtained in a
magnetic field at room temperature.

2.4. Adsorption experiments

Adsorption studies for cadmium and lead removal
were performed using batch experiments. A fixed
amount of adsorbent was added to 50 ml of metal
solution with varying concentrations from 10 to
200 mg/L. The initial pH of the solutions was set to
its optimum value. The solutions were stirred
(150 rpm) at room temperature for 1 h to achieve the
equilibrium. The adsorbent was separated by a mag-
net. The metal uptake g. (mg/g) can be calculated as
Eq. 2):

5 (mg/g) = L= CV —ch) v @)

where Cy and C. are concentrations of the initial and
equilibrium metal ions (mg/L), V is volume of the
solution (L), and W is mass of MAC (g). The influence
of different parameters such as initial pH, adsorbent
dosage, and NaCl was also studied. For each experi-
mental run, a known amount of the adsorbent was
added to 50 ml of metal solution with the definite con-
centration of 100 mg/L. The initial pH of the solutions
was adjusted to the desired values.

The kinetic studies were carried out as follows. For
each metal, 500 ml of solution containing metal ions at
the concentration of 100 mg/L was stirred at 150 rpm
at room temperature. MAC was introduced into the
reaction tank at zero time and 10 ml of the solution
phase was withdrawn at various time intervals.

2.5. Desorption experiments

The reversibility of adsorption was investigated by
carrying out adsorption and desorption experiments.
First, adsorption of Cd** and Pb** from 50 ml of metal
solutions with an initial concentration of 10 mg/L was
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performed. After reaching the equilibrium, the
adsorbent was separated from the solution and added
to a jar containing 50 ml of 0.2 N HCI, followed by
stirring for 2 h. The adsorbent then was removed from
the solution, washed by deionized water and used for
the next cycle.

3. Results and discussion
3.1. Characterizing MAC
3.1.1. Point of zero charge of MAC

pHp.. is defined as the pH at which the total sur-
face charge of the MAC particles is zero. At the pH
levels higher than the pHp,., the MAC surface is nega-
tively charged, while the surface charge is positive at
pH below the pHp,. [56]. The results showed that the
HNO; treatment significantly reduced the pH,,. of the
AC. The pH,,,. was 2.0 for MAC and 6.5 for AC. Thus,
MAC is an acidic carbon. Acidic carbons have higher
density of oxygen-containing functional groups (such
as carboxyls, carbonyls, phenols, lactones, and qui-
nones) which significantly influence adsorption
properties and reactivity of ACs [52].

3.1.2. FTIR spectrometry

The FTIR spectra of AC, NAC, and MAC are
shown in Fig. 1(a). The FTIR bands can be divided
into three ranges of spectra: 4,000-2,000 (usually
assigned to dehydration and aliphatic units, mostly
free O-H, hydrogen bonded O-H, absorbed H)O,
symmetric and asymmetric stretching in C-H, —-CHo,,
or CH; bonds), 2,000-1,300 (comprising the most
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important oxygen functionalities characterized by the
presence of C-O and N-O containing structures), and
1,300-800 cm ™" (usually assigned to various C-O sin-
gle bonds such as those in ethers, phenols, and hydro-
xyl groups) [57]. Here, absorbance bands around
3,440, 1,680, 1,600, 1,440, 1,120, and 640 cm ' were
observed. The broad absorption band at 3,440 cm ™
corresponds to the hydroxyl (~OH) group [58,59]. The
peak around 1,680 cm™' was assigned to C=O vibra-
tions [59,60]. The C=0 stretching vibration of carboxyl
acid groups existing in an aromatic ring structure
generally appears at 1,700-1,680 cm™" [61]. The band
in the region of 1,600 cm™' is assigned to C=C aro-
matic [59,62]. The band observed around 1,440 cm™!
can be ascribed to carboxyl-carbonates structures
[63,64]. Also, the absorbance band at 1,120 cm™ ! indi-
cates the presence of both hydroxyl and ether-type
C-O structures [52]. A strong band at 640 was
observed in the spectra of MAC sample indicating the
presence of iron oxides [52]. Comparison of the FTIR
spectra of AC, NAC, and MAC samples indicated that
HNO; treatment increased acidic functional groups at
the surface of AC and also, iron oxide nanoparticles
were successfully loaded on the adsorbent surface.

3.1.3. X-ray diffraction

Fig. 1(b) shows XRD pattern for the MAC sample.
The peaks observed at 26=30.17°, 35.46°, 43.38°
53.69°, 57.23°, and 62.77° correspond to (220), (311),
(400), (422), 511), and (440) Bragg reflection,
respectively, compared with JCPDS file (No. 65-3107).
Therefore, the results confirmed the presence of pure
Fe;0, with a cubic spinel structure in the MAC
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Fig. 1. FTIR spectra of AC, NAC, and MAC (a) and XRD of MAC (b).
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sample. Besides, a broad peak centered about 260 = 25°
was observed corresponding to the AC.

3.1.4. Specific surface area and pore volume

The specific surface area, pore volume, and aver-
age pore diameter of the AC and MAC were deter-
mined by BET method, the results of which are listed
in Table 1. Results showed that the preparation proce-
dure reduced both total pore volume and specific sur-
face area of the AC while increasing the average pore
diameter. Although no changes were observed in the
micropore volume, the mesopore volume decreased
by about 10%, which can be explained by the pore
blockage caused by the magnetite nanoparticles. Fur-
thermore, the specific surface area of the AC
decreased from 1,378 to 1,257 m*/g (by less than 9%)
due to the occupation of oxygen functional groups
and magnetite nanoparticles into porous structure of
MAC; hence decreasing the specific surface area
[47,52]. Besides, widening of the pore diameters
(transformation of some mesopores to macropores)
due to the erosive effect of HNO3; was reported else-
where [65,66]. As reported, an increase in average
pore diameter results in the decrease in BET surface
area [67].

3.1.5. Field emission scanning electron microscopy
(FE-SEM)

Morphology of AC, MAC, and magnetite
nanoparticles was investigated by FE-SEM, as shown
in Fig. 2. Comparison between scanning electron
microscopy (SEM) images of AC (Fig. 3(a)) and MAC
(Fig. 3(b)) demonstrated the distortion of porous struc-
ture and formation of large macropores due to acid
treatment. In a similar study, the formation of porous
structure containing very large macropores due to the
erosive effect of HNO; was reported [66]. As repre-
sented in Fig. 3(c), Fe;O4 nanoparticles could be distin-
guished from the AC, because the former appeared to
be brighter than the supporting surface. According to
the results, the size of the Fe;O, nanoparticles
attached to the carbon surface was about 44 nm.

Table 1
Specific surface area and pore volume of AC and MAC
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3.1.6. Vibrating sample magnetization

The magnetization curve of MAC shown in Fig. 3
was obtained by a VSM with an applied magnetic
field of 9 KOe at room temperature. The saturation
magnetization was 5.06 emu/g for the MAC. These
results indicated that the MAC was superparamag-
netic (zero coercive field and zero remnant magnetiza-
tion), which implied uniform and small size of Fe;O,
nanoparticles in the composite [47].

Saturation magnetization of other MACs with dif-
ferent mass ratios of Fe;O4:AC reported in other
works is presented in Table 2. Considering the amount
of Fe;O, used in MAC preparation, the MAC synthe-
sized in this study has a high saturation magnetiza-
tion. As a matter of fact, at higher ratios of Fe;O4/AC,
greater amounts of active sites of AC are occupied by
nanoparticles and consequently, a lower contaminant
uptake is achieved. In addition, by wusing lower
amounts of Fe;O, in MAC preparation, we were able
to minimize the preparation costs.

3.2. Adsorption studies
3.2.1. Effect of pH on the adsorption capacity of MAC

Batch equilibrium studies at various pH levels
ranging from 2 to 7 were performed in order to
establish the effect of pH on the adsorption of Pb**
and Cd** and determine the optimum pH values. Plot
of adsorption capacity vs. initial pH for Cd** and
Pb** adsorption is given in Fig. 4, demonstrating that
the adsorption capacity of MAC toward the metal ions
increases with an increase in the initial pH of the solu-
tion. The pH of the solution plays a significant role in
metal sorption due to the competition of hydrogen
ions with metal ions for the sorption sites of the
adsorbent. As the pH of solution decreases, the con-
centration of hydrogen ions increases, which leads to
the competitive adsorption between H* and the metal
ions [68]. Furthermore, pH has an important effect on
the surface charge of MAC. As the results showed, the
PHpzc of MAC was 2, meaning that the surface charge
of MAC becomes negative at pH greater than 2.
Therefore, higher pH favors the adsorption of metals

Specific surface area  Total pore volume

Micropore volume

Mesopore volume Average pore

(m?/g) (em®/g) (cm®/g) (ecm®/g) diameter (nm)
AC 1,378 0.603 0.0861 0.517 0.561
MAC 1,257 0.549 0.0862 0.463 0.656
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Fig. 2. FESEM of AC x 3.00 k (a), MAC x 3.00 k (b), MAC x 100 k (c), and magnetite nanoparticles x 100 k (d).
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Fig. 3. Magnetization of MAC at 25°C.

onto the MAC surface due to electrostatic attraction.
As pH of the solution decreases, the adsorbent surface
charge becomes positive and hinders the binding of

the metal ions [69]. Another factor influencing the
effect of pH on the adsorption process is cadmium or
lead species [70]. According to the speciation diagram
reported for Cd** [71], at a pH greater than 6.0, differ-
ent species of cadmium are formed in aqueous sys-
tems; also, the hydrolysis of Pb** occurs at a pH
higher than 5.3 [72,73]. Therefore, predominant species
of cadmium and lead are Cd** and Pb** at pH lower
than 6.0 and 5.3, respectively. In this study, all further
experiments for Cd** and Pb** adsorption were
performed at pH of 6.0 and 5.0, respectively.

3.2.2. Effect of MAC dose and concentration of metal
ions

The influence of MAC dosage on the removal effi-
ciency and adsorption capacity of MAC was studied
at MAC concentrations of 0.2-1.6 g/L. As shown in
Fig. 5(a), for both Cd?** and Pb?**, the removal effi-
ciency increased with the increase in the adsorbent
dosage, while the adsorption capacity decreased. This



18788

Table 2
Magnetic properties of MACs at different ratios of Fe;O4
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Present study Zang et al. [37]

Yang et al. [49] Mohan et al. [52] Do et al. [47]

Fe;04 (Wt %) 11.1 33 40 50 23 154 5 10 30
emu/g 5.06 0.97 2.30 5.93 2.78 447 0.3 4.7 7
100 was decreased with an increase in the initial concen-
——Cd tration of metal solutions. At lower initial concentra-
80| —*—Pb tions of the metal ions, a higher percentage removal
- was observed, because the ratio of the available active
5 60 sites on the adsorbent surface to the initial concentra-
% 40 tion of adsorbate was higher; so, the active sites on
= the MAC adsorbed most of Cd*" and Pb** ions from
20 the solution [75]. At the initial concentration of
10 mg/L, MAC exhibited the highest removal efficien-

0 cies of 95.5 and 90% for Cd** and Pb**, respectively.

1 2 3 4 5 6 7 8

Initial pH

Fig. 4. Effect of pH on the adsorption of Cd** and Pb**
onto MAC (initial concentration 100 mg/L, MAC dose of
04 g/L).

can be explained by the fact that greater amount of
active sites are available at higher dosage of the adsor-
bent [74]. Maximum uptake of Cd** and Pb** ions by
MAC at the adsorbent dosage of 0.2 g/L was found to
be 48.7 and 84.5 mg/g, respectively. Therefore, further
batch experiments were performed with the adsorbent
dosage of 0.2 g/L.

Effect of metal concentration on the removal effi-
ciency of MAC was studied for Cd** and Pb** solu-
tions at varying concentrations from 10 to 200 mg/L.
It can be seen in Fig. 5(b) that the percentage removal

(a) 100 90
80 — |80

~ E=Cd (%R) B 70

2 60|C—3Pb(%R)

£ ——Cd (Qe) N 60

f 40 —=—Pb (Qe)

& 50
0 | | | 30

0.2 0.4 0.8 1.2

Adsorbent Dosage (g/L)

1.6

3.2.3. Effect of contact time

The plot of adsorption capacity vs. contact time
shown in Fig. 6 indicates that the adsorption of metal
ions (Cd** and Pb*") rapidly increased in the first
30 min; thereafter, a constant value of the adsorption
capacity was observed over time. Therefore, the equi-
librium time was found to be around 30 min. Similar
results have been reported by other researchers
[59,76,771.

3.2.4. Effect of ionic strength

In order to study the effect of ionic strength on the
adsorption of Cd** and Pb** onto MAC, adsorption
experiments at the presence of different amounts of

(b) 100
80
- =
%‘ﬁ z 60
?
5 - 40
20| —=—Cd
—+—Pb
0
0 50 100 150 200
Co (mg/L)

Fig. 5. Effect of (a) MAC dose (initial concentration 50 mg/L) and (b) initial metal concentration (MAC dose of 0.2 g/L)

on the adsorption of Cd** (pHj, 6.0) and Pb** (pHj, 5.0).
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100
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20
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Q, (mg/g)

—=—Cd
——Pb

0 50 100 150
t (min)

Fig. 6. Effect of contact time on the adsorption of Cd**
(pHin 6.0) and Pb** (pHin 5.0) onto MAC (initial concentra-
tion 100 mg/L, MAC dosage 0.2 g/L).

NaCl ranging from 0 to 5% (0-5,000 mg/g) were con-
ducted. The results shown in Fig. 7 indicate that the
adsorption of both Cd** and Pb*" ions onto MAC
decreased with the increase in the NaCl concentration.
Due to the competition of Na* ions with Cd** and
Pb** ions to complex with the surface acidic group of
the MAC, adsorption of Cd** and Pb** decreased in
the presence of Na* ions. On the other hand, forma-
tion of more stable PbCl and Cd-Cl complexes due to
the binding of CI~ ions with Cd** and Pb*" ions
decreased the affinity of the metal ions toward the
adsorbent [78,79].

3.2.5. Adsorption isotherms

Equilibrium adsorption isotherms are important in
determining the adsorption capacity of metal ions and

90 -
+
%0 0% NaCl
——Cd
70 0.5% NaCl
60
% 1% NaCl
50| o0
ER L 2% NaCl
5» 40
30 0.5% NaCl 4% NaCl
1% Nacl 5% NaCl
% Nal
20 2% NaCl
4% NaCl
10 5% NaCl
0.000 0.004 0.008 0.012

Ionic strength

Fig. 7. Effect of ionic strength on the adsorption of
Cd** (pHi, 6.0) and Pb** (pHi, 5.0) onto MAC (initial
concentration of 100 mg/L, MAC dosage 0.2 g/L).
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diagnosing the nature of adsorption onto the
adsorbent [80]. Langmuir and Freundlich equations, as
the most common models, were used to evaluate the
adsorption isotherm. The Langmuir isotherm model
assumes a monolayer adsorption which takes place at
specific homogeneous sites within the adsorbent and
all the adsorption sites are energetically identical [81].
The Langmuir equation is defined as in Eq. (3):

bQoCe
e =T 3
fe = 11C, ®
where Qp and b are the characteristic Langmuir

parameters, Qp is the maximum adsorption capacity
that is the amount of metal to form a complete mono-
layer in mg/g, and b is a constant related to the inten-
sity of adsorption in L/mg [82]. The Langmuir
parameters are achieved by the linearized equation as
given in Eq. (4):

C 1 C
e ___ 4 =c 4)
e QOh QO

Essential characteristics of the Langmuir isotherm can
be also expressed in terms of a dimensionless constant
of separation factor or equilibrium parameter, Ry,
which is defined as Eq. (5):

1

R, =
LT 146G

%)

where b is the Langmuir constant and C, is the initial
concentration of metal ions. Also, the Ry value indi-
cates the shape of the isotherm; R values between 0
and 1 indicate favorable adsorption, while Ry >1,
Ry =1, and Ry =0 indicate unfavorable, linear, and
irreversible adsorption isotherms, respectively [80].
The Freundlich isotherm is considered for describ-
ing both multilayer adsorption and adsorption on
heterogeneous surfaces [83] and can be written as in

Eq. (6):

1
e = EKfCe (6)

where g. is the amount of metal ions adsorbed onto
the unit mass of adsorbent at equilibrium (mg/g), Ce
is the equilibrium concentration of the metal ions
(mg/L), and K¢ and n are Freundlich constants
related to the adsorption capacity and adsorption
intensity, respectively [84]. If the value of 1/n is
lower than 1, it indicates a normal Langmuir
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isotherm [72]. The Freundlich parameters were car-
ried out by the linearized form of the Freunlich
equation as given in Eq. (7):

log g. = log K¢ + <111> log C. )

The Langmuir and Freundlich plots are shown in
Fig. 8(a) and (b), respectively. Langmuir and Freunlich
parameters for the adsorption of Cd** and Pb** on the
MAC are listed in Table 3. The results showed that
the adsorption data for both Cd** and Pb*" adsorp-
tions were well fitted to the Langmuir model
(* =0.9972 for Cd®*"and 0.9991 for Pb>*). Therefore, a
Cd**/Pb** monolayer was formed on the MAC
surface with a metal complex formation [81]. The val-
ues of Ry, for the Langmuir isotherm were between 0
and 1 and the Freundlich constant 1/n was smaller
than 1, which indicated favorable adsorption. The
maximum adsorption capacities of Cd** and Pb**
determined by Langmuir model were 49.8 and
86.2 mg/g, respectively.

Maximum adsorption capacities of AC and NAC
for Cd*" and Pb** were also determined under the
same conditions. The results showed that the maxi-
mum adsorption capacities of AC and NAC for Cd**
were 6.50 and 60.4 mg/g, respectively, while they
were 11.8 and 99.6 for Pb**, respectively. Comparing
the capacities of the adsorbents showed that the acid
nitric treatment significantly increased the adsorption
capacity. Lower Cd** and Pb** adsorption capacities
of MAC were observed compared to those obtained
for NAC, which can be explained by the fact that the
NAC’s active sites were occupied by small amounts of
iron oxide nanoparticles.

Several studies have been conducted using differ-
ent types of AC for the adsorption of heavy metals.
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Here, comparative information from the studies on
Cd** and Pb** removal by adsorption onto AC is
given in Table 4. As can be observed, the MAC pre-
pared in this research showed comparable adsorption
capacity for the removal of Cd** and Pb** with respect
to other types of ACs.

3.2.6. Kinetics of adsorption

Understanding the mechanism of metal ion interac-
tion is essential for controlling the adsorption process
[99]. To evaluate the kinetic mechanism of adsorption,
the pseudo-first-order and pseudo-second-order of
common kinetic models were used. The pseudo-first-
order model is given by Eq. (8):

t
log(qe — q:) = log ge — k1 2303 ®

where k; (1/min) is the rate constant for pseudo-first-
order adsorption and g. and g; (mg/g) are the
amounts of metal ions adsorbed onto the unit mass of
the MAC at equilibrium and at time ¢ (min),
respectively. The pseudo-second-order model is given
by Eq. (9):

t 1 t
=4 €)
g Ko qe
where k, (g/mgmin) is the rate constant for

pseudo-second-order adsorption.

Results of the kinetic models are listed in Table 5.
The plots shown in Fig. 9(a) and (b) display the first-
and second-order models for the adsorption of metal
ions onto the MAC, respectively. The pseudo-first-
order model was applicable only for the first 30 min at

(b) 2.2

y=0.2015x + 1.559
RZ= 0.654A3

[\

(a) 3
y=0.0201x - 0.0272
R2=0.9972
2
<
O
1
y=0.0116x+0.0234 ®Cd
0 R2=0.9991 APb
50 100 150
C, (mg/L)

Fig. 8. Langmuir (a) and Freundlich (b) isotherms for the adsorption of Cd** (pHj, 6.0) and Pb** (pHj, 5.0) onto MAC

(initial concentration 10-100 mg/L, MAC dosage 0.2 g/L).

14 y =0.1274x + 1.4807 = Cd
2 —
R2=0.5011 APD
1.2
1 2
log C,
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Table 3
Langmuir and Freundlich parameters for the adsorption of Cd** and Pb** onto MAC
Langmuir constants Freundlich constants
Qo (mg/g) b (L/mg) 2 1/n K¢ 2
cd* 49.8 0.827 0.9972 0.1274 30.25 0.5011
Pb>* 86.2 0.426 0.9991 0.2015 36.22 0.6543

which rapid adsorption took place. In a similar study,
the adsorption data were represented by the first-
order model only for the rapid initial phase [59],
whereas the data were well represented for the entire
adsorption period by the pseudo-second-order model.
Comparing the correlation coefficients of the two mod-
els, the pseudo-second-order model with much higher
values of r* (0.9997 for Pb** and 0.9994 for Cd**) can
better describe the adsorption kinetics. Also, the equi-
librium metal adsorption values calculated (gc.) by
the pseudo-second-order model were very close to the
experimental values (gexp) compared with the values
calculated using the other model.

The adsorption mechanism can be described by
three steps of external diffusion (transport of the
solute from bulk solution through a liquid film to the
adsorbent’s exterior surface), intraparticle diffusion
(solute diffusion into the pore of the adsorbent), and
adsorption reaction (sorption of the solute onto the
interior surfaces of the pores and capillary spaces of
the adsorbent) which occurs rapidly [84,100]. To deter-
mine the diffusion mechanism, the intraparticle diffu-
sion model was tested. The rate equation for
intraparticle diffusion can be determined by the
following equation:

e = kiat"® + ¢ (10)
where ¢ is constant and kg (mg/gmin®®) is the
intraparticle diffusion rate constant.

The plot derived from the intraparticle diffusion
equation is shown in Fig. 10. The three phases in the
intraparticle diffusion plot suggest that the adsorption
process proceeds by external diffusion, intraparticle
diffusion, and adsorption reaction. In most cases,
adsorption occurs rapidly. Therefore, the first two
steps are important in the adsorption kinetics [91].
The initial portion of the plot indicates a boundary
layer effect. This stage is completed in about 10 min.
The second portion (10-30 min) is due to intraparticle
diffusion [101,102] and the third portion is the final
equilibrium step where the intraparticle diffusion
starts to decrease due to less available adsorbent sites

[103]. Slope of the second linear portion of the plot is
defined as the intraparticle diffusion rate constant.
The intraparticle diffusion parameters are listed in
Table 5.

3.2.7. Thermodynamics of adsorption

To examine the effect of temperature, adsorption
experiments were conducted at 298, 318, and 338 K. It
was also found that the adsorption capacities of
Cd*'nd Pb** increased with increasing temperature.
Therefore, it can be concluded that the adsorption of
the metal ions onto the MAC is an endothermic
adsorption process. Thermodynamic parameters such
as change in enthalpy (AH®), free energy (AG"), and
entropy (AS°) for the adsorption of Cd** and Pb** onto
the MAC were calculated wusing the following

equations:
G
K. == 11
c. 1
AG® = —RT In K, (12)
AS°  AH°

where K. is equilibrium constant, Cs and C. are the
concentrations of metal ions on the surface of MAC
(mg/g) and in the liquid phase at equilibrium (mg/L),
R is the universal gas constant (8.314 ]/mol K), and T
is temperature (K).

AS® and AH® can be calculated from slope and
intercept of Van't Hoff plot of In K. vs. 1/T (Fig. 11).
The thermodynamic parameters are listed in Table 6.
Positive values of AH" indicated that the adsorption
processes for both Cd** and Pb** were endothermic
[104]. Also, positive values of AS® showed the affinity
of the metal ions and increasing randomness at solid—
solution interface during the adsorption process [105].
Negative values of AG® indicated spontaneous adsorp-
tion in which the degree of spontaneity increased with
the increase in the temperature [106].
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Table 4

Comparative information from some studies on heavy metal adsorption by AC

Activated carbon (AC) Particle size Pb** (mg/g) Cd** (mg/g) Refs.

AC derived from bagasse <325 mesh - 38.3 (pH 4.5) [85]

AC prepared from coirpith 250-500 um - 93.4 (pH 5) [84]

Chemically-activated carbon prepared by - - 36.42 (pH 6) [59]
reacting corn stalks with concentrated
sulfuric acid at 180-220°C

AC prepared from coconut shell with 90 pm 26.51 (pH 4.5) - [77]
sulfuric acid activation

Porous particles composed of curdlan 60-100 mesh 75 (pH 6) 41 (pH 6) [86]
and AC

AC prepared from apricot stone and 1-1.25 mm 22.85 (pH 6) 33.57 (pH 6) [87]
activated with H,SO,

Commercial AC 10-30 mesh 10.77 (pH 6) - [88]

Tannic acid immobilized granular AC 20-60 mesh - 1.51 (pH 5.7) [89]

Commercial [palm shell based] AC 0.8-1.0 mm 95.2 (pH 5) - [90]

AC prepared from renewable plant <125 um 279.72 (pH 5) - [91]
material [Euphorbia rigida] with HySO,
activation

Granular AC prepared from peanut shell ~ 10-20 mesh 35.5 - [92]
by phosphoric acid activation, modified
by HNO; [20% by mass]

AC were prepared from Tamarind wood - 134.22 (pH 6.5) - [76]
material by chemical activation with
sulfuric acid

AC prepared from olive stone activated 150-350 pm - 1.85 (pH 6.15) [68]
with ZnCl,

AC modified with tartrazine 100-150 pm 25.5 (pH 8) 13.2 (pH 8) [93]

AC prepared from Spartina alterniflora by ~ 0.03-0.08 cm 99 (pH 5.6) - [70]
phosphoric acid activation

AC prepared from sawdust of rubber 80-230 mesh  93.43 (pH 5) - [94]
wood (Havea braziliansis)

AC prepared from phaseolus aureus 100 mesh 21.8 (pH 6) 15.7 (pH 8) [80]
hulls

Granular AC treated with nitric acid 20-40 mesh - NGAC =18.88(pH 6) [95]
(NGAQ) in presence of anionic SDS = 22.82 (pH 6)
surfactant of SDS

AC modified by 1-acylthiosemicarbazide = 100-200 mesh  48.56 (pH 3) - [96]

AC prepared from Tamarind wood with <150 pm 43.85 (pH 6.2) - [97]
ZnCl, activation

AC impregnated with anionic surfactants =~ 20-40 mesh - 22.26 (pH 6) [95]

AC produced from palm kernel shell 1.68-2.38 mm  1.337 (pH 5) - [60]

AC prepared from Polygonum orientale 160 mesh 98.39 (pH 5) - [72]
Linn with phosphoric acid activation.

AC prepared from Apricot stone material =~ 125-250 um 21.38 (pH 6) - [69]
by chemical activation with sulfuric
acid

AC prepared from the cones of the 20 mesh 27.53 (pH 6.7) - [98]
European Black pine

AC from lotus stalks by guanidine 100-160 mesh - 33.16 (PPA) [63]
phosphate activation (GPP) and 39.45 (GPP)
phosphoric acid activation (PPA)

Magnetic activated carbon (MAC) 100-200 mesh AC =11.82 AC=6.5 Present study
prepared by activated carbon (AC) NAC =99.61 NAC =60.37

treated with nitric acid (NAC) and
Fe;O,4 nanoparticles

MAC = 86.21 (pH 5)

MAC =49.75 (pH 6)
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Table 5
Kinetic parameter for the adsorption of Cd** and Pb** onto MAC
Pseudo-first-order Pseudo-second-order Intraparticle diffusion
Qexp. Qcal. k] x 103 Qexp. Qcal. k2 x 103 Kid
(mg/g) (mg/g) (1/min) 7* (mg/g) (mg/g) (g/mgmin) 1* (mg/g min®®) ¢ ”
Cd** 45.14 25.03 65.41 097 45.14 46.29 7.08 0.9994 4.62 18.16  0.9925
Pb>*  85.37 25.56 97.65 0.90 85.37 86.20 10.94 0.9997 3.67 65.18  0.9959
(@) 15— (b) 3
[] uCd
y =-0.0284x + 1.3985
° 25| app ¥=0.0216x+0.0659
R2=0.972 R2 = 0.9994
~ 1 2
< .
o y = -0.0424x + 1.4076 Q15
g R2=0.9009
= 05 1
" Cd 05 y =0.0116x + 0.0123
’ R?=0.9997
0 APb 0
0 5 10 15 20 25 0 50 100 150
t (min) t (min)

Fig. 9. Pseudo-first-order (a) and pseudo-second-order (b) models for adsorption of Cd** (pHj, 6.0) and Pb** (pHj, 5.0)
onto MAC (initial concentration of 100 mg/L, MAC dosage 0.2 g/L).

100
.......... ‘................A
80
|~ y=3.6706x +65.183
2 60| [ R? = 0.9959
& A
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20 F® y=46171x+18.164 " Cd
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Fig. 10. Intraparticle diffusion model for adsorption of
cd* (pHin 6.0) and Pb** (pHin 5.0) onto MAC (initial con-
centration of 100 mg/L, MAC dosage 0.2 g/L).

3.3. Regeneration of MAC

Fig. 12 shows the removal efficiency of MAC
from the five cycles. As can be seen, the efficiencies
of MAC from the five cycles were 90.5, 89.8, 87.7,
84.2, and 80.5% for Cd*" and 95, 934, 92, 89.2, and
85.7% for Pb**, respectively. For both Cd** and Pb**,

ncd
= 2050.1x + 6.9896
0.8 R = 0.9994 APb
. 06
v
= |y=-563.06x+1997
0.4 2=0.9803
0.2

0
0.0029 0.003 0.0031 0.0032 0.0033 0.0034
1T (1/K)

Fig. 11. Van’t Hoff plot for adsorption of cda* (pHin 6.0)
and Pb** (pHin 5.0) onto MAC (initial concentration of
100 mg/L, MAC dosage 0.2 g/L).

the results showed no significant decrease in the
removal efficiency of MAC from the first to the fifth
cycle (11% for Cd and 10% for Pb). It can be
concluded that MAC can be recycled to the former
condition without any adverse effect on its
adsorption characteristics.
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Table 6
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Thermodynamics parameters for the adsorption of Cd** and Pb** onto MAC

AG® (k]/mol)

AH” (k] /mol) AS’ (J/mol K) 298 K 318 K 338 K
cd* 8.391 28.313 —0.056 —0.590 -1.191
Pb** 17.044 58.115 —0.286 —1.405 —2.614
100 that at higher doses of the adsorbent, MAC is able to
BCd WPb remove greater amounts of Cd** and Pb** from the
30 wastewater. The maximum removal efficiencies of
Cd** and Pb” obtained using 1.6 g/L of MAC were
% 60 91.4 and 96.6%, respectively.
E
S 40 4. Conclusion
In this study, a MAC with the mass ratio of 1:8
20 (Fe304:AC) was successfully produced using a new
method and its characterization was performed by dif-
0== ) 3 4 s ferent techniques. The MAC was an acidic carbon and

Number of cycles

Fig. 12. Adsorption capacity of Cd** (pHj, 6.0) and Pb**
(pHin 5.0) onto MAC by multiple cycles of regeneration
(Initial concentration of 10 mg/L, MAC dosage 0.2 g/L).

100
90| ®Cd
80| OPb
_ 70
£ 60
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< 40
30
20
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0 L]
0.2 04 0.8 1.2 1.6
MAC dosage (g/L)

Fig. 13. Removal efficiency of MAC for the removal of
Cd** and Pb** from battery wastewater.

3.4. Removal of Pb** and Cd** from battery manufacture
wastewater by MAC

MAC was tested for cadmium and lead removal
from battery manufacture wastewater (obtained from
Kerman Industrial Park) containing 20.8 mg/L cd*
and 55.5 mg/L Pb** with pH of 5.6. For this aim, dif-
ferent doses of MAC were applied for the removal of
Pb*" and Cd*". The results shown in Fig. 13 indicate

the pH,,. was 2.0. The FTIR spectra indicated surface
acidic functional groups on the surface of the MAC.
The specific surface area of the MAC measured by
BET method was 1,257 m*/g. The presence of pure
Fe;0, with cubic spinel structure at the surface of the
MAC was confirmed by XRD analysis. Saturation
magnetization of the MAC was 5.06 emu/g, which
made it a magnetically separable adsorbent.

The adsorbent was successfully used for removing
heavy metals from aqueous solutions. The pH of solu-
tion, MAC dosage, initial metal concentration, tempera-
ture, contact time, and ionic strength had a significant
effect on the heavy metals adsorption capacity of the
MAC. The maximum adsorption capacities of cadmium
and lead on MAC was 49.8 mg/g at pH 6.0 and
86.2 mg/g at pH 5.0, respectively. Results of isotherm
studies showed that the Langmuir model was well
fitted with the experimental data. Besides, the pseudo-
second-order model could better describe the adsorp-
tion kinetics. The thermodynamic parameters of lead
and cadmium adsorption onto MAC indicated that the
adsorption process was endothermic and spontaneous.
Desorption studies showed that MAC could be recycled
after the adsorption and used for a minimum of five
cycles. The prepared adsorbent was successfully used
for the removal of Cd** and Pb*" from battery manufac-
ture wastewater with removal efficiencies of 91.4 and
96.6%, respectively.
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List of Symbols

Je — adsorption capacity at equilibrium time
(mg/g)

Co — initial concentration (mg/L)

Ce — equilibrium concentration (mg/L)

14 — volume (L)

w — mass (g)

Qo — maximum adsorption capacity (mg/g)

b — Langmuir constant for intensity of adsorption
(L/mg)

Ry — Langmuir constant of separation

K — Freundlich constant of adsorption capacity

n — Freundlich constant for adsorption intensity

kq — rate constant for pseudo-first-order (1/min)

qs — adsorbed capacity (mg/g) at time ¢ (min)

k> — rate constant for pseudo-second-order
(g/mg min)

kig — intraparticle diffusion rate constant

K. — thermodynamic equilibrium constant

C, — concentration of metal ions on the surface of
adsorbent at equilibrium (mg/g)

Ce — concentration of metal ions in the liquid phase
at equilibrium (mg/1)

R — universal gas constant (8.314 ] /mol K)

T — temperature (K)

Abbreviations

AC — activated carbon

NAC — nitric acid treated activated carbon
MAC — magnetic activated carbon
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