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ABSTRACT

Nano magnetite (Fe30,4) and its composite with kaolinite were synthesized and tested for
heavy metals (copper, lead, cadmium, chromium, and nickel) adsorption. The prepared
magnetite— kaolinite (Mag-KL) nanocomposites were characterized by Transmission Electron
Microscopy, powder X-ray diffraction, Fourier Transform Infrared spectroscopy, and the
Brunauer-Emmett-Teller method. Various factors influencing the adsorption of metal ions
such as contact time, initial metal concentration, pH, and the amount of adsorbent were
investigated to optimize the operating conditions for the use of Mag-KL nanocomposites.
The adsorption capacity of the magnetic composite increased with time. Adsorption reaches
equilibrium in 120 min and the adsorption increases with the increase in pH. The composite
was investigated for regeneration studies and the results confirmed that it could be reused
for the adsorption of metal ions from aqueous solutions over five cycles without change in

the sorption capacity.
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1. Introduction

Heavy metals are persistent environmental con-
taminants since they cannot be degraded or destroyed.
The poisoning effects of heavy metals are due to their
interference with the normal body biochemistry in the
normal metabolic processes causing various diseases
and disorders in living organisms [1-3]. Industrial,
agricultural, urban and rural runoff, natural geological
formations and household waste discharges directly or

*Corresponding author.

indirectly into water sources cause excessive pollution
of surface and underground water. Various treatment
techniques and process have been used to remove the
metallic ions from the wastewater, including precipita-
tion, evaporation, solvent extraction, ion exchange,
reverse osmosis, membrane separation, and so on.
Most of these methods suffer from some drawbacks
such as high capital and operational costs for the treat-
ment and the disposal of the residual metal sludge [4].

In recent years, the synthesis and utilization of
nano iron oxide have been widely studied, due to
their nano size, superparamagnetism and the easy
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synthesis, coating, or modification [5]. Additionally,
properties such as low toxicity, chemical inertness,
high dispersion degree and biocompatibility, easy sep-
aration, and enhanced stability of magnetite nanoparti-
cles have been reported [6].

All these properties make magnetite nanoparticles
excellent candidates for combining metal binding and
selective adsorption properties; and many laboratory
studies indicated that magnetite nanoparticles in
various forms could effectively remove a range of
heavy metals, from water and wastewater solutions
[7]. However, it is reported that nanomaterials tend to
aggregate in solution [8]. Nanomaterials’ stability can
be enhanced, by their modification, based on the fact
that nano iron oxide could react with different
functional groups. The use of stabilizers, electrostatic
surfactants, and steric polymers has been widely pro-
posed for nanomaterial modifications [9]. It would be
very interesting to synthesize magnetite nanoparticles
composites and explore the effect of the composing
materials on the ability of the nanoparticles for the
removal of heavy metals. Clay minerals have high
sorption, ion exchange, and expansion properties.
Kaolinite is a kind of clay, which has many advan-
tages such as wide sources, low cost, simple process,
and easy use. In the present study, magnetite-kaolin-
ite (Mag-KL) nanocomposites were prepared, gather-
ing the adsorption features of kaolinite with the
magnetic properties of nano magnetite to produce a
magnetic adsorbent via chemical co-precipitation. The
magnetic composite was further used for the removal
of heavy metals. The adsorption capacity of metals by
Mag-KL nanocomposites was compared to that of the
prepared magnetite nanoparticles.

2. Materials and method
2.1. Materials

Ferric chloride hexahydrate (FeCl;-6H,0), ferrous
chloride tetrahydrate (FeCl,-4H,O), ammonium
hydroxide, nitric acid, copper sulfate (CuSO45H,0),
lead nitrate (Pb(NOs),), and the chloride salts of Cd(II)
and Ni(Il) were of analytical grade and obtained from
Aldrich, Germany. Kaolinite was obtained from
Merck. All aqueous solutions were prepared with
deionized water. The working solutions of metal ions
were prepared by appropriate dilutions of the stock
solution immediately prior to their use.

2.2. Synthesis of magnetite nanoparticles

Magnetite nanoparticles were prepared by co-
precipitation = method  obtained according to
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methodology previously described in other work [10]
with average size 2-5 nm. In that method, Fe** and
Fe®* ions with 2:1 M ratio were dissolved in deionized
water using anhydrous ferric chloride FeCl; and
ferrous chloride tetrahydrate FeCl,-4H,O.

Chemical precipitation was achieved by adding
NH4OH solution (25%) till a final pH of 10-12 was
attained maintaining vigorous stirring for 2h. The
precipitates were heated to 80°C for 30 min, and then
washed three times with distilled water and once with
anhydrous ethanol. The particles were then dried in
an oven at 70°C.

2.3. Synthesis of Mag-KL nanocomposite

Solutions of FeCl;-6H,O and FeCl,-4H,O at molar
ratio 2:1 in 200 ml of deionized water were mixed with
kaolinite. The amount of kaolinite was adjusted in order
to obtain kaolinite: iron oxide weight ratios of 1:1. The
solution was stirred at a rate of 200 rpm. Ammonium
hydroxide solution was added to precipitate magnetite.
Heat to 80°C, then dry in an oven at 80°C.

2.4. Characterization of adsorbents

The structural characterization of the prepared mag-
netite nanoparticles and Mag-KL was conducted by
powder X-ray diffraction spectrometry (XRD) using
Bruker D8 advance instrument. The instrument was
equipped with a copper anode generating (Cu-Ka) radia-
tion (1 = 1.5406 A). All samples were recorded between
5° and 80° (26) at a scanning rate of 4°/min. Size
investigation and morphology were identified by Trans-
mission Electron Microscopy (TEM) using JOEL JEM
(1230) electron microscope instrument with resolving
resolution 0.2 nm. Gas adsorption analyzer with the Bru-
nauer-Emmett-Teller method (Quanotachrome NOVA
Automated gas sorption systemsorb-1.12) was used for
the surface area determination, where N, gas was used
as adsorbate at 77 K. The functional groups of different
adsorbents were identified by Fourier Transform Infra-
red Spectroscopy (FTIR) using FTIR-6100 (JASCO- Japan)
instrument via the KBr pressed disc method, in a range
starting from 400 to 4,000 cm” ! wavenumbers.

Magnetic properties were measured in the solid
state using a Vibrating Sample Magnetometer (VSM).
The saturation magnetization value was determined
from the plateau region of the magnetic flux density
of a solid sample at 8,000.

2.5. Adsorption studies

The adsorption behavior of the prepared nano
magnetite and Mag-KL nanocomposite for metal ions
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(Cu®*, Pb**, Cr(VD), Cd?**, and Ni*") was investigated
by means of the batch experiments at room tempera-
ture. The adsorption of Cr(VI) by magnetite nanoparti-
cles was studied in another work [10]. A known
amount of the adsorbent was mixed with a synthetic
solution of Cu**, Pb**, Cr(VI), Cd**, and Ni**, sepa-
rately in 20 mg/L for each metal ion. Batch adsorption
experiments were conducted using different doses of
the adsorbent ranging from 0.1 to 4 g/L of solutions
containing heavy metal ions of desired concentrations
(20 mg/L) for each metal ion.

The adsorption of metal ions by prepared mag-
netite nanoparticles was investigated in the pH range
of 2-7. The solution pH was adjusted by 0.1 M NaOH
and 0.1 M HNOj;. Samples were shaken in a rotary
shaker at 200 rpm at different contact times ranging
from 5 to 140 min. The equilibrium adsorption capac-
ity, g (mg/g), of the metal was calculated using the
mass balance, according to the following equation:

ge = (Co — Ce)V/m ¢))

Where V is the sample volume (L), m is the mass of
the adsorbents (g), C, is the initial metal ion concen-
tration (mg/L), and C. is the equilibrium concentra-
tion of metal ion in the solution (mg/L).

2.6. Analytical methods

The concentration of metal ions in the solution was
determined according to APHA (2005) [11] using
Atomic Absorption Spectrometer (Varian Spectra AAS
220) with graphite furnace accessory and equipped
with deuterium arc background corrector. The preci-
sion of the metal measurement was determined by
analyzing (in triplicate).

2.7. Desorption of metal ions and reusability of adsorbents

In this experiment, desorption of metals from
metal-loaded nanoadsorbents was performed using
5M HNO; solution. Mag-KL nanocomposite contain-
ing metals was exposed to 10 mL of 5 M HNO; and
agitated at 200 rpm for 2h. After desorption, the
nanoadsorbent was separated by a small magnet fol-
lowed by filtration and metal concentration measured.
To test the reusability of the nanoadsorbents, 10 mL of
100 mg/L metal solution was mixed with 20 mg of
adsorbents for 2 h and then desorbed with the addi-
tion of 10 ml of 5 M HNO;, with stirring for 2 h. After
each cycle of adsorption-desorption, the adsorbent
was washed thoroughly with distilled water to
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neutrality, then dried and reconditioned for

adsorption in the succeeding cycle.

3. Results and discussion
3.1. Adsorbents characterization

TEM image for Mag-KL nanocomposite is shown
in Fig. 1 and has a size of individual particles ranging
within 7-11 nm.

The XRD pattern of magnetite-kaolinite composite
is displayed in Fig. 2, there are several relatively
strong flection peaks in the 26 region of 10-30°. The
peak positions at diffraction angles of 30.1, 35.5, 43.1,
53.4, 57.0, and 62.6° proved the presence of magnetite.
Peaks at 20 of 12, 20, 22, 25, and 56° indicate the pres-
ence of kaolinite.

FT-IR spectra of Mag-KL nanocomposite, magnetite
nanoparticles and kaolinite are compared in Fig. 3. As
illustrated, the absorption band of Fe-O appeared at
537 cm ' for the composite. In the FT-IR spectra of
kaolinite, the bands 3,621-3,960 cm™! correspond to
stretching vibration of OH groups attached to octahe-
dral layer of kaolinite. The Si-O stretching band in the
1,111 em ™', the Si-O-Si asymmetric stretching band in
the 1,029 cm ™!, and the Si-O-Al bending band in the
537 cm ™' are clearly seen. It was reported that the
bands around 1,030 cm™! were due to the red clay ori-
gin of kaolinite [12]. The bands 1,112cm™" and
1,029 cm™" are the most intense Si-O stretching modes
and can be observed in most of silica minerals. The
bands at 935cm™' and 912 cm™' are attributed to
hydroxyl vibration modes. The presence of magnetic
nanoparticles can be seen by two strong absorption
bands at around 467 and 720 cm ™" [13].

Surface area of the prepared composite is
68.25 m*/g with total pore volume 0.027 cm’/g and
average pore diameter 159 A. The surface area

Fig. 1. TEM image of Mag-KL nanocomposite.
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Fig. 2. XRD pattern of Mag-KL nanocomposite.
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Fig. 3. FTIR chart of kaolinite, magnetite nanoparticles,
and Mag-KL nanocomposite.

decreased compared to the surface area of magnetite
nanoparticles (125 m?/g). The magnetic properties of
Mag-KL nanocomposite decreased compared to the
synthesized nano magnetite. Fig. 4 shows the hystere-
sis loops of the samples and the saturation magnetiza-
tion was found to be 58.2 and 38.2 emu/g for nano
magnetite and Mag-KL nanocomposite, respectively.
Since the total iron concentration is constant in both
prepared nano magnetite and Mag-KL nanocomposite,
the decrease in saturation magnetization was due to
the increased amount of kaolinite used in magnetite
suspension, and its presence on the surface of mag-
netite nanoparticles creates a magnetically dead layer.

3.2. Sorption experiments
3.2.1. Effect of contact time

The results showed that the adsorption of the stud-
ied heavy metals shows gradual increase with the con-
tact time and reaches equilibrium at 60 and 120 min
using nano magnetite and Mag-KL nanocomposite,
respectively. The composite showed comparable and
less removal percentage to that obtained from nano
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Fig. 4. VSM chart
nanocomposite.

of nano magnetite and Mag-KL

magnetite. The removal percentages were 95.8, 94,
92.8, and 92% for Cu?**, Pb**, Cd**, and Ni** metal
ions, respectively, using nano magnetite. The percent-
ages were decreased to 90, 88, 85 and 83.2% for Cu*,
Pb**, Cd** and Ni** ions respectively using Mag-KL
nanocomposite.

3.2.2. Effect of initial pH

Results showed that the adsorption increased with
increasing pH for all metals at initial metal ion concen-
tration of 20 mg/L. Fig. 5((a) and (b)) shows the effect
of pH on the metal removal percentage of different
metals using magnetite and Mag-KL nanocomposite.

The adsorption of metal ions onto the surface of
iron oxide is likely to be an electrostatic attraction
between the negatively charged surface of the iron
oxide and the positive metal ions. Increasing the pH
increases the surface deprotonation [14,15] which, in
turn, results in the increase of the negatively charged
sites. These charged sites enhance the attractive forces
between the sorbent surface and metal ions [15]. Cu**
removal increased to 98% at pH 5. The species of Cu
influences its charge properties and likely uptake by
magnetite. Overall, the dominant form of Cu at pH 2.0
is Cu?* and with an increase in pH from 2.0 to 5.0, other
species including Cu,(OH)3", Cu(OH)*, Cuy(OH)*,
and Cu3(OH);", are formed. The same thing happens
to Pb(Il), where the highest adsorption occurring at pH
6.5. Similar results were obtained by Nassar [16].

For pH above 5, adsorption experiments were not
conducted for Cu and above pH 6.5 for Pb because of
Pb(OH), and Cu(OH), precipitation [16].

The removal percentages of Cd** and Ni** gradu-
ally increased to 94 and 91%, respectively, using nano
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Fig. 5. Effect of initial pH on heavy metals removal by (a) magnetite nanoparticles and (b) Mag-KL nanocomposite.

magnetite with the pH increasing to 6.5 and 7. The
removal percentages of Cd** and Ni** using Mag-KL
gradually increased with increasing pH, but the
removal is still less than that obtained from using
nano magnetite. The dominant form of Ni is Ni** and
at pH 4.0, the species Ni(OH)™ is formed [17]. At pH
above 6.5, adsorption experiments were not conducted
for nickel as the precipitation of nickel hydroxide was
observed. Cadmium ions have a higher adsorption
affinity to the nanoadsorbents than the ions of nickel.
This affinity is related to a number of factors such as
molecular mass, ion charges, ionic radius, hydrated
ionic radius, and hydration energy of the metals.

3.2.3. Effect of adsorbent dose

As the adsorbent dosage increases, the adsorption
increases. The removal of heavy metal ions increased
with increasing composite and nano magnetite doses
and equilibrium achieved at doses up to 2 g/L.

3.2.4. Desorption of metals and reusability of nano
adsorbents

HNO; was used for the desorption of metals from
Mag-KL nanocomposite and nano magnetite. Ten
milliliters of 5 M HNO3; was mixed with the metal
mixture loaded adsorbents for 2 h. The desorption effi-
ciencies for different metals were found to be 96 and
90% using nano magnetite and Mag-KL nanocompos-
ite. After each cycle of adsorption-desorption, the
adsorbents were washed thoroughly with distilled
water to neutrality, then dried and reconditioned for
adsorption in the succeeding cycle. The results show
that the efficiencies of the recycled sorbents for
removing metals are nearly the same as those for the
fresh ones even after five times of recycling.

3.3. Adsorption isotherms

The Langmuir, Freundlich and Dubinin-Kaganer—
Radushkevich (DKR) are the most common isotherm

models that describe the distribution of a metal ion
between a solid and a liquid phase. Adsorption iso-
therms were obtained at optimum conditions of metal
ion adsorption for the prepared adsorbents.

Fig. 6(a) and (b) shows the plot of Freundlich
adsorption isotherm. The isotherm [18] suggests that
the adsorption phenomenon occurred on heteroge-
neous surfaces. The isotherm assumes that the surface
sites of the adsorbent have different binding energies
and has the following form:

log g. = log kr + 1/nlog C, 2)

Where kg, represents the adsorption capacity when
metal ion equilibrium concentration equals to 1 (mg/g)
and n is the degree of dependence of adsorption with
equilibrium concentration. Freundlich parameters are
shown in Table 1. The high R* values obtained are
shown in the table.

The Freundlich constant (1/n) is related to
the sorption intensity of the sorbent. When,
0.1 <1/n<0.5, it is easy to adsorb; 0.5 < 1/n < 1, there
is some difficulty with the absorption; 1/# > 1, there is
quite a lot of difficulty with the absorption as stated
by Treybal [19].

The values of 1/n were observed to be less than
unity for all the adsorbents which suggests that the
adsorption process is favorable.

The Langmuir isotherm [20] assumes monolayer
coverage of the adsorption surface and no subsequent
interaction among adsorbed molecules. Therefore, the
adsorption saturates, and no further adsorption can
occur. The isotherm can be represented in linear form
by the following equation:

Ce 1 Ce

= + 3)
qe b[/]max "Imax

Jmax is the maximum adsorption capacity at complete
monolayer coverage (mg/g), b is the Langmuir
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Fig. 6. Freundlich isotherm plots for metals adsorption by (a) magnetite nanoparticles and (b) Mag-KL nanocomposite
(pH 5.5, contact time: 60, 120 min for magnetite nanoparticles and Mag-KL respectively, shaking rate: 200 rpm, amount of

adsorbent: 2 g/L).

Table 1

Freundlich, Langmuir and DKR isothermal adsorption equation parameters for the adsorption of heavy metals by nano
magnetite and Mag-KL nanocomposite at room temperature (absorbent dose: 2 g/L, pH value: 5.5, metals concentration:
100450 mg/L, contact time: 60, 120 min for magnetite nanoparticles and Mag-KL respectively, agitation speed: 200 rpm)

Magnetite nanoparticles

Mag-KL nanocomposite

Pb** Cu** Ccd* Ni** Pb** Cu** Cr(VD ca* Ni**
Freundlich isotherm parameters
1/n 0.33 0.45 0.34 0.46 0.36 0.37 0.3 0.37 0.4
Kg (mg/g) 25.1 12.7 18.3 12.5 16.7 14.4 15.8 13.6 10
rR? 0.97 0.97 0.98 0.97 0.97 0.97 0.98 0.97 0.97
Langmuir isotherm parameters
Jmax (Mg/g) 161.3 138 121 120 106 98 100 97 95.2
b (L/mg) 0.09 0.027 0.027 0.026 0.06 0.05 0.05 0.04 0.04
rR? 0.99 0.99 0.98 0.99 0.99 0.98 0.98 0.98 0.98
DKR isotherm parameters
Gmax (mol/g)  4x107°  24x107° 38x10° 27x10° 3x10> 1.8x107° 34x10° 3x10° 2x107°
E (kJ/mol) 12 10.6 10.7 10.4 12.7 11 12.2 10.2 10
rR? 0.98 0.97 0.97 0.96 0.98 0.97 0.96 0.96 0.96

constant that relates to the heat of adsorption (L/mg).
The adherence of adsorption data to Langmuir equa-
tion was tested and the results are shown in Table 1.
These results suggest that Langmuir isotherm shows a
good fit to the experimental data with well-matched
correlation coefficients so that a heterogeneous dis-
tribution of active sites on the surface of the adsorbents
occurs. The values of .« Obtained from the Langmuir
model for metal ion adsorption on the composite are
less than that from nano magnetite. It is reasonable to
believe that the specific surface area gives an explana-
tion for this behavior, since nano magnetite has a
higher surface area than Mag-KL nanocomposite.

It has been reported that the maximum adsorption
capacity values of different conventional materials
such as Fly ash [21] and Sugar beet pulp [22] were
0.03 and 30.9 mg/g for Ni and Cu metal adsorption,

respectively. Adsorption capacity of nano magnetite
for Ni, studied by Sharma et al. [23], was found to
be 11.53 mg/g.

Magnetite nanoparticles of 8 nm size prepared by
Shen et al. [24] have adsorption capacity of heavy met-
als of 3546 mg/g at pH 4. Alginate and polyvinyl
alcohol modified Fe;O, with particle size 20 nm pre-
pared by Li et al. [25] have an adsorption capacity
6.73 mg/g at pH 1. There are only few adsorption
studies for Mag-KL nanocomposite.

The adsorption capacities of the prepared adsor-
bents as shown in Table 1 are high and the values
were 161.3 and 120 mg/g for Pb** and Ni*" using
magnetite nanoparticles.

DKR isotherm model was applied for metal ions
using the prepared adsorbents. The DKR isotherm
model is valid at low concentration ranges and can be
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used to describe adsorption on both homogeneous
and heterogeneous surfaces. The general expression of
the DKR isotherm [26] can be described by:

Ing = Ingpay — e 4)

p is the activity coefficient related to mean sorption
energy (mol’/kJ?), and ¢ is the Polanyi potential,
which can be calculated from the next equation:

e¢=RTIn (1 +Ci) 5)

€

where R is the ideal gas constant (8.3145 J/mol K), T
is the absolute temperature (K).

The slope of the plot of In g vs. &* gives # (mol*/J%)
and the intercept yields the maximum sorption capac-
ity, gmax (mol/g). E is defined as the free energy
change (kJ/mol), which required transferring 1 mol of
ions from solution to the solid surfaces. The relation is
listed in the equation:

F=—ie ©

The DKR parameters are listed in Table 1. The magni-
tude of E is useful for estimating the mechanism of
the adsorption reaction. Adsorption is dominated by
chemical ion exchange if E is in the range of
8-16 kJ/mol, whereas physical forces may affect the
adsorption in the case of E < 8 kJ/mol [27]. The E val-
ues obtained from Eq. (8) are 12, 10.6, 10.4 and 10.3
for Cu®*, Pb**, Cd** and Ni** respectively using nano
magnetite. The values were 12.7, 12.2, 11, 10.2 and
10kJ/mol for Cu®", Pb*", Cr(VI), Cd**, and Ni**
respectively using Mag-KL nanocomposite. Values are
in the adsorption energy range of chemical ion
exchange reactions. This suggests that metal adsorp-
tion onto Mag-KL nanocomposite is attributed to
chemical adsorption rather than physical adsorption.

3.4. Adsorption kinetics

Adsorption kinetics, demonstrating the solute
uptake rate, is one of the most important characters
which represent the adsorption efficiency of the com-
posite and therefore, determines their potential
applications. Adsorption kinetics samples were pre-
pared by adding 10 mg of Mag-KL nanocomposite
and nano magnetite to 5 ml solution at the effective
pH value for each metal (20 mg/L). Approximately 60
and 120 min were enough to achieve the adsorption
equilibrium using nano magnetite and Mag-KL
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nanocomposite, respectively, under our experimental
conditions.

The pseudo-first-order equation (Lagergren’s equa-
tion) describes adsorption in solid-liquid systems
based on the sorption capacity of solids [28]. The linear
form of pseudo-first-order model can be expressed as:

Kyt
log(g. — q¢) = logge — 2'3103 7)

where g. and g, are the amounts of adsorbed metals
on the adsorbent at equilibrium and at time ¢, respec-
tively (mg/g), and k; is the first-order adsorption rate
constant (min ).

The calculated results of the first-order rate equa-
tion are given in Table 2. The g, value acquired by this
method contrasted with the experimental value. So the
reaction cannot be classified as first-order.

Second-order kinetic equation was applied to find
a more reliable description of the kinetics.

The pseudo-second-order kinetics can be represented
by the following linear equation [29]:

Lo Lz + L ®
G kg ge

where k, is the pseudo-second-order rate constant of
adsorption (g/mg min).

Linear plot of t/q; vs. t is achieved according to
second-order kinetic equation (Fig. 7 (a) and (b)). The
equation parameters calculated from the slope and
intercept of the plot are summarized in Table 2. The
calculated g. values agreed very well with the experi-
mental data. Since the correlation coefficients of the
pseudo-second-order equation for the linear plots are
very close to 1, the pseudo-second-order kinetics was
a pathway to reach the equilibrium and the rate limit-
ing step in heavy metals adsorption is chemisorption
through the exchange of electrons between adsorbent
and metal ions.

The FElovich kinetic model [30] is based on

chemisorption phenomena and is expressed by
equation:

dg

= wexp(—fit) ©)

Chien and Clayton [31] simplified the Elovich equa-
tion to the form:

1 1
qr = Eln(“ﬁ) + Eln(f) (10)

where a (mg/g min) is the initial sorption rate and the
parameter f (g/mg) is related to the extent of surface
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Kinetic parameters for the adsorption of heavy metals by nano magnetite and Mag-KL nanocomposite at room tempera-
ture (absorbent dose: 2 g/L, pH value: 5.5, metals concentration: 20 mg/L, contact time: 60, 120 min for magnetite
nanoparticles and Mag-KL respectively, agitation speed: 200 rpm)

Nano magnetite

Mag-KL nanocomposite

Pb** Cu** ca* Ni?* Pb** Cu** Cr(VI) ca* Ni**
Pseudo-first-order
ge (mg/g) (calculated) 10 4.8 5.1 3.3 3.6 4.8 5.1 3.3 32
ge (mg/g) (experiment) 9.9 134 13 12 8 7.5 7 6.22 5.8
K; (min™") 0.04 0.024 0.033 0.01 0.04 0.024 0.033 0.01 0.02
R? 0.95 0.91 0.88 0.95 0.94 0.91 0.88 0.95 0.88
Pseudo-second-order
ge (mg/g) (calculated) 9 13.9 13.5 12 8.3 7.7 7.2 6.4 6
ge (mg/g) (experiment) 8.8 134 13 124 8 7.5 7 6.22 5.8
K, (g/mg min) 0.04 0.01 0.01 0.01 0.02 0.035 0.03 0.04 0.03
R? 0.99 0.99 0.99 0.99 80.9 0.99 0.99 0.99 0.99
Elovich kinetic model
a (mg/g min) 276.4 13,261 3724 1,483 280.9 828 85 413 50
B (g/mg) 0.78 1.01 0.82 1.04 0.78 1.56 1.3 1.78 1.5
R? 0.92 0.95 0.94 0.93 0.92 0.95 0.94 0.93 0.92
ACu Py ocd X Ni
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Fig. 7. Pseudo-second-order kinetics model of heavy metals adsorption by: (a) magnetite nanoparticles and (b) Mag-KL
nanocomposite (absorbent dose: 2 g/L, pH value: 5.5, initial concentration: 20 mg/L, contact time: 60, 120 min for mag-
netite nanoparticles and Mag-KL respectively, agitation speed: 200 rpm).

coverage and activation energy for chemisorption. The
kinetic results will be linear on a g; vs. In () plot and
the constants a and f can be computed from the slope
and intercept of the graph. The kinetic constants
obtained from the Elovich equation are listed in
Table 2. The correlation coefficients obtained using the
Elovich equation were lower than those of the
pseudo-second-order equation. So, the Elovich equa-
tion might not be sufficient to describe the mechanism
and the adsorption process is very fast, probably con-
trolled by chemical adsorption.

4. Conclusion

Magnetite nanoparticles and their composite with
Kaolinite were successfully synthesized using the

simple chemical co-precipitation method. Nanoparti-
cles and the composite showed a high adsorption
capacity for heavy metals with a super paramagnetism
solving the problem of the adsorbed toxic metal
separation from aqueous solutions.

The adsorption capacities of metal ions followed
the order: Cu®">Pb*" > Cr(VI) > Cd** > Ni**. The com-
posite had a removal percentage less to some extent
than pure nano magnetite. Adsorption by nano mag-
netite and Mag-KL nanocomposite attained equilib-
rium at 60 and 120 min, respectively, and was highly
dependent on the solution pH and adsorbent dose. The
adsorption data were well fitted by both the Langmuir
and Freundlich isotherms and the pseudo-second-order
kinetics. Sorption/desorption studies showed the
possibility to reuse the composite and magnetite
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several times for the sorption of copper, lead,
chromium, cadmium, and nickel ions from aqueous
solutions.
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