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in Removal of Iron from Aqueous Solution and Groundwater Crosmatark
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AGNETIC iron oxide nanoparticles were synthesized by co-precipitation method

and characterized by using Fourier transform infrared spectroscopy (FT-IR), X-ray
diffractometer (XRD), and scanning electron microscopy (SEM). Adsorption properties
of the synthesized magnetic iron oxide nanoparticles towards iron ions were systematically
investigated, including pH effect, adsorbent dosage, initial concentration, temperature,
adsorption equilibrium and adsorption kinetics. The adsorption kinetics was studied by the
pseudo first-order and pseudo second-order models. The adsorption isotherm for the removed
iron ions were described by the Langmuir, Freundlich, D-R and Temkin isotherm models. The
obtained results reveled that, the maximum adsorption capacity for Fe ions was 28.2mg/g
and the removal percentage reached nearly 85% at adsorbent dosage 0.22g, temp. 60°C, time
210min., pH 4 and initial concentration 117.3mg/L. The adsorption capacity was increased
with the increase of temperature and decrease of adsorbent dosage. The reaction obeyed both
the pseudo second-order model and Langmuir isotherm model (with correlating constant R? is
0.98). Also, the calculated mean free energy of the sorption from the Dubinin—Radushkevich
isotherm was found to be 207.7KJ/Mol for iron ions, indicating a chemical sorption. With high
regression coefficients for Fe ions at 302K, and thermodynamic calculations suggested that the
adsorption of iron ions onto the magnetic iron oxide nanoparticles is an endothermic process.

Keywords: Magnetic iron oxide nanoparticles, Heavy metals ions, Adsorption isotherms,

Kinetics, Thermodynamics.

Introduction

Water pollution that caused by toxic heavy metals
is a worldwide environmental problem because
of its adverse effects on human health, as well
as on aquatic flora and fauna. Disposal of heavy
metals directly or indirectly in the soils and water
resources causes significant environmental risks,
due to their high toxicity, non-biodegradability,
and prevalent occurrence in nature [1,2].

Among the heavy metals, iron (Fe) has been
identified as one of the significant toxic elements
found in various industrial wastewaters. Iron is
an essential trace element of great importance for
humans, animals and plants. Iron is a vital element
in most biological systems like photosynthetic and

respiratory electron transport, nitrate reduction,
chlorophyll synthesis and detoxification of
reactive oxygen species in plants and plays a key
role in the transport of oxygen in the body. Most
iron-containing proteins contain ferric ions, at
least transiently. Well studied examples include
iron—sulphur clusters, oxyhemoglobin, ferritin,
and the cytochromes. The oxidation ability of iron
is a leading cause of poisoning in the human body

[3].

Gulp of large amounts of iron salt causes
vomiting and intestinal bleeding [4]. A high iron
concentration within water pipelines promotes
undesirable bacterial growth (iron bacteria),
resulting in the deposition of a slimy coating
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on the pipelines [5]. For the previous reasons,
removal of iron ions from water resources is
urgent. Noteworthy, the removal techniques for
metal ions have been developed in recent years.

Nanoparticles have high adsorption capacities
and large specific surface areas. They are highly
mobile in porous media because of their specific
functionality, surface area per unit mass and
smaller size than the relevant pore spaces and the
ease of modifying their surface functionality [6, 7].

Recently, magnetic nanoparticles (MNP)
such as Fe O, and y-Fe,O, have been utilized to
remove toxic metal ions, radioactive elements,
microbial pathogens and organic dyes from water
and wastewater [8,9,10]. The magnetic iron oxide
nano-materials are generally unstable in strong
acidic solutions and undergo leaching that leads
to reduction the lifetime of such materials.

Further limitation is based on the large ratio of
surface area to volume that leads to aggregation
of particles (magnetic and van der Waals) and
thus a minimization in their surface energy
[11,12,13]. Furthermore, magnetic nanoparticles
functioned or coated with organic/inorganic
molecules, surfactant, polymers and dendrimers
are more effective for the free functional groups
present on the surface due to providing a large
number of active sites as well as aqueous stability,
which is necessary for the successful adsorption
of metal ions [14]. This approach prevents the
agglomeration of magnetic nanoparticles as well
as providing an environment for the transferring

of hydrophobic iron oxide nanoparticles into a
hydrophilic system.

El-Sadat City is one of the newly constructed
industrial settlements in the western desert fringes
surrounding the Nile Delta. El-Sadat City has
received special attention during the last few
decades due to its reasonably good groundwater
resources. Groundwater is the only source of
drinking water, as well as for domestic, industrial
and agricultural purposes. Over-exploitation of
the groundwater to meet all the potential needs
could facilitate the migration of the accumulated
pollutant to reach the underlying groundwater.
Contamination of groundwater due to different
activities could therefore severely endanger
survival in this harsh environment. The occurrence
of heavy metals in industrial and municipal
sewage effluents is of interest because they are
often present at significant levels and if infiltrated
to groundwater can have severe effects on public
health. An understanding of groundwater origin,
sources, ages, migration pathway mixing rates
and pollution sources is necessary for the viable
long-term development of El-Sadat City.

Sadat city is the second new industrial city built
in Egypt (Fig.1). It is located in the north-west
of Cairo at the point 93km on Cairo-Alexandria
desert road with a total area of 500km? It is
located between 30° 30’ and 30° 50'E, and 30° 18
and 30° 30’ N. Sadat city was built as residential,
industrial, and agriculture city. The study area
includes oxidation ponds, a wooded area irrigated
with treated wastewater from the oxidation pond,

EGYPT
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Fig. 1. Location map of the study area
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TABLE 1. The heavy metals concentrations (ppm)in the selected water samples at the study area.

Water sample Cr Cu Fe Mn Pb Zn Co
1 0.0063 0.0601 1.136 0.2581 0.0172 0.1145 0.0062
2 0.0092 0.0081 0.4402 0.1502 0.0044 0.0581 0.0008
3 0.0074 0.0079 0.2975 0.0005 0.0004 0.0161 0.0017
4 0.0078 0.0283 2.800 0.7008 0.0049 0.8282 0.0011

30° 30

El-Sadat city B

30° 50

Fig. 2. Water samples sites map.

another area irrigated with groundwater and a
non-cultivated area.

Materials and Methods

Sampling

One surface water sample and four
groundwater samples were selected and collected
from the study area. Those collected water samples
analyzed at the laboratory of Desert Research
Center to detect the inorganic pollutants (soluble
heavy metals) in them (Table 1 and Fig.2).

Sorbent

All of the chemicals and reagents (FeCl,-6H,0,
FeSO,7H,0, HCl and Ethanol) used were of
analytical grade with the mass fraction purity
of 0.99 and used as received without further
purification where they supplied by Merck (India)
and from British Drug House, Poole(England).
Ferric chloride stock solutions were prepared by
dissolving a desired amount of the metal salt in
0.5% HCI to prevent hydrolysis and the working
solution was prepared daily with the required

dilution. The pH was adjusted using 0.1 M HCI
and NaOH.

Preparation and characterization of magnetic
iron oxide nanoparticles

Ferromagnetic Fe,O, nanoparticles were
synthesized with an eco-friendly method modified
by Peng et al, 2012[15]. The Fe,O nanoparticles
were synthesized in-situ by co-precipitation
method, which is a classical method for Fe,O,
generation. Briefly, 6.1g of FeCl,-6H,0 dissolved
in 100ml of distilled water, followed by addition
of a few drops of concentrated HCI in order to
avoid Fe(OH), precipitation, afterwards 4.2g of
FeSO,-7H,0 were also dissolved in a mixture
and heated to 90°C, then 10ml of NH,OH
(25%) was added rapidly, and pH of the solution
was maintained at 10. The mixture was stirred
at 90°C for 30min and then cooled to room
temperature. The black substance was collected
by centrifugation at 3,000rpm and washed to
neutral with ethanol and distilled water [16].
The chemical reaction of Fe,O, formation can be
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written as in Eq.1:
Fe*" + 2Fe* + 8OH™ — Fe 0, + 4H,0--—--- 6))

Characterization

FT-IR spectroscopy

Detailed structural and compositional studies
were carried out using a FT-IR 200 TERMO
spectrometer(Al-Azhar University laboratories,
Cairo, EGYPT). Figure 3 presents the magnetic
iron oxide nanoparticle FTIR spectra before (a)
and after (b) loading with iron. The bands from
571.94 to 408.83cm ™! are assigned to characteristic

Fe-O vibrations of Fe,O,. The band at 1632.09cm™
is due to bending modes of the water molecules
adsorbed on the iron oxide surfaces. Many O-H
vibrations occur at 3406.25 and the peaks at
1406.53cm™ are characteristics of the bending
of the O-H group. Slight differences occur at the
peaks at 571.94 to 408.83cm™! representing Fe—O
and —OH functions, respectively, before and after
iron adsorption was observed. The peak at 571.94
shifted to 571.78cm'corresponding to formation
of Fe—O—Fe on the active sites of the iron oxide
surfaces. The typical inverse spinel ferrite structure
involves two IR absorption bands, one at around

After Fe

%l

3793.71

3389.20

10

424713

571.72

%T

40883

571.94

4000 3500 3000 2500
Wavenumbers (cm-1)

a
8.

2000 1500 1000

Fig. 3. FTIR spectra of the iron oxide before (a) and after (b) Fe ions loaded on magnetic iron oxide nanoparticles.

400cm™ ! which attributes to stretching vibration of
tetrahedral groups Fe, + O, — [17]. Some peaks can
be seen to have disappeared from the iron oxide.
The peaks initially at 1406.53 and 1126.12cm™!
disappeared after iron adsorbed on iron oxide,
indicating their participation in Fe adsorption.
Furthermore, a significant shift in peaks (1632—
1630cm™) suggested that an interaction occurred
between the active sites of the adsorbent and the
removed Fe ions. Moreover, a distinctive reduction
in intensities of some peaks indicated their

involvement in the adsorption process [18].

X-ray powder diffraction
X-ray diffraction (XRD) patterns for magnetic
and nonmagnetic energy cane biochars were

Egypt.J.Chem. 62, No. 5 (2019)

obtained on a powder X-ray diffraction (XRD)
system under X-ray microanalyzer (Module
Oxford 6587 INCA x-sight) attached to JEOL
JSM-5500 LV scanning electron microscopy
at 20KV after gold coating using SPI-Module
sputter coater at the Regional Center of Mycology
and Biotechnology, Cairo, Egypt.

The X-ray diffraction (XRD) analysis was
carried out to investigate the composition and
crystal structure of the prepared samples. Figure
4 (a and b) showed the XRD patterns of the
pure and composite adsorbent. There are seven
characteristic diffraction peaks of the prepared
magnetite iron oxide nanoparticles. The diffraction
peaks at 18.3°,30.1°, 35.5°,43.1°, 53.48°, 57.05°
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Fig. 4. XRD spectra of (a) magnetite nanoparticles and (b) iron-loaded magnetite nanoparticles.

and 62.9° in Fig.4a were corresponded to (1 1 1),
(220),(311),(400),(422),(511),and (103)
crystal planes, which were well matched with face-
centered cubic phase of Fe,O,[19,20]. No other
impurity peaks could be observed, suggesting
high crystal purity of Fe,O,. On the other hand, all
the characteristic peaks of Fe,O, were also found
in Fig.4b after iron ions adsorption, indicating
the unchanged crystalline form in the composite.
Noticeably, the peak intensity of Fe,O, decreased
after iron ions loaded on magnetite iron oxide
nanoparticles.

Morphological analysis by scanning electron
microscope (SEM) and energy dispersive analysis
(EDX)

Surface morphologies of the adsorbent were
examined using a scanning electron microscope
(Model: JSM- 5500 LV; JEOL Ltd -Japan) by
using high vacuum mode at the Regional Center of
Mycology and Biotechnology, Cairo, Egypt. XRD
measurements were carried out using a BRUKER
D8 Advnaced Fe target Wavelength 1.54A 40kv
40mA Germany (CentralMetallurgical-Research-
Institute-CMRDI-Helwan-Cairo-Egypt).

The shape, size and surface morphology
of the magnetic iron oxide nanoparticles were
investigated previously. The SEM images
(Fig.5a) of the prepared Fe,O, nanoparticles show
agglomeration of these magnetic nanoparticles.
This aggregation was attributed to both magneto
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Item Min Max Mean Stddev
Elemk 0K 31.540 35.080 33.160 1.789
Elem% Mg K 0.370 0.4390 0.413 0.067
Elem¥ Si K 0.110 0.150 0.130 0.020
Elem% S K 0.320 0.350 0.340 0.017
Elem% Cl K 0.430 0.510 0.473 0.040
Elem$ Ti K 0.390 0.500 0.440 0.056
Elem% Mn K 0.550 0.570 0.557 0.012
Elemd Fe K 61.340 64.500 63.097 1.609
Elem% Cu K 0.610 0.810 ¢.723 0.103
Elem¥% Zn K 0.590 0.720 0.653 0.065

b

Z8 ks 4 Z whon Y >

Item Min Max Mean Stddev
Elem% 0K 42.040 47.830 44.673 2.930
Elem% Mg K -0.010 0.070 0.017 0.046
Elem¥ Si K 0.05¢ 0.030 0.070 0.020
Elem¥ SK 0.160 0.190 0.180 0.017
Elem% Cl K 0.130 0.190 0.167 0.032
Elem% Ti K 0.340 0.390 0.360 0.026
Elem% Mn K 0.370 0.440 0.403 0.035
Elem% Fe K 50.620 56.660 53.953 3.068
Elem% Cu K 0.050 0.210 0.107 0.090
Elem% Zn K 0.060 0.0%0 - 0,077 0.015
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Fig. 5. SEM-EDX spectra of (a) magnetite nanoparticles, (b) iron ions loaded on magnetite iron oxide nanoparticles.

dipoles and Van der Wall forces. Generally, the
aggregates are smaller than a few microns. SEM
elemental mapping clearly shows the iron and
oxygen distributed in the Fe,O, nanoparticles.
Elemental mapping also confirmed the loading of
iron, (Fig.5 a and b), on magnetite nanoparticles.
Intense iron EDX peaks confirm their adsorption
on magnetite surfaces. On the other hand, it
was clearly found that primordial Fe-Fe,O, had
widely distributed pore size from (10 to 20um),
which might give significant contributions in the
adsorption process.

Adsorption experiments

The adsorption experiments of Fe ions on
magnetic iron oxide nanoparticle were conducted
in a batch method, which permits complete
evaluation of parameters that influence the

Egypt.J.Chem. 62, No. 5 (2019)

adsorption process. In this method a fixed amount
of magnetic iron oxide nanoparticles was mixed
continuously with a specific volume of synthetic
solution and groundwater, and continuously
agitated at 303K using an incubator shaker at
70rpm, until the equilibrium is reached.

For adsorption studies, a series of 100ml
glass flasks were filled with 50ml of metal ion
solution of varying concentrations, maintained
at required temperature. Then an equal amount
of magnetic iron oxide nanoparticles (0.22g) was
added to each flask and subjected to agitation for
210min. The resultant solution was centrifuged
and the supernatant liquid was subjected for
the determination of iron ions using an atomic
absorption spectrometry (UNICAM 929 AA
Spectrometer, Solar) at DesertResearch Center,
Cairo, Egypt.
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The adsorption capacities were then obtained
by mass balance equation as follows,

_ (Cn — CE)V 2
Qe = Qs QO = ?2)

The removal percentage Yi€ld (R %) was
calculated by the following equation:

R %) =C"c;:"x 100 0)

where C and C, are initial and equilibrium metal
ion concentrations in solution, V' is the solution
volume (L) and W is the amount of dry adsorbent
used (g).

Results and Discussion

Adsorption process
Effect of solution pH on the removal process
The removal of Fe(Ill) by the magnetic iron
oxide nanoparticles is affected by the pH of the
solution. The relationship between the pH of Fe(I1I)

ions solution and the removal percentage (%) at
different pH (1-4) for concentration (290.39mg/L)
at different times for an adsorbent dose (0.22g)
of the magnetic iron oxide nanoparticles at room
temperature is illustrated in Fig.6. Effect of the
solution pH on the removal percentage of Fe(IIl)is
clearly seen that the iron removal rate of magnetic
iron oxide nanoparticles increases gradually
with an increasing solution pH from 30.77% at
pH 1.67 to 40.39 % at pH 4. This is due to the
deprotonation that occurred at the surface of the
magnetic iron oxide nanoparticles which creates a
strong attractive force between the sorbent surface
and the Fe(IIl) ions. At pH above 4, adsorption
experiments were not conducted because of the
formation of Fe(OH), precipitation.

Effect of the sorbent dosage on the removal
process

The sorbent dosage strongly affects the metal
removal efficiency of a system. The relationship

The removal percentage,%
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Fig. 6. Effect of the solution pH on the removal percentage of Fe(IIl) at interval times.
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Fig. 7. Effect of the sorbent dosage on the removal percentage of Fe(I1l) at interval times.
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between the sorbent dosage (0.11 to 0.55g) of
the magnetic iron oxide nanoparticles and the
removal percentage (%) at different times for
an initial concentration (290.394mg/L) at room
temperature and pH 4 is illustrated in Fig.7.
It is obvious from this figure that the removal
percentages of Fe(Ill) increased with the dose
increase from 0.11 to 0.55g of the magnetic iron
oxide nanoparticles.

On other words, when the magnetic iron oxide
nanoparticles dosage increased, the removal
percentage increased, this is due to the greater
surface and availability of more adsorption sites
at higher dosages of the adsorbent.

By continuous increasing for the metal uptake
(i.e., the amount of metal adsorbed per unit mass
of the magnetic ferric oxide nanoparticles), the
removal percentage will be decreased. The decrease
in metal uptake thereafter may be attributed to the
unsaturation/partial filling of sorption sites as the
number of sorption sites increased with an increase
in the magnetic ferric oxide nanoparticles content,
but the amount of sorbet remained constant (i.c.,
the magnetic ferric oxide nanoparticles has not
reached its adsorption capacity) [21].

Effect of contact time on the removal process
There is strong relation between the contact
time and the removal percentage (%) for a metal
ion by a sorbent. The relationship between
the contact time (5-210min) and the removal
percentage (%) for a sorbent dosage (0.22g) of

the magnetic iron oxide nanoparticles at different
times for an initial concentration (290.4mg/L) at
room temperature and pH 4 is illustrated in Fig.8.
It is apparent that as contact time increases, the
removal efficiency increases significantly until a
plateau is reached to 210min at which the removal
efficiency (%) hardly changes with time. The
initial sudden increase in removal percentage (%)
can be explained in terms of the high driving force
adsorption process at the beginning. However,
with the increase of the time the driving force
decreases as the metal ions being attracted. In
addition the available sites on the magnetic iron
oxide nanoparticles begin to decrease with time.

Effect of temperature on the removal process

During the sorption process, temperature
is considered as an important factor for metal
adsorption. The effect of temperature on Fe(III)
adsorption was studied in 25-60°C under the
reaction condition for a 0.22g magnetic iron
oxide nanoparticles with concentration of Fe(III)
290.394 mg/L at pH 4 and different times. Figure
9 shows that higher temperature resulted in
higher adsorption capacity. When the temperature
increased from 25°C to 60°C, the removal
percentage (%) increased from 40 to 90%for
Fe(Ill), respectively. Previous studies reported
that higher temperature could enhance adsorption
due to the increase in surface activity and kinetic
energy of the solute [22].

Effect of the initial metal ion concentration on the
removal process
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Fig. 8. Effect of the contact time on the Fe(IIl) uptake process.
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Fig. 9. Effect of the solution temperature on the Fe(I1I) uptake process.
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Fig. 10. Effect of the initial concentration on the Fe(I1I) uptake process at interval times.

The initial metal ion concentration constitutes
a significant driving force, allowing the ionic
mass transfer between the aqueous and the solid
phase. The relationship between initial Fe(III)
concentration (117.275 - 290.4mg/L) and the
removal percentage (%) at different times for
an adsorbent dose (0.22g) of the magnetic ferric
oxide nanoparticles at room temperature and
pH 4 is illustrated in Fig.10. From this figure,
it is noticed that the removal percentage (%) of
Fe(Ill) increases with the initial concentration
decrease until reaches to the best concentration
117.275mg/L, this is due to the concentration

gradient developed at the solid/solution interface.

At higher concentration of metal ions,
the active sites of the magnetic ferric oxide
nanoparticles well be saturated by the metal ions
and the process of adsorption decrease, while at
low concentrations occurred an attraction between
the metal ions and the sorbent at the surface by
some attractive forces that leading to an increase
in the the removal percentage (%).

In other words, an increase in initial metal
ion concentration results in a decrease in the
amount of metal ions removal efficiency, i.e.,

Egypt.J.Chem. 62, No. 5 (2019)
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the percentage of adsorption decreases. It can be
concluded that the rate of binding of Fe(III) ions
with the active sites of the magnetic ferric oxide
nanoparticles is initially high, but it gradually
decreases to reach equilibrium. This suggests
that the removal process is highly concentration
dependent. At lower concentrations, the number
of metal ions which are available in the solution
is less as compared to the available sites on the
adsorbent. However, at higher concentrations the
available sites for adsorption become fewer and
the removal percentage efficiency of metal ions
decreases. [23]

Results and Discussion

Adsorption kinetics of the metal ions

In order to analyze the adsorption mechanism
of heavy metal ions (Fe) onto the magnetic
iron oxide nanoparticles, three kinetic models
including the pseudo-first-order, the pseudo-
second-order and the intra-particle diffusion
models were applied to fit the experimental data
obtained at three different temperatures for the
heavy metal ion solution.

Pseudo-first order equation (Lagergren, 1898)
The pseudo-first order equation of Lagergren, 1898

unit weight of sorbent at equilibrium and at any time
t, respectively (mg/g) and ki is the rate constant of
pseudo-first order sorption (min!). After integration
and applying boundary conditions, ford =@ t=0
the integrated form of Eq. (4) becomes.

1 n(QB - Qt) = lnqe.l.c&l - klt e (5)

The values of rate constant (K1) and equilibrium
capacity (qy(e, 1,cal)) can be obtained from the
slope and intercept of plotting In(g, — ¢,) against time
for three temperatures (Fig.11).

Pseudo-second order equation(Ho and Mckay,
1998)

If the rate of sorption is a second order
mechanism according to Ho and Mckay, 1998
[25], the pseudo-second order chemisorption
kinetic rate equation is expressed as;

dq 2
E = kz (Qe - Qt) (6)

Where K2 the rate is constant of pseudo-second
order sorption (gmmnml_'l miin ), is the amount
of soluted sorbate at equilibrium (mg/g) and 9t
is the amount of solutessorbets on the surface of
the adsorbent at any time t (mg/g). Integrating
the equation (6) for the boundary conditions for

[24] is generally expressed as follows: t=0, g = o gives the following equations
7 and 8);
da_, (7and 8)
- k1@ — a0 @) ‘ 1 1 .
P — + _
. 1 kadZ, @z %)
Wherede and 4+ is the amount of metal sorbed per ’
4.0 .
P | = B02k
359 & * 318k
U NN A 333k
30 4 ; .
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S 50 - A
o
E 15 o i
] L]
T
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e |
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0 20 60 B0 100 120 140 160
time.min

Fig. 11. The pseudo-first order model at different temperature.
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Fig. 12. The pseudo-second order modelat different temperature.

And

h =k2q2, ®)

adsorption rate, and the constants can be

t
determined experimentally by plotting of la
against t (Fig.12).

The slope and the intercept of each linear plot
(Fig.11 and 12) are used to calculate the adsorption
rate constants (k, and k,) and the amount of
adsorption in equilibrium (q,). The calculated
kinetic parameters for adsorption of iron ions (Fe)
onto a linear form at two initial concentrations of
iron ions (low and high) are listed in Table 2. As
can be observed, at all temperatures (29°C, 45°C
and 60°C) of Fe ions, the correlation coefficient

(R?) of the pseudo-second-order kinetics model is
higher than that of the pseudo-first-order kinetic
model. The consistency of the experimental data
with the pseudo-second-order kinetic model
indicates that the adsorption of Fe ions onto
the magnetic iron oxide nanoparticles at low
temperature 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 adsorbent
surface [26].

Intra-particle diffusion model (Weber and Morris,
1963)

The initial rate of the intraparticle diffusion
according to Weber and Morris, 1963 [27] is the

65

60 4 —a— 302K
o5 | —e—]318K
—a— 333K
50
45
— 404
-~
o)
= 35 ] e
o 30 - /
..-
25 s
-

Fig. 13. intra-particle diffusion model at different temperature.
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following:
g =Kit™ +C

WhereK; is the intraparticle diffusion rate
coefficient (mg g'(-1) min'(-0.5)) and
C(mg g—l)provides an idea about the thickness
of the boundary layer[24]. The K; and C can be
obtained from the slope and intercept of a straight
line plot of g, versus ¢0.5 (Fig.13).

©)

The kinetic results were analyzed by the intra-
particle diffusion model in order to elucidate the
diffusion mechanism. The intra-particle diffusion
model parameters for adsorption of iron ions
onto the magnetic iron oxide nanoparticles at
three temperatures (29°C, 45°C and 60°C) were

calculated as listed in Table 2. According to this
model, if the plot of g, versus ¢ gives a straight
line, then intra-particle diffusion is involved
in the adsorption process and if this line passes
through the origin then intra-particle diffusion
is the rate-controlling step. However, if the data
present multi-linear plots, then two or more steps
influence the adsorption process such as external
diffusion, intra-particle diffusion and etc.....

As canbe observed, ata low initial concentration
of iron ions, the data points are related by two
straight lines. The first sharper portion is attributed
to the diffusion of adsorbate through the solution
to the external surface of the adsorbent (external
diffusion) and the second portion describes the

TABLE 2. Kinetic parameters &temperature [29°C (302K), 45°C (318K), 60°C (333K)].

Temp
Pseudo-first order Pseudo-second order Intrapaparticle diffusion
X)
qc,l scal kl R2 qc,Z.cal kZ H R2 Kint C R2
302 15.958 0.017 0.989 27.964 0.003 1.991 0.997 1.28 9.475 0.936
318 31.118 0.014 0.989 49.213 0.001 2.465 0.99 2.48 11.98 0.975
333 55.119 0.023 0.919 67.385 0.001 2.763 0.988 3.618 12.21 0.976

gradual adsorption stage, corresponding to the
diffusion of adsorbate molecules inside the pores
of the adsorbent (intra-particle diffusion). At high
initial concentrations, the data points are related
by one straight line, indicating that intra-particle
diffusion is mainly involved in the adsorption
process. The deviation of straight lines from the
origin indicates that the intra-particle diffusion is
not the sole rate-controlling mechanism.

The obtained results demonstrate that, the
kinetics of adsorption vary with the temperature
of heavy metal ion solutions. At all the studied
temperatures, adsorption of Fe(IIl) is controlled
by chemical adsorption, external diffusion and
to some extent intra-particle diffusion (low R*
values). This can be explained by the fact that at
higher temperature, the mass transfer driving force
is larger, and hence this resulted high diffusion
rates of heavy metal ions within the pores of the
magnetic iron oxide nanoparticles [28].

Adsorption isotherm modeling of the ions.
Isotherms are the equilibrium relations between

Egypt.J.Chem. 62, No. 5 (2019)

the concentration of adsorbate on the solid phase
and its concentration in the liquid phase. From the
isotherms, the maximum adsorption capacity can
be obtained. These data provide information on
the capacity of the sorbent or the amount required
to remove a unit mass of pollutants under the
system conditions. The data has been subjected
to different adsorption isotherms. Langmuir [29],
Freundlich [31], Temkin [32] and D-R [33] models
are the most common isotherms describing solid—
liquid adsorption system.

Adsorption isotherm experiments were also
performed by agitating an amount of the magnetic
iron oxide nanoparticles with a 50ml aqueous
solution at varies metal ion concentrations and
interval times. The contents were continuously
agitated in a temperature controlled flask shaker.
At the end of the pre-determined time intervals.
The amount adsorbed was determined from the
difference in the initial and residual concentrations
of the metal ion in the liquid phase. The data were
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fitted into the following isotherms.

Langmuir isotherm

Langmuir isotherm [29] is often used to
describe adsorption of solute from liquid solutions
on adsorbent and this model assumes monolayer
adsorption onto a homogeneous surface with
a finite number of identified sites. In order to
know the feasibility of the isotherm, the essential
features of the Langmuir model can be expressed
in terms of separation factor or equilibrium
parameter R, .

The Langmuir equation is represented in the
linear form as follows:

& 1

(10)

Where Ceis the equilibrium concentration
of adsorbate (mg/l),9e is the amount of soluted
sorbate at equilibrium (mg/1), £z is the Langmuir
adsorption constant (L mmol™") which is related to

theoretical maximum adsorption capacity (mg/g).

Co c
Langmuir plots \g, VS-Le | for adsorption of
metal ions onto magnetic iron oxide nanoparticles

at different concentrations and interval times.

For the Langmuir isotherm model, a
dimensionless constant (R1), commonly known
as separation factor or equilibrium parameter can
be used to describe the favorability of adsorption
on the polymer surface by:

f=13x0, ()

Cly

WhereCo is the initial metal ion concentration
and K is the Langmuir equilibrium constant.

The values of R, indicate that the shapes of
isotherms to be either unfavorable (R, > 1), linear
(R, =1), favorable (0 <R, <1) or irreversible
(R, =0). The R, values for Fe ions were
calculated and plotted against the initial metal
ion concentration. It is observed from Fig.14
that, the sorption of Fe ions on the magnetic
iron oxide nanoparticles increases as the initial
metal ion concentration increase, indicating that
this adsorption is even favorable for Fe ions ion
concentrations that have been investigated [30].
It is noticed that R, values in this study are in the
order (0 <R, <1) indicated that the magnetic
iron oxide nanoparticles are a suitable adsorbent
for the adsorption of Fe(Ill) ions from aqueous
solutions.

The Freundlich isotherm is derived by assuming
a heterogeneous surface with a non-uniform
distribution of sorption heat over the surface. It can
be stated in the linear form as follows:

1
lnqe=anF+ﬁlnCe (12)

WhereK, (mg g') and n are isotherm
constants indicate the capacity and intensity of the
adsorption, respectively.

The linear plot between Ing, verses InC,
gives a slope which is equal to the value of 1/n
and the intercept is /nK. The magnitude of
1/n <1 indicates the favorability of a process of
adsorption.

Freundlich isotherm represents the relationship

e

T T T T T T T
20 a0

T
100

T T T T

120

T T o T Ll
140 160 180

C_(mgl)

Fig. 14. Langmuir isotherm plot Freundlich Adsorption Isotherm [31].
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Fig. 15. Freundlich adsorption isotherm plot The Temkin Isotherm [32].

between the amounts of ionic species exchanged
per unit mass of magnetic iron oxide nanoparticles
(q,) and the concentration of the ionic species at
equilibrium (C)). It is obvious from Fig.15 that, the
uptake is nearly constant and then rapidly increased
with increase in the initial concentration, this may
be due to that at lower concentration of the solute
in the solution leads to low adsorption where at
increase the solute concentration, the adsorption
process will increase due to the abundances of
the Fe ions in the solution. On the other hand, the
irregularity of this adsorption indicates that removal
of Fe iron by magnetic iron oxide nanoparticles
does not obey the freundlich isotherm model.

The Temkin isotherm has been used in the
following form:

RT RT
Y i (Y —— (13)

RT
Where Br Br= by ) is the Temkin constant
(J/mol) related to adsorption heat, T is the

TABLE 3. Isotherm parameters.

absolute temperature® (K) is the gas constant
(8.314 J/mol K), and AT is the Temkin isotherm
constant (L/g). (B,) and (A,) can be calculated
from the slopes (BT) and intercepts (BlrIn[A7)
of the plot of Ge verses In C,.

Temkin isotherm assumes that (i) the heat
of adsorption of all the molecules in a layer
decreases linearly due to the adsorbent—adsorbate
interactions and (ii) adsorption is characterized
by a uniform distribution of binding energies,
to up some maximum binding energy. A plot of
q, versus InC, enables the determination of the
isotherm constants B, and A, from the slope
and the intercept (Fig.16), respectively. Temkin
isotherm parameters have also been listed in
Table 3. A, value for Fe ions was 185.65L/min,
suggesting strong bonding between the magnetic
iron oxide nanoparticles and the metal ion at
experimental condition. The B, values or heat of
adsorption for iron was 2.49J/Mol (Table 3).

Freundlich Langmuir
K 2 K 2
1/n (mg?g) R Qmax (mg/g) (L /nng) R, R
0.093
0.103 15.114 0512 28.225 0.0832 0.0713 0.987
0.0397
D-R Temkin
B (mol’kl?) | X,, (mglg) | E(ki/mol) R? (L/Anﬁn) R? BT
1.16x10°% 2439 207.71 0.2974 185.65 0.5167 2489

Egypt.J.Chem. 62, No. 5 (2019)
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Fig. 16. Temkin isotherm plot.

It is obvious from Fig.16 that, the uptake is
nearly constant and then rapidly increased with
increase in the initial concentration, this may be
due to that at lower concentration of the solute
in the solution leads to low adsorption where at
increases the solute concentration, the adsorption
process will increase due to the abundances of the
Fe ions in the solution. Also, the irregularity of
this adsorption indicates that removal of Fe iron
by magnetic iron oxide nanoparticles does not
obey the Temkin isotherm model.

Dubinin—Radushkevich isotherm model (D-R) [33]
The linear form of Dubinin and Radushkevich
isotherm model equation can be expressed as:

Inqe = In(Xp-r) —Pe? e (14)

Where Xp_r is the theoretical monolayer
saturation capacity (mg g'), § is the Dubinin—

Radushkevich model constant (mol® J ). € is the
polanyi potential and is equal to

1
£ = RTln(l -I-—)
Ce (15)

Where R, T and C, represent the gas constant (8.314KJ/
Mol), absolute temperature (K) and adsorbate
equilibrium concentration (mg/L), respectively.

The Xp-Rr and B can be calculated from the
slopes (8 ) and intercepts In(Xp_g) of the plot of
(ng.) vs(e*)at different temperatures for metal
ions onto the magnetic iron oxide nanoparticles.

The value of Ep-r is related to the sorption
means free energy ( K] ) The relationship is
expressed as: Mol

.
D-R = ﬁﬁ (16)
The equilibrium data were examined using
the Dubinin—Radushkevick isotherm model
in order to determine the nature of the sorption
processes as physical or chemical. The Dubinin—
Radushkevick sorption isotherm is more general
than the Langmuir isotherm as its derivation is not
based on the ideal assumption such as equipotency
of the sorption sites, absence of stoic hindrance
between sorbed and incoming particles and
surface homogeneity on a microscopic level. The
Dubinin—Radushkevick equation has been used to
determine the mean free energy of sorption.

From Table 3, the mean sorption energy
(E,) was evaluated as 207.71 KJ/Mol for the
sorption of Fe ions, onto the magnetic iron
oxide nanoparticles. According to the available
literature, the E_  value ranges from 1.0 to
8.0KJ/Mol for physical adsorption and from
8.0 to 16.0KJ/Mol for chemical ion exchange
and higher 16.0KJ/Mol for chemical reaction.
Therefore, these results indicate that the
adsorption of the iron ions onto the magnetic
iron oxide nanoparticles might be attributed to
chemical ion-exchange mechanism [34].

Figure 17 shows that, the polanyi potential
increases with the increase in the uptake of Fe

Egypt.J.Chem. 62, No. 5 (2019)
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ions onto magnetic iron oxide nanoparticles,
indicating a chemical sorption.

The adsorption parameters obtained from
both the models were given in Table 3. The
experimental data for Fe ions were fitted well
with Langmuir isotherm suggesting that the
metal ions sorbed from monolayer coverage
on the adsorbent surface. The correlation co-
efficient (R?) value found to be equal to 0.987
indicates that the metal ions can be described by
the Langmuir isotherm.

Thermodynamic studies

The thermodynamic parameters such as free
energy change (AG), enthalpy changes (AH) and
entropy change (AS) were obtained from the gibbs
free energy and van’t Hoff equation.

The sorption data obtained from the above study
(as the effect of sorption process temperature) was
used to calculate the thermodynamic parameters.
The calculated Gibbs free energy change (AG),
enthalpy change (AH) and entropy change (AS)
values for the sorption process of metal ions by
used magnetic iron nanoparticles material.

The Gibbs free energy changes with the
temperature and pressure of the thermodynamic
system. The van ‘t Hoff isotherm can be used to
determine the Gibbs free energy for non-standard
state reactions at a constant temperature.

The Gibbs free energy change, (AG), (KJ/Mol)
was calculated from the following equation; [35]

TAS® _AH°=AG° 17)

Egypt.J.Chem. 62, No. 5 (2019)

The van ‘t Hoff equation relates the change in
the equilibrium constant Kd of a chemical reaction
to the change in temperature T given the standard
enthalpy change (AH°) for the process. It was
proposed by Dutch chemist Jacobus Henricus van
‘t Hoff in 1884 in his book Etudes de dynamique
chimique (Studies in Dynamic Chemistry), where
the van’t Hoff equation can be summarized as
follows[36-38];

850 AR°

InK, = Cla (13)

The values of AH and AS were obtained from the

—(H . .
slope (%) and mtercl:ept ((S/R),respectively,

of the plot of nKq Vs. T.

In order to further support the assertion
that physical adsorption is the predominant
mechanism, the values of the activation energy
(Eq) and sticking probability (5*) were estimated
from the experimental data. They were calculated
using a modified Arrhenius type equation related
to surface coverage (0),[39] as expressed in
equations:

91 G @
Where C uu and C, are the initial and equilibrium
metal ion concentrations, respectively

S5*=(1-exp (%) (20)

The sticking probability, S*, is a function of the
adsorbate/adsorbent system under consideration
and is dependent on the temperature of the system.

The combination of Egs. (19) and (20) gives
the equation (21):
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C. E

— * ~a
lnC—u =lnS*+ RT 21
The values of E, and §* were obtained from the

E
slope (ﬁa) and intercept lnS*, respectively, of

C
ln 22 1
the plot of ", Vs. T

The parameter S* indicates the measure
of the potential of an adsorbate to remain on
the adsorbent indefinitely. It can be expressed
as in Table 4. The effect of temperature on the
sticking probability was evaluated throughout
the temperature range from 302 to 333K by
calculating the surface coverage at the various
temperatures. Table 4 also indicated that the
values of S* < 1 for the adsorbent, hence the

In kd

sticking probability of the metal ions onto the
adsorbent systems are very high.

The values of AH and AS were calculated from
the slope and intercept of the van’t Hoff plots of
In K, versus 1/T (Fig.18). The obtained values of
thermodynamic parameters are listed in Table 4.
The positive value of enthalpy AH is indicates
that the adsorption process is endothermic and
the binding between the solute and the adsorbent
is strong. Moreover, the magnitude of AH can
provide information about adsorption which
belongs to phyisosorption (2.1-20.9 KJ/Mol) or
chemisorption (80-200 KJ/Mol) [40]. also, the
positive value of AS® revealed that there are some
structural changes in the magnetic iron oxide
nanoparticles and also reflect the affinity of the

it

Fig. 18.Van’t Hoff equation model plot.

TABLE 4. Thermodynamic parameters.

Temp. AG® AH’ AS° R? S* Ea R?
KJ/Mol KJ/Mol J/mol K KJ/Mol
318 1.588 75.67 232.959 0.861 5.63x10 10 52.717 0.732
333 -1.906

magnetic iron oxide nanoparticles for adsorping
Fe(Ill). In addition the positive values of AG®
(5.315 and 1.588) at 302K and 318K designated
the degree of no spontaneity of the adsorption
process, while at 333K the negative AG® value
(-1.906) showed that the adsorption was more
favorable at high temperature for Fe(III) [41].

In order to further support the assertion that
the adsorption is the predominant mechanism,
the values of the activation energy (Ea) and

sticking probability (S*) were estimated from the
experimental data. They were calculated using
a modified Arrhenius type equation related to
surface coverage. The sticking probability, S*, is a
function of the adsorbate/adsorbent system under
consideration and is dependent on the temperature
of the system. The parameter S* indicates the
measure of the potential of an adsorbate to remain
on the adsorbent indefinitely. It can be expressed
as in Table 4. The effect of temperature on the

Egypt.J.Chem. 62, No. 5 (2019)
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Fig. 19. Sticking probability plot of Fe(III) adsorption.

sticking probability was evaluated throughout
the temperature range from 302 to 333 K by
calculating the surface coverage at the various
temperatures (Fig.19). Table 4 also indicated
that the values of S* <1 for the adsorbent, hence
the sticking probability of the Iron ions onto the
adsorbent systems are very high.

Sorption activation energy

According to Arrhenius equation, activation
energy of the adsorption (E, KJ/Mol) can
be calculated using the above equation. The
magnitude of activation energy gives an idea about
the type of adsorption which is mainly physical or
chemical. Low activation energies (<40 KJ/Mol)
are characteristics for physical adsorption, while
higher activation energies (>40 KJ/Mol) suggest
chemical adsorption [42]. According to activation
energy obtained for the adsorption of Fe(II)
was 52.717 KJ/Mol indicates that the adsorption

process is chemisorption.

Applications of magnetic iron oxide .4.5
nanoparticles (Fe,O,) in groundwater treatment
at El-Sadat area

Real water systems as the groundwater in
El-Sadat area contain multiple ions. Therefore,
competition for adsorption sites by magnetic iron
oxide nanoparticles affects the overall sorption
efficiency of the adsorbent. Thus, the efficiency
of the adsorbent in the real water system toward
Fe(Il) ions in groundwater samples collected
from El-Sadat City, El-Monofia governorate,
Egypt was investigated. Selected physicochemical
parameters of the selected groundwater
samples are given in Table 1. Magnetic Fe,O,
nanoparticles were used to remove Fe(IIl) ions
from this water under the experimental conditions
obtained from batch sorption studies. A Fe,O,
nanoparticles dose of 0.22g was added to 100mL

TABLE 5. Iron ions removal from contaminated groundwater sample using Fe,O, nanoparticles.

Ion Initial concentration Final concentration %
(ppm) (ppm)
Fe(III) 2.8 1.130 59.64

sample. After equilibrating 210min at room
temperature, the samples were filtered and the
metal ion concentrations were determined using
spectroscopic technique AAS. The concentrations
before and after the removal metal ion are
presented in Table 5. It is clear that the final the

Fe(III) metal ion concentrations were reduced.
Egypt.J.Chem. 62, No. 5 (2019)

A magnetic iron oxide(Fe,O,) nanoparticle
was easily manipulated by a low strength
external magnetic field, permitting easy recovery
from groundwater. Therefore, magnetic Fe O,
nanoparticles can be utilized for iron(IIl) ions
removal from contaminated water more than
once, where these impurities may cause adsorbent
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fouling and require frequent regeneration.
Simple separation by a magnetic field would
allow easy recovery of the used paramagnetic
Fe,O, nanoparticles, followed by redispersion.
Thus, this adsorbent might be used as readily
available low cost sustainable adsorbent for
iron(I1l) removal.

Summary and conclusion

El-Sadat City is one of the newly constructed
industrial settlements in the western desert fringes
surrounding the Nile Delta. Groundwater is the
only source of drinking water, as well as for
domestic, industrial and agricultural purposes.
Over-exploitation of the groundwater to meet all
the potential needs could facilitate the migration of
the accumulated pollutant to reach the underlying
groundwater. Contamination of groundwater due
to different activities could therefore severely
endanger survival in this harsh environment.
The occurrence of heavy metals in industrial and
municipal sewage effluents is of interest because
they are often present at significant levels and if
infiltrated to groundwater can have severe effects
on public health.

Magnetic iron oxide nanoparticles were
synthesized by  co-precipitation  method.
Adsorption properties of the synthesized
magnetic iron oxide nanoparticles towards iron
ions were systematically investigated, including
pH effect, adsorbent dosage, initial concentration,
temperature,  adsorption  equilibrium  and
adsorption kinetics. The adsorption kinetics was
studied by the pseudo fisrt-order and pseudo
second-order models. The adsorption isotherm
for the removed iron ions was described by the
Langmuir, Freundlich, D-R and Temkin isotherm
models. The obtained results reveled that, the
maximum adsorption capacity for Fe ions was
28.225mg/g and the removal percentage reached
nearly 85% at adsorbent dosage 0.22g, temp.
600C, time 210min., pH 4 and initial concentration
117.275mg/L. The adsorption capacity was
increased with the increase of temperature and
decrease of adsorbent dosage. The reaction obeyed
both the pseudo second-order model and Langmuir
isotherm model (with correlating constant R2
is 0.98). Also, the calculated mean free energy
of the sorption from the Dubinin—Radushkevich
isotherm was found to be 207.71KJ/Mol for iron
ions, indicating a chemical sorption. With high
regression coefficients for Fe ions at 302K., and
thermodynamic calculations suggested that the
adsorption of iron ions onto the magnetic iron

oxide nanoparticles is an endothermic process.
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