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Abstract Fe;04 magnetic nanoparticles were synthesized
by co-precipitation method. The structural characterization
showed an average nanoparticle size of 8 nm. The syn-
thesized Fe;0,4 nanoparticles were tested for the treatment
of synthetic aqueous solutions contaminated by metal ions,
i.e. Pb(Il), Cu(Il), Zn(II) and Mn(II). Experimental results
show that the adsorption capacity of Fe;O,4 nanoparticles is
maximum for Pb(I) and minimum for Mn(Il), likely due to
a different electrostatic attraction between heavy metal
cations and negatively charged adsorption sites, mainly
related to the hydrated ionic radii of the investigated heavy
metals. Various factors influencing the adsorption of metal
ions, e.g., pH, temperature, and contacting time were
investigated to optimize the operating condition for the use
of Fe;O, nanoparticles as adsorbent. The experimental
results indicated that the adsorption is strongly influenced
by pH and temperature, the effect depending on the dif-
ferent metal ion considered.
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1 Introduction

Adsorption processes are worldwide adopted in the field of
environmental protection, thanks to the ability of certain
solids to preferentially concentrate onto their surface spe-
cific substances, such as heavy metals and organics. A wide
range of adsorbents have been developed and tested,
including several activated carbons for the removal of
pollutants from wastewaters (Faur-Brasquet et al. 2002;
Mohan and Singh, 2002; Puziy et al. 2004; Di Natale et al.,
2009; Moreno-Pirajan and Giraldo 2012). During the last
10 years, extensive researches have been carried out to find
low-cost and high capacity adsorbents for water remedia-
tion. A large number of low-cost agricultural wastes, mud
(Keith and McKay 2008; Purevsuren et al. 2004), tire
rubber and fly ash (Jiang 2001; Wilson et al. 2003; Wu
et al. 2005; Nasiruddin Khan and Farooq Wahab 2007,
Balsamo et al. 2011) have been used for the removal of
metal ions from polluted water. Several natural resources
have been also studied including tree fern (Pattanayak et al.
2000; Moreno et al. 2010), peat, chitosan, coal and bone
char (Pattanayak et al. 2000) or minerals such as sodium
and calcium bentonite (Liu et al. 2007).

The efforts to find alternative low-cost materials and the
recent progress of nano-techniques have led to the devel-
opment of new classes of nanoparticles for the treatment of
contaminated water. Nanoparticles, often characterized by
large specific surface area, have attracted great interest
because of their unique properties and potential
applications.

Metal oxide nano-adsorbents have been extensively
studied as they show very attractive properties compared
to their bulk form, such as high adsorption capacity,
enhanced catalytic activity, high dispersion degree and
superparamagnetism behavior (Banfield and Zhang 2001;
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Niemeyer 2001; Roco 2003; Savage and Diallo 2005;
Waychunas et al. 2005; Perez, 2007; Nassar et al. 201 1a,
b). These properties offer novel applications for nano-
adsorbents in many fields such as electronics, biotech-
nology, medicine, heavy oil upgrading, air pollution
control and, in particular, for water treatment (Goya et al.
2003; Hua et al. 2009; Kang et al. 2005; Pankhurst et al.
2003; Portet et al. 2001; Reimer and Weissleder 1996;
Hifeli et al. 1997). For an instance, magnetic iron oxide
(Fe304) nanoparticles have been investigated not only in
the field of magnetic recording but also in the areas of
medical care and magnetic sensing in the recent decades
(Shen et al. 2009; Sun et al. 2000; Xie et al. 2007,
Pankhurst et al. 2003). It is believed that these magnetic
nanoparticles exhibit amphoteric surface activity, easy
dispersion ability and, thanks to their very small dimen-
sions, a high surface-to-volume ratio, resulting in a high
metal adsorption capacity (Shen et al. 2009; Nassar, 2011;
Tratnyek and Johnson 2006; Sun and Zeng 2002; Si et al.
2004; Wan et al. 2006).

The use of magnetic nanoparticles for separation and
preconcentration in analytical chemistry provides a new
methodology that is faster, simpler and more precise than
those used traditionally. The greatest advantage of this
method is that desired materials are separated from solution
by a simple and compact process while fewer secondary
wastes are produced. Other advantages are represented by a
large active surface area for given mass of particles and the
ability to process solution that contains suspended solids
(Khajeh and Khajeh 2009). In addition, an easy separation
of the metals loaded on the magnetic adsorbent from
solution can be achieved using an external magnetic field.
Thus, an efficient, economic, scalable and non-toxic syn-
thesis of Fe;0, nanoparticles is highly desired for practical
applications and fundamental research. A possible appli-
cation of this sorbent should start from a thorough analysis
of the main parameters influencing the adsorption of heavy
metals on magnetite nanoparticles. Moreover, the individ-
uation of the main adsorption mechanisms should take into
account a quite large number of metal ions, so to allow a
comparative analysis too. At the moment, there is still a
lack of this information in the pertinent literature.

In this work, the feasibility of Fe;O, nano-adsorbents
for the removal of different metal ions, i.e. lead, zinc,
copper, and manganese from aqueous solutions has been
investigated. An accurate preparation procedure and a
thorough characterization of the Fe;O,4 nanoparticles has
been provided. Adsorption tests have been carried out by
varying solution pH, contact time and temperature. A
critical interpretation of the experimental results allowed
the identification of the field of potential application of iron
oxide nano-adsorbents for metal adsorption from industrial
wastewater.
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2 Experimental
2.1 Sample preparation

Fe;0, magnetite nanoparticles were synthesized by co-
precipitation method (Shen et al. 2009). The procedure
followed for the preparation is here specified, indicating the
actual quantity of reagents used in the present work. A
volume of 100 mL of ferric chloride (0.5 M) was added to
200 mL of ferrous chloride solution (0.5 M) and 150 mL
of ammonium hydroxide (1 M). 300 mL of deionized
water was deoxygenated by bubbling N, gas for 30 min in
a 1000 mL flask and then added to the solution. Subse-
quently, 50 mL of ammonium chloride was added and the
mixture was stirred magnetically for 10 min under a
nitrogen atmosphere. Afterwards, 50 mL of ferrous chlo-
ride 0.5 M and 50 mL of ferric chloride 0.5 M were added
and then the resultants were aged for 10 min before being
separated. Below it is reported the reaction for the forma-
tion of Fe;0, particles (Palacin et al. 1996):

Fe?™ 4 2Fe*" + 8NH; - H,O = Fe304 | +8NH, + 4H,0
(1)

Finally, the Fe;O, product was separated by a
centrifugal pump and washed twice with deionized water
and ethanol. The obtained fine Fe;O, nanoparticles were
dried at 60 °C for 8 h (Shen et al. 2009).

2.2 Sample characterization

Fourier transform infrared spectroscopy (FTIR) spectra
was performed on previously dried magnetite sample using
a FTIR spectrophotometer (Model NICOLET5700, USA)
in wave range of 3,500-400 cm~! with a resolution of
4 cm™". The dried sample was placed on a silicon substrate
transparent to infrared, and the spectra were measured
according to the transmittance method. In addition, a
GL-16A high-speed centrifuge (Shanghai) was used for
separating the solid from the liquid during the sample
preparation. The micrographs of prepared nanoparticles
were obtained using a JSM-7001F scanning electron
microscopy (SEM) and a Tecnai G2 20 transmission
electron microscopy (TEM) was used for the character-
ization of nanoparticle size. Specific (BET) and external
nanoparticle surface areas were measured by nitrogen
adsorption and desorption at 77 K, using a Autosorb 3B
(Quantachrome, MI, FL, USA) analyzer. The samples were
degassed at 423 K under N, flow overnight before analysis.
Surface area was calculated using the BET equation. The
total pore volume, Vp., was evaluated from nitrogen
uptake at a relative pressure of ca. 0.97, using the
adsorption branch. N, adsorption measurements were per-
formed in duplicate to check the proper functioning of the
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equipment and the entire technique, and the average values
have been presented. The crystallographic phase was also
determined by analyzing the X-ray powder diffraction
taken with a PW 1830 diffractometer (Rigaku PDLX,
Japan), using a monochromatized X-ray beam with nickel-
filtered CuKo radiation (A = 0.154021 nm).

2.3 Adsorbates

The following chemicals were used as precursor salts
for the metal cations used in the experimental tests,
namely Cu(NOs),-:5H,O (99.9985 %, Merck, Germany),
Pb(NO3), (99,9 %, Fisher Scientific, Toronto, ON, Canada)
Zn(NO3),-5H,0 (99 %, Fisher Scientific) and Mn(NO3),-
4H,0 (Merck, Germany). Individual stock solutions were
prepared by dissolving a specified amount of the corre-
sponding metal salt in 250 mL of deionized water, subse-
quently diluted to the required concentration. All metal
salts were used without further purification (Shen et al.
2009).

2.4 Adsorption procedure

Thermodynamic and kinetic adsorption tests were per-
formed in batch-mode; for all the experimental runs the
procedure described by Nassar (2011) was followed. In a
typical experiment, 200 mg of Fe;O4 nanoadsorbent were
weighed into a 100 mL vial containing 50 mL of metal ion
solution. Metals concentration ranged from 10 to
600 mg L™, in order to investigate a broad spectrum of
concentrations.

Tests aimed at the analysis of pH effect were conducted
at 298 K and the initial pH of the solution was adjusted
without a significantly change in the initial concentration of
metal ions in solution. Standard 0.1 M HCI and 0.1 M
NaOH solutions were used for pH adjustment.

The effect of temperature was investigated as well, and
adsorption tests were carried out at 288, 293, 313 and
323 K.

When adsorption equilibrium was reached, the nanoad-
sorbent was conveniently separated via external magnetical
field and the solution was filtered to allow metal concen-
tration measurements.

For the adsorption kinetic studies, metal ion initial
concentration was set to 150 mg L™ for each metal, and
the experiments were carried out in a temperature incubator
at 298 K, 200 rpm and solution pH 5.5. In order to deter-
mine the time required to reach the adsorption equilibrium,
samples were analyzed for metal ion concentration at
predetermined time intervals. To assure the accuracy,
reliability, and reproducibility of the collected data, all
batch tests were performed in triplicate and average values
only were reported. Blank tests were run in parallel on

metal solutions without addition of sorbent, showing that
the experimental procedure does not lead to any reduction
of metal concentration and pH variation unrelated to sor-
bent effects.

For all the tests, the concentration of metal ions in the
supernatant was measured by a plasma-atomic emission
spectrometer (ICP-AMS, Optima 3000XL, PerkinElmer) in
accordance with the Standard Methods for water (Ameri-
can Public Health Association 1995).

The adsorbed amount of metal ions (mg of metal
ion g7l of Fe;0,4 nanoadsorbent) was determined by the
mass balance reported in Equation (2):

0. :;V (2)

where C, is the initial metal ion concentration in the
supernatant (mg L_l), V is the sample volume (L), and m is
the mass of Fe;O4 nanoadsorbent (g). For time-dependent
data, C replaces C. and Q replaces Q. in Equation (2).

3 Results and discussion
3.1 Fe30,4 magnetite nanoparticles characterization

FTIR spectrum in Fig. 1 shows that the H-O-H bending
vibration at about 1,000-1,600 cm_l, typical of the H,O
molecule, has very low intensity. Additionally, the sec-
ond absorption band, between 900 and 1,000 cm” !, cor-
responds to bending vibration associated to the O-H
bond. The O-H in plane and out of plane bonds appear at
1,583.45-1,481.23 and 935.41-838.98 cmfl, respec-
tively (Nassar et al. 2011b). For strong hydrogen bridges,
its maximum lies at about 900-1000 cm™'. These first
two bands correspond to the hydroxyl groups attached to
the hydrogen bonds in the iron oxide surface, as well as
the water molecules chemically adsorbed to the magnetic
particle surface. In the spectrum showed (Fig. 1), the
sample exhibits two intense peaks, respectively at 582
and 640 cm™' bands, that are due to the stretching
vibration mode associated to the metal-oxygen absorp-
tion band (Fe—O bonds in the crystalline lattice of Fe;0,4)
(Ahn et al. 2003). They are characteristically pronounced
for all spinel structures and for ferrites in particular. This
occurs because of the contributions, in these regions,
deriving from the stretching vibration bands related to the
metal in the octahedral and tetrahedral sites of the
oxide structure. Moreover, the FTIR spectrum shows an
absorption band at 1,706 cmfl, which corresponds to the
stretching vibration of the carboxyl group (C=0), asso-
ciated to the oleic acid molecule, adsorbed onto the
surface of the crystallites. Summarizing, magnetite
nanoparticles have crystalline structure of inverse spinel
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type, and FTIR absorption spectroscopy allowed identi-
fying characteristic features of the spinel structure, as
well as a presence of certain types of chemical substances
adsorbed on the surface of nanoparticles (Ahn et al. 2003;
Farmer 1974, 1982).

The magnetite sample was characterized by X-ray
powder diffraction (XRD) with the corresponding results
displayed in Fig. 2. The diffraction pattern and the rela-
tive intensities of all the diffraction peaks are typical
of the magnetite and match those synthesized in this
research.

Furthermore, the sample shows some of the character-
istics of the bulk magnetite crystallite phase, with the broad
peaks suggesting the nano-crystallite nature of the mag-
netite particles (Gonzalez et al. 2010).

The resulting mean particle diameter of magnetite
nanoparticles, as calculated from the Scherrer equation,
was ca. 10 nm. This was in agreement with the result
obtained from the TEM image (Fig. 3). From this image
and from the corresponding electron diffraction pattern, it
was determined that the magnetite particles are spherical
with an average diameter of 8 nm. The corresponding BET
specific surface area of the particles was 95.5 m*> g, as
determined by conventional method.

The SEM analysis shown in Fig. 4 almost confirmed the
results of the TEM analysis, as particle sizes in the range
10-70 nm were measured.
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Fig. 1 FTIR spectra of magnetic Fe;O,4 nanoparticles synthesized
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3.2 Adsorption tests: effect of contact time

The adsorption efficiency () can be defined as:
C—C
= 71( X

100
Ci

(3)
where C; and C; represent initial and final metal ion con-
centration, respectively.

In order to determine the effect of contact time on
PbI), Mn(II), Cu(Il) and Zn(II) ions adsorption efficiency
and to determine the time required to reach equilibrium,
experimental tests were carried out using 200 mg Fe;Oy4
nanoparticles and 1:4 liquid to solid ratio (L/S) at 298 K
and pH 5.5, with a contact time varied in the range of
2-48 h.
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20nm

Fig. 3 Transmission electron microscope (TEM) imagen for mag-
netic Fe;0,4 nanoparticles synthesized

Fig. 4 SEM of image magnetic Fe;0,4 nanoparticles synthesized

Figure 5 shows the effect of contact time on the adsorption
efficiency of Pb(Il), Cu(Il), Zn(II) and Mn(II). It is clear that the
adsorption efficiency of Zn(II) and Mn(II) were highly time
dependent, i.e., a longer contact time resulted in higher
adsorption efficiency. It can also be observed that a contact time
of 24 h is sufficient to reach the equilibrium for all the investi-
gated ions. Very interestingly, the adsorption efficiency of Pb(IT)
and Cu(Il) were extremely high for very low time (<10 h) and
remained constant in the whole range of the time investigated.

3.3 Adsorption kinetics

In order to better analyze the rates of Mn(II), Zn(II), Cu(Il)
and Pb(II) adsorption on Fe;O, magnetite nanoparticles,
two simple kinetic models were tested.

The pseudo-first order rate expression, popularly known
as the Lagergren equation, is generally described by the
following equation (Lagergren, 1898):
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Fig. 5 Effect of contact time on the adsorption of Pb(II), Mn(II),
Cu(Il) and Zn(Il) ions using magnetic Fe3O, nanoparticles.
T = 298 K, pH 5.5, adsorbent dosage = 200 mg, Vojution = 50 mL,
Initial metal ions concentration = 150 mg L™

— = kaa(qe — q) (4)

where, ¢. is the amount of the metal ions adsorbed at
equilibrium per unit weight of sorbent (mg g~ '); ¢ is the
amount of metal ions adsorbed at any time (mg g ).
Besides, k,q is the rate constant (min~ ). Integrating with
appropriate boundary conditions (¢ = 0 for ¢+ =0 and
q = q for t = 1), Eq. 4 takes the form:

In(g. — q) = Ingq, — kyat (5)

However, if the intercept does not equal the natural
logarithm of equilibrium uptake of metal ions, the reaction
is not likely to follow a first-order path even if
experimental data have high coefficient of determination
(Lagergren, 1898). The coefficients of determination for all
metal ions adsorption kinetic tests were found to be
between 0.9434 and 0.9765 and were reported in Table 1
together with the Lagergren rate constants calculated from
the slope of Eq. 5 (Ho and McKay, 1998).

The adsorption data was also analyzed in terms of a
pseudo-second order mechanism given by (Hou et al. 2003;
Marmier et al. 2000).

% =k(q. — q)° (6)

where, ks is the rate constant (mg g~' min™"). Integrating

the above equation and applying boundary conditions (i.e.
q = 0 for t = Oand q = q, for t = t), gives:

t 1 1

I 7
@ ho  qe )
here, h, is the initial adsorption rate. If the second-order
kinetics is applicable, the plot of t/q against ¢ in Eq. 7
should give a linear relationship from which the constants
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Table 1 Lagergren rate equation constants and pseudo second-order rate equation constants for Mn(II), Zn(II), Cu(II) and Pb(II) adsorption on

Fe;0,4 magnetite nanoparticles

Metal ions Pseudo first-order rate equation constants qe (exp.) SSE R?

Kua (x min) (gmg™)
Mn(IT) 0.024 11.5 0.541 0.9654
Zn(1D) 0.026 124 0.523 0.9434
Cu(II) 0.031 14.5 0.556 0.9687
PbD) 0.033 16.4 0.583 0.9765
Metal ions Pseudo second-order rate equation constants qe(exp) SSE R?

h, (X min g mgf') (g mgil)
Mn(IT) 1234.5 22.5 0.017 0.9996
Zn(1D) 1298.5 24.6 0.014 0.9994
Cu(Il) 1345.6 25.6 0.008 0.9999
PbD) 1445.6 27.8 0.007 0.9999

de and h, can be determined. Linear model gave a good fit
to the experimental data. This means that the adsorption
can be described by a pseudo-second order rate equation,
hence q. and h, were evaluated and presented in Table 1.
R? values are approximately the same for all the 4 metal
ions, with values of about 0.999. In the limit at initial
adsorption time, h, is defined as (Ho and McKay 1998;
Horsfall and Spiff 2004):

ho = kaq; (8)

h, was calculated for the 4 metal ions and the values are
reported in Table 1. The results obtained are similar to
previous studies (Lagergren 1898; Ho and McKay 1998;
Horsfall and Spiff 2004).

For all the regressions, the residual sum of squares
(SSE), as the difference between the predicted values and
the experimental data, can be calculated by the following
equation:

> (geexp —gccalc)? 9)
n

where the subscripts exp and calc refer to the experimental
and the calculated g values, respectively. A lower SSE
value indicates a lower discrepancy between the experi-
mental and the estimated parameters, allowing to deter-
mine the best fitting model. Hence, the higher correlation
coefficients (RZ) and lower SSE values for pseudo-second-
order kinetic model indicated that the sorption followed a
pseudo-second order mechanism, likely controlled by
chemisorption (Araneda et al. 2008).

3.4 Effect of pH
The pH of the aqueous solution is an important controlling

parameter in heavy metal ion adsorption processes, as
reported by several authors in the literature. Fig. 6 shows
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the effect of solution pH in the range 2—7 on the removal of
Pb(II), Cu(Il), Zn(II) and Mn(II) ions from aqueous solu-
tions by magnetite nanoparticles. As a matter of fact, at
higher pH the determination of reliable adsorption capacity
is not possible, due to the possible precipitation of cations
as hydroxides.

Experiments were carried out at 298 K with a contacting
time of 24 h. The adsorption efficiency increases by
increasing the pH, for all the investigated cations. As an
example, Pb(II) adsorption efficiency gradually increases
from 75.7 % to 92.3 % when the pH increases from 2 to 7.

The results demonstrate that the cations removal was
mainly dependent on the proton concentration in the
solution. This has been previously attributed to the for-
mation of surface complexes between the functional groups
(=FeOH) of the sorbent and, for example, the Pb(Il) ions,
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Fig. 6 The effect of pH on the adsorption of Pb(Il), Cu(Il), Zn(II)
and Mn(II) ions onto magnetic Fe;O, nanoparticles. T = 298 K,
t =24 h, adsorbent dosage = 200 mg, Voution = 50 mL, Initial
metal ion concentration = 150 mg L™
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with the possible reaction being expressed as follows (Hou
et al. 2003):

sH,O + q=FeOH + rPb*"

-q-) (10)
= (=Fe0),Pb, (OH)> ™)+ (s + q)H"

where (EFeO)qur(OH)ﬁzqus) corresponds to the surface
complexes and s, q and r are the stoichiometric coefficients.
When pH increases, this equilibrium shifts in such a
manner that a greater number of sites are present in the
more reactive deprotonated form, thereby leading to a
higher uptake of Pb(Il).

The results show very similar trends for Zn(II), Cu(Il)
and the Mn(Il) adsorption efficiency; this pH dependency
has been attributed to the formation of surface complexes
similar to those reported in the equation (10) for Pb(II)
cations.

Furthermore, from measured zeta potential of magnetite
solution at different pH values, it appears that the magne-
tite surface has a positive charge at pH below 6.0 and a
negative charge when pH is higher than 6.0 (Hou et al.
2003). This result is consistent with experimental data
reported in Fig. 6.

Furthermore it should be noted that magnetite is an
amphoteric solid, which can develop charges in the pro-
tonation (Fe—~OH + H" < Fe-OH,") and deprotonation
(Fe—-OH < Fe—O~ + H™) reactions of Fe—OH sites on
surface (Wang et al. 2011). The reactions can be written as:

=FeOH= =FeO~ + H" K}, (11)
=FeOH] = =FeOH + H* K%, (12)

and the corresponding acidity constants, as

s [H]{=FeO}

Ko = T{=Fe0] (13)
s _ [H']{=FeOH}

RE=T )

where [ ] is the solution species concentration in mol L!
and {} is the solid surface concentration in mol/g.
According to the pH of the solution, the surface is charged
differently and could behave as an anion or cation
exchanger. It is important to realize that negative, positive,
and neutral functional groups can coexist on magnetite
surface. At pH < pH,, the FeOH," groups predominate
over the FeO™ groups, i.e., although the surface has a net
positive charge, some FeO™ groups are still present. At the
pH,pc, the number of FeOH," groups equals the number of
FeO™ groups and as the pH increases, the number of FeO™
groups increases (pH,,. have been calculated but not
reported here). It follows that magnetite particles may
adsorb either negatively or positively charged species by

electrostatic attraction depending on pH, even if, as pre-
viously reported, a complete analysis of all the pH interval
is not possible dealing with cations.

Figure 6 shows that a magnitude of adsorption can be
defined according to the following order: Mn < Zn < Cu
< Pb. The uptake of Mn(II), Zn(II), Cu(Il) and Pb(II) ions
onto magnetite nanoparticles occurs by physico-chemical
interactions, likely represented by electrostatic attractions.
In particular, the size of hydrated ionic radii seems to
influence the interactions with the negative charged
adsorption site, as the greater the ion’s hydration, the far-
ther it is from the adsorbing surface and the weaker its
adsorption (hydrated ionic radii: Pb>": 4.01 A < Cu**:
419 A < Zn*": 430 A < Mn*": 4.43 A) (Ko et al., 2004).
Hence, Pb(Il) has the lowest hydrated ionic radius and the
highest capability to compete with proton and, hence, the
highest comparative adsorption capacity.

The results obtained in this work in terms of metal
adsorption capacity are of the same order of magnitude of
those reported by other authors in the literature on the same
sorbent (Wang et al. 2011; Yuan et al. 2009; Boddu et al.
2008; Yean et al. 2005). Although many different sorbents
can be used for the same purpose, magnetic nanosorbents
possess a number of unique physical and chemical properties
and they are easily dispersed in aqueous solutions. A large
number of their atoms are superficial atoms which are
unsaturated and, hence, can determine high adsorption
capacity towards several metal ions (Kalfa et al. 2009; Zhang
et al. 2008; Liu et al. 2005). Magnetic particles can be
removed very quickly from a matrix using a magnetic field,
but they do not retain their magnetic properties when the
field is removed (Wang et al. 2011). This system has also
several advantages compared with conventional or other
nano-adsorbents such as the absence of secondary wastes and
the possible recycling of the materials involved on an
industrial scale. Furthermore, the magnetic particles can be
tailored to separate specific metal species in water, wastes or
slurries (Yantasee et al. 2007; Ngomsik et al. 2006; Liu et al.
2008). However, from a practical point of view, there is a
major drawback in the application of such nanomaterials for
treating wastewater. Because the treatment of wastewater is
usually conducted in a suspension of these nanoparticles, an
additional separation step is required to remove them from a
large volume of solution, resulting in increased operating costs.

3.5 Adsorption isotherms

Adsorption isotherms of Mn(II)’ Zn(II), Cu(Il) and Pb(II)
onto magnetite nanoparticles are reported in Fig. 7.
Under the above-mentioned conditions, the maximum
adsorption capacity resulted to be 0.180 mmol g~' for
Pb(IT), 0.170 mmol g~' for Cu(Il), 0.160 mmol g~' for
Zn(II), and 0.140 mmol gf1 for Mn(I), respectively. The
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Fig. 7 Mn(1l), Zn(1I), Cu(Il) and Pb(II) adsorption isotherms onto
Fe;0, magnetite nanoparticles. T = 25 °C, pH = 5.5 Comparison
between experimental data and Langmuir model. Vgjuion = 50 mL,
Initial metal ion concentration = 150 mg L™

uptake of Mn(Il), Zn(II), Cu(ll) and Pb(II) ions onto
magnetite nanoparticles occurs by physico-chemical
interactions, likely represented by electrostatic attractions
and the comparative adsorption magnitude is confirmed on
the entire equilibrium concentration range.

A basic modelling analysis was carried out in order to
determine the isotherm model that better describes the
experimental data. In Table 2, Langmuir and Freundlich
model parameters were reported, as derived from the
regression analysis.

The Freundlich equation frequently gives an adequate
description of adsorption data over a restricted range of
concentration; it is usually suitable for a highly heteroge-
neous surface and an adsorption isotherm lacking of a
plateau, indicating a multi-layer adsorption (Lagergren
1898). Values of 1/n less than unity indicate that a sig-
nificant adsorption takes place at low concentration but the
increase in the amount adsorbed with concentration
becomes less significant at higher concentration and vice
versa (Ho and McKay 1998).

The essential characteristic of the Langmuir isotherms
can be expressed in terms of a dimensionless constant
separation factor or equilibrium parameter, Ry, which is
defined as (Farmer 1974):

1

Rp 560 (15)

where b is the Langmuir constant and C, is the initial metal
ion concentration. The value of Ry indicates the type of the
isotherm to be either favorable (0 < Ry < 1), unfavorable
(Ry. >1), linear (R = 1) or irreversible (R = 0). From
our study, an initial metal ion concentration of
600 mg L, Ry values for Pb(II), Cu(Il), Mn(II) and
Zn(II) ions adsorption ranged from 2.09 to 1.67, therefore,
adsorption process is unfavorable.

As can be observed from data reported in Table 2,
Langmuir model shows the highest comparative value of
the coefficient of determination (Rz) and the lowest value
for SSE, indicating a better approximation of model
parameters to the experimental counterparts. In Fig. 7 the
fitting of experimental data by Langmuir model was
reported.

3.6 Effect of the temperature

For all the investigated ions, adsorption experiments were
conducted varying the temperature between 15 °C and
40 °C under the following conditions: L/S = 1:4 and pH
5.5.

Figures 8a and b show the curves obtained for the
adsorption tests at different time and temperature for
Pb(II) and Zn (II) taken as example, respectively. As can
be observed, for both ions, the adsorption capacity is
greater for lower temperatures, as expected being
adsorption an exothermic process. Moreover, the increase
in adsorption capacity is higher for lowest values of
temperature.

The temperature has an effect also on the time necessary
to reach the equilibrium; a higher temperature, in fact,
determines a lower equilibrium time.

Table 2 Estimated parameters for the Langmuir and Freundlich models for isotherm of Mn(II), Zn(II), Cu(Il) and Pb(II) adsorption on Fe;O,

magnetite nanoparticles. T = 25 °C

Tons Freundlich model g = Kgcl, Langmuir model ¢ = %

Kg (mmol g~")(L mmol ™)™ 1/n R? Gmax (Mg g™ Db@Lg™h Ry (L mmol™")  R?
Mn(l)  0.144 + 0.006 0.175 £ 0.002 09587  0.149 + 0.007  1.37 £ 0.04  1.67 0.9987
Zn(1l) 0.160 % 0.009 0.178 £ 0.004 09643  0.177 £ 0.008 147 £ 0.05  1.77 0.9988
Cu(ll) 0.173 + 0.011 0.123 £ 0.003 09745  0.184 + 0.005 168 +0.03  1.99 0.9988
Pb(Il) 0.185 + 0.013 0.112 + 0.006 09876  0.189 + 0.003  1.89 +0.04  2.09 0.9999
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Fig. 8 The effect of temperature on the adsorption of Pb(Il) (a) and
Zn(II) (b) ions on the magnetic Fe;O, nanoparticles; pH = 5.5,
adsorbent dosage = 200 mg, Initial metal ions concentration =
150 mg L™!

4 Conclusion

In this work, Fe;O,4 nanoparticles were synthesized by
co-precipitation method and used for treating a water
artificially contaminated by metal ions, such as Pb(Il),
Cu(I), Zn(II) and Mn(II). Experimental results suggest
that the adsorption capacity of Fe;O, nanoparticles
towards metal ions depends on the metal ions electro-
negativity. The maximum adsorption capacity in the
investigated conditions was 0.180 mmol g~' for Pb(II),
0.170 mmol g~ for Cu(II), 0.160 mmol g~' for Zn(II),
and 0.140 mmol g~' for Mn(II) respectively. Moreover,
adsorption capacity seems to be strongly dependent on
solution pH and temperature. The adsorption mechanism
seems to be mainly an electrostatic attraction between
metal ions and nanoparticles influenced by the hydrated
ionic radius of the metal cations. The Langmuir model
better interprets the adsorption data. A kinetic analysis
showed that the adsorption of all the investigated ions
onto Fe;0, nanoparticles occurs by a pseudo-second
order mechanism. In conclusion, it is here demonstrated
that the Fe;O, nanoparticles with fine grain size
(<10 nm) can be efficiently used as an effective, conve-
nient and low-cost material for the removal and recovery
of metals from wastewater.
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