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ABSTRACT

Heavy metal pollution has become one of the most serious environmental problems today. The treatment
of heavy metals is of special concern due to their recalcitrance and persistence in the environment. Fer-
ric oxide nanoparticles were synthesized and were used for the removal of Pb(II), Mn(II) and Zn(II)
from aqueous solution. The properties of this adsorbent were characterized by X-ray diffraction analy-
sis, transmission electron microscopic (TEM), Fourier transform infrared spectroscopy (FTIR), the spe-
cific surface area, average particle size pore volume and pore diameter of the catalyst samples prepared
were determined by N2 adsorption at -196°C. Experiments were carried out to investigate the influence
of different sorption parameters, such as contact time, initial concentration of adsorbate, the concen-
tration of Fe,O, nanocatalyst and competitive adsorption behavior. It was observed that ferric oxides
prepared by organic solvent method is more active than that prepared by precipitation and microwave
method. The results showed that the first-order reaction law fits the reduction of metal ions, which
shows good linear relationship, and the correlation coefficient (R) is larger than 0.9.

Keywords: Adsorption; Heavy metal pollution; Ferric oxide nanoparticles

1. Introduction is still a very important but still challenging task for envi-
ronmental engineers [8]. Nowadays, numerous methods
have been proposed for efficient heavy metal removal from
water, including but not limited to chemical precipitation,
ion exchange, adsorption, membrane filtration and elec-
trochemical technologies [9-14]. Among these techniques,
adsorption offers flexibility in design and operation, and in
many cases, it will generate high-quality treated effluent.
In addition, owing to the reversible nature of most adsorp-
tion processes, the adsorbents can be regenerated by suit-
able desorption processes for multiple use [15], and many
desorption processes are of low maintenance cost, high
efficiency and ease of operation [16]. Therefore, the adsorp-
tion process is one of the major techniques for heavy metal
removal from aqueous solutions [17].

The contamination of wastewater and surface water by
toxic heavy metals is a worldwide environmental problem.
These toxic metal ions commonly exist in process waste
streams from mining operations, metal plating facilities,
power generation facilities, electronic device manufactur-
ing units and tanneries. Because of economic and environ-
mental factors, the removal and recovery of heavy-metal
ions from industrial wastewater have been a significant
concern in most industrial branches [1-3].

Exposure to heavy metals, even at trace level, is believed
to be a risk for human beings [4-7]. Thus, how to effectively
and deeply remove undesirable metals from water systems
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Among the available adsorbents, nanosized metal
oxides (NMOs), including nanosized ferric oxides, manga-
nese oxides, aluminum oxides, titanium oxides, magnesium
oxides and cerium oxides, are classified as the promising ones
for heavy metals removal from aqueous systems [18-20].

The both size and shape of NMOs are important factors
to affect their adsorption performance.

In this paper, systematic laboratory investigations of the
removal of Pb(II), Mn(II) and Zn(II) from aqueous solutions
by adsorption onto Fe O, were performed.

2. Materials and methods
2.1. Adsorbate

Stock solutions of heavy metals at 1,000 mg/L concen-
trations were prepared by dissolving 1,000 mg of Pb(NO,),,
MnClL,.4H,0 and ZnClL, for Pb(Il), Mn(Il) and Zn(Il) ions,
respectively, in 1 L distilled water. Different solutions with
concentrations from10 to100 mg/L of Pb(II), Mn(Il) and
Zn(IT) ions were prepared by dilution using distilled water
and utilized for adsorption experiments.

2.2. Adsorbent

In this work, the metal oxides were prepared by precip-
itation, organic solvent and microwave methods.

2.2.1. Preparation of Fe,O, by precipitation method

The metal hydroxide is firstly performed by slow addi-
tion of 0.1 M NaOH to 0.1 M ferric nitrate solution (ratio 1:1)
with vigorous stirring. The formed hydroxides precipitates
are filtered and dried at 100°C overnight, then calcined at
400°C for 2 h in order to obtain the corresponding Fe O, cat-
alyst (Fe,O,-ppt).

2.2.2. Preparation of Fe,O, by organic solvent method

A slow addition of 1 M of sodium hydroxide dissolved
in ethanol solution to 0.2 M of ferric nitrate (ratio 1:1) dis-
solved in ethanol solution with vigorous stirring. The precip-
itates are washed with ethanol several times until the filtrate
become colorless and washing with acetone; then, they are
dried at room temperature and calcined at 400°C for 1 h to
obtain the corresponding Fe,O, catalyst (Fe,O,-org).

2.2.3. Preparation of Fe,O, by microwave method

The metal oxides were prepared by precipitation of
metal hydroxide by slow addition of 0.1 M NaOH to 0.1 M
metal nitrate solution (ratio 1:1) with vigorous stirring. The
formed hydroxides precipitates are then well washed with
distilled water, then irradiated by microwave (2.45 GHz,
900 W) so long as a dry powder precipitated.

2.3. Apparatus

A Philips 1390 X-ray powder diffractometer. Perkin-
Elmer 2380 atomic absorption spectrometer was used for

determination of Pb(II), Mn(II) and Zn(Il). The flame type
was air acetylene. FTIR spectra were obtained by Perkin-
Elmer 1000. Quantachrome Corporation Autosorb-1-C/MS
was used for BET surface area determination. The magnetic
properties of the investigated solids were measured at room
temperature using a vibrating sample magnetometer (VSM;
9600-1LDJ, USA) in a maximum applied field of 15 kOe.
From the obtained hysteresis loops, the saturation magneti-
zation (Ms), remanence magnetization (Mr) and coercivity
(Hc) were estimated.

2.4. Adsorption experiments

Batch adsorption experiments were carried out at
room temperature by shaking a series of bottles con-
taining the desired quantity of adsorbent in a predeter-
mined concentration of heavy metal solutions. Samples
were withdrawn at different time intervals. Supernatant
was separated by filtration and analyzed for remaining
heavy metal content. The percentage removal of heavy
metal from solution was calculated by using the follow-
ing equation:

% Adsorption = CC;C x 100 )

o

where C, is initial concentration of heavy metal; C, is final
concentration of heavy metal.

2.5. Adsorption isotherms

The studies of adsorption isotherms for the solid-liq-
uid system are very important to realize information about
adsorption capacity of adsorbents. The distribution of metal
ions between the solid phase and the liquid phase can be
described by several isotherm models such as the standard
Langmuir isotherm model and the Freundlich isotherm
model.

2.5.1. The Langmuir model

The Langmuir model isotherm assumes that the
removal of metal ions occurs on a homogeneous surface
by monolayer adsorption without any interaction between
adsorbed ions [21]. The linearly transformed Langmuir iso-
therm is used to fit the adsorption data in this study and is
expressed as follows:

1:( ! Mlj*l @
qe quL Cc qm

where C,_ is the equilibrium concentration of the metal ions
in solution (mg/L); g, is the amount of metal ion adsorbed
on adsorbents (mg/g); and g, and k, are the monolayer
adsorption capacity (mg/g) and the Langmuir equilibrium
constant (L/mg), which indicates the nature of adsorp-
tion, respectively. The values of g and k, were determined
graphically. A plot of 1/g, vs. 1/c, gives a straight line of
slope 1/g, k,, and the intercept is 1/g,, which corresponds
to complete monolayer coverage.
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2.5.2. The Freundlich model

The Freundlich model isotherm assumes that the
adsorption of metal ions occurs on a heterogeneous surface
by monolayer adsorption. The model can be described by
the following equation:

logg, =logk; +%10gCe 3)

where k. and 1 are Freundlich constants [22]. The values of
k. and n were determined graphically. A plot of log g, vs. log
C, gives a straight line of slope 1, and the intercept is log k..

3. Results and discussion

3.1. Characteristics of adsorbing material (iron oxides
nanoparticle)

3.1.1. X-ray diffraction (XRD)

Fig. 1 shows XRD patterns obtained from Fe-ppt, Fe-org
and Fe-mic nanoparticles samples. Amorphous behav-
ior of Fe-org and Fe-mic nanoparticles are showed in the
XRD patterns with no significant diffraction peaks. For
Fe-ppt nanoparticles, there were some weak peaks vaguely
appeared at 30.42° and 35.70°, which were assigned to the
(206) and (313) diffraction planes of the y-Fe,O, phase [23].

3.1.2. FTIR analysis

The FTIR spectra of the ferric oxides prepared by precip-
itation, organic solvent and microwave methods are shown
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Fig. 1. X-ray diffraction of ferric oxide prepared by different
methods.

in Fig. 2; the intensity of a broad peak at about 3,400 cm™!
corresponds to H-OH stretch reduces with annealing
temperature, which may be explained by evaporation of
moieties in the samples. The absorption bands in the range
400-750 cm™, which are characterized for the Fe-O vibration
mode, are present in all samples [22,23]. The FTIR spectrum
of samples shows two broad bands at 3,455 and 3,144 cm™.
The band at 3,455 cm™ can be assigned to the stretch-
ing modes of surface H,O molecules or to an envelope of
hydrogen-bonded surface OH groups. The band at 3,144 cm™
can be assigned to the OH stretching mode in the goethite
structure. The band at 1,643 cm™ is close to the position of
H,O bending vibrations. Two bands at 895 and 798 cm™ are
due to Fe-O-H bending vibrations in goethite; the IR band
at 624 cm™ can be assigned to Fe-O stretching vibration [24].

3.1.3. Transmission electron microscopic (TEM)

Fig. 3 shows the TEM images of the synthesized Fe,O,
nanoparticles. The images show that Fe O, nanoparticles
have sizes in the range of 2-40 nm. Fig. 3(a) shows that
Fe,O, nanoparticles prepared by precipitation method have
rod like morphologies with an average particle diameter of
17.0 nm (range 13.7-20.0 nm). Fig. 3(b) shows the image of
Fe,O, nanoparticles prepared by organic solvent method,
which has revealed evidence that the particles exhibited
morphologies with minor particles agglomeration with the
average particle diameter of 1.5 nm (range 1-3 nm). The
TEM image of the sample prepared by microwave method
is shown in Fig. 3(c); the particles are very fine with sizes
<10 nm. It is evident from the images that the particles are
poorly crystalline and agglomerated [25,26].

3.1.4. Surface area measurement (BET)

Fig. 4(a) shows the N, adsorption—desorption isotherms,
which are close to Type H4 of The International Union of
Pure and Applied Chemistry (IUPAC) classification with an
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Fig. 2. FTIR spectra of ferric oxide prepared by different
methods.
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Fig. 3. TEM images for Fe,O, nanoparticles prepared by: (a) precipitation, (b) organic solvent and (c) microwave methods.
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Fig. 4. Texture properties for Fe,O, nanoparticles prepared by: (a) N2 adsorption-desorption isotherms, (b) pore size distribution.

evident hysteresis loop in the 0.4-1.0 range, suggesting that
the sample under study is basically microporous. The spe-
cific surface areas of the samples are calculated by the BET
method, and the results are illustrated in Table 1. The rela-
tively high specific surface area of the products is related to
the nanometric size of its particles. More detailed informa-
tion on the porosity is available from the pore volume d istri-
bution curves as shown in Fig. 4(b); this is constructed by
plotting dv/dr against the mean pore radius [27]. It is shown
from this figure that the investigated solids exhibited differ-
ent models of distribution in which most of the pores were
located in the micropore range. However, the maxima of the

pore distribution curves were located at range of 40.7-60.28
A’ (4.7-6.2 nm); the heights of these distribution curves are
decreased parallels with the increase in surface area.

3.1.5. Magnetic properties

The magnetic properties of the as-prepared powders
were characterized by measuring the magnetic hysteresis
loop at room temperature. The obtained hysteresis loops of
all the samples are shown in Fig. 5. From these measure-
ments, the magnetic moment and the Hc are derived and
listed in Table 2.
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Table 1
Textural parameters of ferric oxides nanoparticles as prepared
by precipitation, organic solvent and microwave methods

Metal oxides Syer (M?/8) Vp (ml/g) ' (A)
Fe-org 50.46 0.096 40.7
Fe-mic 31.71 0.125 49.63
Fe-ppt 28.78 0.059 60.28
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Fig. 5. The magnetic properties of the prepared iron nanoparticle.

Table 2
The magnetic properties (Ms, Mr and Hc) of the as-prepared
iron nanoparticle

Fe-org Fe-mic  Fe-ppt
Coercivity (He), G 11531 50797  34.489
Magnetization (Ms), emu/g 2.3789  0.65259  0.021265
Retentivity (Mr), emu/g 011177  0.012073  0.00064348

It was found that the Hc decreased as the particle size
decreased; also, the magnitude of the Ms decreased as the
particle size decreased. It is found that the increasing ten-
dency of Ms, Mr and Hc are consistent with the improvement
of crystallinity. However, the Ms of y-Fe,O, nanocrystallites
is significantly lower than that of bulk y-Fe,O, (2.37 emu/g)
[28,29], which can probably be attributed to the nanoscale
dimension and the surface defects [30-32].

The Ms obtained for Fe-Org was found to be
23789 emu/g, and remnant magnetization (Mr) was
0.11177 emu/g, Table (2). It was found that the iron prepared
by organic method exhibited an Ms greater than that of iron
prepared by microwave and precipitation methods [33].

3.2. Removal of heavy metal ions from aqueous solutions

3.2.1. Effect of contact time on heavy metal removal by
ferric oxides

The results obtained for adsorptive removal of Pb(Il),
Mn(II) and Zn(II) with respect to the contact time are shown
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Fig. 6. Effect of contact time on the removal percentage of
Pb(II), Mn(II) and Zn(II) by ferric oxides, temperature 298 K.

in Fig. 6. The removal percentage of Pb(II) increases grad-
ually from 63.14% to 99.82% for Fe-ppt, from 95.20% to
100.00% for Fe-org and from 93.18% to 99.86% for Fe-mic
with increasing contact time from 10 to 240 min, respec-
tively. The adsorption of Mn(Il) increases gradually from
35.20% to 61.40% for Fe-ppt, from 79.40% to 99.76% for
Fe-org and from 68.12% to 80.40% for Fe-mic by increas-
ing the contact time from 10 to 240 min, respectively. The
adsorption of Zn(Il) increases gradually from 77.00% to
99.14% for Fe-ppt, from 99.62% to 100.00% for Fe-org and
from 90.00% to 99.86% for Fe-mic by increasing the contact
time from 10 to 240 min, respectively.

3.2.2. Effect of the weight of ferric oxides on heavy metal
removal

The results obtained for adsorptive removal of Pb(Il),
Mn(II) and Zn(Il) with respect to the adsorbent quantity
are shown in Fig. 7. From this figure, it is shown that the
removal percentage of Pb(Il) has increased gradually from
97.94% t0 99.64% for Fe-ppt, from 99.86% to 100% for Fe-org
and from 99.82% to 100% for Fe-mic with increasing Fe O,
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Fig. 7. Effect of the weight of ferric oxides on the removal
percentage of Pb(II), Mn(II) and Zn(II) (contact time 120 min,
temperature 298 K).

quantity from 0.025 to 0.150 g, respectively. The adsorption
of Mn(ll) increases gradually from 52.78% to 96% for
Fe-ppt, from 98.96% to 100% for Fe-org and from 71.80%
to 100% for Fe-mic with increasing amount of ferric oxides
from 0.025 to 0.150 g, respectively. It was observed that the
adsorption of Zn(Il) increases gradually from 98.80% to
99.74% for Fe-ppt, from 99.92% to 100% for Fe-org and from
90.80% to 100% for Fe-mic with increasing amount of ferric
oxides from 0.025 to 0.150 g, respectively.

3.2.3. Effect of the variation of the initial heavy metal
concentration

Fig. 8 shows the percentage of removal of Pb(II), Mn(II)
and Zn(II) by ferric oxide. It was observed that the adsorption
decreases gradually from 98.80% to 59.21% for Fe-ppt, from
100% to 88.30% for Fe-org and from 100% to 73% for Fe-mic
with the increase in the initial lead concentration from 10 to
100 mg/L, respectively. The adsorption decreases gradually
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Fig. 8. Effect of the variation of initial concentration of Pb(II),
Mn(II) and Zn(II) on the removal percentage of Pb(II), Mn(II)
and Zn(II) by ferric oxides (contact time 120 min, temperature
298 K).

from 70% to 23% for Fe-Ppt, from 100% to 82.20% for Fe-org
and from 96% to 35% for Fe-mic with increasing in initial man-
ganese concentration from 10 to 100 mg/L, respectively. It was
found that the adsorption of Zn(Il) decreases gradually from
99.60% to 68.10% for Fe-ppt, from 100% to 97.60% for Fe-org
and from 100% to 86.10% for Fe-mic with increasing in initial
zinc concentration from 10 to 100 mg/L, respectively.

From Fig. 6, the removal percentage of Pb(II), Mn(II) and
Zn(Il) increases with increasing contact time and attained
saturation (equilibrium time) in about 120 min. Basically,
the rate of removal of these adsorbates is rapid during the
first 30 min due to the larger surface area and active sites
of the adsorbent being available for the adsorption of the
metals; then, the removal percentage becomes almost insig-
nificant due to a quick exhaustion of adsorption sites.

From Fig. 7, the adsorption was found to be increased
with increasing weight of ferric oxides up to a certain limit
and then became almost constant due to the increasing
surface area and active sites.
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From Fig. 8, it can be concluded that at lower initial
concentration of metal ions, sufficient adsorption sites may
be available for adsorption of heavy metal ions but at higher
concentration of metal ions their number might be greater
than the number of adsorption sites and consequently less
adsorption was detected [34].
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Fig. 9. Langmuir isotherms plot for removal of Pb(II), Mn(II)
and Zn(II) by ferric oxides prepared by different methods.

Table 3

From the above data, the removal percentage of Pb(II)
> Zn(II) > Mn(Il) and the best metal oxide Fe-org < Fe-mic
< Fe-ppt.

3.2.4. Removal of mixed heavy metal ions from aqueous
solutions

When mixed three heavy metal ions [Pb(II), Mn(II) and
Zn(II)] with the same concentration 30 mg/l and using
0.025 gm of Fe-org for 120 min, the removal percentage of
Pb(II) is 100%, for Mn(II) is70.16% and for Zn(II) is 98.95%.

From this, the removal percentage of Pb(Il) > Zn(II) >
Mn(II) and that is similar to the result obtained from each
heavy metal alone.

3.3. Adsorption isotherms
3.3.1. The Langmuir model

Table 2 shows the adsorption capacity, Langmuir con-
stant and regression coefficients (R). The linear plots of 1/4,
against 1/c, show that the adsorption obeys the Langmuir
model in Fig. 9.

3.3.2. The Freundlich model

Table 3 shows Freundlich constants and regression coef-
ficients (R). The logarithmic plot of the Freundlich expres-
sion for the amount of heavy metal ions adsorbed per unit
mass of the adsorbent (g,) and the concentration of heavy
metal ions at equilibrium (C) is shown in Fig. 10.

The linear forms of Langmuir and Freundlich are
shown graphically in Figs. 9 and 10. The regression coef-
ficients (R) obtained from Langmuir model were much
higher than those obtained from Freundlich model; there-
fore, the Langmuir model is better than Freundlich model
and could explain the studied adsorption procedure. When
the adsorption capacities of Fe-ppt, Fe-org and Fe-mic
were compared for Pb(II), Mn(II) and Zn(II), it was found
that Fe-org have maximum adsorption capacity for Pb(II),
Mn(Il)and Zn(II) obtained from Langmuir model are 74.74,
38.88 and 78.66 mg/g, respectively.

Isotherm constants of the Langmuir and Freundlich models and regression coefficients for Pb(II), Mn(II) and Zn(II)removal by

ferric oxides prepared by different methods

Metal ion Adsorbents Langmuir constants Freundlich constants
q, K, R K, n R
Pb(II) Fe-ppt 59.56 1.638 0.9929 28.65 391 0.8738
Fe-org 74.74 28.420 0.9546 63.70 796 0.92621
Fe-mic 68.68 20.320 0.9790 52.90 9.02 0.93211
Mn(II) Fe-ppt 24.22 9.956 0.9819 5.83 242 0.89406
Fe-org 38.88 0.890 0.9854 4298 4.23 09177
Fe-mic 36.68 0.081 0.9907 15.58 3.62 0.9362
Zn(1) Fe-ppt 61.09 4.770 0.9973 3713 3.89 091154
Fe-org 78.66 42.506 0.8109 76.46 6.48 0.80154
Fe-mic 70.78 31.419 0.9169 59.12 891 0.90805
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Table 4

First and second orders kinetic parameters for the removal of Pb(II) Mn(II) and Zn(II) by ferric oxides

Metal ion Adsorbents First order Second order
K, q, R K, q, R
Pb(II) Fe-ppt 0.026553 27.040828 0.99156 0.00210368 51.86721 0.99967
Fe-org 0.034982 2.94089 0.94558 0.032195 50.15045 1.00000
Fe-mic 0.044332 7.72645 0.96451 0.019051 50.175614 0.99999
Mn(II) Fe-ppt 0.010179 16.79770 0.94429 0.0011138 33.12355 0.98885
Fe-org 0.029639 14.523122 0.99825 0.005314 50.70993 0.99995
Fe-mic 0.003109 6.059126 0.96976 0.003229 40.567951 0.99773
Zn(II) Fe-ppt 0.037308 27.22826 0.95034 0.003254 50.916496 0.99959
Fe-org 0.013288 0.20728 0.9919 0.203877 50.02501 1.00000
Fe-mic 0.041154 3.432574 0.94923 0.032207 50.1002 0.99999
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Fig. 10. Freundlich isotherms plot for removal of Pb(II), Mn(II)
and Zn(II) by ferric oxides prepared by different methods.

3.4. Adsorption kinetics

The two adsorption kinetic models used in this study
are first-order and second-order equations developed by
Ho and Cuevas-Villanueva et al., respectively [35,36].

The first-order equation is expressed as follows (Eq. (4)):

log(g, —q,)=logq, -k 4)

_t
303

Tiea Min}

Fig. 11. First-order plots for adsorption of Pb(II)), Mn(II) and
Zn(II) by ferric oxides prepared by different methods.

The second-order equation is expressed as follows (Eq. (5)):

L ®
qt Kanq e qe
where k. and k,_, are the rate constant of first-order and

st 2nd
second-order adsorption, respectively; g, and g, denote the

amount of adsorption at equilibrium and at time ¢, respectively.



292 N.A. Youssef et al. / Desalination and Water Treatment 69 (2017) 284-293

= Feppt
i * Feorg
& Femk
[
= = * = =

o4

o o

Thma {mind

Fig. 12. Second-order plots for adsorption of Pb(II), Mn(II) and
Zn(II) by ferric oxides prepared by different methods.

Kinetic parameters of these models were calculated
from the slope and the intercept of the linear plots of log
(9, —q,) vs. t for first-order kinetic model and t/g, vs. t for
second-order kinetic.

The linear plots obtained for the first-order and
second-order equation are shown graphically in Figs. 11 and
12. It was found from values of regression coefficients that the
fit is better with second-order equation than with first-order
equation. Therefore, the kinetics of heavy metals adsorp-
tion by the adsorbent can be described well by second-order
equation, i.e., the adsorption process of heavy metals as
adsorbates on ferric oxides nanoparticles as adsorbents can
be interpreted well using the second-order equation.

4. Conclusions

The present study shows that ferric oxide-nanoparticles
prepared by the organic solvent method is more active than
that prepared by the precipitation and microwave methods for
removal of Pb(II), Mn(II) and Zn(II) ions from aqueous solu-
tions. The adsorption process is a function of the adsorbent
and adsorbate concentrations and contact time. Equilibrium
was achieved practically in 2 h. Langmuir model is found to

be in a good agreement with experimental data on adaptive
behavior of Pb(Il), Mn(Il) and Zn(Il) ions on Fe,O,. Ferric
oxide is then considered as a useful catalyst for the treatment
of wastewater containing lead, manganese and zinc.
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