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Transition metal ions have been extensively studied for the removal of heavy 
metal ions as efficient adsorbent from aqueous solution. In this work, Fe2O3 
nanoparticles were synthesized by thermal decomposition route of FeSO4.4H2O 
in the presence of urea (1:1 molar ratio) at two different temperatures (500 °C 
and 600 °C) and characterized by XRD and TEM. The XRD result shows that single-
phase of α-Fe2O3 was prepared by increasing of calcination temperature from 
500 °C to 600 °C. TEM images confirmed that the as-prepared products have 
a different shape and that particle sizes are in the range of tens nanometers. 
The average crystallite size of pure α-Fe2O3 calculated from the XRD pattern 
was 53.1 nm and 41 nm, respectively, depending on the method employed. In 
addition, Pb(II) adsorption has been studied and considered as a function of pH 
solution, contact time, initial Pb(II) concentration and also adsorbent dosage. 
The adsorption results show that the iron oxides were able to high percentage 
remove Pb(II) by increasing of contact time, adsorbent dosage and initial Pb(II) 
ion. The pH solution of 6 proved to be the most suitable for the removal of Pb(II). 
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INTRODUCTION
Nowadays, water is one of the most important 

natural resources due to its usability for various 
human and plant activities [1]. In recent years, 
access to safe drinking water became very limited, 
due to an increased discharge of various industrial 
wastewaters containing harmful and toxic transition 
metal ions or azo organic dyes to the environment 
[2-5]. Heavy metal ions [4, 5] and organic dyes 
[2,3] were characterized by their high stability and 
can remain in the environment for a long time. 
Therefore, eliminating or destroying these polluting 
factors from the environment is one of the main 
challenges that human society faces [2-5]. Lead, 
mercury and cadmium ions belong to the most 
toxic metal ions. Their contamination in the human 
body causes diseases of the liver, lungs, brain and 
eventually death. The World Health Organization 
has set the minimum amount of these ions in 

drinking water between 0.01 and 0.005 mg/L. So 
far, many methods have been used to remove heavy 
metal ions [4-17]. Among all the methods, the 
adsorption method has received the most attention 
of research groups due to its simplicity, cheapness, 
sensitivity and high efficiency for the removal of 
various metal ions [4-9]. One of the important 
parameters in the efficiency of this method is the 
type of adsorbent used such as activated bentonite 
[18,19], modified lignin hydrogel [20], zinc oxide/
graphene oxide composite [21], xanthation-
modified deoiled allspice husk [22], sheep wool 
[23], mesoporous silica MCM-41 modified by 
ZnCl2 [24], barium/cobalt@polyethylene glycol 
nanocomposites [25], micro-spheres of Zea mays 
rachis–sodium alginate [26], penicillium polonicum 
[27], Fe2O3@SiO2 nanocomposite [28]. Ahmad 
and Mirza [4] reported the chitosan iron oxide 
nanocomposite as new adsorbent to removal of lead 
and cadmium ions. Li et al. [6] studied the removal 
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of lead and cadmium ions by modified chitosan 
by thiosomalcarbazide. Hematite nanoparticles 
as adsorbents used to remove lead, cadmium, 
copper and zinc ions by Shipley et al. [7]. Van Tran 
et al. [8] applied new two-binary Cu-Mg ferrite 
nanoparticles to remove lead ions. Kumar Raul 
et al. [5] reported the removal of lead ion using 
copper oxide nanoparticles. Homayonfard et al. 
[9] used chitosan ferrite nanocomposite to remove 
cadmium ion from aqueous medium.

In recent years, Fe2O3 nanoparticles have 
been used as well adsorbent for removal of 
heavy metal ions and various organic dyes due to 
excellent adsorption capacities [7, 29-36]. Fe2O3 
nanoparticles, the most stable iron oxide, low-
cost materials, easily removed using a magnet and 
environmental friendly, with large surface area have 
the high active sites to adsorb heavy metal ions or 
organic dyes [29-36].

Continuing the previous work on the preparation 
of various transition metal nanoparticles [37-41], in 
this study, iron oxide nanoparticles were prepared 
by solid state thermal degradation of a mixture of 
ferrous sulfate and urea at temperatures of 500 and 
600 °C and characterized using XRD and TEM. 

In addition, the removal of lead ion from aqueous 
solution was studied by changing parameters such 
as solution pH, contact time, lead ion concentration 
and amount of adsorbent dosage.

EXPERIMENTAL
Materials and measurement

All chemicals used in this paper, such as 
FeSO4.4H2O, urea, Pb(NO3)2.2H2O and HCl, were 
purchased from a Merck company and were used 
without any further purification. XRD patterns of 
the complexes were obtained on Empyrean powder 
diffractometer of PANalytical in Bragg-Brentano 
configuration equipped with a flat sample holder 
and PIXCel3D detector (Cu Kɑ radiation, 
λ = 1.5418 Å). Particle images were recorded with 
a transmission electron microscope (TEM) FEI 
Tecnai G2 20 with a LaB6 cathode at acceleration 
voltage 200  kV. The instrument is equipped with 
a CCD camera Olympus Veleta. The Pb(II) ion 
analysis was carried out by Atomic Absorption 
spectrophotometer (Shimadzu AA-6300, Japan).

Preparation of iron oxide nanoparticles
α-Fe2O3 nanoparticles prepared using solid-

 
Fig. 1. The XRD patterns of iron oxide nanoparticles a) Fe-1 and b) Fe-2. 

  

Fig. 1. The XRD patterns of iron oxide nanoparticles a) Fe-1 and b) Fe-2.

 
Fig. 2. Williamson-Hall plot of iron oxide nanoparticles Fe-2 

  

Fig. 2. Williamson-Hall plot of iron oxide nanoparticles Fe-2.
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state thermal decomposition according to the 
previous literature [37,38,42]. FeSO4.4H2O (0.01 
mol) and urea (0.01 mol) were mixed into a quartz 
crucible and ground for about 10 min. Finally, the 
powder was put into a tube furnace and calcined 
for 2 h at 500 ºC and 600 ºC with a heating rate of 
20 ºC/min under air atmosphere. As a result, two 
products were obtained and respectively named as 
Fe-1 and Fe-2.

Adsorption experiments
Pb(II) ion removal experiments were performed 

in 50 ml Erlenmeyer flask containing 25 ml of lead 
solution at different concentrations, in the presence 
of different amounts of adsorbent at different times 
and at different pH of the solution. The flasks were 
then shaken, and at various contact times, the 
adsorbent was separated from the solution using a 
centrifuge. Then, Pb(II) concentration was recorded 
by using atomic absorption spectrophotometer. 
The removal percentage (%) and the amount of 
adsorbed per unit mass of adsorbent (mg/g) were 
obtained using the equations bellow:

R (%) = {(Ci – Ct) / Ci} × 100   qt = {(Ci – Ct) V} / M 

  
                        (1)

R (%) = {(Ci – Ct) / Ci} × 100   qt = {(Ci – Ct) V} / M 

  where, R (%) is the removal percentage, qt 

(mg/g) is the adsorption capacity, Ci and Ct are 
initial and final Pb(II) concentrations, V (L) is the 
volume of the solution and M (g) is the adsorbent 
dosage.

RESULTS AND DISCUSSION
XRD patterns

The XRD patterns of the Fe-1 and Fe-2 
products are presented in Fig. 1. It appeared that 
sample Fe-1 is a mixture of Fe2O3 and Fe2(SO4)3 
, both rhombohedral, and of a small amount of 
the other compound which cannot be identified 
unambiguously. By increasing the annealing 
temperature from 500 °C to 600 °C, the intermediate 
products have been disappeared and pure α-Fe2O3 
nanoparticles were obtained. In the XRD pattern of 
Fe-2, 11 sharp diffraction peaks at 2θ ≈ 24.14°(012), 
33.14°(104), 35.62°(110), 40.85°(113), 49.44°(024), 
54.04°(116), 57.56°(018), 62.41°(214), 63.98°(300), 
71.89°(1010) and 75.43°(220) are observed. These 
diffraction peaks can be indexed to the hexagonal 
phase of α-Fe2O3 with card JCPDS No. 80-2377 [30-
32].

The rhombohedral structure of the product was 
confirmed by the Rietveld fit in crystallographic 
program Jana2006 [43] with calculated lattice 
constants of a=5.0365(2) Å and c= 13.7586(7) Å 
which are in good agreement with the tabulated 

   
Fig. 3. TEM images of a,b) Fe-1 and c,d) Fe-2 

  

Fig. 3. TEM images of a,b) Fe-1 and c,d) Fe-2.
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values. The average crystallite size was determined 
using both Williamson-Hall analysis [44] and 
fundamental parameter approach [45]. In the first 
case, the diffraction pattern of NIST standard LaB6 
collected under the same conditions as Fe-2 sample 
was employed as instrumental function. The 
distinct dependencies of size and strain broadening 
on the diffraction angle allowed separating both 
effects in Williamson-Hall plot (Fig. 2):

𝛽𝛽 cos 𝜃𝜃 = 𝑘𝑘. 𝜆𝜆𝐿𝐿 + 4𝜀𝜀. sin𝜃𝜃 

  

            (2)

Where β is peak width, θ diffraction angle, k is a 
constant which depends on the assumptions made 
in the theory, λ is wavelength of the radiation, L is 
average crystallite size and ε is strain [46]. In the 
presented case, we assumed that strain is uniform 
and Scherrer constant equals 1. By fitting the 
data, average crystallite sizes were extracted from 
the y-intercepts. For the sample Fe-2 we obtained 
intercept K1=0.292 resulting in average crystallite 
size 53.1 nm.

In the other case, the instrumental function 
was modeled from the known geometry of the 
diffractometer and from the predefined radiation 
profiles. The instrumental broadening binst was 
subsequently extracted from the measured 
diffraction pattern and sample broadening bsample 
was determined. Average crystallite size of sample 
Fe-2 was then solved using Scherrer equations

Dv = K  / (sample cos) 

 

                         
                                                                                 (3)

  
where Dv is volume weighted crystallite size, K 

is Scherrer constant, l wavelength of the radiation 
and bsample is integral breadth of reflection located at 

angle 2q. The average crystallite size determined for 
the as-prepared product at 600 ºC is 41 nm.

TEM images
The TEM imaging was carried out to determine 

the morphology and particle size. The sample 
prepared at 500 °C contained semi-elliptical 
particles and any residual matter (Fig. 3a). Because 
of iron oxide particles make clusters, the particle size 
can be only roughly estimated to tens of nanometers 
(Fig. 3b). Iron oxides prepared by calcination at 600 
°C also make clusters. Nevertheless, the individual 
particles are simply recognized (Fig. 3c,d). The 
spherical nanoparticles with a diameter of about 
30-65 nm and elongated particles with a longer 
diameter up to 100 nm were found in this sample. 

   
Effect of pH on adsorption

The effect of pH values on the Pb(II) adsorption 
using the as-prepared iron oxides Fe-1 and Fe-2 
were investigated and the data are shown in Fig. 4. 
Fig. 4 shows that in all pH the efficiency of Pb(II) 
ion adsorption by Fe-2 as adsorbent is higher 
than Fe-1. In addition, at lower pH, Pb(II) ion 
adsorption efficiencies are low, due to the high 
concentration of H+ ions. Because H+ ion is lighter 
than Pb(II) ion, it can be more easily adsorbed 
on the adsorbent surface. Therefore, the H+ ion 
wins the competition with the Pb(II) ion. In other 
words, the active sites of the adsorbent to absorb 
the Pb(II) ion are blocked by the H+ ions [51-53]. 
Also, with increasing pH and decreasing the H+ 
concentration, Pb(II) ion can be adsorbed by high-
level activity of nanoparticles and it is observed 
that by increasing the pH and going from 2 to 5, 
the adsorption efficiency of Pb(II) ion reaches from 

 
Fig. 4. Effect of pH on adsorption of Pb(II) on a) Fe-2 and b) Fe-1 (0.4 g adsorbent with 25 mL 

of 50 ppm initial concentration of Pb(II) at 120 min) 

  

 
Fig. 5. Effect of adsorbent dosage on adsorption of Pb(II) on a) Fe-2 and b) Fe-1 (25 mL of 50 

ppm initial concentration of Pb(II) at 120 min and pH = 5) 

  

Fig. 4. Effect of pH on adsorption of Pb(II) on (a) Fe-2 and (b) 
Fe-1 (0.4 g adsorbent with 25 mL of 50 ppm initial concentration 
of Pb(II) at 120 min).

Fig. 5. Effect of adsorbent dosage on adsorption of Pb(II) on 
(a) Fe-2 and (b) Fe-1 (25 mL of 50 ppm initial concentration of 
Pb(II) at 120 min and pH = 5).
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25% to 96% on Fe-2 and 24% to 82% on Fe-1 [6, 8, 
47-52].

As the pH increases and the solution reaches a 
neutral or alkaline pH, it is observed that the Pb(II) 
ion removal efficiency decreases. Under these 
conditions, Pb(II) ions in the presence of hydroxide 
ions can easily produce Pb(OH)2, PbOH+ and also 
Pb(OH)3

- [6, 8, 47-52], which is stable and cannot 
be absorbed by the adsorbent and removed from 
the aqueous solution. Then, according to the 
obtained results, pH 5 was selected to continue the 
experimental work and to investigate the effect of 
contact time, change of lead ion concentration and 
change of adsorbent amount.

Effect of adsorbent dosage
The metal ion removal efficiency is directly 

related to the amount of adsorbent used. By 
changing the amount of adsorbent due to the change 
in the amount of active groups in adsorption as well 
as electrostatic interactions with metal ions, the 
amount of metal ions removed from the solution 
increases. Fig. 5 shows the effect of different 
amounts of adsorbents used in the removal of lead 
ions for the two adsorbents Fe-1 and Fe-2. Fig. 5 
shows that by increasing the amount of adsorbent 
from 0.1 g to 0.4 g, the Pb(II) ion removal efficiency 
has increased from 54 to 96% for Fe-2 and 36 to 
82% for Fe-1. These changes are due to the increase 
in the amount of active adsorption groups when 
higher amounts of adsorbent are used [12, 47-
52]. In addition, Fig. 5 shows that further use of 
adsorbent (0.5 and 0.6 g) has little effect on lead ion 
uptake.

Effect of initial Pb(II) concentration and contact time
Adsorption of Pb(II) by the adsorbent is directly 

related to its initial concentration in solution. 
The results of Pb(II) ion removal with changes 
in its initial concentration in solution from 30 to 
50 ppm are shown in Figs. 6 and 7, respectively.  
These figures show that the time to reach the 
maximum amount of Pb(II) ion removal in the 
initial concentration of 30 ppm is shorter than the 
concentration of 50 ppm [48,49]. Due to the greater 
number of active adsorbent sites for adsorption at 
low concentration of Pb(II) ion, the adsorption rate 
is higher and in less time the maximum amount 
of Pb(II) ion adsorption occurs on the adsorbent 
surface. By increasing the initial concentration of 
Pb(II) ions, the active adsorption sites are saturated 
sooner, so the time to reach the maximum amount 
of adsorption is longer.

CONCLUSIONS
New iron oxides (Fe-1 and Fe-2) were prepared 

and characterized. XRD results show that the Fe-1 is 
mixture of α-Fe2O3 nanoparticles and intermediate 
products, while Fe-2 is rhombohedral structure of 
pure α-Fe2O3. TEM images show the semi-elliptical 
particles with a size of tens of nanometers.  In 
addition, the Pb(II) removal of the as-prepared 
iron oxide products has been studied. Adsorption 
results show that with increasing the pH solution, 
adsorbent dosage and also contact time, the 
percentage removal of Pb(II) has been increased.

ACKNOWLEDGMENTS
We would like to thank the Golestan University 

and Institute of Physic of the Czech Academy of 
Sciences for financial their supports. The work is 
supported by Operational Programme Research, 
Development and Education financed by European 
Structural and Investment Funds and the Czech 

 
Fig. 6. Effect of initial Pb(II) concentration a) 30 and b) 50 ppm on adsorption of Pb(II) on Fe-1 

  

 
Fig. 7. Effect of initial Pb(II) concentration a) 30 and b) 50 ppm on adsorption of Pb(II) on Fe-2 

 

 

 

 

Fig. 6. Effect of initial Pb(II) concentration (a) 30 and (b) 50 
ppm on adsorption of Pb(II) on Fe-1.

Fig. 7. Effect of initial Pb(II) concentration (a) 30 and (b) 50 
ppm on adsorption of Pb(II) on Fe-2.
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