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Abstract In this work, α-Fe2O3 nanocrystals are synthesized by co-precipitation method and used as adsorbent to remove

Cr6+, Cd2+, and Pb2+ from wastewater at room temperature. The prepared sample is evaluated by XRD, BET surface area, and

FESEM for structural and morphological characteristics. XRD patterns confirm the formation of a pure hematite structure of

average particle size of ~ 40 nm, which is further supported by the FESEM images of the nanocrystals. The nanocrystals are

found to have BET specific surface area of ~ 39.18 m2 g−1. Adsorption experiments are carried out for the different values of

pH of the solutions, contact time, and initial concentration of metal ions. High efficiency Cr6+, Cd2+, and Pb2+ removal occur

at pH 3, 7, and 5.5, respectively. Equilibrium study reveals that the heavy metal ion adsorption of the α-Fe2O3 nanocrystals

followed Langmuir and Freundlich isotherm models. The Cr6+, Cd2+, and Pb2+ adsorption equilibrium data are best fitted to

the Langmuir model. The maximum adsorption capacities of α-Fe2O3 nanocrystals related to Cr6+, Cd2+, and Pb2+ are found

to be 15.15, 11.63, and 20 mg g−1, respectively. These results clearly suggest that the synthesized α-Fe2O3 nanocrystals can

be considered as potential nano-adsorbents for future environmental and health related applications.
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1. Introduction

The environmental and health issues related to water
pollution have a deep connection to the increasing
population and industrialization. The wastewater has a
real hazard for our environment because of the various
contaminants such as heavy metals into soil and water
resources.1) Lead, chromium and cadmium are considered
to be among the 11 most hazardous pollutants.2) Main
sources of lead include wastewater from battery manufac-
turing, steel industries, painting pigment, fuels, photographic
materials, automobile, and coating industries.3) Chromium
mainly exists in aqueous systems in the forms of anions
of chromate and dichromate and is generally extricate
from several industrial procedures such as metallurgy and
leather tanning.4) Cadmium is a heavy and toxic metal
and it is extensively used in Ni-Cd batteries and paint
pigments. Cadmium has been reported to be an effective
carcinogen and hemopoietic.5) Many organic pollutants

and heavy metals are not removed or reduced from
wastewater through typical usual environmental and
biological processes. The common methods for the
elimination of heavy metal ions from waste water contain
reverse osmosis, chemical precipitation, ion exchange,
electrochemical treatment and adsorption.6-8) Among
these, methods adsorption is an inexpensive and widely
used technique.9) The typical adsorbents used in this
method are silica gel, activated alumina, molecular sieve
zeolites, activated carbon and polymeric adsorbents.
However, these sorbents have many disadvantages such
as high cost and low adsorption capacities.10)

Among inorganic minerals present in the environment,
iron oxide nanoparticles with large surface area have the
most reactive surface sites and organic contaminants
including both cations and anions5). The small size of
iron oxide was benign for the scattering of metal ions
from solution onto the active sites of the adsorbents
surface11). We considered α-Fe2O3 (hematite), is the most
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stable iron oxide and environmental safety. Hematite
have attracted extensive attention in the area of materials
science due to its well-known applications in pigments,
rechargeable lithium ion batteries, catalyst, photocatalysis
and waste water treatment12).

Many iron oxide (Fe3O4, γ-Fe2O3 and α-Fe2O3) nano-
structures have been synthesized to remove heavy metals
due to their high surface area, magnetic properties,
chemical stability and low toxicity.10, 13,14, 15-17)

In this work, we synthesized the α-Fe2O3 (hematite)
using co-precipitation method. The synthesized sample
was characterized by physical and chemical properties.
The α-Fe2O3 nanocrystals were used as nano-adsorbents
for the removal of heavy metal ions Cr6+, Cd2+ and Pb2+

from water. The optimum pH, adsorption capacity and
equilibrium parameters were investigated. The results
obtained in the present work clearly suggest that the
hematite nanocrystals can be used convenient and low
costing material for the recovery of heavy metal ions
from waste water.

2. Experimental

2.1 Synthesis of adsorbent and characterization

The sample was prepared using the method reported in
our previous work.18) FeCl3 was added into a 2M HCl to
form a solution with the concentration of 1M for FeCl3.
Then pH of the solution was adjusted to 10 by using 2M
NH4OH. The preparing precipitate was centrifuged and
washed with ethanol and deionized water 3 times and
dried in air at 70 oC for 12 h. Finally, the precursors were
calcined at 400 oC temperatures for 2 h in air. X-ray
diffraction (XRD) pattern of α-Fe2O3 nanocrystals was
obtained using a BRUKER D8 Advance diffractometer
with Cu Kα radiation of wavelength 1.5406 Å. The
morphology of the α-Fe2O3 nanocrystals was studied by
field emission scanning electron microscopy (FESEM,
MERLIN-ZEISS). Surface area was analyzed by Brunauer-
Emmet-Teller (BET) methods using an Autosorb iQ Station
1 gas sorption analyzer (Quantachrome Instrument Corp.,
USA). Nitrogen adsorption data were taken at five
relative pressures and at a temperature of 77 K to
calculate the surface area using BET theory. The sample
was degassed at 150 oC for 5 h under vacuum prior to
analysis.

2.2 Adsorption analysis

Metal ions Cd2+ and Pb2+ solutions were prepared
respectively from their nitrates, chlorides while Cr6+

solution was prepared by using K2Cr2O7 and DI water.
The adsorption study was conducted by making the stock
solutions (with initial concentration of 1000 mg L-1) and
diluted heavy metal ions solution. For the adsorption,

0.15 g of the α-Fe2O3 nanocrystals was put on to 30 ml
of the heavy metal ions solution with the initial pH value
5.5 ± 0.1. After 10 min, the adsorbent was separated by
filtering the solution. Initial and final metal ions
concentrations were analyzed by an inductively coupled
plasma-optical emission spectrometer (ICP-OES, Optima
8300, PERKIN ELMER USA). The adsorption efficiency
(AE) was calculated by analyzing initial and residual
heavy metal ions concentrations in solution before and
after contact with adsorbent through the following
equation:

(1)

where C0 and C
e
 (mg L−1) are the initial and final

residual concentrations of heavy metal ions in aqueous
solutions. The equilibrium adsorption capacity of heavy
metal ions was calculated using the following equation:

 (2)

where C0 and C
e
 (mg L−1) are initial concentration and

equilibrium concentration of heavy metal ions, respectively;
V (L) is the sample volume and m (g) is the mass of iron
oxide nanocrystals.11) Effect of adsorbent dosage study
was conducted at laboratory temperature and at optimum
pH with varying mass of adsorbent dose. The different
masses of adsorbent introduced into the heavy metal ions
solutions (10 mg L−1) were 0.05, 0.10, 0.15 and 0.25 g at
pH value 5.5 for 10 min. Heavy metals of Cr6+, Cd2+ and
Pb2+ for the same initial concentration and adsorption
equilibrium time were determined as a function of pH.
The pH values were adjusted to 3, 5.5, 7 and 9 using
0.1N HCl or NaOH solution. Afterwards, the mixtures
were separated and residual metal ions concentrations
were measured. The effect of sorption time on each
metal ion adsorption was determined in time intervals
ranging from 2 to 20 min. After completing the adsorption
process, adsorbents were separated followed by the
determination of remaining metal ions concentration.
Adsorption isotherms were obtained by adsorbent with
metal ion solutions of varied initial concentrations 20 to
160 mg L−1 for 10 min. After adsorption, the equilibrium
concentrations of metal ions in the solutions were
analyzed.

3. Results and discussion

3.1 Properties of prepared α-Fe2O3 nanocrystals

Fig. 1(a) and (b) shows the XRD and FESEM image
of the synthesized sample respectively. The XRD analysis
showed the formation of the hematite structure well
indexed according to the JCPDS No. 89-2810. In the
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XRD pattern of the synthesized sample indicating no
impurity peak was observed the complete reaction
between the raw materials. The most intense (104) peak
was selected to calculate the crystallite size. The average
crystallite size of α-Fe2O3 nanocrystals as calculated
from the Scherrer equation was found to be 17 nm. The
FESEM image shows the morphology and the particle
sizes of the sample which are very similar with those
reported in Ref.18). Furthermore, the specific BET surface
areas of the nanocrystal α-Fe2O3 was found to be 39.18
m2 g−1 by calculating the results of N2 adsorption. The
large BET surface area is significant for adsorption
process.5)

3.2 Adsorption study

The effect of adsorbent amount, on heavy metals
adsorption by α-Fe2O3 nanoparticles was studied in the

30 ml solution was mixed with different doses of while
keeping other parameters constant. Initial concentration
of heavy metals was kept at 10 mg L−1 with the contact
time of 10 min. It can be seen from Fig. 2(a) that the
removal efficiency of metal ions generally increased with
an increase in the dosage of α-Fe2O3 nanoparticles. An
increase in the adsorbent dosage from 0.05 to 0.15 g led
to an increase in the removal efficiency of Cr6+, Cd2+ and
Pb2+ from 32.6 to 74.3, 59.7 to 92.2, and 38.3 to 100 %,
respectively. Adsorbent mass increased with the increase
in removal efficiency. This can be attributed to the
increasing number of binding sites with the increased
amount of absorbent.14,19) The maximum adsorption of
heavy metals with adsorbent was obtained to be 0.15 g
which indicated the optimum dosage.

The pH is an important parameter in the adsorption
experiments. 0.1N HCl and NaOH solutions were used to

Fig. 1. (a) The powder XRD pattern, (b) FESEM image of α-Fe2O3 nanocrystals

Fig. 2. (a) Effect of mass, (b) Effect of pH on adsorption efficiency for heavy metal ions by of α-Fe2O3 nanocrystals
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adjust solution pH. The Fig. 2(b) shows the effect of
solution pH in the range 3 to 9 on the removal of Cr6+,
Cd2+ and Pb2+ ions from aqueous solutions by hematite
nanoparticles. When nanocrystal adsorbent was used for
adsorption of Cr6+, maximum removal of 99.6 % occurred
at pH value 3 and gradually decreased as pH approached
from 5.5 to 9. The positive surface charge of the
adsorbent attracted more Cr6+ which was present in the
form of negative charged CrO4

2− at pH value 3. Similar
results were noted earlier.10) Surface sites of adsorbent
occupied by negatively charged ligands, however replaced
the negatively charged Cr6+ species. Thus, the adsorption
efficiency of Cr6+ decreased with increasing pH values13).
For Cd2+ and Pb2+ ions, the adsorption efficiency first
increased for pH 3 to 5 and then reached the equilibrium
state for pH 5 to 7. However, the removal rate slightly
dropped at pH 9. At pH lower than 5.5, low adsorption
of the heavy metal ions was observed. Higher pH was
favorable for the deprotonation of sorbent surface. The
increase with deprotonation resulted in the increase of
the negatively charged sites, which enhanced electrostatic
forces between the sorbent surface and heavy metals
Cd2+ and Pb2+ ions. This resulted in an increase in the
adsorption efficiency. However, further increase in pH
led to the decrease in the adsorption efficiency; hence the
higher pH values Cd2+ and Pb2+ ions got precipitated in
their hydroxide form14). The pH values chosen for the
further study of the adsorption of heavy metal ions of
Cr6+, Cd2+ and Pb2+ were 3, 7 and 5.5 respectively.

Time is the also major factor in defining the removal
efficiency of adsorption system. In order to investigate
the effect of contacting time on heavy metal ions, further
experiments were carried out using 0.15 g of α-Fe2O3

nanocrystals at room temperature. Fig. 3(a) shows the
effect of contacting time on the adsorption efficiency of

heavy metal ions by α-Fe2O3. As can been in Fig. 3(a)
the heavy metals solution concentration was reduced
by above 90 % within the first 2 minutes of contact and
remained constant up to 20 minutes. It is clear that
adsorption rates of heavy metal ions were time independent.
However, a slight increase in the all heavy metal ions
adsorption rates observed at the 10 minutes in adsorption
time.

In this study, the wastewater with initial heavy metal
ions concentration of 20 to 160 mg L−1 was taken and
adsorption time was settled at 10 min. As shown in Fig.
3(b) adsorption capacity depended on the initial metal
ions concentration. It was found that the adsorption
capacities increased with increase in initial concentrations
of heavy metal ions. This can be attributed to the fact
that more heavy metal ions could bind to the adsorption
sites on the surface of the hematite nanocrystals. At the
higher concentrations of heavy metal ions, the rate of
increase adsorption capacity became gradually slow.
These results are in good agreement with the already
reported works.11,15) Both Langmuir and Freundlich
isotherm models were used to evaluated the obtained
data. Langmuir isotherm equation is derived from the
adsorbent surface with a fixed number of binding sites,
and the monolayer adsorption occurs on the surface of
adsorbent isotherm20). The linearized Langmuir isotherm
is given as:

(3)

Where C
e
 is equilibrium concentration of the metal

ions (mg l−1) and q
e
 is the quantity of the heavy metal

adsorbed at equilibrium of α-Fe2O3 nanocrystal (mg g−1),
b Langmuir constant connected to the bond energy of
adsorption (l g−1) and q

m
 is maximum adsorption capacity
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Fig. 3. (a) Effect of adsorption time, (b) Effect of initial concentration of heavy metal ions on adsorption capacity by α-Fe2O3 nanocrystals
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(mg g−1).The constants b and q
m
 can be determined from

the intercept and slope of the linear plot C
e
/q

e
 versus

C
e
.21) Freundlich isotherm can be applied for heterogenous

surfaces and multilayer adsorption can occurred. It is
represented as:

(4)

where K is the constant the relative adsorption capacity
of the adsorbent (mg1-1/n L1/n g−1) and n represents the
adsorption intensity. The constants n and K can be
determined from the slope and intercept of the linear plot
logq

e
 versus logC

e
.10) The quantitative relationship

between initial Cr6+, Cd2+ and Pb2+ ions concentration
and the adsorption capacity analyzed with two different
isotherm models are illustrated in Fig. 4(a, b). The
calculated correlation coefficients (b, q

m
, n and K) and

linear regression coefficient (R2) values for each

Langmuir and Freundlich model are outlined in Table 1.
The calculated linear regression coefficient (R2) values
for the plots in Fig. 4(a) are well greater than 0.99
suggesting a strong linear relationship between C

e
 and

C
e
/q

e
. It is indicating that the Langmuir model was more

applicable than Freundlich model. 
In particular, metal ions of Pb2+ have more affinity to

iron oxide nanocrystal and are more favorable for
adsorption than Cr6+ and Cd2+ ions. This may be attributed
to the comparatively higher electronegativity value of
lead.22) The more electronegative metals should form
the strongest covalent bond with oxygen atoms on
nanoparticles surfaces.19) A comparison of the maximum
adsorption capacities of Cr6+, Cd2+ and Pb2+ ions onto
different morphologies of α-Fe2O3 are given in Table 2.
The adsorption capacity of heavy metals ions on α-Fe2O3

nanocrystals was significantly higher than that of other
adsorbents. This may be due to the morphology, surface

logq
s
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1

n
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Fig. 4. (a) Langmuir isotherm model, (b) Freundlich isotherm model

Table 1. The Langmuir and Freundlich isotherm models parameters for the adsorption of Cd2+, Cr6+ and Pb2+ ions onto α-Fe2O3

nanocrystals

Metal ions Langmuir Freundlich

q
m
 (mg g

-1
) b (L mg

−1
) R

2
K n R

2

Cd 11.63 0.071 0.997 2.31 2.99 0.929

Cr 15.15 0.143 0.992 4.17 3.57 0.982

Pb 20.00 0.192 0.995 5.13 3.03 0.971

Table 2. The adsorption capacities of different morphologies of α-Fe2O3 adsorbents 

Adsorbents Surface area, m2 g-1 Cd Cr Pb References

Sphere like α-Fe2O3 35.73 7.00 12

3D Ordered Macroporous (3DOM) α-Fe2O3 24.15 12.50 7.00 23

Hollow spindles α-Fe2O3 16.55 6.14 5.30 24

Microspheres α-Fe2O3 13.07 5.05 3.65 24

Nanocrystal α-Fe2O3 39.18 11.63 15.15 20.00 This work
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area and particles size of our prepared nanocrystals
which are quite different from those reported in
literatures.12,23,24)

4. Conclusions

In summary, α-Fe2O3 nanocrystals were well synthesized
by a simple co-precipitation method. The fabricated
sample was tested for the removal of heavy metals
from wastewater. Heavy metal ions adsorption activities
of α-Fe2O3 nanocrystals were examined with different
experimental conditions. The pH was played important
role in heavy metal ion adsorption. Maximum removal of
Cd2+, Cr6+ and Pb2+ ions occurred at pH 3, 7 and 5.5,
respectively. The adsorption is a physico-chemical process
which affecting significant electrostatic attractions between
α-Fe2O3 nanocrystals and heavy metal ions. The results
show that the capacity of heavy metal ions increased as
the contact time and initial metal ions concentration
increased. The Langmuir adsorption isotherm model
provided the better fit as revealed by the higher linear
regression coefficient values compared to the Freundlich
model which confirmed the monolayer adsorption of the
studied metal ions onto α-Fe2O3 nanocrystals surface.
Langmuir adsorption capacities of 11.63, 15.15, and 20
mg g−1 were obtained for Cd2+, Cr6+ and Pb2+ ions
respectively. The findings of the present work showed
that α-Fe2O3 nanocrystals can be used as good adsorbents
for the removal of heavy metal ions from waste water.
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