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ABSTRACT

In this study, natural hematite was used for the removal of zinc(II) from aqueous solutions
due to its lower cost and high adsorption capacity. Variables of batch experiments including
solution pH, contact time, initial concentration, and the amount of adsorbent were studied.
The results indicated that the adsorption capacities are strongly affected by the parameters
mentioned above. The optimum pH and amount of adsorbent was obtained 6 and 5 g,
respectively. The isothermal data were fitted with Freundlich equation. The intraparticle dif-
fusion model was the best for describing the kinetic data. It was revealed that natural hema-
tite can be used as an effective adsorbent for removing Zn(II) from aqueous solutions.
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1. Introduction

Zinc is widely used in industries such as galva-
nization, smelting, fertilizers and pesticides, fossil fuel
combustion, pigment, polymer stabilizers, etc. and for
this reason, there are large amount of wastewaters
containing zinc. These industries directly or indirectly
release large quantities of zinc in to environment,
especially in developing countries [1,2]. Zinc is as an
essential element for human health and acts as a
micronutrient when present in trace amounts [3]. But
it is reported that Zinc is toxic beyond 5 mg l–1 accord-
ing to World Health Organization (WHO) [4].

The undesirable effects of pollutants can be
avoided or at least diminished by treatment of pro-
duced wastewater prior to discharge. Various methods
have been employed for the removal of zinc, including

chemical precipitation, ion exchange, electroflotation,
reverse osmosis, solvent extraction, electrolysis, and
adsorption. Adsorption is one of the physicochemical
treatment processes found to be effective in removing
heavy metals from aqueous solutions [5]. Several
adsorbents, most of them low cost and natural materi-
als, have been reported for the adsorption of zinc from
zinc-containing wastewaters, such as activated carbon
[6–8], natural materials such as clay [9,10], zeolites
[11,12], kaolinite [13], industrial wastes such as fly ash
[14,15], coal, metal oxides [16], goethite [17–20], agri-
cultural wastes such as maize leaf, sago waste, bush
leaves, rice husk ash, and peanut hulls. [5]. Removal
by adsorption can be cost-effective using recovery and
reuse of conventional adsorbents like activated carbon
[21], but the high cost of activated carbon has inspired
the investigators especially in developing countries to
search for suitable low-cost adsorbents [3]. Among the
oxide minerals with local availability, especially*Corresponding author.
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hematite and goethite are cheap materials compared
with other adsorptive materials which have a large
specific surface area and high adsorption capacity [22].
Synthetic and natural are usual kinds of hematite used
for the adsorption of zinc. Recently, the use of natural
hematite for adsorbing metal cations from aqueous
solution attracted the attention of researchers [23].
Actually, the plethora of hematite and its cheapness
make it a considerable substitution for costly adsor-
bents such as activated carbon. Furthermore, using
hematite is the suitable alternative for avoiding regen-
eration processes, as regeneration processes are expen-
sive, so it is beneficial to find such adsorbents that
reduce the cost of the adsorption procedure. Hematite
is low-cost adsorbent as well as is plentiful in Anguran
region. So there is no need for regeneration process.

In the present study, we have used natural hematite
as an adsorbent for zinc removal. In spite of high
adsorption capacity for hematite and the economic ben-
efits in supplying hematite as an adsorbent, there are
few studies on using hematite as an adsorbent in the
literature. This research has tried to prove the great
application of natural hematite in the adsorption pro-
cess with respect to its overabundance in nature and
low cost. The natural hematite that was used in this
study was from the Anguran mine, southwest of city of
Zanjan. The lead and zinc beneficiation plant at Dandi
with a capacity of about 140 tons per hour is located
100 km southwest of Zanjan town. Obviously, the con-
centration of zinc in the wastewater produced from this
mining site is high. Zinc, as a heavy metal, has undesir-
able effects on local environment. Regarding that the
zinc could be the best choice for this research, so has
been used as an adsorbate in experiments.

In this paper, the behavior of the natural hematite in
the batch process of adsorption in addition to its kinetics,
and equilibrium isotherms were studied in order to opti-
mize and design an adsorption process as well as adsor-
bent and adsorbate. The major parameters affecting the
adsorption efficiency including the initial zinc concentra-
tion, pH, the amount of adsorbent, and contact time was
investigated. The hematite particles characteristics before
and after loading with zinc were studied with FTIR
analysis and scanning electron microscope (SEM), and
maps of zinc(II) distribution on the surface and inside
the particles were prepared in order to evaluate the
mechanism and distribution pattern of adsorbed zinc.

2. Materials and methods

2.1. Reagents

Zinc sulfate heptahydrate was purchased from
Merck Company. A high-grade hematite was obtained

from Anguran, Zanjan, Iran, and then crushed to
obtain lower particle sizes. Eventually, granular hema-
tite was sieved to particle size of 150 micron. Acid
treatment of hematite was employed with hydrochlo-
ric acid solution (1 M) to remove impurities present in
hematite, and washed with distilled water, dried in
the air, and then added to zinc solution of predeter-
mined initial concentration.

2.2. Main instruments analytical methods

Mettler Toledo precision pH meters, X-ray diffrac-
tion (XRD) of hematite using BrukerD8 ADVANCE
X-Ray diffractometer, and the atomic adsorption spec-
troscopy (AAS) for analyzing the concentration of zinc
(II) ion were used in the experiments. Distribution
maps of zinc were obtained through imaging with
backscattered electrons (BSE) using a Philips XL30
SEM. Information about morphology and surface
topography of hematite samples was obtained through
imaging with secondary electrons (SE).

2.3. Batch equilibrium experiments

Adsorption tests were carried out using a 2.5 L
capacity glass bottles at ambient temperature (25
± 2˚C). Stock solution of zinc at the concentration of
70 mg l–1 was prepared by dissolving 0.3 g of zinc sul-
fate in 1 L of distilled water preadjusted to pH 4.
Experimental solutions at desired concentration were
obtained by dilution of the stock solution with dis-
tilled water preadjusted to pH 4. Stock solution at the
concentration of 70 mg l–1 was also prepared, pread-
justed to pH 2, 4, and 6 in order to determine an opti-
mum pH for adsorption. The zinc(II) concentration of
each solution was analyzed by titrating against EDTA
solution in the presence of Erichrome black T as an
indicator in order to check the values that were
obtained from AAS. Five hundred milliliters of experi-
mental solutions with initial concentration of 70 mg l–1

were placed in four bottles and then 2, 3, 4, and 5 g
prepared hematite was added to each bottle. Bottles
were rolled at a constant rotation of 100 rpm for 50 h
to reach the equilibrium.

Sampling was performed by removing 10 mL ali-
quots at predetermined time intervals. Samples were
then analyzed for zinc as above mentioned method.
The amount of adsorption at equilibrium qe (mg l–1)
was calculated by Eq. (1):

qe ¼ C0 � Ceð ÞV
W

(1)
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where C0 and Ce (mg l–1) are initial (t = 0) and equilib-
rium zinc concentrations, respectively. V is the volume
of the solution (L), and W is the mass of dry hematite
used (g).

2.4. Batch kinetic experiments

Batch kinetic experiments were conducted under
similar conditions mentioned above for equilibrium
experiments. Experiments were performed at ambient
temperature using 5 g of prepared hematite with
500 mL of aqueous zinc solutions in 2.5 L glass bottles
with initial zinc concentrations of 70, 150 mg l–1 and pH
4. Contents were rolled at 100 rpm by bottle roll appara-
tus. Sampling was done at regular time intervals and
the concentration of zinc was measured as mentioned
previously. The amount of zinc adsorbed by hematite at
time t, qt (mg l–1), was calculated according to Eq. (2):

qt ¼ C0 � Ctð ÞV
W

(2)

where Ct (mg l–1) is the zinc concentration at time t.
The adsorption rates could be calculated according

to Eq. (3):

adsorption %ð Þ ¼ C0 � Ct

C0
� 100% (3)

2.5. Validity of kinetic model

In addition to correlation coefficient (R2), the
kinetic models were further validated by the average
relative error (ARE), which are defined as Eq. (4):

ARE ¼ 100

N

XN
i¼1

qexpe � qcale

qexpe

����
����
i

(4)

where qexpe and qcale (mg l–1) are experimental and cal-
culated amount of zinc adsorbed on hematite at time
t, and N is the number of measurements made. Mod-
els with lower ARE values show more accurate esti-
mation of qt values [24].

3. Results and discussion

3.1. Characteristic of hematite

Fig. 1 displays the XRD of hematite with the
particle size of about 150 micron. It is also specified
that the crystal lattice of natural hematite is rhombo-
hedral with the calculated density of 5.2 g/cm3 and
cell volume of 300.79 (106 pm3). The structure of
hematite is made up of hcp arrays of oxygen ions
arranged in the [0 0 1] direction. Fe(III) ions are set out
with two filled sites being followed by one vacant site
(0 0 1) plane.

Fig. 1. XRD pattern of hematite.
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3.2. Effect of initial concentration and the amount of
adsorbent

The removal of Zn(II) was dependent on the initial
concentration. As it is shown in Fig. 2(a), the amount
of Zn(II) adsorbed qe (mg l–1), increased with the
increase in initial concentration. The ratio of available
surface to initial Zn(II) concentration, at lower concen-
tration was larger. Therefore, the adsorption became
independent of initial concentration. Then, the per-
centage of adsorption at higher concentrations
depended upon the initial concentration. In the case of
natural hematite, the Zn(II) removal decreased from

74.33 to 60.76% with increasing Zn(II) concentration
from 60 to 200 mg l–1, and the amount of qe increased
from 4.46 to 12.15 mg l–1.

The effect of adsorbent concentration on adsorbent
capacity also was studied using 2, 3, 4, and 5 g of
adsorbent with the fixed initial concentration of 70
(mg l–1) at ambient temperature and pH 4 are shown
in Fig. 2(b). According to the results, the percentage of
adsorption increased from 25.71 to 65.87% with
increasing adsorbent concentration. This may be due
to an increase in the number of adsorption sites on the
surface of hematite [25].

Fig. 2. (a) Effect of initial concentration on adsorption, (b) effect of concentration of adsorbent on adsorption, (c) effect of
contact time on adsorption, and (d) effect of pH on adsorption.
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3.3. Effect of contact time on adsorption

In order to determine the optimum adsorption
time for hematite used in this study, the effect of con-
tact time on adsorption was determined at 298 k using
the stock solution which has the zinc ion concentration
of 70 (mg l–1). As it can be seen from Fig. 2(c), the zinc
removal increased rapidly at the beginning of adsorp-
tion with increase in contact time, and thereafter
attained to the equilibrium, and became almost

constant after equilibrium point. This result is based
on the fact that a large number of sites are available
for adsorption at the beginning of the process, and
few minutes later, the remaining vacant surface sites
are hard to be occupied because of the forces between
the Zn(II) and the aqueous phases [25]. Results
showed that the equilibrium reached at 52 h for
natural hematite.

3.4. Effect of initial pH on adsorption

The results given in Fig. 2(d) indicate that the
adsorption values of the hematite are clearly pH
dependent and increased with increasing pH value
from 2 to 6. At used pH range, zinc is only present as
a dissolved metal [26]. While for pH values above 6,
the zinc may precipitate as ZnOH, and Zn(OH)2.
Accordingly, the percentage of adsorption is
decreased.

3.5. Equilibrium isotherms

Adsorption isotherm is the most important param-
eter for the design of adsorption systems since they
represent how the metal ions are partitioned between
the adsorbent and liquid phases at equilibrium as a
function of metal ion concentration [22]. Many iso-
therm models have been proposed to analyze the
adsorption equilibrium data. The equilibrium sorption
data could be fitted into Langmuir, Freundlich, and
Temkin isotherms. Isotherm models and their lin-
earized expressions are listed in Table 1. Tables 2 and
3 represent the values of isothermal parameters and
correlation coefficients (R2) of different isotherm mod-
els for adsorption of zinc(II) onto hematite. Based on
Fig. 3, and the values of R2, the adsorption pattern of
zinc by natural hematite is in accordance with the
Freundlich isotherms.

Freundlich model is an empirical model that can
be applied to multilayer adsorption, and is used
widely in heterogeneous systems [27]. The Freundlich
equation is given by Eq. (5):

Table 2
Isothermal parameters for the sorption of zinc(II) by hematite

qe/Ce 1/Ce 1/qe ln (qe) ln (Ce) Ce (mg l–1) qe (mg g–1)

0.28961 0.064935 0.224215 1.495149 2.734368 15.4 4.46
0.248259 0.049751 0.200401 1.607436 3.00072 20.1 4.99
0.169542 0.026954 0.158983 1.838961 3.613617 37.1 6.29
0.201811 0.020121 0.099701 2.305581 3.906005 49.7 10.03
0.154842 0.012742 0.082291 2.497494 4.362844 78.48 12.152

Table 3
Kinetic models parameters by linear regression method for
the sorption of zinc(II) by hematit

Isotherms R2 Parameters

Freundlich 0.9431 ln qeð Þ vs. lnðCeÞ
Langmuir (type I) 0.7542 Ce=qe vs. Ce

Langmuir (type II) 0.921 1=qe vs. 1=Ce

Langmuir (type III) 0.5722 qe vs. qe=Ce

Langmuir (type IV) 0.5722 qe=Ce vs. qe
Temkin 0.9091 qe vs. lnðCeÞ

Fig. 3. Adsorption isotherm at Zn(II) adsorbed on natural
hematite.
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qe ¼ KFðCeÞ1=n (5)

Eq. (6) can also be transformed into linear form:

ln qe ¼ ln KF þ n�1 ln Ce (6)

Values KF and 1/n are Freundlich constants related to
adsorption capacity and intensity of adsorption or
surface heterogeneity, respectively. The slope ranges

between 0 and 1, becoming more heterogeneous as its
value gets closer to zero.

3.6. Kinetics of zinc(II) adsorbtion by natural hematite

Adsorption mechanism mainly consists of three
steps: (i) mass transfer through the external boundary
layer film of liquid surrounding the outside of the par-
ticle; (ii) adsorption at site on the adsorbent particle
surface; this step is often considered to be highly
rapid; (iii) diffusion of adsorbate molecules to an
adsorption site [32].

In this study, the zero-order kinetic model, Elovich
kinetic model, first-order kinetic model, second-order
kinetic model, pseudo-first-order kinetic model,
pseudo-second-order kinetic model, and intraparticle
diffusion model were employed to describe the kinetic
characteristics of zinc adsorbed by hematite, and the
parameters of adsorption kinetic models were calcu-
lated. Kinetic models and their linearized expressions
are listed in Table 4.

Intraparticle diffusion model fitted the data better
than other kinetic models as shown in Fig. 4.

Weber and Morris had showed the rate constant
for intraparticle diffusion in 1962 by Eq. (7):

qt ¼ kidt
1=2 (7)

where qt is the amount of adsorption (mg g–1) at time
t (h) [33,34]. According to Weber and Morris, the plot
of qt (the amount of adsorption at any time) against
t1/2 would be linear that is forced to pass through the
origin. Fig. 5 indicates that the curve is followed by a
linear portion and plateau. The linear portion which
was sharp was attributed to the diffusion of zinc ions
through the solution to the external surface of the
adsorbent where intraparticle diffusion was rate con-
trolling. The plateau was attributed to the equilibrium,
where intraparticle diffusion started to slow down
due to the extremely low zinc concentration left in the
solution [32,35]. It can be inferred that the diffusion in
bulk phase to the outer surface of adsorbent is the
fastest step. The value of rate constant (kid) was
obtained from the slope of the linear portion of the
curve.

The values of correlation coefficients (R2), ARE and
constants of different kinetic models for sorption of
zinc(II) onto hematite are shown in Table 5. Low
correlation coefficients, and high ARE approve that
Elovich, zero-order, first-order, pseudo-first-order, sec-
ond-order, and pseudo-second order are not appropri-
ate models.

Fig. 4. Intraparticle diffusion adsorption kinetics of Zn(II)
on natural hematite.

Fig. 5. Intraparticle diffusion adsorption kinetics of Zn(II)
on natural hematite with the initial concentration of 70
and 150 ppm.
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The correlation coefficient (R2) and ARE for intra-
particle diffusion model were 0.991 and 9.085%,
respectively. These values greatly demonstrate that the
sorption of zinc(II) onto natural hematite is described
by intraparticle diffusion model.

The calculated kp for the initial concentration of
70 ppm was 0.736 mg g−1 h−0.5 and for 150 ppm was
1.1547 mg g−1 h−0.5. It can be concluded by Fig. 5 that
an increase in initial concentration leads to an increase
in the rate parameter. This may be due to the fact that
the intraparticle diffusion model obeys Fick’s law. A
further concentration gradient resulted in faster diffu-
sion and quicker adsorption [32]. It is claimed that,
Fick’s diffusion model is one of the simplest
approaches for the description of adsorption in terms
of rate coefficients, while internal diffusion steps con-
trol the process. Eq. (8) as a kinetic equation was
obtained from Fick’s diffusion model [36]:

qt
qe

¼ 1� 6

p2
X1
n¼1

1

n2
exp � n2p2Deff t

R2
P

� �
(8)

3.7. FTIR analysis

The FTIR spectra of powder hematite, before and
after adsorption are shown in Figure. The results
obtained from the spectra are explained as follows.
Fig. 6 represents the hematite’s IR spectra before after
adsorption. Some of the peaks that can be identified
from IR spectra of hematite are as follows: the band at
around 3,400 cm−1 corresponds to O–H, the adsorption
bands at around 950 and 630 cm- 1 are attributed to
hydroxyl groups at the IR spectrum of hematite. One
of the peaks that have appeared in the spectra of
hematite after adsorption is S–H band at 2,510 cm−1,

Table 5
Kinetic models parameters by linear regression method for the adsorption of zinc(II) by hematite

Kinetic models R2 ARE Parameters

Elovich 0.9153 23.66 α = 1.29203 mg g–1 h–1; β = 1.0034 g mg–1

Zero order 0.8892 39.39 k0 = -0.1011 mg g–1 h–1; qe = 0 mg g–1

First order 0.9073 19.37 qe = 0.068 mg g–1; k1 = –0.0358 h–1

Pseudo-first-order 0.964 40.49 qe = 4.5267 mg g–1; k1p = 0.0507 h–1

Second order 0.7614 70.36 qe = 0.9276 mg g−1; k2 = –0.0203 g mgh−1

Pseudo-second-order Type(I) 0.9122 18.26 qe = 5.11509 mg g−1; k2p = 0.0229 g mg−1 h−1

Pseudo-second order Type(II) 0.9288 20.83 qe = 3.4281 mg g−1; k2p = 0.0674 g mg−1 h−1

Pseudo-second-order Type(III) 0.9097 86.99 qe = 0.0398 mg g−1;k2p = 62.08 g mg−1 h−1

Intraparticle diffusion 0.991 9.085 kp = 0.6421 mg g−1 h−0.5

(a) (b)

Wavelength ( ) Wavelength ( )

Fig. 6. IR spectra of powder hematite (a) before, and (b) after adsorption.
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Fig. 7. (a) SEM micrograph of hematite before adsorption, (b) map of distribution of zinc before adsorption, (c) SEM
micrograph of external surface of hematite after adsorption, (d) map of distribution of zinc after adsorption, (e) SEM
micrograph of incised surface of hematite after adsorption, and (f) map of distribution of zinc after adsorption.
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which refers to the addition of zinc sulfate to the
aqueous solution [43,44].

3.8. SEM analysis

Fig. 7(a) and (b) show the surface morphology of
external surface of hematite and the map of distribu-
tion of zinc, respectively, before adsorption. As might
be expected, there is a limited amount of zinc dis-
tributed on the surface of hematite. In the same way,
Fig. 7(c) and (d) represent the surface morphology of
external surface of hematite and the map of distribu-
tion of zinc, respectively, after adsorption. Hematite
sample after adsorption was cut into two parts, and
Fig. 7(e) demonstrates a cross section of two broken
hematite after adsorption of Zn(II) ions, and the map
of distribution of zinc ion over the scanned area was
presented in Fig. 7(f), as well. It can be seen that the
distribution of zinc decreases by increasing the dis-
tance from surface toward interior parts of the hema-
tite, and the distribution of zinc on the external
surface of the hematite is high. Thus, the comparison
of images in the following figures reveals that the
intraparticle diffusion model is appropriate to describe
the adsorption process of Zn(II) by hematite. It can be
concluded that the transfer of zinc ions from the solu-
tion through the particle–solution interface, into the
pores of the particle as well as the adsorption on the
available surface of adsorbent are both responsible for
the uptake of zinc ions [27].

4. Conclusion

In this study, the adsorption of zinc(II) from aque-
ous solution onto natural hematite in a batch system
was investigated. It can be realized from results that
the adsorption capacity of natural hematite was influ-
enced by pH, initial concentration of solution, adsor-
bent concentration, and contact time. The adsorption
capacity increased with the increase in pH and at the
pH around 6, the maximum adsorption was obtained.
At the pH beyond 6, zinc may precipitate as ZnOH,
and Zn(OH)2. Additionally, adsorbent dosage of 2, 3,
4 and 5 g was studied, and it was observed that opti-
mum dose of adsorbent is 5 g, because of a large num-
ber of adsorption sites on the surface of hematite.

On the basis of the experimented data, the Fre-
undlich isotherm model fitted the equation data better
than other models. The kinetic data closely fitted intra-
particle diffusion model, and percentage of an ARE
and SEM analysis follow this model as well. It was
also concluded that different initial concentrations can
affect the kinetics of the process, as increasing in ini-

tial concentration causes an increase in rate parameter.
This could be referred to the fact that the intraparticle
diffusion model obeys Fick’s law. Higher concentra-
tion gradient resulted in faster diffusion and quicker
adsorption.

Nomenclature

KF — Freundlich constant (mg g–1) (L/g)1/n

1/n — Freundlich exponent
KL — Langmuir isotherm constant (L mg–1)
KT — Temkin isotherm constant (L mg–1)
D — Dubinin–Redushkevich isotherm

constant (mol2 kJ–2)
k0 — zero order kinetic model constant

(g mg–1 h–1)
k1 — first-order kinetic model constant

(1/h)
k1p — pseudo-first-order kinetic model

constant (1/h)
k2 — second-order kinetic model constant

(g mg–1 h–1 )
k2p — pseudo-second-order kinetic model

constant (g mg–1 h–1)
kp — intraparticle diffusion kinetic model

constant (g mg–1 h–0.5)
R2 — correlation coefficient
ARE — average relative error
p — number of parameters in isotherm
N — number of experimental

measurements
Ce — equilibrium concentration (mg l–1)
C0 — initial concentration (mg l–1)
Ct — concentration at time t (mg l–1)
qe — amount of zinc adsorbed at

equilibrium (mg g–1)
qm — monolayer sorption capacity (mg g–1)
qt — amount of zinc adsorbed at time t

(mg g–1)
t — time (h)
V — volume of the solution (L)
W — mass of natural hematite used (g)

Greek letters
α — Elovich kinetic model constant

(mg g–1 h–1)
β — Elovich kinetic model constant

(g mg–1)
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[10] S. Veli, B. Alyüz, Adsorption of copper and zinc from
aqueous solutions by using natural clay, J. Hazard.
Mater. 149 (2007) 226–233.

[11] A.M. El-Kamash, A.A. Zaki, M. Abdel-Geleel, Model-
ing batch kinetics and thermodynamics of zinc and
cadmium ions removal from waste solutions using
synthetic zeolite A, J. Hazard. Mater. 127 (2005)
211–220.
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