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a b s t r a c t
In the present study, Iranian hematite (from Sangan area, in the east of Iran) was characterized by 
XRD, XRF, and FTIR spectroscopies. Then, the efficiency of Iranian hematite for the removal of Pb 
(II) and Cd (II) ions from aqueous solution was investigated by the optimum condition (contact 
time, metal concentrations, pH of solutions and the amount of hematite) and equilibrium isotherm 
models. The Freundlich isotherm indicated a very good fit with the experimental data of Pb (II) 
and Cd (II) adsorption in an individual solution. In the binary solution, the obtained adsorption 
isotherm data showed fittings for Langmuir model (homogeneous adsorption mechanism) with 
the maximum adsorption capacity of 17.86 and 1.887 mg/g for Pb (II) and Cd (II), respectively. 
These results have been confirmed by three-parameter isotherm studies. The chemical absorption 
and particle diffusion are predominated for Pb (II) and Cd (II) adsorption in the binary solution, 
respectively. The competitive adsorption characteristics of Pb (II) and Cd (II) ions were approved 
by the extended Freundlich and extended Langmuir isotherm models, respectively. The antag-
onistic competitive effect was observed for the maximum adsorption capacity of Pb (II) and Cd 
(II) in the binary solution. Industrial wastewater contains many heavy metals, thus the use of 
natural adsorbents, such as raw hematite for simultaneous removal of Pb (II) and Cd (II) is an 
 important issue.

Keywords:  Hematite; Optimum condition; Competitive adsorption; Multi-component isotherms; 
Pb (II); Cd (II)

1. Introduction

Nowadays, environmental pollutants in different 
forms are discharged into nature. One of the major envi-
ronmental pollutants is heavy metal contamination, which 
grows concerns because of health risk to animals and 
humans [1,2]. Cadmium and lead compounds are signif-
icant heavy metals which are used in various industries 
such as paint, plastics, rolled and extruded products, 
alloys, pigments, automotive and batteries [3]. They are 
toxic, and according to the United States Environmental 

Protection Agency (USEPA), the maximum acceptable 
 concentration of cadmium and lead are 5 and 15 μg/L, 
respectively [4]. Consequently, cadmium through inhala-
tion or contaminated drinking water causes irreparable 
damages to human [5]. Exposure to lead can hurt the cen-
tral nervous system, cardiovascular system, reproductive 
system, blood system and kidney. Lead exposure increases 
the risk of cancer. These pollutants are left in the environ-
ment without any purification or filtration thus, before 
leaving in the environment, they must be filtrated [6].

Common methods for the removal of heavy metal ions 
from aqueous solutions mainly include chemical precipi-
tation, ion exchange [2], coagulation and flocculation [3], 
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reversed osmosis and absorption [2]. Generally, these meth-
ods are expensive, thus developing low-cost methods is 
recommended. The adsorption process is one of the most 
efficient methods which is relatively easy handling and inex-
pensive [3]. Mineral adsorbents to remove heavy metals have 
attracted interest over the last two decades. The advantages 
of mineral adsorbents are their low cost and abundance in 
nature. Zeolite [7–9], bentonite [8–11], kaolinite [12–14] and 
magnetite [15,16] were used for the removal of Cd (II) and Pb 
(II) from industrial wastewater.

The wide range of environmental purification technolo-
gies and wastewater treatment have been developed to use 
iron compounds (special iron oxide) to clean up contami-
nated ground, surface and subsurface water [17]. One of the 
significant natural adsorbents is hematite (Fe2O3). The first 
report on the removal of heavy metals from aqueous solution 
by hematite was presented in 1992 [18].

As can be seen in Table 1 and according to the studies 
performed in recent years, many studies have reported the 
removal of heavy metals by using hematite. The literature 
survey shows that hematite can offer a potential adsorption 
method for the removal of Pb (II), Cd (II), Cu (II), Zn (II) and 
Cr (III) from wastewater. The sequence of the maximum 
adsorption capacity of heavy metals on hematite (natural 
Fe2O3) follows as Pb (II) > Cr (III) > Cd (II) > Zn (II) > Cu (II).

The best adsorbent for Pb (II) adsorption was bog iron 
ores (Fe2O3 = 70. 96%), and for Pb (II) and Cd (II) adsorp-
tion was iron ore slime (Fe2O3 = 86%) obtained from India 
(Vijayanagaram area) [19,20]. Despite these studies, the com-
petitive adsorption of Pb (II) and Cd (II) on hematite has 
been disregarded. However, Iranian hematite has not yet 
been studied well for the competitive adsorption of heavy 
metals. In this study, Iranian hematite has been character-
ized by X-ray diffraction (XRD), X-ray fluorescence (XRF), 
and Fourier transform infrared spectroscopy (FTIR) to 

find chemical, physical and mineralogical properties, then 
 optimum conditions of Pb (II) and Cd (II) adsorption on 
hematite and isotherm models (two and three parameters, 
extended and modified) have been determined.

2. Theory

2.1. Mono-component isotherm equations

Various isotherm equations (two-parameter and three-pa-
rameter) which were represented in Table 2 have been used 
to describe the equilibrium characteristics of adsorption.

2.2. Multi-component isotherm equations

Various isotherm equations such as the extended 
Freundlich and Langmuir, and modified Freundlich and 
Langmuir equations have been applied to describe the equi-
librium characteristics of multi-component adsorption. These 
isotherm equations are given in Table 3.

3. Experimental

3.1. Material

A representative sample of hematite from the Sangan region 
in the east of Iran was used without any chemical pretreatment 
and modification in the adsorption studies. The sample was 
crushed to sizes below 150 microns by a ball mill. X-ray diffrac-
tion (XRD) and X-ray fluorescence (XRF) were used to charac-
terize the mineralogy of hematite and its elemental analysis.

3.2. Physical measurements

XRD spectrum and XRF were obtained by using a Philips 
X-ray diffract meter 1,140 and a Philips X-ray diffract meter 
X unique II, respectively. Fourier transform infrared (FTIR) 

Table 1 
Concise summary of Pb (II) and Cd (II) adsorption on hematite

ReferencesKind of investigationQm(mg/g)Adsorbent
[19]Isotherm,

kinetic studies
63.57 mg/g Pb (II) and 
34.75 mg/g Cd (II)

Iron ore slime
(IOS) (Jindal Steel Ltd., Vijayanagaram, India)

[20]Optimum condition, 
isotherm studies

97.0, 25.2, 25.5, 55.0 
mg/g for lead (II), 
copper (II), zinc (II), 
and chromium (III).

Bog iron ores: the Polish Lowlands: Biadaszki (BI), 
DebeMałe (DM), Kolechowice (KOL) and Strzyzew (ST)

[21]Isotherm studies0.185 mg/g Cu (II) and 
0.552 mg/g Cd (II)

Natural hematite separated from natural ore 
(Chinese Central iron & Steel Research Institute)

[22]Optimum condition, 
isotherm studies

9.5 mg/g Pb (II)Iron ore slimes (an iron ore mine in Orissa, India)

[23]11.24 mg/g Cd (II)Iron oxide (hematite, α-Fe203-H20, 99.9%)

[24]

Optimum condition, 
isotherm studies, 
kinetic and thermody-
namic studies

0.1225 mg/g Cd (II)
Natural hematite (an iron ore from Noamundi mine, Bihar, 
India)
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Table 2 
Equations of two parameter and three parameter isotherm models

Models Equation Descriptions References

Two parameters
 Langmuir C

q Q b
C
Q

e e=
×

+
1

0 0

R
bCL = +
1

1 0

q (mg/g): amount of adsorbed metal ion per unit 
weight of hematite.
Ce (mg/L): metal ion concentration in solution at 
equilibrium (after adsorption). b (L/mg): the Langmuir 
isotherm constants
Q0: adsorption capacity, maximum in monolayer 
adsorption.
RL: separation factor also called equilibrium parameter

[25–26]

 Freundlich
log log logq K

n
Ce f e= +

1 KF (mg1_1/n L1/n g_1): Freundlich constants which display 
adsorption capacity of the hematite
n (g/L): Freundlich constants which represent adsorp-
tion intensity (or surface heterogeneity) of the adsorbent

[25, 27]

 Temkin

q RT
b

RT
be LnA LnCe

= +
b (J/mol): Temkin isotherm constants that related to 
the heat of adsorption
A: Temkin isotherm constants. R: The gas constant 
(8.314 J/mol K)
T: The absolute temperature

[28, 29]

  Dubinin-Radu-
shkevich Lnq = Lnq R T Ln (1+

C
)max

2 2 2−β
1

E = 1
2β

qmax (mg/g): capacity maximum of adsorption
β (mol2/KJ2): a constant related to adsorption energy
E: free energy per molecule of adsorbate (KJ) which 
represent:
• If E < 8 kJ/mol : physical adsorption
•  If 8 < E <16 kJ/mol : chemical absorption or ion 

exchange
For E > 16 kJ/mol : particle diffusion governs the reaction

[30, 31]

Three parameter
 Khan

q
q b C
b Ce
m K e

K e
aK=

+( )1

bk and qm: the Khan model constant
ak: the Khan model exponent
qe (mg/g) : equilibrium adsorption capacity
Ce (mg/L): equilibrium concentration
if ak ≤ 1, it turns to Langmuir isotherm
if ak > 1 it tends to Freundlich model

[32]

 BET
q

q C C

C C C C
C

e
s BET e

s e BET
e

s

=
+





( ) ( ( )− −1 1

CBET (L/mg): the BET adsorption isotherm
Cs (mg/L): adsorbate monolayer saturation concentration
qs (mg/g): theoretical isotherm saturation capacity

[25]

  Koble–Corrigan
q

AC
BCe
e
n

e
n=

1+

A (Lnmg1−n/g), B (L/mg)n and n : the Koble–Corrigan 
isotherm constant
nk = 1 Langmuir form

[33–35]

 Toth
q

K C

a C
e

T e

T e
t

=
+( )

1

KT (mg/g) and aT (L/mg): Toth isotherm constant
t: the Toth model exponent

[36, 37]

  Redlich–Peter-
son q

K C
a Ce
R e

R e
g=

1+

KR (L/g) and aR (L/mg): Redlich–Peterson isotherm 
constant
g : Redlich–Peterson isotherm exponent
g = 1 Langmuir form
g = 0 Henry’s law form

[25, 34, 35]
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spectroscopy has been used for chemical functional groups. 
FTIR spectra from 4,000 to 400 cm–1 were recorded on a 
Shimadzu FTIR instrument, using KBr pellets. The concen-
tration of lead and cadmium solution after adsorption was 
determined by the use of atomic absorption spectrometry of 
Unicam 939.

3.3. Optimum condition and adsorption isotherm experiments

The Pb (II) and Cd (II) adsorption experiments were 
carried out using a batch equilibrium method. All of the 
adsorption experiments were conducted in a 250.0 ml glass 
reactor using a shaker for mixing at ambient temperature. In 
this study, the influence of the parameters, such as the mass 
of hematite from 50.00 to 80.00 g/L, initial Pb (II) and Cd (II) 
concentration from 100.0 to 1,000.0 ppm, contact time from 
15 to 120 min, and pH from 2.40 to 7.10 were investigated, 
and the optimized conditions for maximizing Pb (II) and 
Cd (II) adsorption were determined. The pH of the solution 
was adjusted with NaOH and HCl. All the other parameters 
were held constant for the investigation of each parameter 
in each test.

For single and binary metal system, the two-parameter 
(Langmuir, Freundlich, Temkin, and Dubinin–Radushkevich 
(D–R)), three-parameter (Khan, BET, Koble–Corrigan, Toth, 
Redlich–Peterson), Extended and Modified adsorption iso-
therm models were studied using 5 g of hematite added to 

100 ml of solution containing different concentrations of each 
metal ion, ranging from 100.0 to 1,000.0 ppm. The mixtures 
were agitated at 600 rpm for 1 h in a shaker. All of the solu-
tions were immediately filtered by a paper filter after each 
test.

4. Results and discussions

4.1. Characterization of raw hematite

The chemical analysis was performed using XRF spec-
trometry and the data were presented in Table 4. Fig. 1 shows 
the XRD pattern of raw hematite. This mineralogical study 
reveals that the main constituent of the sample is hematite, 
and impurity compounds are goethite, maghemite, and 
quartz which were confirmed by XRF and FTIR. The diffrac-
tion peaks at 33.4° 2-Theta indicate (104) planes of hema-
tite mineral. The other diffraction peaks observed at 35.1° 
and 21.3° 2-Theta are related to (110) and (119) planes for 
maghemite and goethite minerals, respectively.

The FTIR spectrum of the raw hematite is illustrated in 
Fig. 2. In addition, the main vibrational modes of FTIR spectra 
have been summarized in Table 5. The broad-stretching band 
at 3426 cm–1 is concerned with an H–O–H stretching band of 
water molecules within the crystal structure of hematite. This 
broad band is due to hydrogen bonding between hydrogen 
and oxygen of different water molecules [40]. The broad band 

Table 3 
Multi-component isotherm models and their description

Models Equation Descriptions References

Modified Langmuir isotherm

q
q K C

K
Ce i

m i L i
e i

i

j
N

L j
e j

j

,

, ,
,

,
,

=











+ ∑








=

η

η1 1

ηi: an interaction term and depends on the 
concentrations of the other components in 
the solution

[38, 39]

Extended Langmuir isotherm
q

q K C
K Ce i
i e i

j
N

j e j
,

max ,

,

=
+ ∑ =1 1

qmax: the constant in extended Langmuir 
isotherm (mg/g)
Ki: the individual extended Langmuir iso-
therm constant of each component (l/mg)

[38, 39]

Sheindorf–Rebuhn–Sheintuch 
(SRS) model q K C a Ce i F i e i j

N
ij e j

ni
, , , ,

( )
( )= ∑ =1

1 1− The constant KF,i and the exponent ni are 
determined from the
single-component equilibrium adsorption 
data
aij: the competition coefficients which 
describe the inhibition to the adsorption of 
component i by component j

[38, 39]

Extended Freundlich isotherm
q

K C
C y Ce

F e
n x

e
x

e
z,

, ,

, ,
1

1 1

1 1 2

1 1

1 1
=

+

+

q
K C
C y Ce

F e
n x

e
x

e
z,

, ,

, ,
2

2 2

2 2 1

2 2

2 2
=

+

+

(x1; y1; z1 and x2; y2; z2): the multi-component 
Freundlich adsorption constants of the first 
and the second components.

[38, 39]
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at 3,111 cm–1 indicates the O–H band linkage of a hydroxyl 
group which interacts with Mg and Al atoms (Mg–OH and 
Al–OH) [41,42]. The bands at 1,426, 876 and 540–461 cm–1 are 
related to Fe–O functional group for maghemite, goethite, 
and hematite, respectively. It seems that the majority of the 
sample is hematite due to the high intensity of hematite 
bands [43]. The stretching and bending vibrations of Si–O–Si 
bands are observed at 1029 and 798 cm–1, respectively. This 
proves the presence of quartz impurity in hematite sample.

4.2. Optimum conditions of Pb (II) and Cd (II) adsorption

4.2.1. Effect of mass of hematite

In order to study the effect of hematite quantity on 
the removal of Cd (II) and Pb (II) from aqueous solution, 

experiments were conducted with weights of 10.00–80.00 
g/L, with 1000 mg/L Cd (II) and 1000 mg/L Pb (II) con-
centration at 25°C, a stirring speed of 600 rpm, and a par-
ticle size of –150 µm. Fig. 3 presents the results of Cd 
(II) and Pb (II) adsorption with different hematite values. 
The increase of adsorbent to liquid ratio causes the per-
centage of adsorption to increase to a maximum value at 
80.0 g/L of hematite, so that the amount of available sur-
face sites for ion exchange increases with the increasing 
mass of hematite [44]. This increase for Pb (II) (46.5%–
88.1%) is more than Cd (II) (7.5%–18.4%). It is obvious 
that the dependence of the Pb (II) adsorption percentage 
to the mass of hematite is more than Cd (II) adsorption 
percentage.

Table 4 
Chemical analysis of raw hematite sample (XRF data)

MnOSO3K2ONa2OAl2O3MgOCaOSiO2Fe2O3Samples
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Fig. 1. X-ray diffraction of hematite.

Table 5 
The main vibrational modes of FTIR spectra of raw hematite

Assignment Raw hematite (cm-1)
(H–O–H) 3426

(X–O–H), X = Al, Mg 3111

σ (H–O–H) 1625
Fe-O 1426

(Si–O) 1084

Si–O–Si 1029

Fe-O 876

σ Si–O–Si 798
Fe-O 540–461Wavenumbers (cm-1)
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Fig. 2. FTIR spectra of raw hematite.
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Fig. 3. The results of Cd (II) and Pb (II) adsorption with differ-
ent hematite values, Pb (II) and Cd (II) = 1000 ppm, adsorbent = 
10.00–80.00 g/L hematite, t = 1 h, stirring speed = 600 rpm.
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50 g/L, stirring speed = 600 rpm.
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4.2.2. Effect of contact time

The effect of contact time on the adsorption of Cd (II) and 
Pb (II) onto hematite in the binary solution was investigated 
using a constant concentration of 1000 mg/L Pb (II) and 250 
mg/L Cd (II), a particle size of hematite of –150 μm at room 
temperature (Fig. 4). Different contact times from 15 to 120 
min were studied for the adsorption of Cd (II) and Pb (II) 
onto hematite. After passing 15 min from adsorption process 
initiation, the adsorption of Pb (II) ions reached to the max-
imum amount of adsorption (99.23%) and with the increase 
of contact time, Pb (II) adsorption was almost constant, but 
the increase of Cd (II) adsorption value from 15 to 90 min 
contact time was not obviously observed. This phenomenon 
is related to the large radius size of Cd (II) ion [44]. As seen in 
Fig. 5, in a single solution, the adsorption of Pb (II) is high for 
all contact times (more than 99%), but the maximum uptake 
of Cd (II) occurred at t = 60 min (57.2%), therefore this contact 
time is chosen for the optimum condition.

4.2.3. Effect of initial concentration effect of initial Cd (II) 
concentration on Cd (II) and Pb (II) removal

The adsorption of Cd (II) and Pb (II) onto hematite was 
studied at different initial concentrations of Cd (II) ranging 
from 100 to 1,000 mg/L at a ratio of mass of hematite to liquid 
(m/V) of 50 g/L, a particle size of –150 μm/L and constant 
concentration of Pb (II). The Cd (II) and Pb (II) removal per-
centages decreased with increasing initial Cd (II) concentra-
tions. This shows that Cd (II) uptake was limited to active 
hematite adsorption sites.

4.2.4. Effect of initial Pb (II) concentration on Cd (II) and 
Pb (II) removal

The adsorption of Cd (II) and Pb (II) onto hematite was 
studied at different initial concentrations of Pb (II) ranging 
from 250 to 1,000 mg/L at a ratio of mass of hematite to liq-
uid (m/V) of 50 g/L, a particle size of –150 μm/L and con-
stant concentration of Cd (II). As can be seen in Fig. 7, the 
increasing initial concentration of ions decreases the removal 
efficiency for Cd (II) ions. This phenomenon can be ascribed 
to the fact that there are no available adsorption sites for the 
extra ions at a constant amount of the adsorbent; however, 
the adsorption of Pb (II) ion due to its small radius is high for 
all concentrations [44].

4.2.5. Effect of pH on adsorption of Pb (II) and Cd (II)

The influence of pH was investigated at ambient tem-
perature and a solid to liquid ratio of 50.00 (g/L), over a pH 
range of 2.40–7.10. The pH was adjusted by adding 0.1 M 
HCl and 0.1 M NH3. Based on other related studies, it is 
found that at pH < 5.0, Pb (II) and Cd (II) species are totally 
present in ionic states. By increasing pH, Pb (II) and Cd 
(II), species start to hydrolyze (Pb (OH)+) and they entirely 
precipitate into Pb (OH)2 at pH > 6.0, whereas the forma-
tion of Cd (OH)2 starts at pH > 8 [45]. Fig. 8 shows that the 
adsorption percentage of Pb (II) has increased from pH 
2.40 to 7.10 while no significant effect on Cd (II) adsorption 
was observed. This result could be interpreted that in pH 
higher than 6, Pb (II) has precipitated as Pb (OH)2. In other 

words, the removal of Cd (II) in the presence of Pb (II) is 
not enhanced with increasing pH; therefore, Pb (II) ion is an 
inhibitor factor for increasing Cd (II) removal value [46–48].

4.3. Single and binary adsorption of Cd (II) and Pb (II) ions

4.3.1. Single-component adsorption isotherm of Pb (II) and 
Cd (II) adsorption

A number of experiments were performed to evaluate 
two-, and three -parameter adsorption equilibrium isotherm 
models based on the various concentrations of metal ions. 
Two-parameter models (Langmuir, Freundlich, Temkin and 
Dubinin–Radushkevich) were fitted by the linear form of equa-
tions and their parameters were calculated by the linear regres-
sion. MATLAB software was employed for the determination 
of the constants of three -parameter models. The isotherm 
parameters for each metal ion are listed in Tables 6 and 7.

4.3.1.1. Two-parameter models

As observed in Fig. 9, Langmuir and Freundlich isotherm 
models for Pb (II) and Cd (II) adsorption are plotted. In a sin-
gle system, the Freundlich model with correlation coefficient 
R2 = 0.994 and R2 = 0.979 for Pb (II) and Cd (II) respectively fits 
the experimental data better than the Langmuir, Temkin and 
D-R models, which implies that the adsorption of metal ions 
onto hematite is heterogeneous. According to Table 6, the val-
ues of exponent n for Pb (II) and Cd (II) are 0.869 and 1.355, 
respectively. With respect to these values, the lower value of 
the exponent n signifies a higher affinity and the heterogene-
ity of the adsorbent sites [49].

The values of Pb (II) and Cd (II) adsorption capacity 
which were calculated from the Langmuir model are 47.619 
and 13.699 mg/g, respectively.

According to the D-R model, the calculated adsorption 
free energy (E) indicates that either the chemical absorption 
or ion exchange governs the adsorption process of Pb (II) and 
Cd (II) ions onto hematite.

4.3.1.2. Three-parameter models

The correlation coefficient (R2) and the parameters of 
Khan, BET, Koble–Corrigan, Toth and Redlich–Peterson 
models are mentioned in Table 7. The sequence of isotherm 
models considering R2 values for Pb (II) ion is in this order: 
BET > Khan > Koble–Corrigan > Redlich Peterson. In other 
words, BET model exhibits the best fit with a correlation 
coefficient (R2 = 0.973) for Pb (II) adsorption on hematite. The 
CBET value (2.574 L/mg), which is relevant to bending energy, 
indicates the strong interaction and is dominant between 
adsorbent and adsorbate. With respect to the constant n value 
of Koble-Corrigan model and g value of Redlich–Peterson 
model which approach to zero, it is proved that Pb (II) 
adsorption mechanism is heterogeneous.

The sequence of isotherm models for Cd (II) ion is 
predominant: Koble–Corrigan > Khan > Toth > Redlich 
Peterson > BET. Cd (II) adsorption has a good correlation 
coefficient (R2=0.961) with Koble-Corrigan model. The con-
stant n is close to zero, indicating that the equilibrium iso-
therm model is approaching to the Freundlich equation. 
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Of course, the constant g value of Redlich–Peterson model 
confirms  heterogeneous adsorption [38,39].

4.3.2. Multicomponent adsorption models

The simultaneous adsorption data of Cd (II) and Pb (II) 
from the binary system have been fitted to the multicompo-
nent isotherm models. The parametric values of all the mul-
ticomponent adsorption models are given in Tables 8 to 11.

4.3.2.1. Two-parameter models in binary solution

According to Fig. 10 and Table 8, the Langmuir isotherm 
fits the experimental data better than other models, which 
implies that homogeneous adsorption of Pb (II) and Cd (II) 
on the surface of hematite has occurred. In other words, all 
absorptive sites interact with Pb (II) and Cd (II) ions with 
equal energies. The Langmuir isotherm model shows that the 
b value of Pb (II) ion is higher than that of Cd (II) ion, indicat-
ing that the adsorption energy of Pb (II) ion is higher than Cd 
(II) ions [50]. The maximum adsorption capacity value for Pb 
(II) ions (Qmax = 17.86 mg/g) on hematite is more than that for 
Cd (II) ions (Qmax = 1.887 mg/g). This is according to the size 
of metal ions which Pb (II) (1.54 Å) < Cd (II) (1.61 Å) and the 
electronegativity of Pb (II) (2.33) is more than that for Cd (II) 
(1.69). This phenomenon is due to the fact that smaller and 
more electronegative metal ions have a better availability to 
the functional group of surface and pores than the bigger and 
less electronegative metal ions, causing the higher adsorp-
tion capacity of the smaller metal ions [49–52].

Compared with the single system, the Qmax values of 
Pb (II) and Cd (II) ions in the Langmuir model decrease in 
binary systems, as the Qmax of Pb (II) in the single system 
decreased from 47.62 to 17.86. This result indicates that there 
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Fig. 9(a) and (b) Langmuir and Freundlich isotherm models for Pb (II) adsorption on raw hematite. (c) and (d) Langmuir and 
Freundlich isotherm models for Cd (II) adsorption on raw hematite.

Table 6 
Langmuir, Freundlich, Temkin, and Dubinin–Radushkevich 
isotherm constants for lead and cadmium adsorption

CdPbParameterModel

0.4740.769R2

Langmuir
13.69947.619Q0 (mg/g)

2.727 × 10-30.1034b

0.500.069SD

0.9790.994R2

Freundlich
1.3550.869n (g/L)

5.7545.754KF (mg1−1/nL1/ng−1)

0.100.029SD

0.6580.885R2

Temkin
1183.7307.1b (j/mol)

14.5762.862A (L/mg)

0.490.290SD

0. 8260.994R2

Dubinin–
Radush-
kevich

5.70 × 10-97.66 × 10-9β (mol2/ Kj2)

9.3648.081E (KJ)

0.030.007SD
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is a competition among the Pb (II) and Cd (II) adsorption on 
hematite.

The RL of hematite is 0.016–0.14 and 0.027–0.22 for initial 
concentrations of Pb (II) and Cd (II) between 100 and 1,000 
ppm, respectively. This data shows Pb (II) and Cd (II) adsorp-
tion onto hematite from binary solution in different concentra-
tions, which is favorable and reversible because 0 < RL < 1.

The adsorption free energy (E) value of Cd (II) adsorption 
in the presence of Pb (II) ions indicates that particle diffusion 

has dominated the Cd (II) adsorption process. In contrast, the 
mechanism of Pb (II) adsorption in the presence of Cd (II) is a 
chemical absorption or ion exchange.

4.3.2.2. Three-parameter models in binary solution

As seen in Table 9, the adsorption process of Pb (II) 
ions in the presence of Cd (II) ions is fitted appropriately 
with Redlich-Peterson, Toth and Khan isotherm models. 

Table 7 
Khan, BET, Koble–Corrigan and Toth isotherm constants for 
lead and cadmium adsorption

Model Parameter Pb Cd

Khan R2 0.971 0.925

qm (mg/g) 6.85 1.081

bk 0.676 0.007

ak 0.368 0.639

BET R2 0.973 0.793

qs mg/g 13.714 3.875

CS mg/L 5.652 829.95

CBET L/mg 2.574 1339

Koble–Corrigan R2 0.958 0. 961

A (Lnmg1–n/g) 1.369 0.354

B (L/mg)n 0.778 0.226

n 0.161 0.216

Toth R2 – 0.891

aT (L/mg) – 11797

KT (mg/g) – 0.019

t – 25411

Redlich–Peter-
son

R2 0.942 0.887

aRP (L/mg) 10.905 0.147

KRP (L/g) 6.591 0.024

g –81.861 0.120

Table 8 
Langmuir, Freundlich, Temkin, and Dubinin–Radushkevich 
isotherm constants for lead and cadmium adsorption

PbCdParameterModel

0.9890.976R2Langmuir

17.861.887Q0 (mg/g)

0.0620.036b

0.016–0.140.027–0.22RL

0.340.15SD

0.9090.650R2Freundlich

2.376.80n (g/L)
2.211.42KF (mg1−1/nL1/ng−1)

0.240.25SD

0.9600.576R2Temkin

82511060b (j/mol)

1.275.50A (L/mg)

0.130.13SD

0.9310.659R2Dubinin–
Radush-
kevich

3.58 × 10-91.79 × 10-9β (mol2/ Kj2)
11. 8116.703E (KJ)

0.020.012SD
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Fig. 10(a) Langmuir isotherm models for Pb (II) adsorption on raw hematite. (b) Langmuir isotherm models for Cd (II) adsorption on 
raw hematite.
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According to g value of Redlich-Peterson model which is 
0.825, the Pb (II) adsorption process in the binary solution 
onto hematite is described by Langmuir equation [38,39].

With respect to constant ak in the Khan model for Pb 
(II) adsorption in the presence of Cd (II) (ak = 0.80) which 
approaches to unity, the Khan model turns into Langmuir 
isotherm model.

Similar to Redlich-Peterson and Khan isotherm models, 
Toth model turns into Langmuir model because constant t 
value in this model is limited to unity [36]. Consequently, 
Redlich-Peterson, Khan and Toth models confirm the 
Langmuir model.

Although a reasonable correlation coefficient (R2) is not 
found for Cd (II) adsorption on the three-parameter isotherm 
models, the constant ak in the Khan model for Cd (II) adsorp-
tion in the presence of Pb (II) (ak = 0.926) supports the view 
that adsorption process onto hematite is described by homo-
geneous mechanism.

 4.3.2.3. Extended and modified isotherm models in binary  solution

The multi-component isotherms, including modified 
Langmuir isotherm, extended Langmuir isotherm, Sheindorf–
Rebuhn–Sheintuch model (SRS; modified Freundlich), and 
extended Freundlich isotherm were used to fit the binary 
sorption data. The parameters values of the models are rep-
resented in Tables 10 and 11 below. To determine the param-
eters of all these multi-component models, the MATLAB 
software was employed. The MPSD (Marquardt’s percent 
standard deviation) values between the experimental and 
calculated qe values is given as: [49]
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∑ ∑
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According to Tables 10 and 11, the multi-component mod-
ified Freundlich model shows a poor fit to the experimen-
tal data for both metal ions (MPSD = 96 and 36.8 for Pb (II) 
and Cd (II), respectively). Of course, the modified Langmuir 
model could not well describe experimental data since its 
MPSD for Cd (II) and Pb (II) ions are 48.6 and 44.1, respec-
tively. The extended Langmuir and the extended Freundlich 
models fitted into the binary adsorption data of Cd (II) onto 
hematite reasonably well. However, the extended Langmuir 
model best fitted the experimental data with the lowest 
MPSD value of 23.8 in comparison with extended Freundlich 
(MPSD = 24.5). The comparison of the values obtained for qmax 
of Cd (II) adsorption from extended Langmuir model (1.572 
mg/g) with the obtained qmax values from Langmxuir model 
in the single system (13.699 mg/g) showed that there is a com-
petition between Cd (II) and Pb (II) in homogeneous adsorp-
tion onto binding sites of hematite which limits adsorption 
process and decreases maximum adsorption capacity of Cd 
(II) [38,39,49]. Consequently, the presence of Pb (II) causes Cd 
(II) adsorption to tend to homogenous adsorption from het-
erogeneous adsorption in individual solution.

According to the experimental data of Pb (II) adsorption in 
binary solution, the extended Freundlich model with the low-
est MPSD value of 9.4 describes the adsorption mechanism bet-
ter than other models. According to the extended Freundlich 
model, Pb (II) individually follows the heterogeneous adsorp-
tion and in the presence of Cd (II) ions, an exponential distri-
bution of adsorption energies for Pb (II) adsorption is equiva-
lent to the distribution in the single solution.

 4.3.2.4. Evaluation of adsorption isotherm models of Pb (II) and 
Cd (II) onto hematite

The equilibrium data modelings of Pb (II) and Cd (II) 
adsorption in single and binary solution have been studied 
using two-parameter (Langmuir, Freundlich, Temkin, and 
Dubinin–Radushkevich (D–R)), three-parameter (Khan, BET, 
Koble–Corrigan, Toth, Redlich–Peterson), extended and 
modified adsorption isotherm models.

The Freundlich isotherm model is dominated in the 
individual solution of Pb (II) and Cd (II) ions by assuming a 
heterogeneous surface with the non-uniform distribution of 
energy binding of Pb (II) and Cd (II) adsorption on the hema-
tite surface. Although experimental data of Pb (II) and Cd (II) 
ions in binary solution are in accordance with the Langmuir 
isotherm model, the adsorption mechanism is homogeneous.

In order to investigate the more characterization of Pb 
(II) and Cd (II) adsorption mechanism in the binary solu-
tion, modified Langmuir, modified Freundlich, extended 
Langmuir and extended Freundlich models have been stud-
ied (Table 12).

Based on marquardt’s percent standard deviation error 
function, in Pb (II) adsorption, the extended Freundlich could 
describe the adsorption process better which demonstrates 
that the behavior of Pb (II) adsorption in the presence of Cd 
(II) is the same as that in the individual solution.

Table 9 
Khan, BET, Koble–Corrigan and Toth isotherm constants for 
lead and cadmium adsorption

Model Parameter Pb Cd

Khan R2 0.9577 0.579
qm (mg/g) 7.71 1.393
bk 0.276 0.081
ak 0.800 0.926

BET R2 0.381 –
qs mg/g 6.189 –
CS mg/L 13.059 –
CBET L/mg 0.956 –

Koble–Corrigan R2 0.835 0. 590
A (Lnmg1-n/g) 0.550 0.333
B (L/mg)n 0.889 0.154
n 0.016 0.557

Toth R2 0.9577 0.579
aT (L/mg) 3.618 12.337
KT (mg/g) 5.96 1.158
t 1.250 1.079

Redlich–Peterson R2 0.958 –
aRP (L/mg) 0.347 –
KRP (L/g) 2.413 –
g 0.825 –
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The MPSD value of extended Langmuir model for Cd 
(II) adsorption in the presence of Pb (II) emphasizes that 
Langmuir model is the best model to represent the binary 
equilibrium isotherm data.

4.4. Mutual interference effects of metal ions on adsorption

A solution of different heavy metals usually shows three 
possible types of interactions: the first can be a synergism 
effect (i.e., the amount of adsorbed metal in the binary solu-
tion is greater than the amount of adsorbed metal in single 
solution q’e/qe>1), the second effect is antagonism (i.e., the 

amount of adsorbed metal in the binary solution is less than 
the amount of adsorbed metal in single solution q’e/qe<1), and 
the third is non-interaction (i.e., the heavy metals have no 
effect on the adsorption of each of the adsorbates in the solu-
tion) [49,53].

The q’e/qe ratios for the adsorption of one metal in the 
presence of another metal are shown in Table 13.

The q’e/qe ratios for Cd (II) and Pb (II) adsorption are less 
than unity, indicating that the adsorption of the metals was 
influenced by the presence of other metal ions in the binary 
system and there is an inhibitory effect of one metal on the 
binding of the other metal [53], hence the effect of Pb (II) 

Table 10 
Extended and modified isotherm models of Pb (II) adsorption in presence of Cd (II)

Langmuir model Freundlich model
Adsorbate KL qm r2 KF n r2

Pb 0. 062 17.86 0.989 2.21 2.37 0.909
Cd 0.036 1.887 0.976 1.42 6.80 0.650

Modified Langmuir model Extended Langmuir model

Adsorbate η Ki qmax

Pb 1.3746 0.396 4.591
Cd 0.1356 –0.021
MPSD 44.1 70.1

Modified Freundlich model Extended Freundlich model
Adsorbate a11 a12 xi yi zi

Pb-Cd –0.236 1.199 –0.98 57.6 -0.84
MPSD 96 9.4

Table 11 
Extended and modified isotherm models of Cd (II) adsorption in presence of Pb (II)

Langmuir model Freundlich model
Adsorbate KL qm r2 KF n r2

Pb 0. 062 17.86 0.989 2.21 2.37 0.909
Cd 0.036 1.887 0.976 1.42 6.80 0.650

Modified Langmuir model Extended Langmuir model

Adsorbate η Ki qmax

Pb 2.9802 –0.066 1.572
Cd 3.6863 0.075
MPSD 48. 6 23.8

Modified Freundlich model Extended Freundlich model
Adsorbate a21 a22 xi yi zi

Pb-Cd 1.193 –0.183 –1.33 5.13 –0.06
MPSD 36.8 24.5
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and Cd (II) on each other in binary solution is antagonistic. 
Interestingly, the maximum adsorption capacities of hema-
tite for Pb (II) (17.86 mg/g) and Cd (II) (1.887 mg/g) in binary 
solution were lower than those of Pb (II) (47.619 mg/g) and 
Cd (II) (13.699 mg/g) ions alone.

According to Freundlich model, in single and binary 
solution (Tables 6 and 8) the value of Kf for Cd (II) and Pb (II) 
decreased in the presence of the secondary metal ion in the 
solution. A decrease in Kf by the secondary metal ion reflects 
the antagonistic interaction between metal ions for binding 
to the sites [54].

5. Conclusions

• Experimental data present that increasing the amount of 
hematite and the reduction of initial Pb (II) and Cd (II) 
concentration improves the removal efficiency of both 
metal ions in the presence of each other.

• Simultaneous adsorption of Cd (II) and Pb (II) is not 
dependent on time. By increasing pH from 2.40 to 7.10, 
the adsorption percentage of Pb (II) increased, while no 
significant effect on Cd (II) adsorption was observed.

• The Freundlich isotherm model shows a very good fit 
with the experimental data of Pb (II) and Cd (II) adsorp-
tion in an individual solution.

• In the binary Pb (II) and Cd (II) solution, the obtained 
adsorption isotherm data showed fittings for Langmuir 
model with maximum adsorption capacities of 17.86 
and 1.887 mg/g for Pb (II) and Cd (II), respectively. Of 
course, the three-parameter isotherm studies confirmed 
the Langmuir isotherm which represents a homoge-
neous monolayer adsorption mechanism. The hypothe-
sis adsorption mechanism for Pb (II) and Cd (II) in the 
binary solution is described by chemical absorption/ion 
exchange and particle diffusion, respectively.

• The competitive adsorption characteristics for Pb (II) and 
Cd (II) ions were approved by the extended Freundlich 
and extended Langmuir isotherm models, respectively. 
The antagonistic competitive effect was observed for two 
metals, which is relevant to the size and electronegativity 
of the metal ions.

• The maximum adsorption capacity of Pb (II) ratio to the 
maximum adsorption capacity of Cd (II) in single and 
binary solution are more than three (47.619/13.699) and 
nine (17.86/1.887), respectively. This obviously illustrates 
the appropriate selective adsorption of hematite for Pb 
(II) ions in the presence of Cd (II).

• This study introduces Iranian hematite as an appropriate 
and selective adsorbent for Pb (II) removal from aqueous 
solution.

Table 12 
Summaries of isotherm models

Metal ion Single solution 
Two and three parameter

Binary solution 
Two and three parameter

Binary solution 
Extended and modified

Pb (II) Freundlich and BET 
(heterogeneous)

Langmuir and Redlich-Peterson 
(homogeneous)

Extended Freundlich

Cd (II) Freundlich and Koble–Corrigan 
(heterogeneous)

Langmuir (homogeneous) Extended Langmuir

Table 13 
Single and binary system adsorption parameters

System Metal ion 
(+interferent)

Qe,exp (mg/g) Qmax (mg/g) Q’e/Qe R2

a) Pb as primary metal ion

 Single Pb 15.95 Langmuir model – 0.769

47.619

 Binary Pb-Cd 14.798 17.86 0.92 0.989

b) Cd as primary metal ion

 Single Cd 7.74 Langmuir model – 0.474

13.699

 Binary Cd-Pb 1.664 1.887 0.21 0.976
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