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ABSTRACT

Ca-doped ZnO nanoparticles-based extraction system has been developed which can be
employed simultaneously for the recognition and elimination of Pb(II) ions because of solid
interaction among Ca-doped ZnO nanoparticles and Pb(II). The extraction ability of
Ca-doped ZnO nanoparticles were deliberated for the removal of lead ions utilizing induc-
tively coupled plasma-optical emission spectrometry. The extraction aptitudes of Ca-doped
ZnO were scrutinized for numerous metal ions, comprising Cd(II), Cu(II), Hg(II), La(III),
Mn(II), Pb(II), Pd(II), and Y(III). The extraction results revealed that Ca-doped ZnO
nanoparticles is selective only for Pb(II). The exclusion ability of Ca-doped ZnO nanoparti-
cles for Pb(II) was 84.66 mg g−1. Furthermore, the extraction profile of Pb(II) on Ca-doped
ZnO nanoparticles was matched with the Langmuir adsorption isotherm, which suggest
monolayer adsorption of Pb(II) on Ca-doped ZnO nanoparticles. Kinetic study showed that
Pb(II) adsorption on Ca-doped ZnO nanoparticles obeyed the pseudo-second-order kinetic
model. Calculated thermodynamic parameters also revealed that the adsorption mechanism
is a common spontaneous and thermodynamically favorable process. Finally, detection of
Pb(II) in environmental water samples was carried out by the anticipated method.

Keywords: Ca-doped ZnO; Nanoparticles; Pb(II); Adsorbent; Water treatment; Environmental
applications

1. Introduction

The continuous release of organic pollutants, heavy
metals and other contaminants by different industries
causing many problems related to human health and
aquatic systems [1–3]. These heavy metals generally
contaminate ground and surface water and adversely

affect the human health by causing different infections
and disorders. Metals such as cadmium, chromium,
cobalt, lead, and mercury, play crucial role in originat-
ing numerous diseases and disorders because of
nonbiodegradable nature of metal ions [2]. Thus,
heavy metals are considered to be the utmost toxic
materials among water pollutants and give consider-
able harmful threats to the environment [1–3].
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Pb(II) is an ecotoxicological hazard and is the main
concern because of its poisonous nature, toxicity, and
existence in nature [4–6]. Generally, Pb(II) exist in nat-
ural water in the range of 2–10 mg mL−1 but maxi-
mum 10 ng mL−1 is mentioned by World Health
Organization [7]. Therefore, the toxic nature of Pb(II)
has directed to the fabrication of selective and efficient
methods for the recognition of Pb(II) ions in the envi-
ronment. A huge number of techniques have been
executed for the assessment of content level of Pb(II)
in aqueous media [8–11]. However, due to the lower
sensitivity and selectivity of these techniques espe-
cially at ultra-trace concentration limits their vast
applicability. So, an effective separation technique is
needed at priority basis in order to detect, quantify,
and extract metal ions in accurate way [12]. Solid-
phase extraction is one of the superior techniques due
to cost, selectivity, effectiveness, and less solvent
usage [13,14].

Different materials such as silica, polymer, alu-
mina, and ion-imprinted materials have been utilized
for different metal ions adsorption [15–20]. Among
these materials, ion-imprinted materials are appropri-
ate and favorable for the selective extraction of metal
ions but it is difficult to collect and separate ion-im-
printed materials from the solution after the sorption
process. On the other side, metal oxide nanomaterials
are easy to collect and separate from the solution after
the sorption process, and therefore, metal oxide nano-
materials have created substantial attention because of
their prospective application in metal ion extraction
[1]. Metal oxide nanomaterials have peculiar and copi-
ous applications concerning human health as it impart
substantially to medicine and environment. Nanoma-
terials exhibit a unique competence to extract metal
ion that is rarely possible regarding conservative sys-
tems [1]. Nanomaterials possess specific shape, trivial
size, high surface area, and extraordinary surface
activity. ZnO has got attention because of its extensive
applications, such as catalysis, sensor, use in rubber,
plastic, cosmetics, coating, and electronic devices [21].
Zinc oxide has versatile applications but it still needs
improvement in order to enhance its properties.
Among different techniques, one is doping of nanoma-
terials known to reveal outstanding properties in
numerous areas. Dopants increase the surface area,
reduce the mass and alter the morphologies of the
nanomaterials resulting in much improved assets of
nanomaterials [22–25].

Therefore, we prepared Ca-doped ZnO nanoparti-
cles and FESEM, EDS, X-ray diffraction (XRD), FTIR,
XPS, and UV were used for their structure elucidation.
Ca-doped ZnO nanoparticles were applied for the
extraction of metal ion, such as Cd(II), Cu(II), Hg(II),

La(III), Mn(II), Pb(II), Pd(II), and Y(III) and was found
to be highly selective for Pb(II). The adsorption pro-
cess for Pb(II) was found to be monolayer adsorption
with adsorption capacity of 84.66 mg g−1.

2. Experimental

2.1. Chemicals and reagents

All the chemicals used for experiments were pur-
chased from Sigma-Aldrich (Milwaukee, WI, USA).

2.2. Synthesis of Ca-doped ZnO nanoparticles

Ca-doped ZnO was prepared by similar procedure
as reported in the literature [22–25]. The required
quantity of calcium carbonate and zinc chloride were
added to 100 ml of double-distilled water and prepare
0.1 M solution of each salt. The solution was then
made basic with pH 10 by adding 0.5 M NaOH solu-
tion and kept on stirring at 60.0˚C for overnight. The
mixture was filtered and the precipitate was washed.
The washed product was dried and calcined at
400.0˚C for 5 h.

2.3. Metals extraction

First, a specific concentration (2 mg L−1) of each
metal ion was prepared. The pH of all metal ion solu-
tion was attuned to 5.0 by using acetate buffer. For
extraction analysis, 25 mg of Ca-doped ZnO nanopar-
ticles were added to each metal ion solution. For
adsorption capacity analysis, we prepared different Pb
(II) solutions of 0, 5, 10, 15, 20, 25, 30, 50, 100, 125, and
150 mg L−1, set the pH 5.0 of each solution and added
25 mg Ca-doped ZnO nanoparticles in each solution.
All the mixed solutions were shaken by mechanical
shaker for 1 h at 150 rpm and room temperature.
Ca-doped ZnO were shaken at different time (2.5, 5,
10, 20, 30, 40, 50, and 60 min) using 100 mg L−1 Pb(II)
solution in order to evaluate the influence of shaking
time on adsorption. Thermodynamic parameters were
determined at 278, 298, 313, and 338 K using 5 mg L−1

Pb(II) solution.

2.4. Apparatus

The particle size of Ca-doped ZnO was examined
by JEOL Scanning Electron Microscope (JSM-7600F,
Japan) while EDS from Oxford was used for checking
the elements. The structure of synthesized product
was elucidated from XRD patterns analysis, FTIR and
XPS spectra recorded by Thermo scientific XRD (ARL
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service), Thermo scientific FTIR (iS50) and Thermo
Scientific XPS (K-Alpha KA1066 spectrometer). The
optical properties were evaluated from UV spectrum
using Thermo Scientific UV–vis spectrophotometer
(EvolutionTM 300). The ICP-OES spectrometer (Perkin
Elmer ICP-OES model Optima 4100 DV, USA) was
utilized with parameters given elsewhere [1–3].

3. Results and discussion

3.1. Structure elucidation of Ca-doped ZnO nanoparticles

FESEM was used for morphology evaluation of
Ca-doped ZnO and the images are depicted in Fig. 1.
FESEM images revealed that Ca-doped ZnO is grown
in the shape of particles and the grown particles are
aggregated with each other. The average diameter of
grown Ca-doped ZnO nanoparticles is almost ~50 nm.

The compositional analysis of nanoparticles was
assessed by utilizing EDS and is portrayed as Fig. 2.
The EDS displayed peaks at 0.3 and 3.7 eV which cor-
respond to Ca, peak at 1.1 eV appeared for Zn and
another peak at 0.5 eV is due to oxygen that suggests
the presence of Ca, Zn, and oxygen elements in the
synthesized nanoparticles. EDS displayed 89.98 wt%
of oxygen, 9.86 wt% of Zn and only 0.15 wt% of Ca
suggesting that ZnO has been doped by Ca. No other
element was traced out suggesting pure Ca-doped
ZnO nanoparticles.

Fig. 3 shows comparison of XRD spectrum of
Ca-doped ZnO with pure ZnO (red color) pattern. The
low intense peak appeared at 2θ = 23.03, 29.50, 39.48,
43.24, 45.56, 48.74, 57.50, 60.88 indicating the presence
of CaCO3 in the samples [26]. All other peaks
appeared for ZnO are compatible with wurtzite hexag-
onal zinc oxide [27,28]. The intense peaks appeared
for ZnO in XRD patterns of nanoparticles clearly
display that nanoparticles are mainly composed of
ZnO phase. The relative content of CaCO3 phase is

low while for the ZnO phase, the diffraction peaks are
stronger. These results indicate that the synthesized
nanoparticles are Ca-doped ZnO.

Ca-doped ZnO nanoparticles revealed peaks in
FTIR spectrum for metal oxygen at 530, 1,359, 1,635,
and 3,397 cm−1 (Fig. 3(b)). The strong peak that
appeared at 530 cm−1 was ascribed to M=O or
M–O–M (M = Zn, Ca) bond whereas the extra peaks
that appeared at 1,359 are ascribed to CO3 anion used
during the synthesis process. The moisture peaks are
shown at 1,635 and 3,397 cm−1 [27,28].

X-ray photoelectron spectroscopy was also ana-
lyzed for Ca-doped ZnO nanoparticles in order to con-
firm their composition (Fig. 4). XPS revealed peaks for
Ca 2p3/2, O 1s and Zn 2p1/2 at binding energies of
341.1, 530.1, and 1,071.6 eV, respectively which are
compatible with the literature [22,29]. The slight shift
in binding energy of Ca and Zn might be due to the
doping effect.

The optical properties of Ca-doped ZnO nanoparti-
cles were analyzed and the UV–vis graph is displayed
in Fig. 5(a). UV–vis spectrum revealed an absorption
peak at 300 nm for Ca-doped ZnO nanoparticles
whereas the band gap energy was found to be 3.0 eV
which is deliberated using (αhν)1/n vs. hν plots
(Fig. 5(b)) by Tauc’s formula [24,25].

3.2. Removal of Pb(II) on Ca-doped ZnO nanoparticles

3.2.1. Sensitivity and selectivity of Ca-doped ZnO
nanoparticles

The developed Ca-doped ZnO nanoparticles are
selective for Pb(II) in the presence of other interfering
metal ions which is one the key advantage of the fab-
ricated Ca-doped ZnO nanoparticles [30]. To investi-
gate the influence of other interfering metal ions exist
along with Pb(II) ions in surrounding environment or
wastewater, selectivity of Ca-doped ZnO nanoparticles

Fig. 1. Typical (a) low-magnification and (b) high-resolution FESEM images of Ca-doped ZnO nanoparticles.
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for various metal ions were explored based on the dis-
tribution coefficient of Ca-doped ZnO nanoparticles.
The distribution coefficient (Kd) was acquired from
Eq. (1) [1]:

Kd ¼ ðCo � Ce=CeÞ � ðV=mÞ (1)

where Co is the initial and Ce is the final concentra-
tions, V is the volume (mL), and m is the weight of
Ca-doped ZnO nanoparticles (g) [1]. The distribution
coefficient obtained for each metal ions is given in
Table 1, which clearly indicate the maximum value for
Pb(II) ions with Ca-doped ZnO nanoparticles among
all metal ions. The quantity of Pb(II) was practically
all bind and removed by Ca-doped ZnO nanoparticles.
Hence, selectivity investigation specified that
Ca-doped ZnO nanoparticles are highly selective only
for Pb(II) ions rather than other metal ions. Based on
the above results, one can suggest electrostatic attrac-
tion or a chelating mechanism of adsorption (Fig. 6).
The high binding and extraction behavior of Ca-doped
ZnO nanoparticles suggest that there is not much
interference of other metal ions and the developed

system based on Ca-doped ZnO nanoparticles is more
selective in nature.

The designed sensitive and innovative Ca-doped
ZnO is extremely simple system and approach for the
recognition and extraction of Pb(II) ions. The
Ca-doped ZnO nanoparticles pronounced simple and
cheap method devoid of any sophisticated technique
or further modification. The mechanism of the
designed system is based on the interaction of
Ca-doped ZnO nanoparticles with Pb(II) ions and this
binding led to the complete removal of Pb(II) ions by
a simple filtration (Fig. 6). The surface of metal oxides
becomes anionic in nature by dispersing in water and
also cause upsurge in surface area [31]. We have used
Ca-doped ZnO nanoparticles for the removal of Pb(II)
ion, having small particle size and large active surface
area because particle size and surface area perform a
significant part related to accessibility and adsorption
capability. Small particle size and large active surface
area also increases the binding capability of nanomate-
rials which results in high performance of recognition
and simultaneous elimination of Pb(II) ions. The high
sensitivity and selectivity of fabricated Ca-doped ZnO

Fig. 2. Typical EDS spectrum of Ca-doped ZnO nanoparticles.
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Fig. 3. Typical XRD pattern (a) and FTIR spectrum (b) of Ca-doped ZnO nanoparticles.
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nanoparticles toward Pb(II) ions may be due to the
fact that Ca-doped ZnO nanoparticles affords fast
channeling or movement of Pb(II) ions for proficient
binding of metal ions and simultaneously superb
adsorbing behavior of Ca-doped ZnO nanoparticles.

3.2.2. Sensing, static adsorption, and removal capacity
of Pb(II) ions

The uptake capacity was carried out for Ca-doped
ZnO nanoparticles in order to study the performance

and removal efficiency as a function of Pb(II) ions con-
centration. In view of the advantages of Ca-doped
ZnO nanoparticles in sensing and adsorption applica-
tion, we have tested the performance of Ca-doped
ZnO nanoparticles toward diverse concentrations of
Pb(II) ions at pH 5. 25 mL of Pb(II) solutions (concen-
trations from 0 to 150 mg L−1) were separately mixed
with Ca-doped ZnO nanoparticles (25 mg) and carried
out mechanically shaking for 1 h. The adsorption
capacity of Ca-doped ZnO toward metal ion was
obtained using Eq. (2) as follows:
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Fig. 5. UV–vis spectrum (a) and (αhν)2 vs. hν plot (b) of Ca-doped ZnO nanoparticles.
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qe ¼ ðCo � CeÞV
m

(2)

where qe is the adsorbed Pb(II) on Ca-doped ZnO
nanoparticles (mg g−1), Co is the initial concentrations
of Pb(II) in solution (mg L−1), Ce is the equilibrium
concentrations of metal ion in solution (mg L−1), V is
the volume (L) and m is the weight of Ca-doped ZnO
nanoparticles (g). Fig. 7(a) and (c) demonstrates the
uptake capacity of Ca-doped ZnO and its sensitivity
towards Pb(II). As can be seen, up to 20 mg L−1 of Pb
(II) ions, there is a gradual increase in uptake capacity
of Ca-doped ZnO nanoparticles reaching to maximum,
indicates complete attachment of Pb(II) with Ca-doped
ZnO nanoparticles. As the amount of Pb(II) increases,
the removal efficiency of Ca-doped ZnO nanoparticles
also increases. Adsorption capacity of Ca-doped ZnO
nanoparticles for Pb(II) was 84.66 mg g−1. It has been
observed that 25 mg of Ca-doped ZnO nanoparticles
removed almost all Pb(II) ions showing the highly effi-
cient nature of Ca-doped ZnO nanoparticles. From the

above results it is quite clear that Ca-doped ZnO
nanoparticles based system has high removal effi-
ciency for the extraction of Pb(II) ions. The adsorption
capacity of Ca-doped ZnO nanoparticles for Pb(II) is
better than reported for Pb(II) (49.9 [32], 54.48 [33],
90.25 [34], and 97.08 mg g−1 [35]).

3.3. Adsorption isotherm models

The removal of Pb(II) by Ca-doped ZnO nanoparti-
cles was evaluated by Langmuir equation given in Eq.
(3) to understand equilibrium isotherm [36]:

Ce

qe
¼ Ce

Qo

� �
þ 1

Qob
(3)

where Ce is the concentrations of Pb(II) ion (mg mL−1)
and qe relates to the adsorbed Pb(II) ion by Ca-doped
ZnO nanoparticles (mg g−1). Qo and b represent Lang-
muir constants related to adsorption capacity (mg g−1)
and energy of adsorption (L mg−1), respectively.

The plot of Ce/qe vs. Ce give slope and intercept
which are equal to 1/Qo and 1/Qob, respectively.
Further, the crucial features of Langmuir adsorption
isotherm is constant separation factor or equilibrium
parameter, RL, that is RL = 1/(1 + bCo), where b is
Langmuir constant that specifies behavior of adsorp-
tion and character of isotherm; Co denotes Pb(II) initial
concentration. The RL value gives suggestion about
the kind of adsorption, and RL values from 0 to 1 sig-
nify a favorable adsorption [37–40].

The adsorption behavior of Pb(II) ion on Ca-doped
ZnO nanoparticles was fit better with Langmuir
equation (Fig. 7(c)) suggesting that the adsorption pro-
cess follow Langmuir adsorption isotherm model,
which recommend monolayer adsorption of Pb(II) ion

Table 1
Selectivity study of Ca-doped ZnO nanoparticles adsorp-
tion towards different metal ions at pH 5.0 and 25˚C
(N = 3)

Metal ion qe (mg g−1) Kd (mL g−1)

Pb(II) 2.00 5.67 × 105

Cu(II) 1.60 3.96 × 103

Cd(II) 1.37 2.16 × 103

Mn(II) 1.28 1.77 × 103

Hg(II) 1.20 1.51 × 103

Y(III) 1.19 1.45 × 103

Pd(II) 0.89 8.03 × 102

La(III) 0.46 2.99 × 102

Fig. 6. Schematic view of adsorption profile of Pb(II) on the surface of Ca-doped ZnO nanoparticles.
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on Ca-doped ZnO nanoparticles. Langmuir constants
Qo and b is equal to 81.19 mg g−1 and 0.41 L mg−1

while the correlation coefficient is R2 = 0.989 for Pb(II)
adsorption on Ca-doped ZnO nanoparticles. The
uptake capacity (81.19 mg g−1) achieved from Lang-
muir equation is closely in agreement with experimen-
tal value (84.66 mg g−1). The RL value for the
adsorption of Pb(II) on Ca-doped ZnO nanoparticles is
0.02, suggesting an extremely favorable adsorption
phenomena.

3.4. Effect of contact time

The influence of contact time was studied for eval-
uating the time required to attain equilibrium and
confirming the possibility for applications of Ca-doped
ZnO nanoparticles to selectively bind Pb(II). The batch
method was implemented using 100 mg L−1 Pb(II) and
different (2.5–60.0 min) contact times (Fig. 8(a)).
Fig. 8(a) shows that the Pb(II) adsorption onto Ca-
doped ZnO nanoparticles is highly dependent on the
contact time. The amount of Pb(II) adsorption increase
greatly with increase in contact time till it reached the
highest adsorption capacity after 60 min. These results

suggested that equilibrium kinetics for the adsorption
of Ca-doped ZnO nanoparticles for Pb(II) was
extremely fast.

3.5. Kinetic models

Several kinetic models were used for estimating
kinetic adsorption parameters and pseudo-second-
order kinetic model (Eq. (4)) was applied to the exper-
imental data and measured different parameters.

t

qt
¼ 1

to
þ 1

qe

� �
t (4)

where υo = k2q
2
e is the preliminary adsorption rate

(mg g−1 min−1) and k2 (g mg−1 min−1) denotes the
adsorption rate constant, qe (mg g−1) represents the
amount of Pb(II) adsorbed at equilibrium, and qt
(mg g−1) corresponds to the amount of Pb(II) on the
surface of Ca-doped ZnO at time t (min). The parame-
ters qe and υo can be obtained from the slope and
intercept, respectively, of a plot of t/qt vs. t [41].

Pseudo-second-order model was nicely fit to the
experimental adsorption data suggesting that Pb(II)

Fig. 7. (a) Adsorption profile of Pb(II) and (b) Langmuir adsorption isotherm model of Pb(II) adsorption on 25 mg of
Ca-doped ZnO nanoparticles at pH 5.0 and 25˚C, and (c) sensitivity of sensor. Adsorption experiments were obtained at
different concentrations (0–150 mg L−1) of Pb(II) under static conditions.
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adsorption on Ca-doped ZnO obeys pseudo-second-
order kinetic (Fig. 8(b)). The R2 value (0.9997) suggests
that pseudo-second-order fit nicely as compared to
other kinetic models. Parameters υo, qe and k2 were
calculated to be 137.31 mg g−1 min−1, 84.87 mg g−1 and
0.02 g mg−1 min−1, respectively. The qe value is consis-
tent with those acquired from adsorption isotherm
experiments and Langmuir adsorption isotherm
model, strongly support that Pb(II) adsorption form a
monolayer on the surface of Ca-doped ZnO.

3.6. Effect of temperature

The adsorption of 25 mg Ca-doped ZnO nanoparti-
cles towards 5 mg L−1 Pb(II) was investigated at 278,
298, 313, and 338 K and their thermodynamic parame-
ters were estimated. Kd (distribution adsorption coeffi-
cient) was calculated from Eq. (1). In addition, the
slope and intercept of plot ln Kd vs. 1/T using Eq. (5)
gave standard enthalpy change (ΔH˚, kJ mol−1) and
standard entropy change (ΔS˚, J mol−1 K−1), as
reported in Table 2.

ln Kd ¼ DS�

R
� DH�

RT

� �
(5)

where R denotes the universal gas constant
(8.314 J mol−1 K−1), and T refers to the temperature in

Kelvin. Further, the standard Gibbs free energy
change (ΔG˚, kJ mol−1) described in Table 2 was deter-
mined from Eq. (6):

DG� ¼ DH� � TDS� (6)

As shown in Table 2, calculated values of ΔH˚, ΔS˚,
and ΔG˚ are all negative. The observed negative ΔH˚
value provides that the adsorption behavior is
exothermic. In addition, negative values of ΔG˚ indi-
cates that the adsorption process of Ca-doped ZnO
nanoparticles towards Pb(II) is a general spontaneous
process and thermodynamically favorable. The nega-
tive ΔS˚ reveals that degree of freedom decreases at
the solid–liquid interface during the adsorption of Pb
(II) on Ca-doped ZnO nanoparticles.

3.7. Application of the proposed method to environmental
water samples

The designed system was implemented for the
detection and extraction of Pb(II) in real-water sam-
ples such as drinking water, lake water, seawater, and
tap water, collected from Jeddah in Saudi Arabia. The
% extraction of Pb(II) in real-water samples (Table 3)
was in the range of 94.40–99.00%. Thus, the designed
system looks feasible and trustworthy for trace analy-
sis of environmental water samples.

Fig. 8. (a) Effect of contact time on the adsorption of 100 mg L−1 Pb(II) and (b) pseudo-second-order adsorption kinetic
model of Pb(II) uptake on 25 mg Ca-doped ZnO nanoparticles at pH 5.0 and 25˚C.

Table 2
Estimated thermodynamic parameters of 5 mg L−1 Pb(II) adsorption on 25 mg Ca-doped ZnO nanoparticles (N = 3)

ΔH˚ (kJ mol−1) ΔS˚ (J mol−1 K−1)

ΔG˚ (kJ mol−1)

T = 278 K T = 298 K T = 313 K T = 338 K

−76.30 −149.85 −34.56 −32.27 −28.52 −25.98
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4. Conclusions

Highly insightful adsorption system has been fabri-
cated by preparing Ca-doped ZnO nanoparticles. Ca-
doped ZnO nanoparticles were structurally elucidated
using diverse spectroscopic methods. The designed
Ca-doped ZnO nanoparticles-based system could be
utilized for simultaneous removal of the Pb(II) ions.
The developed system is more selective and there is
no significant effect of interfering cations confirming
the highly selective nature of Ca-doped ZnO nanopar-
ticles. Sensible static adsorption capacities of
84.66 mg g−1 for Ca-doped ZnO nanoparticles were
attained for Pb(II) and the adsorption isotherm of Pb
(II) was fit to the Langmuir model. The proposed
method confirmed that Ca-doped ZnO nanoparticles
were effective for a selective adsorption toward Pb(II)
following pseudo-second-order kinetic model. Based
on estimated thermodynamic parameters, the mecha-
nism of Pb(II) adsorption is concluded to be sponta-
neous and thermodynamically favorable.

Acknowledgement

The authors are grateful to the Chemistry Depart-
ment and Center of Excellence for Advanced Materials
Research (CEAMR) at King Abdulaziz University for
providing research facilities.

References

[1] H.M. Marwani, M.U. Lodhi, S.B. Khan, A.M. Asiri,
Selective extraction and determination of toxic lead

based on doped metal oxide nanofiber, J. Taiwan Inst.
Chem. Eng. 51 (2015) 34–43.

[2] S.B. Khan, J.W. Lee, H.M. Marwani, K. Akhtar, A.M.
Asiri, J. Seo, A.A.P. Khan, H. Han, Polybenzimidazole
hybrid membranes as a selective adsorbent of mer-
cury, Composites Part B 56 (2014) 392–396.

[3] J.W. Lee, S.B. Khan, H.M. Marwani, K. Akhtar,
A.M. Asiri, M.T.S. Chani, J. Seo, H. Han, Development
of composite membranes as selective adsorbent
for yttrium ion, Int. J. Electrochem. Sci. 8 (2013)
12028–12036.

[4] S. Karabulut, A. Karabakan, A. Denizli, Y. Yürüm,
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