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ABSTRACT

Polyaniline (PANI) adsorbents functionalized with zinc oxide nanoparticles (ZnO-NPs) and
cobalt hexacyanoferrate (CoHCF) were prepared by chemical precipitation method and they
were applied in order to adsorb Cd(II) and Zn(II) from industrial wastewater. First, the
adsorbents were characterized by FTIR and XRD analyses for comparison. The adsorption
capacity of the polyaniline/CoHCF nanocomposite (PANI/CoHCF/NC) were greater than
that of polyaniline/ZnO nanocomposite (PANI/ZnO/NC). PANI/CoHCF/NC was charac-
terized by FTIR, XRD, TEM, SEM, and BET analyses. Experimental parameters affecting Cd
(II) and Zn(II) sorption onto the PANI/CoHCF/NC such as pH, adsorbent dosage, contact
time, initial concentration of metal ions, and temperature were studied. The kinetic data
were analyzed by the pseudo-first-order and pseudo-second-order kinetic models. Conse-
quently, the pseudo-second-order model best described the adsorption of Cd(II) and Zn(II)
ions. The equilibrium data was fitted to three isotherm models: Freundlich, Langmuir, and
Dubinin–Radushkevich (D–R), and it was shown that the Langmuir model gave the best fit
to the experimental data. Thermodynamic parameters showed that the adsorption of these
ions onto the PANI/CoHCF/NC was endothermic and spontaneous. The mechanism of
sorption was also discussed.
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1. Introduction

Due to their special properties, solid materials with
nanometer dimensions have attracted the attention of
many researchers around the world [1]. Nanoscaled
materials compared with the bulk mode have different
chemical and physical behaviors because they have
higher number of atoms on the surface [2]; as a result,
using these materials leads to changes in coordination

number, orbital symmetry, and chemical environment
of the elements [3].

Current nanotechnological applications are being
reported in oil and related industries [4], health and
medicine [5], civil and construction [6], energy [7],
automotive and transportation [8], agriculture and
food [9], etc.

Other applications of nanoparticles are in water
treatment and environmental protection. Recently,
application of nanoparticles for the removal of pollu-
tants has become an interesting area of research [10].
Water pollutants, such as aromatic substances [11] and
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heavy metals [12] include biological and chemical con-
taminants [13] seep into underground water, lakes,
and rivers [14]. Unlike aromatic substances, heavy
metal contaminants are non-biodegradable persisting
in the environment [15]. They can seep into water and
soil and then it can be adsorbed by plants. As a result,
by entering food chain of human beings, they can be
dangerously hazardous [16]. In some cases, genetic
problems and changes in DNA structure have been
observed [17]. The safety limits are specified for each
of the heavy metals.

Cadmium (Cd) and Zinc (Zn) are examples of such
“heavy metals” which are commonly found in water
and wastewater.

Cadmium compounds are used in glass manufac-
turing, electroplating [18], smelting [19], pigments,
plastic [20], and mining [21]. They are commonly
found in water and wastewater. Exposure to Cd2+

may cause a wide range of adverse health effects for
both adults and children. Generally, zinc discharged
to the environment from various industrial activities
such as mining processing [22] and manufacturing
[23] may lead to many diseases which include Itai–Itai
disease, carcinogenic [24], renal disturbances, lung
insufficiency, bone lesions, cancers [25], and
hypertension [26].

So removal of Cd2+ and Zn2+ from water is an
open research area in the global context. Various treat-
ment techniques are available for the removal of Cd2+

and Zn2+ which include reverse osmosis, solvent
extraction, ultrafiltration, phytoremediation, chemical
precipitation, adsorption [27].

The major disadvantage of reverse osmosis is the
high power consumption due to pumping pressures
and the restoration of the membranes [28]. Excessive
amount of time and energy for pretreatment limits the
application of solvent extraction [29]. The phytoreme-
diation technique has also some limitations such as
long contact time required for clean-up and the risk of
food chain contamination because of mismanagement
and lack of proper care [30]. The chemical precipita-
tion process, which uses large amount of reagents, suf-
fers from sludge production [31]. But the adsorption
process is arguably one of the most popular methods
for the removal of Cd2+ and Zn2+ because of its sim-
plicity, convenience, and high removal efficiency [32].
Adsorption is now recognized as an effective and eco-
nomical method for heavy metal wastewater treat-
ment. The adsorption process offers flexibility in
design, operation, and in many cases will produce
high-quality, treated effluent. In addition, because
adsorption is sometimes reversible, adsorbents can be
regenerated by suitable desorption processes [28].
Nanoparticles exhibit good adsorption efficiency espe-

cially due to higher surface area and greater active
sites for interaction with metallic species. Furthermore,
adsorbents with specific functional groups have been
developed to improve the adsorption capacity [33].

Efforts to find alternative low-cost materials and
the recent progress of nanotechniques have led to the
development of new classes of nanoparticles for the
treatment of contaminated water [34].

The Prussian blue analogs of chemical formula
CKM3[M(CN)6]2·nH2O (M = M = transition metals and
C = alkali ion) are constructed from octahedral
MðCNÞ3�6 complexes, which are bridged into a simple
cubic lattice by M2+ ions [35]. Nowadays, growing
attention is being paid to Prussian blue analogs for
their applications in optical and electrochemical prop-
erties [36], sensor and biosensor [37], CO2 and SO2

capture and separation applications [38], etc. Prussian
blue analogs nanomaterials often exhibit excellent size
and shape, dependent chemical and physical proper-
ties, which cannot be observed in their bulk analogs
[39]. So, there is a strong desire to prepare the Prus-
sian blue analogs with nanoscale sizes and shapes in
order to investigate their properties. Among the Prus-
sian blue analogs, cobalt hexacyanoferrate (CoHCF)
would be especially attractive because of its excellent
properties in capacity to store counter cations and ion-
exchange selectivity. Moreover, Co3[Fe(CN)6]2·nH2O is
a typical Prussian blue analog with different sizes that
have been reported at the nanoscale [40].

An environment-friendly material such as ZnO can
be used in catalyst industries [41], gas sensors [42],
solar cells [43], and UV-absorbers [44]. Recently, scien-
tists have found that nanostructured ZnO could effi-
ciently remove heavy metals [45]. These heavy metals
are Cu2+ [46], Cd2+, Pb2+ [47], and so on.

The development of nano-inorganic/polymer com-
posite material has been receiving significant interest
due to wide range of industrial and medical applica-
tions [48], photovoltaic applications [49], and ion
exchange [31]. These have shown a synergetic behav-
ior between the polymer and inorganic material. Toxic
metal ion removal by chelating polymers would be of
great importance in environmental application because
of reusability, easy handling and having higher
adsorption capacities, efficiencies as well as high selec-
tivity to some metal ions [50].

Polyaniline (PANI) has also demonstrated strong
adsorption capability to remove heavy metals from
water and wastewaters. The existence of positively
charged nitrogen atoms in PANI provides a good pro-
spect for their applications in adsorption processes
[51].

In this study, PANI adsorbent was prepared by
chemical polymerization method for the adsorption of
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Cd2+ and Zn2+ ions from the aqueous solutions. Fur-
thermore, ZnO and CoHCF were added to the PANI
for the modification of the adsorbent surface. Between
PANI/CoHCF/NC and PANI/ZnO/NC, the best
adsorbent is selected for adsorption of metal ions from
aqueous solutions for further experiments. Also the
effects of selected adsorbent contents, pH, contact
time, initial concentration of metal ions, and tempera-
ture of the adsorption process were investigated.

2. Experimental

2.1. Chemicals

All chemicals and reagents were of the analytical
grade. Potassium hydroxide (KOH), cobalt(II) chloride
hexahydrate (CoCl2·6H2O), ZnO, cadmium(II) nitrate
nonahydrate (Cd(NO3)2·9H2O), ammonium peroxy-
disulfate ((NH4)2S2O8), ZnCl2, potassium ferricyanide
(K3[Fe(CN)6]), hydrochloric acid (37%) (HCl), Nitric
acid (65%) (HNO3), and aniline (C6H7N) were
obtained from Merck (Germany). Deionized water in
this work was obtained from our chemistry laboratory
(University of Tehran).

2.2. Preparation of adsorbents

2.2.1. Synthesis of PANI

Chemical polymerization of PANI took place in an
aqueous acid solution. Ammonium peroxydisulfate
was dissolved in aqueous solution containing
hydrochloric acid at 25˚C. Ammonium peroxydisulfate
(1 g) was dissolved in 0.1 l of 1 M HCl. The mixture
was stirred for 30 min at 25˚C. One milliliter double-
distilled aniline was slowly added into the above
solution dropwise, under a continuous stirring by
Eppendorf Reference 2. After 5 min, a dark green color
appeared and then the system was vigorously stirred.
After 5 h, the solution was filtered and the precipitate
was washed with distilled water. The resulting poly-
mer salt was finally dried at room temperature.

2.2.2. Synthesis of PANI/CoHCF/NC

PANI/CoHCF/NC was synthesized by one-step
co-precipitation method. Briefly, 0.237 g of CoCl2·6H2O
(0.01 M of Co2+), 0.329 gr of K3[Fe(CN)6] (0.01 M of
K3[Fe(CN)6]) and 1 g Ammonium peroxydisulfate
were dissolved in 100 mL of 1 M HCl. The mixture
was stirred for 30 min at 25˚C. One milliliter double-
distilled aniline was slowly added into the above
solution dropwise, under a continuous stirring by
Eppendorf Reference 2. After 5 min, a dark green

color appeared and then the system was vigorously
stirred for 5 h. The solution was filtered and the pre-
cipitate was washed with distilled water. The resulting
polymer salt was finally dried at room temperature.

2.2.3. Synthesis of PANI/ZnO/NC

PANI/ZnO/NC was synthesized one-step co-pre-
cipitation method. Briefly, 0.2 g of ZnO and1 g Ammo-
nium peroxydisulfate were dissolved in 100 mL of
1 M HCl. The mixture was stirred for 0.5 h at 25˚C.
One milliliter double-distilled aniline was slowly
added into the above solution dropwise, under a con-
tinuous stirring by Eppendorf Reference 2. After
5 min, a dark green color appeared and then the sys-
tem was vigorously stirred for 5 h. The solution was
filtered and the precipitate was washed with distilled
water. The resulting polymer salt was finally dried at
room temperature.

2.3. Instrumentation

Transmission electron microscope (TEM) images
were recorded on film on a Philips CM30 TEM operat-
ing at 300 kV. TEM was used to determine the size
and morphology of PANI/CoHCF/NC. Morphological
studies of bare PANI and PANI/CoHCF/NC were
carried out by a scanning electron microscope (SEM)
S4160 Hitachi model (Tokyo, Japan). The functional
groups of bare PANI, PANI/ZnO/NC, and PANI/
CoHCF/NC were determined by XRD and FTIR.
X-ray powder diffraction (XRD) spectra were taken on
a STOE type STIDY-MP-Germany X-ray diffractometer
with Copper K-alpha (Cu Kα) radiation. Fourier trans-
form infrared spectrometer (FTIR) measurements were
performed using a Bruker Vector 22 FTIR spectrome-
ter with KBr as background within the range of 400–
4,000 cm−1. The specific surface area and pore volume
were estimated using Brunauer–Emmett–Teller (BET)
method.

Metal concentrations were determined using an
inductively coupled plasma atomic emission spec-
troscopy machine (ICP-AES, Optima 7300 DV, Perkin
Elmer Co. USA).

We used a portable SG2 SevenGo pH meter
(Mettler-Toledo) for pH measurement. The flasks were
agitated on a thermostatic mechanical shaker (WNB-14,
Memmert).

2.4. Batch sorption experiments

Solutions containing 0.1 g/l of Cd(II) and Zn(II)
were prepared using analytical grade cadmium(II)
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nitrate nonahydrate and zinc chloride salts, respec-
tively. The effect values of ZnO and CoHCF function-
alized with PANI for adsorption of Cd(II) and Zn(II)
ions were studied with initial metal concentration
0.1 g/l, 25˚C, and in 500 min contact time. The effect
of pH of the solution on the Cd2+ and Zn2+ sorption
was studied in the range of 1.5–8.5 and 3.7–7.8, respec-
tively. pH experiment uptake with 0.1 g of dry
nanoadsorbents in 20 mL of Cd2+ and Zn2+ solution.
The solution pH was adjusted by 0.1 M KOH or 0.1 M
HNO3. The effect of adsorbent dosage was studied by
varying the dose of adsorbent from 1 to 5 g/l on an
initial concentration of 0.1 g/l for a contact time of
500 min. For the kinetic experiments, the initial Cd2+

and Zn2+ ion concentrations used were 0.1 g/l. At var-
ious time intervals, samples were collected after filtra-
tion and the concentrations of studied pollutants were
determined. For examining the effect of initial metal
concentration and temperature, the experiments were
carried out with an initial metal concentration range
of 0.01–0.1 g/l at three different temperatures (25, 40,
and 60˚C) and after that it was shaken in a thermo-
static water bath shaker. After equilibrium was
reached, contents were filtered through a filter paper
(Whatman 42). The filtrate was analyzed for metal
concentration of Cd2+ and Zn2+ ions using ICP. The
amount of metal ions adsorbed onto PANI/CoHCF/
NC was calculated by a mass balance relationship,
using the following equation:

Qe ¼ ðCi � CeÞ V
W

(1)

where V (L) is the volume, Ci and Ce (g/l) are the ini-
tial and final solution concentration of metal ions,
respectively, and W (g) is the dry mass of the solid.

The adsorption percentage (AD%) of metal ions
was calculated as follows:

Adsorption ð%Þ ¼ Ci � Ce

Ci
� 100 (2)

Within recent decades, linear regression has been one of
the most viable tool defining the best fitting relationship
[52]. The average absolute value of relative error,
(AARE), was used to compare the predicted results
with experimental data. This is defined as follows:

AARE% ¼ 1

N

XN
1

qe;cal � qe;exp
�� ��

qe;exp
� 100 (3)

in which N is the number of data points [53].

3. Results

3.1. Comparison of the PANI functionalized with ZnO-
NPs and CoHCF

3.1.1. Characterization of PANI/CoHCF/NC and PANI/
ZnO/NC by FTIR and XRD

The functional groups of samples are characterized
by FTIR and the results are shown in Fig. 1. FTIR was
used to detect possible structural changes due to the
polymerization of polyaniline and composite forma-
tion. The samples contain the bare PANI, the PANI/
CoHCF/NC, and the PANI/ZnO/NC adsorbents pre-
pared in HCl solution. In both samples, there is a
broad bond at around 3,100–3,650 cm−1, which is
assigned to O–H stretching for the hydrogen bonded
hydroxyl groups which are present in the samples.
These active groups can react with Cd2+ and Zn2+ in
aqueous solutions, leading to a large number of
adsorption of heavy metal ions. The bands at 1,610
and 1,444 cm−1 correspond to quinoid and benzenoid
rings, respectively. The bands at 1,286, 1,105, and
788 cm−1 correspond to vibrations of C–N bonds in
the quinoid and benzenoid rings and to C–H bending
in plane or out of plane, respectively. A peak is pre-
sent at 2,085 cm−1, which is a characteristic peak of the
C≡N group. A strong peak at 485 cm−1, which seems
to correspond to Zn–O stretching is evident for
PANI/ZnO/NC. The shift in the characteristic peaks
of PANI/ZnO/NC indicates the presence of interac-
tion between ZnO nanoparticles and molecular chains
of PANI. The shift may be ascribed to the formation
of hydrogen bonding between ZnO and the NH group
of PANI on the surface of ZnO particles [54]. The peak
around 2,850–2,950 cm−1 is due to the alkyl stretching
groups. A Fe–C stretching was seen at 560 cm−1 and A
Fe–CN–Co peak at 2,090 cm−1, which indicates that
CoHCF have been successfully added to the PANI/
CoHCF/NC adsorbent.

The XRD analysis was used to determine the struc-
ture of the synthesized samples. Fig. 2 depicts the
XRD pattern of the bare PANI, PANI/ZnO/NC, and
PANI/CoHCF/NC samples. As can be seen, the PANI
has an amorphous structure, while PANI/CoHCF/NC
has crystal structure.

XRD analysis reveals that the sample obtained can
be indexed to the pure cubic structure Co3[Fe(CN)6]2.
The peaks located at 2θ = 18, 24.8, 35.5, 40.0, 43.9, and
51.0˚ were assigned to the (2 0 0), (2 2 0), (4 0 0),
(4 2 0), (4 2 2), and (4 4 0) reflections of the PANI/
CoHCF/NC, respectively [(JCPDS 5-0036, 5-0037)]. No
evidence was found for the existence of impurities in
the samples.

20820 M.A. Moosavian and N. Moazezi / Desalination and Water Treatment 57 (2016) 20817–20836



Fig. 2 shows the XRD patterns of pure PANI and
PANI/ZnO/NC. This sample showed mainly ZnO
with an amorphous background.

3.1.2. Comparison of PANI/CoHCF/NC and PANI/
ZnO/NC for adsorption of ions

Concentration of CoHCF in the composite was
optimized at 0.01, 0.05, and 0.1 M of Co2+ and K3[Fe
(CN)6]. Next, concentration of ZnO in the composite
was optimized at 0.05, 0.2, and 0.3 g/l of ZnO. The
effects of ZnO and CoHCF onto the functionalized
PANI with different concentration of ZnO (g/l) and
CoHCF (mol/l) on the adsorption of Cd2+ and Zn2+

are shown in Fig. 3. As can be seen, the AD% of Cd2+

increases with increasing ZnO and CoHCF amount up
to 0.22 g/l and 0.07 mol/l, respectively. Also, the AD

% of Zn2+ increases with increasing ZnO and CoHCF
amount up to 0.24 g/l and 0.06 mol/l, respectively.
Increasing AD% with the increase in ZnO and CoHCF
is due to enhancement of active sites which eases the
way of adsorbing Zn2+ and Cd2+ ions. Reduction in
AD% of the PANI/CoHCF/NC and PANI/ZnO/NC
for ions sorption of CoHCF and ZnO can be attributed
to the agglomeration of CoHCF and ZnO particles
which decreases the available surface of adsorption.
As we increase the wt% of ZnO in PANI matrix, the
possibility of agglomeration of ZnO nanoparticles
increases rather than the uniform distribution of ZnO
nanoparticles in PANI matrix [54]. On the other hand,
the results showed that the AD% of PANI/CoHCF/
NC for adsorption of Cd2+ and Zn2+ is higher than

Fig. 1. FTIR spectra of bare PANI, PANI/ZnO/NC, and PANI/CoHCF/NC.
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that of PANI/ZnO/NC adsorbent. The optimum
amount of ZnO and CoHCF for removal of Zn2+ and
Cd2+ are shown in Fig. 4. The results showed that the
AD% of PANI/CoHCF/NC for adsorption of Cd(II)
and Zn(II) is higher than that of PANI/ZnO/NC and
the bare PANI. This result is due to attractiveness of
CoHCF especially because of excellent properties in
capacity to store counter cations and ion-exchange
selectivity [55].

From the percentage removal of Cd2+ and Zn2+ in
Fig. 4, it is observed that the metal uptake capacity
increases with the presence of cobalt hexacyanoferrate
in the composite. It is found that the percentage
removal of Cd2+ using PANI/CoHCF/NC, PANI/
ZnO/NC, and the bare PANI were 64.15, 46, and 35%,
respectively. Also the percentage removal of Zn2+

using PANI/CoHCF/NC, PANI/ZnO/NC, and the
bare PANI were 52.68, 37, and 20%, respectively.
These results indicate that cobalt hexacyanoferrate
could enhance the adsorption capabilities of PANI.
The overall adsorption of Cd2+ or Zn2+ to the compos-
ite increased as compared with that on the bare PANI,
because of increasing binding sites on the composites.

So, the further AD% of Cd2+ and Zn2+ onto the
PANI/CoHCF/NC could be attributed to the func-
tional groups of PANI/CoHCF/NC which led to the
more available active sites for Cd(II) and Zn(II) sorp-
tion in comparison to PANI/CoHCF/NC adsorbent.
As a result, PANI/CoHCF/NC is selected for adsorp-
tion of metal ions from aqueous solutions for further
experiments.

3.2. PANI/CoHCF/NC

3.2.1. Synthesis and characterization of PANI/CoHCF/
NC by SEM, TEM, and BET

Synthesis of Prussian blue analogs is as follows:
M3[Fe(CN)6]k (Metal-HCF) was synthesized by adding
0.03 mol MClk into stoichiometric amount of K3[Fe
(CN)6] slowly. MClk·6H2O were FeCl3 or NiCl2 or
CoCl2[40]. In this paper, CoCl2·6H2O was used for
synthesis of CoHCF.

PANI is generally synthesized by various methods
including chemical, electrochemical, and photochemi-
cal polymerization. The simplest way for PANI syn-
thesis is the polymerization of aniline with an oxidant
such as ammonium peroxydisulfate in an aqueous
solution. The polymerization is obtained in an acidic
medium [56] such as sulfuric acid [57] and hydrochlo-
ric acid [58]. So, chemical synthesis of PANI was car-
ried out in aqueous acid solution using ammonium
peroxydisulfate as the oxidant.

The PANI/CoHCF/NC was synthesized via in situ
polymerization of aniline monomer in the presence of
(NH4)2S2O8 and Co2+ and K3[Fe(CN)6]. The chemical
polymerization has advantage of being a simple pro-
cess capable of producing bulk quantity of PANI. The
nanoparticles of cobalt hexacyanoferrate were encap-
sulated by the precipitating PANI moieties as shown
in Fig. 5.

0
10
20
30
40
50
60
70

Bare Polyaniline Polyaniline / ZnO Polyaniline / CoHCF

A
ds

or
pt

io
n 

[%
]

Adsorbent

Cd (II) Zn (II)

Fig. 4. Comparison of PANI, PANI/CoHCF/NC, and
PANI/ZnO/NC for adsorption of Cd(II) and Zn(II).

Fig. 5. A schematic representation for formation of the
PANI/CoHCF/NC.
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The morphology of the products was investigated
by TEM and SEM. As Fig. 6(a) shows, the bare PANI
sample consisted of capsule surface particles with size
of around 75 × 175 nm. The PANI/CoHCF/NC sam-
ple consisted of polyhedral particles with size of
around 50 nm (Fig. 6(b)). Fig. 6(c), as can be seen the
image, confirms the formation of particles on nanos-
cale with an average size of 20 nm. Also it is clear that
the agglomeration of small particles leads to formation
of larger particle. The more compact morphology is a
result of the polymer growth by instantaneous growth
of cobalt hexacyanoferrate, which increases the size of
particles significantly. The change in the SEM micro-
graphs of PANI before and after adding CoHCF indi-
cates the structural changes in the adsorbent.

The nitrogen adsorption–desorption isotherms for
PANI/CoHCF/NC are shown in Fig. 7. Based on BJH
theory, the average pore diameter, the Brunauer–
Emmett–Teller (BET) surface area, and the pore vol-
ume of PANI/CoHCF/NC are 3.17 nm, 35.21 m2/g,
and 0.2175 cc/g, respectively. Generally, adsorbent
pores are classified into three groups: micropores
(size < 2 nm), mesopores (2–50 nm), and macropores
(size > 50 nm) [59]. So Cd2+ and Zn2+ diffused in
mesopores of PANI/CoHCF/NC.

The isotherms fall within type IV of IUPAC classi-
fication group, characteristic of capillary condensation
in mesopores indicates that the interaction between

adsorptive and adsorbent is higher than interaction
between adsorptive and adsorbate. This type of
isotherm represents a favorable equilibrium [60].

As Fig. 7 shows, adsorption hysteresis occurs; it is
linked to differences in the adsorption and desorption
mechanisms, usually capillary condensation inside
mesopores will lead to this phenomenon [61]. The
nanocomposite isotherms showed a type H3 hysteresis
loop, due to the presence of mesoporosity and
narrowslit-shaped pores [62].

The pore size distribution of PANI/CoHCF/NC is
shown in Fig. 8. As can be seen, pore diameter of the
PANI/CoHCF/NC is in range from 1.17 to 76.51 nm.

Fig. 6. (a) SEM image of the bare PANI, (b) SEM image of the PANI/CoHCF/NC, and (c) TEM image of the PANI/
CoHCF/NC.
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But the main distribution of pore size was occurred
from 1.17 to 4.62 nm. As illustrated on the PANI/
CoHCF pore size distribution plot, curves have two
main maxima. Two narrow porous volume distribu-
tions of 2–3.5 nm were observed, which are large
enough to accommodate all the gases and other sub-
stances, such as heavy metal ions and drug [39].

3.2.2. Adsorption of Cd2+ and Zn2+ ions onto PANI/
CoHCF/NC

3.2.2.1. Effect of pH. The pH value of the solution is an
important controlling parameter in the adsorption pro-
cess. It is noteworthy that the initial pH value of the
solution has more influence than the final pH, which
influences both the adsorbent surface metal-binding
sites and metal chemistry in the water [63]. At low pH
values, the protonation of the anion functional groups
of adsorbents reduces the ability of functional group
of adsorbents in chelating with metal ions which leads
to fewer adsorption capacities of Cd(II) and Zn(II)
[64]. Removal of Cd2+ from the composite is pH
dependent as shown in Fig. 9. At pH < 3, H+ ions
compete with Cd2+ ions for the surface of the adsor-
bent which would hinder Cd(II) ions from reaching

the binding sites of the sorbet which is caused by the
repulsive forces. This behavior was not changed over
the pH range of 3–5. The solubility of cadmium in
water is influenced to a large degree by acidity of the
water; increase in acidity may lead to dissolving of
suspended or sediment-bound cadmium [65]. At
pH > 8.0, Cd(II) is precipitated due to formation of
cadmium nitrate precipitate by hydroxide anions. The
experiment beyond pH 8.0 was not studied because
insoluble ion-hydroxide-precipitate was observed in
the solution. Removal efficiency of PANI/CoHCF/NC
for Cd(II) ion was continuously improved with the
increase in pH value from pH 5 to 8.0. Similar results
were found for Zn2+ ions removal at pH values in the
range of 3.7 to 7.5. The trend of removal efficiency
was not changed within the pH range of 4.7–6.5
because of lower sorption capacity of the nanocompos-
ite for Zn(II) ions than that of Cd(II) ions. With an
increase in pH, the negative charge density of the
composite increases due to deprotonation of the
metal-binding sites, thus increasing metal sorption.
The maximum AD% was of PANI/CoHCF/NC about
80% at pH 7.3.

The negative charges of adsorbent at pH above the
zero point charge have strong coordinative affinity
toward positively charged metal ions. The degree of
surface complexation increases with increasing pH. At
pH below the zero point charge, there is a net positive
charge on the adsorbent. This enhances the repulsion
forces that exist between the positively charged metal
ions and the sorbent adsorption sites, therefore
decreasing the adsorption [66].

3.2.2.2. Effect of adsorbent dosage. The effect of adsor-
bent dosage on the adsorption of Cd2+ and Zn2+ ions
is shown in Fig. 10. These data have been obtained at
initial metal concentration and temperature equal to
0.1 g/l and 25˚C, respectively. This figure illustrates
that the adsorbent dosage has an important role in
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Fig. 8. BJH desorption pore size distribution plot for the
PANI/CoHCF/NC.
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adsorption processes. Increasing adsorbent dosage has
increased Cd2+ and Zn2+ adsorption to more than 57.1
and 56.8%, respectively.

Fig. 10 illustrates the AD% of Cd2+ and Zn2+

increase from 1 to 3.5 gr/lit. The increase in the
removal efficiency may be attributed to the fact that
with an increase in the adsorbent dosage, more adsor-
bent surface will be available for the adsorbed solute.
The AD% of Cd2+ and Zn2+ reached their maximum
values at 3.5 g/l adsorbent dosage.

These data refers to the increase in the AD% with
an increase in the adsorbent dosage which is because
of higher number of adsorption sites [67] and the
availability of further adsorbent surfaces for the
solutes to adsorb [68].

3.2.2.3. Effect of contact time and adsorption kinetics. The
contact time is one of the most important parameters
for economical wastewater treatment applications.
Fig. 11 illustrates the AD% of Cd2+ and Zn2+ metal
ions as a function of contact time by initial concentra-
tion of 0.1 g/l and at 25˚C. It can be noted that the
adsorption of all the metals on the adsorbent increases
with contact time. As shown in Fig. 11, more than
90% of the total adsorption of metal ions occurs within
the first 400 min and the concentrations of Cd2+ and
Zn2+ ions in aqueous solution onto PANI/CoHCF/NC
approach their equilibrium value at 500 min. The con-
tact time required for the metal adsorption by this
adsorbent is very short compared with other adsor-
bents such as activated carbon [69] in natural adsor-
bent group and Fe3O4 [34] in nanostructure adsorbent
group.

The rapid sorption of ions onto the PANI/
CoHCF/NC at the first 400 min is due to a large num-
ber of vacant surface sites of adsorbent which are
available for the adsorption of metal ions. After
400 min, almost all of the active external sites are satu-
rated, and the adsorption process needs more time to
take place by active intraparticle sites. After 500 min,

almost all of the internal and external active sites are
saturated and the system reaches the sorption
equilibrium.

Except for adsorption capacity, kinetic performance
of a given adsorbent is also of great significance for
the pilot applications. From the kinetic analysis, the
solute uptake rate, which determines the residence
time required for completion of adsorption reaction, is
apt to be established. Also, one can make out the scale
of an adsorption apparatus based on the kinetic
information [70].

Lagergren (1898) presented a first-order rate equa-
tion to describe the kinetic process of liquid–solid
phase, which is believed to be the earliest model per-
taining to the adsorption rate based on the adsorption
capacity which is:

dq

dt
¼ K1 qe � qt

� �
(4)

where qe and qt (mg/g) are the adsorption capacities
at equilibrium and time t (min), respectively. K1

(min−1) is the pseudo-first-order rate constant for the
kinetic model. Integrating Eq. (4) with the boundary
conditions of qt = 0 at t = 0 and qt = qt at t = t, yields
[71]:

ln qe � qt
� � ¼ ln qe � K1t (5)

or

qt ¼ qe 1� e�K1t
� �

(6)

According to Eq. (5), (qbe) and (K1) parameters can be
individually calculated from the slope and intercept of
the plot of ln(qe − qt) vs. time.

Ho described a kinetic process of the adsorption of
divalent metal ions onto peat. Therefore, the adsor-
bent–metal reaction can be presented as shown in Eqs.
(7) and (8), which can be dominant in the adsorption
of M2+ ions onto adsorbent [72]:

2P� þM2þ $ MP2 (7)

2HPþM2þ $ MP2 þ 2Hþ (8)

where P− and HP are the active sites of the surface.
Therefore, the rate expression can be given as:

dqt
dt

¼ �K2 qeq � qt

� �2
(9)
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Integrating Eq. (9) with the boundary conditions of
qt = 0 at t = 0 and qt = qt at t = t, has revealed the lin-
ear form of pseudo-second-order rate expression in
Eq. (10):

t

qt
¼ 1

K2q2e
þ t

qe
(10)

Or

qt ¼
K2q2et

1þ K2qet
(11)

h ¼ K2q
2
e (12)

Also, h (mg/(g min)) means the initial adsorption rate,
and the constants can be determined experimentally
by plotting of t/qt against t.

Both Eqs. (6) and (11) were fitted on experimental
data. Fig. 12 shows the agreement between the experi-
mental and calculated data using Eqs. (6) and (11) for the
pseudo-first-order kinetic model and pseudo-first-order
kinetic models.

The rate constants with models correlation coeffi-
cients and R2 values are given in Table 1. According
to Table 1, in the range of 0–500 min, comparing the
pseudo-first-and-second-order kinetic models indicates
that the adsorption of both ions onto PANI/CoHCF/
NC follows readily the pseudo-second-order kinetics.
The h parameter shows that Zn(II) has more initial
adsorption rate compared with Cd(II).

3.2.2.4. Equilibrium studies in single-component system. In
order to explore novel adsorbents in accessing an ideal
adsorption system, it is essential to establish the most
appropriate adsorption equilibrium correlation, which
is indispensable for reliable prediction of adsorption
parameters and quantitative comparison of adsorbent
behavior for different adsorbent systems (or for differ-
ent experimental conditions). Equilibrium relation-
ships between adsorbent and adsorbate are described
by adsorption isotherms. Usually the relationship
between the adsorbed and remaining amount in solu-
tion are presented at a fixed temperature. Equilibrium
adsorption isotherms are important factors for the
design of adsorption systems, and the constants of
the isotherms are based on the surface properties and
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Fig. 12. Pseudo-first-order and pseudo-second-order kinetic models for adsorption of Cd(II) and Zn(II) ions onto PANI/
CoHCF/NC.

Table 1
Adsorption kinetic parameters of Cd2+ and Zn2+ onto PANI/CoHCF/NC at 25˚C

Metals Initial conc., Ci (g/l) qe
a (mg/g) K2 (g/mg min) h (mg/g min) qe

b (mg/g) R2

Pseudo-second-order
Cd(II) 0.1 17.5714 0.0005 0.1720 19.1205 0.9895
Zn(II) 0.1 14.7143 0.0007 0.1786 15.6495 0.9897

Pseudo-first order
qe

a (mg/g) K1 (min−1) qe
b (mg/g) R2

Cd(II) 0.1 17.5714 0.0076 19.2017 0.9808
Zn(II) 0.1 14.7143 0.0070 15.5040 0.9712

aExperimental data.
bCalculated data.
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the capacities of the adsorbents [73]. In general, an
adsorption isotherm is an invaluable curve describing
the phenomenon governing the retention (or release)
or mobility of a substance from the aqueous porous
media or aquatic environments to a solid-phase at a
constant temperature and pH [74].

Thus, several experiments were carried out to
investigate the adsorption isotherm of both metal ions
at optimum adsorbent dosage and time by changing
the initial concentration of ions in solution in the
range of 0.01–0.1 g/l.

Several theoretical and empirical correlations have
been reported in the literature for modeling of the
adsorption isotherm. The most frequently used models
are: Langmuir, Freundlich, Dubinin–Radushkevich,
Temkin, Flory–Huggins, Hill, Redlich–Peterson, Sips,
Toth, Koble–Corrigan, Radke–Prausnitz, Khan, BET,
FHH, and MET.

The Langmuir isotherm assumes monolayer
adsorption (the adsorbed layer is one molecule in thick-
ness) on homogenous sites. Adsorption can only occur
at a finite (fixed) number of definite localized sites that
are identical and equivalent with no lateral interaction
and steric hindrance between the adsorbed molecules,
even on adjacent sites [75]. It is expressed as:

qe ¼
qmaxKLCe

1þ KLCe
(13)

Linear regression was the easy and practical way of
curve fitting when it was first suggested several dec-
ades ago, but it has become a customary principle
nowadays and is still widely used in spite of the
availability of microcomputers and advanced statisti-
cal softwares. The linear equation of the Langmuir
isotherm model is:

Ce

qe
¼ 1

qmaxKL
þ Ce

qmax

(14)

where Ce is the equilibrium concentration (g/l), qe the
amount adsorbed (mg/g), qmax is the monolayer
adsorption capacity of the adsorbent (mg/gr), and KL

is the Langmuir constant (l/mg) related to the free
energy of adsorption. According to Eq. (14), (qmax) and
(KL) parameters can be individually calculated from
the slope and intercept of the plot of (Ce/qe) vs. Ce.

The shape of the isotherm may also be considered
to be predicted if an adsorption system is “favorable”
or “unfavorable”. The essential characteristic of a
Langmuir isotherm can be expressed in terms of a
dimensionless “separation factor” (RL), which is
defined by the following equation:

RL ¼ 1

1þ CiKL
(15)

where KL (l/mg) refers to the Langmuir constant and
Ci denotes to the adsorbate initial concentration (g/l).
In this context, lower RL value reflects that adsorption
is more favorable. In a detailed explanation, RL value
indicates the adsorption nature to be either unfavor-
able (RL > 1), linear (RL = 1), favorable (0 < RL < 1), or
irreversible (RL = 0) [76].

The equilibrium isotherms for the adsorption of
metal ions in single-solute systems by PANI/CoHCF/
NC at 25–60˚C are presented in Figs. 13 and 14.

The values of RL for cadmium and zinc have been
calculated as 0.089–0.608 and 0.014–0.475, respectively.
Hence, the adsorption of Cd2+ and Zn2+ onto PANI/
CoHCF/NC are favorable. It is noteworthy that 0.089
and 0.014 are for maximum initial metal concentra-
tions (0.1 g/l) at maximum temperature (60˚C). Also,
0.608 and 0.475 are for minimum initial metal concen-
tration (0.01 g/l) at minimum temperature (25˚C). It
goes without saying that RL (favorable) decreases with
an increase in initial metal ion concentration (driving
force) and temperature (Fig. 15).

Fig. 15 illustrates that the favorable data of Cd2+ in
all temperatures at constant initial concentration is
higher than Zn2+ due to increase in KL (Langmuir con-
stant) of Cd2+.

The empirical Freundlich model can be applied to
non-ideal sorption and reversible adsorption, on
heterogeneous surfaces and multilayer sorption (not
restricted to the formation of monolayer). The Fre-
undlich model in linear form is given as follows [77]:

qe ¼ KFC
1
n (16)

The linear equation of the Freundlich isotherm model
is:

log qe ¼ log KF þ 1

n
log Ce (17)

where Ce is the equilibrium concentration (g/l), qe is
the amount adsorbed (mg/g), qmax is the monolayer
adsorption capacity of the adsorbent (mg/g), KF is
related to the adsorption capacity, and 1/n is an
empirical parameter related to the adsorption inten-
sity, which varies with the heterogeneity of material.
According to Eq. (17), (1/n) and (KF) parameters can
be individually calculated from the slope and intercept
of the plot of (log qe) vs. (log Ce). 1/n values indicate
the type of isotherm to be irreversible (1/n = 0), favor-
able (0 < 1/n < 1), unfavorable (1/n > 1) [78].
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Figs. 16 and 17 show the comparison of
experimental data of Cd(II) and Zn(II) ions with the qe
values obtained by applying Eq. (13).

Dubinin–Radushkevich isotherm is generally
described as the adsorption mechanism with a
Gaussian energy distribution onto heterogeneous
surface [79]. The D–R isotherm is expressed as:

qe ¼ qs
� �

e �Kade2ð Þ (18)

ln qe ¼ ln qs � Kade
2

� �
(19)

where qe is amount of adsorbate in the adsorbent at
equilibrium (mg/g), qs is the theoretical isotherm
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Fig. 13. Langmuir isotherm model of Cd2+ ion adsorption onto PANI/CoHCF/NC.
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saturation capacity (mg/g), Kad is the Dubinin–
Radushkevich isotherm constant (mol2/kJ2) and ε is
the Dubinin–Radushkevich isotherm constant (Polanyi
Potential). The approach was used to distinguish the
physical and chemical adsorption of Cd(II) and Zn(II)
with its free energy (E) of sorption per molecule of the
sorbate when it is transferred to the surface of the
solid from infinity in solution (Eq. (20)):

E ¼ 1ffiffiffiffiffiffiffiffiffiffiffi
2BDR

p
� 	

(20)

where BDR is denoted as the isotherm constant and ε
is equal to Eq. (21):

e ¼ RT ln 1þ 1

Ce

� 	
(21)

where R is the gas constant (8.314 J/mol K), T is abso-
lute temperature (K), and Ce is adsorbate equilibrium
concentration (g/l). Due to the experiments performed
at different temperatures and D–R isotherm is temper-
ature-dependent, D–R isotherm fitting can be used for
these materials. In order to achieve this goal, adsorp-
tion data at different temperatures was plotted of ln
(qe) vs. ε

2 by applying Eq. (19) (Fig. 21).
Figs. 19 and 20 show the comparison of experi-

mental data of Cd(II) and Zn(II) ions with the qe
values obtained by applying Eq. (18).

It can be seen that the increase in adsorption
capacity with an increase in equilibrium metal ion
concentration for different metal ions is in the order of
Cd2+ > Zn2+. Adsorption capacity increases by increas-
ing the initial concentration in metal ions. With further
increase of initial concentration of metal ions, adsorp-
tion capacity reaches a constant value due to satura-
tion of the active sites of the adsorbent. Adsorption
increases uptake due to greater availability of active
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Fig. 16. Freundlich isotherm model of Cd2+ ion adsorption onto PANI/CoHCF/NC.
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Fig. 17. Freundlich isotherm model of Zn2+ ion adsorption onto PANI/CoHCF/NC.
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sites of adsorbent for chelating with metal ions. This
can be seen in all experimental temperatures and it
means that in isothermal conditions, with increasing
initial metal ion concentration, the absorption capacity
increases to reach a qmax.

Correlation coefficients, R2, AARE%, and experi-
mental data with the qe values obtained by applying
Eqs. (13)–(21) are reported in Table 2.

From R2 and ARRE% values in Table 2, it is clear
that the Langmuir model predicts experimental data
better than Freundlich and D–R isotherm models. This
result means that the adsorbent surface is homoge-
neous with equal energy in its site and adsorbent sites
are homogeneously distributed all over the adsorbent.

By fitting the experimental results to the Langmuir
isotherms model, it is found that the maximum uptake
for Cd2+ at 25, 40, and 60˚C using PANI/CoHCF/NC
were 27.174, 27.548, and 41.841 mg/g, respectively.
Also for Zn2+ at 25, 40, and 60˚C using PANI/
CoHCF/NC were 17.857, 19.608, and 24.631 mg/g,
respectively. KL values of Cd2+ and Zn2+ by PANI/
CoHCF/NC are in decreasing order, showing the
order of metal affinity.

A comprehensive coverage of different adsorbents
under different environmental conditions can be
found in the format of several publications. It is
observable that qm values differ widely for different
adsorbents. Based on Table 3, it can be concluded that
PANI/CoHCF/NC exhibits moderate adsorption
capacity for Cd2+ and Zn2+.

Though the performance of this adsorbent is com-
parable with that of other adsorbents, cost compar-
isons are difficult to make due to scarcity of consistent
cost information in the literature data [66].

3.2.2.5. Effect of temperature and adsorption thermodynam-
ics. To study the effect of temperature, adsorption
experiments were carried out from 25C to 60˚C in
20 mL of metal ion (Cd2+ or Zn2+) solutions with
initial concentration of 10–0.1 g/l (Figs. 13, 14, and
16–20). The AD% increased with increasing tempera-
ture from 25 to 60˚C. Fig. 21 shows endothermic nat-
ure of the adsorption process which was later utilized
for determination of changes in thermodynamic
parameters such as Gibbs free energy (ΔG˚), heat of
adsorption (ΔH˚), and entropy (ΔS˚) of the sorption of
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Fig. 19. Dubinin–Radushkevich isotherm model of Cd2+ ion adsorption onto PANI/CoHCF/NC.
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Fig. 20. Dubinin–Radushkevich isotherm model of Zn2+ ion adsorption onto PANI/CoHCF/NC.
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Cd(II) and Zn(II) from aqueous solutions. The increase
in sorption with the rise in temperature, to the best of
our knowledge, is due to the strengthening of adsorp-
tive forces between the active sites of the PANI/
CoHCF/NC and adsorbate species and between the
adjacent molecules of the adsorbed phase [51].

Changes in standard Gibbs free energy for the
adsorption process were evaluated using KL values
obtained from the Langmuir model at different tem-
peratures [86]. K can be expressed as KL × Cs, where
KL is the equilibrium Langmuir constant and Cs is the
solvent molar concentration, which can be calculated
from the density and molecular weight of water at the
given temperature [87]. To study the thermodynamics
of adsorption of Cd2+ and Zn2+ on PANI/CoHCF/
NC, thermodynamic constants were calculated using
the following equations:

lnK ¼ DS�

R
� DH�

RT
(22)

DG� ¼ �RT ln K (23)

DG� ¼ DH� � TDS� (24)

where R (8.314 J/mol/K) is the gas constant and T (K)
the absolute temperature. According to Eq. (22),
(−ΔH˚/R) and (ΔS˚/R) parameters can be individually
calculated from the slope and intercept of the plot of
(ln K) vs. (1/T) (Fig. 22).

The thermodynamic parameters of Cd(II) and Zn
(II) ions adsorption on PANI/CoHCF/NC at 313, 313,
and 333 K are shown in Table 4.

The calculated values of ΔS˚ and ΔH˚ for Cd2+

were 109.3351 J/(mol K) and 10.2525 J/mol, respec-
tively. Also for Zn2+ ions they were 217.1238 J/(mol K)
and 42.1343 J/mol, respectively. A perusal of Table 4
reveals that the enthalpy change (ΔH˚) is positive (en-
dothermic) owing to an increase in adsorption aligned
with a successive increase in temperature.

The mechanism of adsorption of Cd2+ and Zn2+ on
PANI/CoHCF/NC uptakes in the several main steps
[88]: (a) diffusion of ions from the bulk of solution to
the film surrounding the nano-particle. (b) Diffusion
of ions through the external film (external surface of
the adsorbent). (c) Particle diffusion through the pores
toward the adsorptive sites. (d) Dehydration of
Cd2+ and Zn2+ in the proximity of adsorptive sites
and hydration of the counterbalance cations (counter
ions of the PANI/CoHCF/NC). (e) The inversion
phenomenon between the ions and counterbalance
cations. (f) Binding of ions on the active sites.
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(g) Diffusion of counter ions along the same path back
to the bulk of solution.

As can be seen, some of steps are endothermic and
some of other steps are exothermic. Dehydration of
Cd2+ and Zn2+ is an endothermic process, while bind-

ing of ions on the active sites is an exothermic process.
So, when the ΔH˚ is positive (endothermic), the energy
of dehydration of Cd2+ and Zn2+ is greater than the
energy of binding.

The negative ΔG˚ values indicated thermodynami-
cal feasibility and spontaneous nature of the adsorp-
tion. Also higher negative Gibbs free energy at higher
temperatures suggests that the inclination toward the
spontaneous nature of reaction is stronger at higher
temperatures. The positive value of ΔS˚ reveals the
increased randomness at the solid–solution interface
during the fixation of ion on adsorbent surface [89].
Increased randomness at the solid–solution occurred
with enhanced the diffusion of counter ions of adsor-
bent to the external solution. Also, when one ion
(Cd2+ or Zn2+) bound on the active sites, two ions (K+)
was being released to the external solution. This is the
reason of increased randomness.

3.2.2.6. Adsorption mechanism. The removal of Cd2+

and Zn2+ by cobalt hexacyanoferrates composite
includes adsorption and sorption processes. The word
“sorption” as used here, is relative to any process
involving the transfer of species dissolved in a solu-
tion to a solid immersed within the solution. The sorp-
tion process depends on the crystal structure of the
solid, along with the size and charge of the ions. The
sorption process may be a phase transformation or a
true ion exchange. These different mechanisms lead to
different sorption kinetics, capacities, and stability of
sorbent particles. In the case of cobalt hexacyanofer-
rate, the sorption of Cd2+ and Zn2+ seems to proceed
with the exchange by the intercalated alkali ions. The
actual chemical composition of our product is
KxCoy[Fe(CN)6]2 (where x ≈ 0.001 and y ≈ 3). This for-
mulation is very close to the stoichiometric formula

Table 3
Comparison of maximum adsorption capacity of PANI/CoHCF/NC with those of some other adsorbents reported in
literature for Cd2+ and Zn2+ adsorption

Adsorbent

Maximum adsorbed
amount, qmax (mg/g)

Refs.Cd(II) Zn(II)

Eggshell 3 – [80]
Expanded perlite 1.79 – [81]
Rice bran 1 0.1 [82]
Sawdust – 2 [83]
Fe3O4 nanoparticle – 0.16 [34]
Dithizone-anchored poly (EGDMA-HEMA) microbeads – 4.3 [84]
Fe3O4@APS@AA-co-CA MNPs 29.6 43.4 [85]
Fe3O4–cyclodextrin polymer nanocomposites 27.7 – [66]
PANI/CoHCF/NC 27.17 17.85 This study
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Co3[Fe(CN)6]2. Therefore, some of the alkali ions are
located in crystal sites and some of them are kept in
the internal spaces of crystal. The presence of alkali
ions in the product induces ion-exchange properties of
it by the two following mechanisms (Fig. 23(a)).

M2þ þ K2Co3 Fe CNð Þ6

 � ! MCo3 Fe CNð Þ6


 �þ 2Kþ
crystal;

M ¼ CdorZn

(25)

M2þ þ K2Co3 Fe CNð Þ6

 � ! MCo3 Fe CNð Þ6


 �þ 2Kþ
trapped;

M ¼ Cd or Zn

(26)

Fig. 23(b) shows the possible mechanism for Cd2+ or
Zn2+ adsorption on PANI. It is widely accepted that

nitrogen-containing functional groups can act as
adsorption sites for metal ions. Adsorption isotherms
confirmed that the removal of Cd2+ or Zn2+ occurs by
chemisorption in monolayer fashion on the surfaces of
polyaniline. The overall adsorption of Cd2+ or Zn2+ to
the composite increased as compared with that on the
simple polyaniline, because of the availability of more
binding sites on the composites.

4. Conclusion

The effects of ZnO and CoHCF onto the functional-
ized PANI with different concentration of ZnO (g/l)
and CoHCF (mol/l) on the adsorption of Cd2+ and
Zn2+ were investigated. The results showed that the
AD% of PANI/CoHCF/NC for adsorption of Cd2+

and Zn2+ is higher than PANI/ZnO/NC and the bare
PANI adsorbents. So, PANI/CoHCF/NC is selected

Table 4
Thermodynamic parameters for adsorption of Cd2+ and Zn2+ ions onto PANI/CoHCF/NC

T (K) Kc ΔS˚ (J/mol K) ΔH˚ (J/mol) ΔG˚ (J/mol)

Cd(II) 298 7,233.24 109.3351 10.2525 −32,571.621
313 11,955.71 109.3351 10.2525 −34,211.649
333 11,403.22 109.3351 10.2525 −36,398.352

Zn(II) 298 7,214.03 217.1238 42.1343 −64,660.760
313 30,878.61 217.1238 42.1343 −67,917.617
333 44,694.18 217.1238 42.1343 −72,260.093

Fig. 23. Ion sorption process by (a) cobalt hexacyanoferrate and (b) PANI.
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for adsorption of metal ions from aqueous solutions
for further experiments.

The results of BET analysis showed that Cd2+ and
Zn2+ diffused in mesopores PANI/CoHCF/NC. The
change in the SEM micrographs of PANI before and
after adding CoHCF indicates the structural changes
in the adsorbent. The TEM image of the PANI/
CoHCF/NC has been shown. The image confirmed
the formation particles in nanoscale with average size
of 20 nm. The optimum condition for adsorption of
Cd2+ and Zn2+ onto the PANI/CoHCF/NC in a batch
mode was found to be at 3.5 g/l adsorbent dosage.
The maximum AD% was of PANI/CoHCF/NC about
80% at pH 7.3. The kinetic data were found to follow
pseudo-second-order kinetic model and the equilib-
rium time was obtained after 500 min. The comparison
of isotherm models showed that the Langmuir model
describes the equilibrium data of Cd2+ and Zn2+

sorption better than another.
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[83] D. Božić, M. Gorgievski, V. Stanković, N. Štrbac,
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Adsorption of heavy metal ions onto dithizone-an-
chored poly (EGDMA-HEMA) microbeads, Talanta 46
(1998) 1205–1213.

[85] F. Ge, M.M. Li, H. Ye, B.X. Zhao, Effective removal of
heavy metal ions Cd2+, Zn2+, Pb2+, Cu2+ from aqueous
solution by polymer-modified magnetic nanoparticles,
J. Hazard. Mater. 211–212 (2012) 366–372.

[86] H. Ghassabzadeh, M. Torab-Mostaedi, A. Mohadde-
spour, M.G. Maragheh, S.J. Ahmadi, P. Zaheri, Char-
acterizations of Co(II) and Pb(II) removal process from
aqueous solutions using expanded perlite, Desalina-
tion 261 (2010) 73–79.

[87] N.N. Nassar, Rapid removal and recovery of Pb(II)
from wastewater by magnetic nanoadsorbents, J.
Hazard. Mater. 184 (2010) 538–546.

[88] L.M. Cozmuta, A.M. Cozmuta, A. Peter, C. Nicula,
E.B. Nsimba, H. Tutu, The influence of pH on the
adsorption of lead by Na-clinoptilolite: Kinetic and
equilibrium studies, Water SA 38 (2012) 269–278.

[89] E.K. Silva, R.V.d.B. Fernandes, S.V. Borges, D.A.
Botrel, F. Queiroz, Water adsorption in rosemary
essential oil microparticles: Kinetics, thermodynamics
and storage conditions, J. Food Eng. 140 (2014) 39–45.

20836 M.A. Moosavian and N. Moazezi / Desalination and Water Treatment 57 (2016) 20817–20836


	Abstract
	1. Introduction
	2. Experimental
	2.1. Chemicals
	2.2. Preparation of adsorbents
	2.2.1. Synthesis of PANI
	2.2.2. Synthesis of PANI/CoHCF/NC
	2.2.3. Synthesis of PANI/ZnO/NC

	2.3. Instrumentation
	2.4. Batch sorption experiments

	3. Results
	3.1. Comparison of the PANI functionalized with ZnO-NPs and CoHCF
	3.1.1. Characterization of PANI/CoHCF/NC and PANI/ZnO/NC by FTIR and XRD
	3.1.2. Comparison of PANI/CoHCF/NC and PANI/ZnO/NC for adsorption of ions

	3.2. PANI/CoHCF/NC
	3.2.1. Synthesis and characterization of PANI/CoHCF/NC by SEM, TEM, and BET
	3.2.2. Adsorption of Cd2+ and Zn2+ ions onto PANI/CoHCF/NC


	4. Conclusion
	References



