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a b s t r a c t

In this study, a new effective Pb2+ ions absorbent is obtained by surface modification of magnetic (Fe3O4) 
nanoparticles with polythiophene (PTh). The morphology and structure of Fe3O4/PTh nano-adsor-
bents are determined by scanning electron microscopy (SEM) and transmission electron microscopy 
(TEM). Formation of Fe3O4/PTh nanocomposite is confirmed by Fourier transform infrared spectros-
copy (FTIR) analysis. Then the effective factors on process adsorption were investigated including pH 
of the solution, the initial concentration of Pb2+ ions in the solution, adsorbent dosage, temperature 
and the contact time. According to the findings, the maximum adsorption capacity is achieved at 
pH 6, temperature 60°C and 10 g/L adsorbent dosage. The Sips and pseudo-second-order equation 
have been shown maximum acceptable correlation coefficient (R2) among the adsorption and kinetic 
equations. Sips isotherm capacity in terms of monolayer adsorption is obtained 47.577 mg/g. From 
DFT calculations, it is found that Pb2+ ion adsorbs with the significant adsorption energy, but has neg-
ligible effects on the electronic structure of Fe3O4/PTh nanocomposite. The values of enthalpy (ΔH°) 
and Gibbs free energy (ΔG°) are positive and negative, respectively, confirming the endothermic and 
spontaneous nature of adsorption. Also, desorption studies represent acceptable results in 5 cycles.

Keywords: Magnetite; Polythiophene; Heavy metals; Density functional theory

1. Introduction

Water contamination by heavy metal ions such as 
nickel (Ni2+), cadmium (Cd2+), and lead (Pb2+) has become 
a serious environmental issue because of their destructive 
impact on both nature and well-being. Heavy metals are 

non-biodegradable and likewise can accumulate along the 
food chain. These metals find their ways to the environ-
ment mainly through different industrial activities such as 
glass, battery, metallurgical alloying, mining, ammunition, 
printing, and ceramics. Pb2+ is an extremely toxic substance 
and has dangerous health effect on all ages. The World 
Health Organization (WHO) recommended the maximum 
acceptable Pb2+ concentration of 0.01 mg/L in drinking 
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water and IS 10500 1992 identified the maximum Pb2+ con-
centration of 0.10 mg/L for discharge into inland surface 
water [1]. Accordingly, the removal Pb2+ ion in wastewater 
is essential prior to discharging it into the environment by 
a reliable method. Several separation methods are avail-
able such as chemical precipitation, coagulation, ion-ex-
change, flocculation, reverse osmosis and adsorption 
process. Adsorption is one of these methods that has been 
known as the most effective low-cost alternatives process 
in use for the removal of contaminants from water. Effi-
cient adsorbent have a key impact on the removal of heavy 
metal from the water solution by adsorption process. The 
poor adsorption capacity of common adsorbents causes 
growing demand to discover relatively efficient, low cost 
and easily available adsorbents. Great interests have arisen 
in the application of activated carbon as sorbent because 
of the positive results yielded from removing the heavy-
metal ions [2], but the use of this adsorbent is not econom-
ically reasonable [3]. The use of nanoparticles for heavy 
metal removal from water/wastewater has been one of 
the trending topics in the recent literature. The unique fea-
tures of nano-sorbents have led to advantageous results 
over the traditional adsorbents and they have presented 
efficient and reasonable ways to the removal of metal. Dif-
ferent types of nanoparticles were used for the same goal 
and they demonstrated good adsorption efficiency. The 
large surface areas and short diffusion length in nanopar-
ticles which lead to high adsorption capacity [4] and also 
more multiple sites for interaction or adsorption with 
metallic species result in improving adsorption process. 
Nevertheless, one of the main problems of using nano-sor-
bents for removing heavy metal ions from water/waste-
water is the separation and filtration of them from the 
solution for their small size and dispersion in the medium 
[5]. Over the years, many scientists have focused their 
attentions on magnetizing adsorbents and use magnetic 
separation to overcome these limitations [6]. Magnetic 
nanoparticles can be separated from the aqueous solution 
through using an external magnetic field and they have 
been demonstrated as an easy and economical method for 
sorbent recovery. In recent years, the nano-sized particles 
have attracted attentions because of the wide applications 
in enzyme immobilization [7], DNA extraction [8], drug 
delivery [9], immunoassay [10], environmental remedia-
tion [11], catalysis [12], and sensors [13]. The iron oxides 
had gained so much research interest for their chemical 
stability, nontoxicity, and low cost. One of the most com-
mon iron oxides is magnetite which contains both Fe2+ 
and Fe3+ and has an inverse spinel crystal structure [14]. 
Recently, a lot of researches have been focused on utiliza-
tion of magnetite in wastewater treatment. According to 
Xue et al. [15], nanoscale magnetite has shown consider-
able potential as an adsorbent to remove Cu(II) from aque-
ous solutions. It was reported that magnetite nano-rods 
have been used for the removal of different heavy metals 
from aqueous solution. However, this adsorbent suffers 
from easy aggregation and uncontrolled oxidation. Taking 
a suitable coating is a possible solution to this problem. 
The magnetite coated materials for heavy metal removal 
have widely been employed for the improvement of treat-
ment capacity, in contrast with uncoated adsorbents, such 
as polypyrrole [4], polyrhodanine [16] and chitosan [17].

Conductive polymers have been the target of many 
studies in different fields such as, rechargeable battery [18], 
electromagnetic interference (EMI) shielding [19], chemi-
cal sensor [20], photovoltaic cell [21], gas separation mem-
branes [22], enzyme immobilization matrices [23], corrosion 
devices [24], water and wastewater treatment [25] and 
microwave absorption [26]. Among numerous conducting 
polymers, polythiophene (PTh) is a common conducting 
polymer and has attracted much attention because of the 
great number of functionalities such as chemical stability, 
high conductivity, convenience in preparation and also 
molecular chain structure adjustability. These features 
make PTh a good choice as a surface modifier that combines 
magnetic cores with PTh shells.

Herein, iron oxide (Fe3O4) nanoparticles were success-
fully encapsulated by PTh to obtain an efficient sorbent 
which can be magnetically separated and has a high capac-
ity for Pb(II) ions removal. Characteristic of prepared nano-
composite demonstrated the presence of magnetite and PTh 
in samples. Furthermore, the effects of temperature, initial 
pH, contact time, adsorbent dosage and initial Pb(II) con-
centration on the Pb(II) removal efficiency were assessed. 
Pb(II) removal properties were investigated through 
adsorption isotherms and kinetics and desorption studies 
were conducted. Finally, DFT calculations were utilized to 
find the adsorption energy of Pb2+ ion with the Fe3O4/PTh 
nanocomposite.

2. Materials and methods

2.1. Chemicals

Merck chemical products have been bought for the cur-
rent study including FeCl3·6H2O, FeSO4·7H2O, ammonia 
solution (25 wt. %), ethanol, thiophene, acetonitrile, hydro-
gen peroxide (H2O2) for preparation of nano sorbent and 
hydrochloric acid, sodium pills, lead nitrate (Pb(NO3)2) for 
Pb(II) removal, and they were used without further purifi-
cation except for the thiophene monomers. 

2.2. Preparation of nano sorbent

The co-precipitation method was applied to synthesis 
Fe3O4 nanoparticles and then they were coated by chemical 
oxidative polymerization of thiophenes monomers, using a 
similar method reported in our previous work [27]. Briefly, 
an aqueous solution including FeCl3·6H2O and FeSO4·7H2O 
in deionized water was heated to 80°C and then a 200 ml 
of 2 M ammonium solution was added to the mentioned 
solution. The produced precipitation was collected by mag-
netic separation and after washing with distilled water and 
ethanol was dried in vacuum at 50°C for 24 h. In the next 
stage, 0.5 g of dried sample was dispersed in acetonitrile 
solution by sonication and afterward thiophene monomers 
were added to the solution. After that, thiophene monomers 
were polymerized on magnetite nanoparticles by FeCl3 as 
an oxidant. After dropping 5 ml of H2O2, the mixture was 
stirred for 5 h in surround temperature. As noted in above, 
made precipitation was attracted using a magnet, washed 
with distilled water and ethanol several times and oven 
dried at 50°C for 20 h.
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2.3. Instrumentation

The morphology of the magnetite and Fe3O4/PTh sam-
ples were analyzed by a Field Emission Scanning Electron 
Microscope (EM3200, KYKY). A Transmission Electron 
Microscope (TEM, Zeiss - EM10C, 120 keV) was used to 
determine the exact physical properties of particles. The 
presence of functional groups on the nanocomposite was 
measured by examining the samples via the Fourier Trans-
form Infrared Spectrometry (FTIR, BRUKER, Model tensor 
27) by pressing powder into a pellet and using KBr as a 
matrix in the wavenumbers of 4000–400 cm−1. The identi-
fication of the presence of the element in the samples, both 
before and after adsorption, was performed by Energy-Dis-
persive X-Ray Spectrometer (EDX,sirios SD). The Pb(II) 
concentration before and after the adsorptive reaction was 
obtained through an Inductively Coupled Plasma Spec-
trometer ( ICPS-7000).

2.4. Batch experimental systems

2.4.1. Adsorption studies

Experimental adsorption studies were done at ambient 
temperature by agitating 10 g L–1 of the Fe3O4/PTh nano-
composite in 50 mg L–1 of Pb(II) solution in a thermostatic 
shaker rotated at 300 rpm for 2 h.

To maintain magnetic properties and avoiding the pre-
cipitation of Pb(OH)2, pH was investigated from 2 to 6 and 
was adjusted with hydrochloric acid and sodium hydrox-
ide solution. The effect of adsorbent dose, contact time 
and temperature was studied at Pb(II) concentration of 
50 mg L−1 at the optimum pH. After each adsorption test, 
the adsorbent was separated from the liquid magnetically 
and the final concentration of the lead ions in the aque-
ous sample was calculated via inductively coupled plasma 
(ICP) analysis. The isotherm, kinetic and thermodynamic 
studies were constructed by the data obtained at differ-
ent initial concentrations, contact times and temperature, 
respectively. The removal efficiency of metal ion onto the 
Fe3O4/PTh nano-sorbent was calculated by the equation 
below:

%  Removal Efficiency
C C

C
e=

−
×0

0

100  (1)

where C0 and Ce stand for the initial and the equilibrium 
Pb(II) concentration, respectively, in mg L−1. The amount of 
sorption capacity at the time t, qt (mg/g), was obtained as 
follows:

q
C C

M
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−0  (2)

where C0 and Ct (mg L−1) were the liquid-phase concentra-
tions of solutes at initial and a given time t, V is the volume 
of the solution in liter and M, the mass of Fe3O4/PTh nano-
sorbent in gram. The amount of adsorption at equilibrium, 
qe, was defined by the following formula:

q
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M
Ve

e=
−0  (3)

In that Ce (mg L−1) was the Pb(II) ion concentration at 
equilibrium.

2.4.2. Desorption studies

The desorption experiments were conducted at ambi-
ent temperature blending 10 g L–1 of the adsorbent with 50 
mg L–1 metal ions solution and pH of 6 in a batch mode. 
In order to achieve the desorption of Pb(II) from Pb-loaded 
Fe3O4/PTh nano-adsorbents, 0.1 M HCl solution was used. 
Then Fe3O4/PTh nano-adsorbents were purified for a 
couple of times using distilled water so that the outcome 
would be free of excess acid. Finally, the adsorbent was 
dried and reused in the adsorption process. The reusability 
of the adsorbent was evaluated by repeating the described 
adsorption-desorption cycle for five times consecutively 
using the same adsorbent.

2.5. Computational details

DMol3 program in Materials Studio was utilized for 
obtaining the Density functional theory (DFT) calculation 
[28]. Accordingly, the spin-unrestricted generalized gra-
dient approximation (GGA) with the Perdew–Burke–Ern-
zerhof (PBE) functional was used to introduce the total 
electronic energy of exchange-correlation [29]. A real-space 
cutoff of 5.00 Å and the double numerical plus polarization 
function basis sets (DNP) with no symmetry constraints 
were employed to improve the computational performance 
[30]. Recently, The DNP and GGA/PBE functional results 
are widely used to study the adsorption characteristics of 
molecules on the adsorbent surface [31]. The adsorption 
energy (Ead) of Pb(II) on the surface of the Fe3O4/PTh nano-
composite is stated as follows:

E E Fe O Polythiophene Pb II

E Fe O Polythiophe

ad tot

tot

= + ( )( )
−

3 4

3 4

/

/ nne E Pb IItot( ) + ( )( ) 
 (4)

where Etot (Fe3O4/Polythiophene + Pb(II)) is the total energy 
of the adsorption structure of Pb on the surface of Fe3O4/
PTh nano-adsorbent; Etot(Pb) is the total energy of the 
Pb(II) and Etot (Fe3O4/PTh) is the total energy of the Fe3O4/
PTh nano-composite. The negative and positive values of 
Ead indicates the exothermic and endothermic processes, 
respectively.

3. Results and discussion

3.1. Experimental and theoretical characterization of Fe3O4/PTh

To identify functional groups in the synthesized sample 
and confirm the formation of the Fe3O4/PTh nanocompos-
ite, FTIR analyses were done and are indicated in Fig. 1. The 
peak around 590 cm−1 corresponds to the vibration of the 
Fe-O bonds and indicates the presence of magnetite in the 
sample. Other additional peaks in the curve are related to 
PTh coating. The peak at 672 cm−1 can be attributed to the 
stretching of the C-S in the thiophene ring. Tow peaks at 
796 and 1084 cm–1 denote the C-H out-of-plane deformation 
mode and C-H in-plane deformation mode, respectively. 
The observed peak at 1225 cm–1 belongs to C-C stretching 
vibration and indicates thiophene was synthesized in sam-
ple correctly. The peak at 1681 cm–1 is assigned stretching 
vibration of C=C that covered characteristic peak of related 
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magnetite FeOO–. The peak at 2362 cm–1 is attributed to gas-
eous CO2 in spectrometer’s chamber. Wide band in the area 
of 3400 cm−1 can be attributed to O-H stretch.

The morphology of synthesized nano-adsorbent was 
studied by using scanning electron microscope (SEM) and 
transmission electron microscopy (TEM). Fig. 2a shows 
the SEM image of Fe3O4/PTh revealing small particles, 
spherical and uniform in distribution. TEM image in Fig. 
2b shows well-defined particles which confirm the Fe3O4 
nanoparticles are surrounded by PTh. The bright and dark 
spots in the sample can be attributed to PTh shell and mag-
netite core, respectively. Through TEM observation it can be 
confirmed that the average size of the core and shell is 15 
and 5 nm, respectively.

In theoretical section, at first, the optimized molecular 
structures of the Fe3O4 and PTh have been calculated using 
DFT. Then, we performed full structural optimization of the 
Fe3O4 molecule on the surface of the segment of PTh mole-
cule, without any symmetry constraints, to find the most 
stable structure of the Fe3O4/PTh nanocomposite. 

The obtained values from optimized geometries of 
PTh show that average lengths of The C−C and S−C bonds 
are 1.407Å and 1.755 Å, respectively. The calculated bond 

angles are found to be about 113.32’ for C-C-C of pentagonal 
rings of PTh and 92.17’ for C-S-C angles. All of the findings 
are in good accordance with the previous experimental and 
theoretical studies [32,33]. After locating magnetite on PTh 
molecule the small changes are found in the bond lengths 
and bond angles. Fig. 3 shows the most stable configuration 
of the Fe3O4/PTh nanostructure.

The impact of magnetite on the electronic properties of 
the PTh was examined by the HOMO (highest occupied 
molecular orbital) and LUMO (lowest unoccupied molec-
ular orbital) energy surfaces and transferred Mulliken 
charge is calculated. Table 1 shows the calculated HOMO 
and LUMO energies, energy gap (ELUMO–EHOMO), formation 
energy (Ef) of Fe3O4/PTh structure and the Mulliken charge 
of magnetite molecule.

As shown in Table 1, energy gap of Fe3O4/PTh is smaller 
than PTh which leads to easier electron transport through 
Fe3O4/PTh nanocomposite. A small energy gap shows that 
adding electrons to LUMO or removing electrons from a 

Fig. 1. FTIR spectra of the Fe3O4/PTh nanocomposite.

Fig. 3. The optimized most stable configuration of Fe3O4/PTh.

Fig. 2. SEM (a) and TEM (b) images of the Fe3O4/PTh nanocomposite.

Table 1
Calculated energies of HOMO and LUMO, energy gaps, 
formation energy (Ef ) of Fe3O4/PTh structure and the Mulliken 
charge of Fe3O4. (All energies are in eV)

EHOMO ELUMO Energy 
gap

Ef Mulliken charge 
of Fe3O4 (e)

PTh –4.49 –2.84 1.65 – –
Fe3O4/PTh –4.20 –3.70 0.50 –0.92 –0.1
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HOMO is desirable with regard to the energy. Therefore, 
Fe3O4/PTh nanocomposite has a better electronic structure 
for adsorption than the pristine PTh. 

As seen in Table 1 the calculated formation energy 
(EFe3O4/pTh– EFe3O4+EpTh) is –0.92eV (–89.12kJ/mol). The neg-
ative formation energy indicates the thermodynamic sta-
bility of composite. The obtained result of Mulliken charge 
value shows that the charge of 0.1e transfers from the PTh 
to the Fe3O4 molecule.

To derive information about the charge distribution 
the electrostatic potential (ESP) are computed from the 
positions of the atomic nuclei and the electron density of 
molecules. From the ESP maps, the high extent and lack of 
electrons in different parts of the molecular structures are 
shown to target the reactive positions of the molecules. 
Fig. 4. shows the ESP map of the Fe3O4/PTh nanocompos-
ite. The low electrostatic potential values (negative charge) 
are in red and the high electrostatic potential energies (pos-
itive charge) are in blue color.

As can be seen, the PTh is positively charged (blue col-
ors) and the Fe3O4 molecule is negatively charged (red col-
ors) in ESP isosurface. It shows that charge is transferred 
from the PTh to Fe3O4, which is in agreement with the Mul-
liken charge transfer result.

3.2. Effect of variable features on adsorption process

3.2.1. Effect of solution pH 

The solution pH is one of the key parts in the adsorption 
process. This is due to the fact that the transfer reactions of 
protons are responsible for controlling the surface charge 
of adsorbents, which are located between the solution and 
the solid surface, and in the various pHs can be positive, 
negative or close to zero [34]. Furthermore, it affects the 
protonation of surface groups, the extent of ionization, and 
the speciation of the adsorbates [35]. The influence of ini-
tial solution pH on Pb(II) removal efficiency and adsorp-
tion capacity by the Fe3O4/PTh nanocomposite from pH 2 
to 6 at ambient temperature is shown in Fig. 5a. Our results 
showed that Pb(II) ions removal by Fe3O4/PTh nano-adsor-
bent enhanced with the increasing pH values and adsorption 
process is strongly pH-dependent. Both removal percent 
and adsorption capacity soared and from 67.42% and 3.371 
mg/g (at pH 2) reached to 90.98% and 4.549 mg/g (at pH 
6), respectively. Firstly, in the lower pH region, the rival 

between the H+ ions and Pb(II) cations for the adsorption on 
the flowing sites of magnetic nano-sorbent is the reason of 
less adsorption. Domination of the positively charged sites 
is an equally significant aspect, this causes the enhance-
ment of the repulsion forces existing between the sorbent 
surface and the Pb(II) ions, and in this manner decreases the 
adsorption of Pb(II) ions. With an increase in pH, the depro-
tonation of sorbent surface eventuate in the increase of the 
negatively charged sites and subsequently adsorption pro-
cess is facilitated by increasing attractive forces between the 
sorbent surface and the Pb(II) ions [36], It could also be said 
that reducing H+ concentration in higher pH results easier 
mass transfer for Pb(II) ions.

3.2.2. Effect of adsorbent dose 

The addition of different values of Fe3O4/PTh (from 2.5 to 
20 g L–1) to 10 mL of lead solution at room temperature was 
the initial step to discover the sufficient amount of adsorbent 
to achieve the highest possible interactions between Pb(II) 
ions and adsorption sites of adsorbent in the solution and 
consequently maximum adsorption capacity. As can be seen 
in Fig. 5b, with growing adsorbent dose from 2.5 g to 20 g, 
the removal efficiency elevated from 44.4% to 91.42% and 
adsorption capacity decline from 8.88 mg/g to 2.28 mg/g. 
Removal percent increased up to 100 g dose and beyond the 
optimum dose, there was no significant change. This find-
ing was predictable since for a fixed initial concentration, 
increasing adsorbent dose results in higher number of free 
active sites for adsorption, where adsorbed metal ions quan-
tity (qe) per unit weight of the sorbent decreases following the 
increase in the Fe3O4/PTh nano-sorbent quantity.

3.2.3. Effect of initial metal ions concentration

The process of adsorption was conducted under mul-
tiple concentrations (from 50 mg L–1 to 400 mg L–1) so that 
the effect of initial Pb(II) concentration on the adsorption 
of metal ions and isotherm studies could be investigated. 
Fig. 5c shows a negative correlation in which the increment 
of initial metal ions concentration results in the decrement 
of removal efficiency from around 90.98% at 50 mg L−1 to 
77.97% at 400 mg L−1 and, contrariwise, adsorption capac-
ity of metal ions on the Fe3O4/PTh nanoparticles move 
in the same direction with initial metal ions from 4.549 
mg/g to 31.19 mg/g. Decreasing removal efficiency can 
be attributed to occupying the surface sites of Fe3O4/PTh 
nano sorbent and elevating repulsive forces at higher con-
centration. Increasing adsorption capacity can be related to 
the lower possibility of all the surface sites of Fe3O4/PTh 
nano-adsorbent being occupied.

3.2.4. Effect of contact time

The optimum removal efficiency could be achieved 
by obtaining the equilibrium time of Pb(II) adsorption. To 
this end, the dependence of removal efficiency to contact 
time was investigated. The removal efficiency and amount 
of Pb(II) adsorbed onto Fe3O4/PTh is indicated as a func-
tion of time in Fig. 5d. The removal efficiency changed 
from 33.47% in 5 min to 90.34% when contact time was 60 

Fig. 4. Calculated electrostatic potential surface (ESP) of Fe3O4/
PTh. The red color is referred to the negative sites and the blue 
one is referred to the low electron density.
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min and after 60 min, these values remained practically 
unchanged that showed the establishment of equilibrium 
condition. Consequently, the most favorable contact time 
was 60 min for sorption of Pb(II) by Fe3O4/PTh nanopar-
ticles. The rapid sorption of Pb(II) pending the first min-
utes (<5 min) can be the result of the high availability of 
active sites on the fresh Fe3O4/PTh surface. The removal 
efficiency rate undergoes a slow decrement overtime in 
the adsorption process and keeps on decreasing to the 
equilibrium. The decrement of Pb(II) adsorption rate can 
be attributed to the slow pore diffusion of Pb(II) ions into 
the bulk of Fe3O4/PTh.

3.3. Kinetic studies

Systematic evaluation of the adsorption process 
requires some kinetic models to analyze the rate data. 
Kinetic parameters of Pb(II) adsorption on the Fe3O4/
PTh are determined by applying kinetic models includ-
ing the pseudo-first-order and pseudo-second-order 
in two ways linear and nonlinear. The correspondence 
between experimental data and the obtained amounts 
of the model was provided by the correlation coefficient 
(R2). The obtained R2 values (close or equal to 1) show the 
success of the proposed model in explaining the kinetics 
of Pb(II) adsorption. 

The pseudo-first-order model is based on the hypothe-
sis that the rate is proportional to the number of unoccupied 
sites and the amount of adsorption corresponding to mono-

layer coverage [37]. The nonlinear and linear form of this 
model is shown in Eqs. (5) and (6), respectively:

q q et e
k t= −( )−1 1  (5)

ln lnq q q k te t e−( ) = − 1  (6)

where qe and qt (mg/g) represent the amount of Pb(II) 
adsorbed onto the adsorbent at equilibrium and at time t, 
respectively, and k1 is the first-order adsorption rate con-
stant (min–1). 

In pseudo-second-order model, chemical adsorption 
is the main factor controlling the reaction rate, where the 
removal from a solution is due to exchange or sharing of 
electrons between adsorbate and the binding sites on adsor-
bent [38]. The nonlinear and linear form of this model is 
indicated in Eqs. (7) and (8), respectively:

q
q k t

q k tt
e

e

=
+

2
2

21
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q k q q
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t e e
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×1 1

2
2
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where k2 is the second-order rate constant (g mg–1/min) for the 
adsorption process, and qe is the adsorption amount obtained 
from the pseudo-second-order kinetic model (mg/g).

The plots of Eqs. (5), (6), (7) and (8) are indicated in 
Figs. 6a, b, c, and d, respectively. The data used in this 

Fig. 5. Effects of operating condition, pH solution (a) adsorbent dose (b), initial concentration (c) and contact time (d) on removal 
efficiency -- and adsorption capacity --.
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section is obtained from the effect of contact time. The 
obtained kinetic constants and correlation coefficients 
from the plots are shown in Table 2. According to the 
obtained amounts of the correlation coefficients, the lin-
earized pseudo-second-order model (R2≈0.9998) is more 
successful in explaining the Pb(II) adsorption than the 
other models. In addition, the obtained value of qe from the 
pseudo-second-order model is almost close to the experi-
mental values.

3.4. Isothermal studies

The study of equilibrium adsorption isotherm is an 
undeniable part of the creation and operation of the adsorp-
tion systems. Equilibrium studies in adsorption provide 
sufficient information about the sorption mechanism, the 
surface properties and capacity of the adsorbent. Equilib-
rium relationships between adsorbent and adsorbate, called 
adsorption isotherms, is mainly related to the ratio between 
the concentration of lead in solution and the amount of lead 
adsorbed on adsorbent at a fixed temperature when both 
the phases are at equilibrium. The Langmuir, Temkin, Fre-
undlich, Sips, and Redlich-Peterson isotherm models were 
investigated in the current study to explain the equilibrium 
experimental data.

The Langmuir model explains adsorptions on a sur-
face that has a relatively small number of similar and 
equivalent binding energy and there is a basic assump-
tion that predicts the single layer coverage of the adsor-
bate on the outer surface of the adsorbent. Furthermore, 
the model proposes that the energy of adsorption is con-
stant, the adsorbate molecules do not interact with the sur-
face. Moreover, the adsorbent surface is also homogenous 
which helps the adsorbent sites connect with molecules 

Fig. 6. Adsorption kinetic curves of Pb2+ ions by magnetite/polythiophene adsorbents at initial concentration = 50 mg L–1, adsorbent 
dose = 10 g L–1, pH = 6 and T = 25°C pseudo-first-order (a), linearized pseudo-first-order (b), pseudo-second-order (c) and linearized 
pseudo-second-order (d).

Table 2
Computed kinetic parameters for Pb(II) adsorption on Fe3O4/
PTh nanoparticles

Pseudo-first-order model

R2qe (mg·g–1)K (min)–1

0.98994.54830.1003Nonlinear
0.97842.490.062Linear

Pseudo-second-order model

R2qe (mg·g–1)K (g·mg–1·min–1)

0.94144.9540.0286Nonlinear
0.99884.7280.039Linear
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that have the highest adsorbate rate. This isotherm model 
is presented by Eq. (9):

q q
K C

K Ce m
L e

L e

=
+1

 (9)

where qe is the amount of Pb(II) adsorbed per specific 
amount of adsorbent (mg/g), Ce, the equilibrium concen-
tration of the solution (mg L−1), qm, the maximum amount 
of monolayer adsorption metal ions (mg/g) and KL is the 
Langmuir constant associated with the energy of adsorp-
tion. We can rearrange this equation into the linear type that 
is represented by Eq. (10):

C
q q K q

Ce

e m L m
e= +

1 1  (10)

By plotting the nonlinear graph of qe against Ce, the val-
ues of KL, and qm are determined from the obtained equation 
by Fig. 7a. In linearized type Ce/qe is plotted against Ce and 
the values of KL and qm can be determined from the inter-
cept and slope of the Fig. 7b. As it is illustrated in Table 3, 
the values of qm and KL are 46.49 mg/g and 0.0246 L mg–1 in 
nonlinear form and 46.51 and 0.0243 in linear form. 

Furthermore, the favorability properties and efficiency 
of Langmuir isotherm in a dimensionless constant separa-
tion factor RL is given as:

R
K CL

L i

=
+

1
1

 (11)

where KL is the Langmuir constant (L mg–1) and Ci is the 
highest initial Pb(II) concentration and values between 
0 and 1 imply favorable adsorption. In the present inves-
tigation, the value of RL was calculated to be 0.093 which 
indicates practicable adsorption of Pb(II) onto Fe3O4/PTh 
nanoparticles surface.

The Freundlich equation is the simplest heterogeneous 
model and strictly empirical. The equation of this data-
driven model can be obtained according to the sorption on 
the non-uniform surface in which the enthalpy of adsorp-
tion experiences a logarithmic decline as the fraction of 
occupied sites is considered. Recently, Freundlich isotherm 
has been criticized because it had no thermodynamic basis 
and this model doesn’t approach Henry law in low concen-
trations [39]. Its non-linearized and linearized equations are 
presented in Eqs. (12) and (13), respectively:

q K Cf e= η  (12)

Ln q Ln K Ln Cf e( ) = ( ) + ( )η  (13)

where Kf (mg/g)(dm3/g)η and η constants stand for the 
adsorption capacity and intensity of adsorption, respec-
tively. The values of the constant η, Kf and R2 were calcu-
lated from the equations derived from the graphs in Figs. 7c 
and d and represented in Table 3. 

The assumption considered in Temkin isotherm is in 
compliance with this phenomenon that adsorption heat in 
all molecules in the layer would have linear decline with 
coverage through passing over the remarkably low and 
high value of concentrations. This equation is based on the 
estimation that the gas phase equilibrium is established; 

however, the complex adsorption systems including the 
liquid-phase adsorption isotherms are not appropriate 
[39]. The Temkin nonlinear and linear equation model is 
expressed as:

q
RT
b

Ln A Ce T e= ( )  (14)

q B Ln A B Ln Ce T T T e= ( ) + ( )  (15)

where R is the universal gas constant (8.314 J/Kmol), T, the 
absolute temperature (K), and b and AT represent constant 
related to the heat of sorption (J/mol) and Temkin isotherm 
equilibrium binding constant (L/g), respectively. Table 3 
shows the calculated AT, BT and R2 from the Temkin model.

The three empirical parameters Redlich–Peterson iso-
therm contains the properties of the Langmuir and Freun-
dlich equations. This isotherm has a linear dependence on 
concentration in the numerator and a nature of exponential 
functions in the denominator. Moreover, it is close to Henry’s 
law at low concentrations and its behavior looks like the Fre-
undlich isotherm at high concentrations [40]. There are two 
possible systems to use the hybrid isotherm for versatility: 
homogeneous or heterogeneous. Non-linear and linear type 
of Redlich-Peterson isotherm can be described as:

q
K C

a Ce
R e

R e
bR

=
+1

 (16)

log( ) log logK
C
q

b C aR
e

e
R e R− = +1  (17)

where KR is the Redlich–Peterson adsorption capacity con-
stant (L g−1), the parameter aR is also having a constant unit 
of (L mg−1)bR, bR is an exponent that lies between 0 and 1. 
When bR tends to 1, the R-P equation becomes the Lang-
muir isotherm equation and when bR is all close to 0, it is 
in accordance with the Freundlich equation but the accu-
racy of these interpretations strongly depends on the fitting 
method [41]. In solving the linearized equation, a minimiza-
tion procedure is applied by increasing the correlation coef-
ficient between the experimental data points and theoretical 
model predictions with Matlab R2009a. The values of aR, bR, 
KR, and R2 are indicated in Table 3.

Sips isotherm is a mixture of the Langmuir and Fre-
undlich isotherms that considers the heterogeneity and 
bypasses the limitation of the increasing adsorbate concen-
tration related to the Freundlich isotherm model. The adsor-
bate concentration changes its behavior in lower values as 
it decreases to Freundlich isotherm. In contrast, the high 
concentrations promise a monolayer adsorption capacity of 
the Langmuir isotherm [42]. The Sips isotherm and its lin-
earized can be given as follows:

q
Q K C

K C
e

S e
n

S e
n

s

s

=
+

max( )

( )

1

1

1
 (18)

1 1 1 1
1

q Q K C Qe S e

ns

=






+
max max

 (19)

where KS (1/mg), Qmax (mg/g) and ns are the affinity con-
stant, maximum adsorption capacity and dimensionless 
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Fig. 7. Adsorption isotherms curves of Pb2+ ions by magnetite/polythiophene adsorbents at adsorbent dose = 10 g L–1, pH = 6 
and T = 25°C, Langmuir (a), linearized Langmuir (b), Freundlich (c) linearized Freundlich (d), Temkin (e), linearized Temkin (f), 
Redlich-Peterson (g), linearized Redlich-Peterson (h), Sips (i) linearized Sips (j).
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heterogeneity factor, respectively. The surface heterogene-
ity factor, ns, is between 0 and 1. When ns will be close to 1, 
the Sips equation decreases to the Langmuir equation and it 
implies a homogeneous adsorption process [42]. Aforesaid 
parameters are depicted in Table 3. In linear type, a trial 
and error procedure has been applied to find the maximum 
value of the correlation coefficient by varying ns. Then val-
ues of Ks and R2 are obtained from the slope and the inter-
cept of the plot in Fig. 7.

As depicted, the curves of Eqs. (9), (10), (12), (13), (14), 
(15), (16), (17), (18) and (19) are shown in Fig. 7 and the 
isotherm constants and correlation coefficients for nonlin-
ear and linear Langmuir, Freundlich, Temkin, Redlich-Pe-
terson, and Sips equations are listed in Table 3. The each 
nonlinear and linear Freundlich model clearly shows poor 
correlation (R2 = 0.9776) to the experimental data. Similarly, 
the Temkin isotherm model that predicts a drop in the tem-
perature of sorption is linear rather than logarithmic, does 
not fit well with the experimental data (R2 = 0.981). In this 
way, it can be understand that the Pb2+ adsorption using 
Fe3O4/PTh adsorbent was not really a chemical adsorption 
process. All the Langmuir (R2 = 0.9981 and 0.9969 for non-
linear and linear form, respectively), Redlich-Peterson (R2 

= 0.9992 and 0.9986 for nonlinear and linear form, respec-
tively) and Sips isotherm (R2 = 0.9981 and 0.9998 for nonlin-
ear and linear form, respectively) models show a good fit to 
experimental data. Furthermore, homogeneous adsorption 

process is evidently indicated by the heterogeneity factor 
value (n = 1 in linear Sips equation and bR = 1.186 in the 
nonlinear Redlich-Peterson equation). The adsorption iso-
therm data on this adsorbent are better fitted to linear Sips 
isotherm model (R2 = 0.9998) compared to other models 
and calculated maximum adsorption capacity by linear Sips 
equation was 47.577 mg/g. Table 4 summarizes the maxi-
mum adsorption capacity of several adsorbents taken from 
the literature with Fe3O4/PTh nanocomposite in this study. 
From the results, it is found that the Fe3O4/PTh nanocom-
posite has a relatively good and satisfactory potential and 
can be considered as a promising adsorbent for the removal 
of Pb(II) from industrial wastewater.

3.5. Thermodynamic study

3.5.1. Effect of temperature on adsorption of Pb(II)

To investigate the effects of temperature, adsorption 
experiments were studied in 25°C, 30°C, 45°C, and 60°C at 
optimum conditions in 10 mL of solutions with the initial 
concentration of 50 mg L−1 of Pb(II), the adsorbent dose of 
0.1 g, optimum pH (pH = 6) and equilibrium contact time 60 
min. As can be seen in Fig. 8a, when the temperature rises 
from 25°C to 60°C, Pb2+ ions removal efficiency increases 
reaching up to 100% at the temperature 60°C. This phenom-
enon ascertains the endothermic nature of the adsorption. 

Table 3
Adsorption parameters of the isotherm models for the adsorption of Pb2+ ions onto Fe3O4/PTh nanocomposite

Adsorptin model Langmuir Freundlich Temkin

R2 qmax 

(mg·g–1)
KL  
(L/mg)

R2 1/η kf  
(mg·g–1)(l/mg)1/η

R2 BT KT (L/mg)

Linear 0.9981 46.49 0.0246 0.9776 1.52 1.93 0.9809 9.5109 0.2879
Nonlinear 0.9969 46.51 0.0243 0.9776 1.52 1.33 0.981 9.511 0.2879

Redlich-Peterson Sips

R2 bR aR (1/mg) R2 qmax (mg·g–1) KS (L/g)

Linear 0.9986 1.0348 0.0196 0.9981 42.9 0.0215

Nonlinear 0.9992 1.1860 0.0089 0.9998 47.577 0.023

Table 4
Comparison of maximum adsorption capacity of Fe3O4/PTh with those of some other adsorbents reported in literature for Pb2+ 
adsorption

Adsorbents pH Temperature (ºC) Isotherm Qm (mg/g) Ref

Hollow magnetite nanospheres 5 25 Langmuir 13.40 [43]
TiO2 functionalized with hydroxide ethyl aniline (PHEA/n-TiO2) 5.5 55 Langmuir 26.05 [44]
Fe3O4/cyclodextrin polymer 5.5 25 Langmuir 64.50 [45]
Fe3O4 5.5 55 Freundlich 36.0 [36]
Thiosemicarbazide modified chitosan 5 55 Langmuir 56.89 [46]
Chitosan immobilized on bentonite 4 25 Freundlich 26.38 [47]
Activated carbon– calcium alginate 5 25 Langmuir 15.7 [48]
γ-Fe2O3- alginate beads 7 30 Langmuir 50 [49]
Fe3O4/powder activated carbon 6 25 Langmuir 80 [50]
Fe3O4/PTh 6 25 Sips 47.5 [Present study]
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It can be more explained that, before adsorption process, 
Pb(II) ions in solution are surrounded by water ions, these 
ions need to increase their energy to release themselves and 
get to adsorbent surface during the adsorption process.

3.5.2. Evaluation of thermodynamics parameter

Using the results obtained in the last section, the ther-
modynamic parameters such as difference in standard 
Gibbs free energy (ΔG°), entropy (ΔS°) and enthalpy (ΔH°) 
for the adsorption of Pb(II) by the Fe3O4/PTh were deter-
mined and also significant information on the type of pro-
cess were provided. These parameters were calculated from 
Eqs. (20)–(23):

ΔG RTlnK° = −  (20)

K
q
C

e

e

=  (21)

Δ Δ ΔG H T S° = ° − °  (22)

ln K
S
R

H
RT

=
°

−
°Δ Δ  (23)

where ΔS°, ΔH°, and ΔG° are the changes of entropy (kJ/
mol), enthalpy (kJ/mol) and Gibbs free energy (kJ/mol·K), 
T is the absolute temperature (K), R is the universal gas 
constant (8.314 × 10−3 kJ/mol·K) and K is the distribution 
coefficient for the adsorption. As indicated in Fig. 8b, by plot-
ting of ln K vs. 1/T, the values of ΔH and ΔS were obtained 
using the slopes and intercepts. Thermodynamic parameters 
for the adsorption process gained from Eqs. (20)–(23) and 
Fig. 8b and are listed in Table 5. As shown in Table 5, the 
negative value of ΔG° at all temperatures shows the sponta-
neous nature and the thermodynamically favorable of Pb(II) 
adsorption onto Fe3O4/PTh nanoparticles. The further neg-
ative value of ΔG° after an increase in temperature implies 
that the driving force of adsorption is directly proportional 
to the temperature. A further point to be considered that ΔG° 
values between −20 and 0 kJ/mol imply spontaneous phys-
ical process, whereas that values between −80 and −400 kJ/
mol imply chemisorptions. Consequently, it can be found 
that the adsorption mechanism in this study is dominated 

by physisorption. As expected, the value of ΔH° is positive 
suggesting the endothermic nature of the sorption process. 
The ΔH° obtained value 45.69 kJ/mol indicates that sorp-
tion process happens on the verge of physical and chemical 
adsorption as seen from the ΔG° analysis. The positive value 
of ΔS° reflected that the system exhibits random behavior 
due to releasing water ions by lead ions during the adsorp-
tion process. 

3.6. Desorption and reusability

One of the important procedures in the wastewater 
treatment systems through adsorption process is evaluat-
ing regeneration of the adsorbent and possibility of adsor-
bate desorption. As mentioned before, the reusability of the 
adsorbent was evaluated by repeating the adsorption-de-
sorption cycles of Pb(II) for five times by reusing the spent 

Fig. 8. Effect of temperature on Pb(II) removal (a) obtained curve from Van ‘t Hoff equation (b).

Table 5
Thermodynamic parameters for Pb(II) adsorption on Fe3O4/
PTh nanoparticles

Temperature (K) ΔG° 
(kJ·mol–1)

ΔH° 
(kJ·mol–1)

ΔS°(kJ·K–1 

mol–1)

298 –0.021 45.69 0.153
303 –0.705
318 –3.066
333 –

Table 6
Obtained results of reproducibility experiments for adsorption/
elution processes for Pb(II) ions by Fe3O4/PTh nanocomposite

Cycle Removal efficiency 
(%)

Adsorption capacity 
(mg·g–1)

I 90.98 4.549
II 90.24 4.512
III 88.93 4.447
IV 85.72 4.286
v 80.32 4.016
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adsorbent. Table 6 presents no significant change in the 
removal efficiency and adsorption capacity during three 
adsorption-desorption cycles. In the fourth and fifth cycles, 
the obtained values were also favorable. Based on the find-
ings, the adsorption process was reversible and Fe3O4/PTh 
nanoparticles were able to be used for multiple time to 
extract heavy metal ions from wastewater. To confirm the 
integrity of Pb2+ adsorption on nanocomposite, EDX anal-
ysis was done before and after adsorption process and the 
results are summarized in Fig. 9. It can be seen that the peak 
of Pb appear in magnetite/PTh, indicating that the Pb(II) 
ions exist on the nanoparticles.

3.7. Adsorption mechanism

The PTh has a reactive S atom in a polymer chain. It 
goes through two main processes of protonation and depro-
tonation during adsorption processing because of having 
two lone pairs of electrons. Protonation of PTh maintains 
charge neutrality by acquiring of protons and also anions. 
Therefore, the dominant adsorption positions for Pb(II) 
ions are the sulfur atoms in the macromolecular polymeric 
chains. This performance is because of the properties of sul-
fur atom with single pairs of electrons that can proficiently 
bind a metal ion to form a metal complex [51]. Also, there 
is possibility the involvement of O atoms of the magnetite 
in the adsorption process which is through electrostatic 
attraction between Pb2+ ions (positive dipole) and oxygen 
functionalities Fe3O4 nanoparticles (negative dipole) occurs 
[52]. Processes such as anion exchange and hydrolysis have 
associated in heavy metal ions removal. A potential mech-
anism of anions and heavy metal ions adsorption onto the 
Fe3O4/PTh nanocomposite can be related to exchange of H+ 
ions with Pb2+ on the surface of magnetite hydroxyl groups 
–Fe’OH [43]:

Fe OH Pb Fe O Pb H− + ↔ −( ) ( ) ++ +2
2

2 )  

The following equation can be also used for illustrating 
the ion exchange process [53]:

Fe OH Pb Pb OH Fe− + → ( ) ++ +2 2  

3.8. DFT study of adsorption behavior

To find the most stable Pb-adsorbed structure of Fe3O4/
PTh, two initial configurations were used for full structural 
optimization, including Pb(II) adsorption on the surface of 
PTh or on the side of the Fe3O4 molecule. Our calculation 
results show that the Pb can be adsorbed with adsorption 
energies of –0.55eV (–53.44 kJ/mol) and –2.82eV (–272.11 
kJ/mol) on the surface of PTh and Fe3O4 of the nanocom-
posite, respectively. The calculated electronic energy of 
two adsorption configuration shows that the structure of 
Pb adsorption near the magnetite molecule is more stable 
energetically (2.27eV) rather than other adsorption config-
uration.

The Ead values show that Pb(II) prefers to be adsorbed on 
the side of the Fe3O4 molecule which confirms the ESP map 
results. The analyses of ESP revealed that the magnetite 
in nanocomposite is the reactive site (negative charge) for 
effective adsorption of Pb2+. Fig. 10a shows the most stable 
configuration of Pb-adsorbed Fe3O4/PTh nanocomposite.

The obtained results from this optimized adsorption 
structure (Fig. 10a) show that the closest interaction dis-
tances of Pb and O atoms of magnetite are about 2.2Å, 
which agrees well with the Pb−O single bond lengths of oxi-
do-hydroxido complexes of Pb(II) in a previous study [54].

Investigations the adsorption geometries show that 
the Pb adsorption induces insignificant changes in bond 
lengths and angles of the Fe3O4/PTh nanostructure. Our 
calculation results show that in adsorption process the 
HOMO and LUMO energy levels change slightly and the 
energy gap increases from 0.5eV for pristine Fe3O4/PTh to 
0.69eV in Pb-adsorbed form.

To explain the influence of the Pb adsorption on the 
Fe3O4/PTh electronic properties, the current study has 
investigated the distribution of the frontier molecular orbit-
als including the HOMO and LUMO of the pristine nano-
composite and the most stable Pb-adsorbed configuration. 
Fig. 10b illustrates the spatial distribution of HOMO and 
the LUMO of the pristine Fe3O4/PTh and the adsorption 
structure.

As can be seen in Fig. 10b in Fe3O4/PTh the HOMO 
and LUMO are mainly localized on the magnetite mole-
cule. When the Pb is adsorbed on the nanocomposite sur-

Fig. 9. EDX spectra of Fe3O4/PTh nanocomposite before (a) and after (b) Pb(II) adsorption.
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60 min. Investigating adsorption kinetics demonstrated lin-
ear pseudo-second-order has the best description to model 
the adsorption of Pb(II). Linear Sips adsorption isotherm 
model was the best model to fit Pb(II) equilibrium adsorp-
tion data. The maximum obtained adsorption capacity 
(qmax) was 47.577 mg/g. DFT study results reveal that Pb(II) 
prefer to be adsorbed near the Fe3O4 site of the Fe3O4/PTh 
nanocomposite with the adsorption energy of –272.11 kJ/
mol. The positive values of ΔH° and negative of ΔG° imply 
the endothermic nature and spontaneous of the adsorption 
process, respectively. According to the desorption studies, 
Fe3O4/PTh nanocomposite could be used again for five suc-
cessive adsorption-desorption cycles without any notice-
able decline in removal efficiency.

Symbols

aR (1/mg)bR —  Redlich–Peterson isotherm constant
as (L/mg) — Sips isotherm model constant
AT (L/g) —  Tempkin isotherm equilibrium 

binding constant
b (J/mol) —  Tempkin isotherm heat of sorption 

constant

face, small changes are found in the distribution of frontier 
molecular orbitals, which shows that the Pb adsorption 
has a low effect on the electronic structure of the nano-
composite.

The observed results suggest that this interaction is 
between the physisorption, with negligible perturbation 
on the electronic structure upon adsorption process, and 
chemisorption, with significant adsorption energy. There-
fore, despite the relatively high adsorption energy of Pb, 
the Fe3O4/PTh nanocomposite can be reused for lead ion 
adsorption.

4. Conclusions

In the current study, a batch adsorption experiment 
was conducted with the aim to remove Pb(II) from aqueous 
solutions by Fe3O4/PTh adsorbent. Obtained adsorption 
efficiency and capacity for removal of Pb(II) from aque-
ous solution were acceptable. The results showed that the 
performance of adsorbent is strongly dependent on the pH 
and temperature of the solution and 100% removal was 
obtained at pH 6 and 60°C, respectively when the adsorbent 
dose was 10 g/L. Adsorption equilibrium was gained after 

Fig. 10. (a) The most stable adsorption configuration of Pb on the surface of Fe3O4/PTh nanocomposite and b) the spatial distribution 
of HOMO and LUMO of the Fe3O4/PTh and the structure of Pb-adsorbed form of Fe3O4/PTh nanocomposite. (Distances are in Å).
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bR —  Redlich-Peterson isotherm expo-
nent

C0 (mg/L) — Adsorbate initial concentration
Ce (mg/L) —  Adsorbate equilibrium concentra-

tion
Ct (mg/L) —  Adsorbate concentration at the time 

t
Ci (mg/L) —  Highest adsorbate initial concentra-

tion
Ead (eV) or (kJ/mol) — Adsorption energy
Etot (eV) or (kJ/mol) —  Total energy of the adsorption struc-

ture
∆G0 (kJ/mol.K) — Gibbs free energy
∆H0 (kJ/mol) — Enthalpy
K —  Adsorption distribution coefficient
Kf (mg/g)(dm3/g)η —  Freundlich isotherm constant 

related to adsorption capacity
K1 (1/min) — Pseudo-first-order rate constant
K2 (g/mg·min) —  Pseudo-second-order rate constant
KL (L/mg) — Langmuir isotherm constant
KR (L/g) —  Redlich–Peterson isotherm constant
ns (–) — Sips isotherm exponent
Qmax (mg/g) — Maximum adsorption capacity
qe (mg/g) —  Amount of adsorbate in the adsor-

bent at equilibrium
qm (mg/g) —  Maximum amount of monolayer 

adsorption
qt (mg/g) —  Amount of adsorbate in the adsor-

bent at the time t 
R (J/mol.K) — Universal gas constant
RL (-) — Separation factor
∆S0 (kJ/mol) — Entropy
T (K) — Temperature
η (-) — Adsorption intensity
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