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ABSTRACT

Polyaniline/agricultural waste activated carbon (PANI/AC) composites were prepared by chemical
oxidative polymerization of aniline monomer with activated carbon obtained from different sources
of agricultural wastes present in the environment. The prepared PANI/AC composites were char-
acterized by Fourier transform infrared spectroscopy, X-ray diffraction, scanning electron micros-
copy, transmission electron microscopy and Brunauer-Emmett-Teller surface area for the removal
of lead ions by polyaniline/activated carbon nanocomposites. The thermal stability of the different
composites was determined by thermogravimetric analysis. As well as, the electrical conductivity
was measured for the prepared composites. The effect of different pH and the adsorbent dose of
the composites on the removal of the lead ion from aqueous solution was studied. Results showed
that the adsorption maximum occurs at around pH 4.0; adsorption equilibrium was achieved in
90 min at 20 mg L' Pb(II) concentration and adsorbent dose 1 g/100 mL for each composite. Removal
of Pb(II) ions increases with increasing solution pH and pH maximum value was at pH 4 for all
the composites. By comparing the removal efficiency between polyaniline, polyaniline/orange peels
activated carbon, polyaniline/peach stones activated carbon, polyaniline/banana peels activated car-
bon, polyaniline/apricot stones activated carbon and polyaniline/pomegranate peels activated car-
bon for the removal of lead ions, the removal efficiency of polyaniline/orange peels activated carbon
nanocomposite is higher than the other composites. The maximum adsorption capacity of PANI/
OPAC nanocomposite was 6.81 mg g'. The thermal stability and the electrical conductivity of the
composites were enhanced with different agricultural sources of activated carbon. The experimental
equilibrium biosorption data were analyzed by Freundlich and Langmuir isotherm models. The
Freundlich isotherm provided a better fit than Langmuir isotherm. The results indicated that the
adsorption of Pb(II) by PANI/OPAC follows pseudo-second-order kinetic model. The thermody-
namics indicated that the process is endothermic and spontaneous. Desorption experiments were
carried out by different desorbing agents such as distilled water, EDTA and HCI. They found that
the desorption using 0.1 M HCl is the most effective desorbing agent.
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1. Introduction

Wastewater and surface water containing heavy metal
is becoming a severe environmental and public health
problem. Lead is the most common metal contaminant in
wastewater which is discharged by industrial processing
methods such as electroplating, alloying, pigmenting, plas-
tic manufacturing, mining, metallurgy and refining [1]. Lead
disperses throughout the body immediately and causes
harmful effects. It can damage the red blood cells and limit
their ability to carry oxygen to the organs and tissues. It can
also cause a range of physiological disorders such as head-
ache, hearing problems, learning disabilities, behavioral
problems, brain damages even causes’ death [2].

The maximum concentration of lead in drinking water
is 0.1-0.05 mg L™ as recommended by the World Health
Organization (WHO) [3]. So, it is very important to remove
lead ions from the water before they are released to the
environment. Removal of lead from wastewater by conven-
tional methods such as membrane filtration, chemical pre-
cipitation, ion-exchange, chelation, reverse osmosis, solvent
extraction, evaporation and electroplating [4]. However,
these methods proved either inefficient or expensive in case
of low concentration (1-100 mg L) of heavy metals prevail-
ing in the environment [5].

Biosorption proved to be an alternate method that is
effective, economic as well as environment friendly. There
are several different types of agricultural by-products that
have been used for activated carbon (AC) production at the
laboratory or an industrial level including, apricot stones,
banana and pomegranate peels [6,7]. The use of different
materials as precursors for the preparation of activated car-
bon not only produces useful adsorbents for the purification
of contaminated environments but also contributes to mini-
mizing the undesirable solid wastes.

Polyaniline (PANI) is one of the most environmentally
stable known conducting polymer due to its high electrical
conductivity and ease of preparation [8].

Many researchers have examined polyaniline (PANI)
and polypyrrole (PPy) as an adsorbent for the removal of
heavy metal ions and dyes from aqueous solution [9-22].
The presence of large amounts of amine (-NH) groups in
the polymer makes it a suitable candidate for the removal of
heavy metals. Many modifications for polyaniline and poly-
pyrrole have been made to increase the sorption capacity
and also make it into more processable in the water treat-
ment process [23-27].

The main purpose of this paper is the preparation of
polyaniline/activated carbon composites from different agri-
cultural wastes as green environmentally friendly adsor-
bents to remove the lead ions from aqueous solution. The
adsorbents used in this work were prepared in a laboratory
scale from banana peels (BPAC), orange peels (OPAC) and
pomegranate peels (PPAC) besides peach stones (PSAC)
and apricot stones (ASAC) via chemical activation using
phosphoric acid as an activating agent. The PANI/AC com-
posites were synthesized by using in-situ polymerization,
these composites were ground to nanoscale using mechan-
ical ball mill to give PANI/ACs nanocomposites. Moreover,
the thermal stability and the electrical conductivity of these
composites were measured.

2. Experimental
2.1. Materials and methods

All reagents were used without further purification.
Distilled deionized water was used throughout this work.
A stock solution of Pb(II) (1,000 mg L™) was prepared in
milli-Q water with Pb(NO,),. It was then diluted to prepare
solutions of the desired concentrations. The pH of the solu-
tion was monitored by adding 0.5 M HCl and 0.5 M NaOH
solution as per the required pH value. Aniline and ammo-
nium peroxydisulfate are purchased from Sigma-Aldrich
(St. Loius, MO, USA).

2.2. Preparation of different eco-friendly activated carbon from
agricultural wastes

The waste peels of banana, orange, pomegranate beside
peach and apricot stone wastes (collected from the local
market in Egypt) were first washed with double distilled
water and dried in an oven at 80°C overnight.

Chemical activation of the adsorbents was carried out
by orthophosphoric acid because it is popular, environ-
ment-friendly and can be easily removed during washing
of the activated carbon [28].

The adsorbents were then soaked in orthophosphoric
acid (H,PO,) with an impregnation ratio of 1:1 (w/w) for 24 h
and dehydrated in an oven overnight at 105°C. The samples
were activated in a closed muffle furnace to increase the
surface area at 500°C for 2 h. The AC_ produced was cooled
to room temperature and washed with 0.1 M HCI and suc-
cessively with distilled water. Washing with distilled water
was done repeatedly until the pH of the filtrate reached 6-7.
The final products were dried in an oven at 105°C for 24 h
and stored in vacuum desiccators until needed [29].

2.3. Polyaniline/activated carbon composites preparation

PANI/AC composites were synthesized (Fig. 1) by in
situ polymerization of aniline with ammonium peroxy-
disulfate (APS) as the oxidant in the presence of AC par-
ticles (5 wt.%). A solution of HCl (1 M, 60 mL) containing
AC (0.465 g) was sonicated at room temperature to disperse
the AC particles for 30 min. Aniline monomer (9.3 g) was
then added to the AC suspension and stirred for 30 min.
A solution of HCI (1 M, 60 mL) containing APS (22.8 g)
was added dropwise to the well-stirred reaction mixture
over 1 h. After a few minutes, the dark suspension became
green, indicating polymerization of aniline; polymerization
was carried out at 0°C and stirring for 24 h. The composites

| (NHY,S,0
0 °C 4325208
llM HCI

Fig. 1. Preparation of polyaniline nanocomposite.
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were obtained by filtering and washing the reaction mix-
tures with deionized water, resulting in the conductive salt
form of the PANI/AC composites. The composites were
isolated by vacuum filtration and washed with deionized
water [30].

The PANI/AC composites were abbreviated as PANI/
BPAC, PANI/OPAC, PANI/PPAC, PANI/PSAC and PANI/
ASAC. The adsorbents were ground to nanoscale using
mechanical ball mill RWTCH Planetary Ball mill type
(RM400).

2.4. Determination of lead ions

The concentration of lead ions measured by inductively
coupled plasma with atomic emission spectroscopy (ICP-
AES). The sorption capacity was determined by using the
following equation, considering the concentration difference
of the solution at the beginning and equilibrium [31].

Cc -C)Vv
qui(o ) 1)

m

where C; and C, are the initial and the equilibrium concen-
trations in mg L™, respectively, V is the volume of solution
(mL) and m is the amount of adsorbent used (g). The effici-
ency of Pb(II) from solution was calculated by the following
equation:

Removal efficiency(%) = (CUC;C“) %100 2)

0

2.4.1. Desorption and regeneration study

To study the possibility of repeated use of the adsorbent,
desorption and regeneration experiments were carried out
for PANI/OPAC. Desorption studies help in determining the
recovery of the adsorbent and adsorbate, protect the enviro-
nment and recycling of the adsorbent.

After adsorption experiments with 20 mg L™ solution of
Pb(Il) ions and 1 g of PANI/OPAC nanocomposite. The use
of PANI/OPAC was regenerated with different desorbing
agents such as distilled water, 0.1 M EDTA and 0.1 M HCI
for 2 h at room temperature. After desorption experiments,
samples were analyzed by ICP-AES as before. The regener-
ation was repeated for several cycles to determine the reus-
ability of the adsorbent used.

2.5. Characterization of PANI/AC composites
2.5.1. Fourier-transform infrared analysis

Polyaniline/ACs composites were analyzed by Fourier
transform infrared (FTIR) on PerkinElmer 1720 (940 Winter,
Waltham, MA 02451, USA).

2.5.2. X-ray diffraction analysis

X-ray diffraction (XRD) measurements were per-
formed on X'Pert Pro diffractometer with Cu Ka radiation
(A =0.154 nm, 45 kV and 30 mA) at room temperature (25°C).

2.5.3. Scanning electron microscope

The surface morphology of the prepared composites was
performed by a scanning electron microscopy (SEM) (JEOL
5400), at 30 kV accelerated voltage. Before scanning, each
adsorbent was coated with a thin layer of gold using a sputter
coater to make it conductive.

2.5.4. Transmission electron microscopy

Transmission electron microscopy micrographs of PANI/
OPAC nanocomposite were carried out by (TEM; product
name: JX1230; manufactured by JEOL [Japan]) with micro-
analyzer electron probe.

2.5.5. BET surface area

The BET surface area of PANI/OPAC nanocomposite was
determined by a low-temperature N, gas adsorption-desorp-
tion technique using AUTOSORB-1 surface area and pore
size analyzer at 77 K.

2.5.6. Electrical conductivity

The electrical conduction was performed using the two
electrode method at room temperature. Impedance mea-
surements were performed on GW Instek LCR-8110G
in the frequency ranging from 20 Hz to 10 MHz at room
temperature.

3. Result and discussion
3.1. FTIR of the composites

The FTIR spectra for PANI and PANI/ACs (prepared in
situ) composites are shown in Fig. 2. The base form of PANI
has several important peaks in the FTIR (Fig. 2a) (PANI).
The characteristic sharp band at 1,119 cm™ was due to C-N
tertiary aromatic vibrations. The band at 1,301 cm™ was due
to C-N primary and secondary vibrations. The broad band
at 3,450-3,200 cm™ was due to the single-bridge compound
polymeric association or to NH stretching vibrations. The
bands at 1,567 and 1,478 cm™ were due to the presence of
the quinoid structure, and the band at 1,242 cm™ was due to
the C-N stretching mode for the benzenoid ring. The band
at 810 cm'was attributed to the out-of-plane bending vibra-
tions of C-H on the para-substituted aromatic ring.

The FTIR spectra of PANI/ACs composites are shown
in Fig. 2. The characteristic peaks of PANI can be seen in all
these composite spectra, with a little shift due to the forma-
tion of a covalent bond between the C atoms of AC particles,
and the C atoms of aromatic rings in the polymer backbone
structure or N atoms on the exterior aromatic rings of the
polymer chains. Also, the addition of AC particles caused
reductions in the intensity of the aromatic ring deformation
peak at 508 cm™. This indicates that the aromatic rings on the
polymer structure have become more stable.

The FTIR spectra were obtained for polyaniline/acti-
vated carbon nanocomposites before (a) and after Pb(II)
ions biosorption process (b) (Fig. 2). The results showed that
activated carbons have different functional groups such as
amide, hydroxyl and carboxyl. Some of these functional
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Fig. 2. FTIR of (a) before and (b) after adsorption of Pb(Il) ions by
PANI/ACs nanocomposites.

groups changed after the biosorption process. The compari-
sons of the FTIR spectra of nanocomposites before and after
Pb(II) biosorption give the following bands and peaks. The
bands at 3,419.22 and 3,454.93 cm™ are the OH stretching
of polymeric compounds. The bands located at 1,376.17
and 1,591.84 cm™ are possibly due to the functional groups
such as C=0 in carboxylic groups and carboxylate moieties.
The additional small peaks at 1,090.55cm™. The band at
1,622.02 cm™ corresponds to carbonyl stretching vibration of
amide considered to be due to the combined effect of dou-
ble-bond stretching vibration and -NH deformation band for
Pb(II)-loaded activated carbon. The C=O functional groups
have been reported to show very high coordination with
trace metals; hence it disappeared in the Pb(Il)-loaded acti-
vated carbon. For this reason, the presence of these functional
groups may be responsible for good adsorptive behavior of
the activated carbon toward the Pb(II) ions.

Among the functional groups, amine, carboxylic acid
and hydroxyl have been proposed to be responsible for the
adsorption of heavy metal ions on the cell surfaces of adsor-
bent. Li et al. [32] had reported that the functional groups,
such as amine, carboxylic acid and hydroxyl, are responsible
for the adsorption of heavy metal ions on the cell surfaces of
the adsorbent.

3.1.2. Mechanism of adsorption

The possible mechanism of adsorption of Pb(II) onto poly-
aniline with different activated carbon nanocomposites is
shown in Fig. 3. Kanwal et al. [33] reported that the nitrogen-
containing functional groups can act as adsorption sites for
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metal ions, besides the functional groups, carboxylic acid
and hydroxyl groups present in the activated carbon as
mentioned before in FTIR.

3.1.3. X-ray diffraction

The XRD pattern of the polyaniline/activated carbon
composites is shown in Fig. 4. The XRD patterns of the
prepared PANI and the prepared PANI/AC composites
exhibited sharp peaks at 20 = 21° and 25° this indicated the
presence of high crystallinity and condensed structure of
polyaniline. The peak centered at 20 = 25° was ascribed to
the periodicity parallel to the polymer chain, and the latter
peak may have been caused by the periodicity to the poly-
mer chain. In the prepared PANI/AC composites, there is an
appearance of peaks at 20 = 26° and 45° corresponding to d,,
and d,,, respectively. These peaks belong to the turbostratic
structure (graphite-like microcrystallites). The turbostratic
model assumes that the samples are made of graphite-like
microcrystallites, bounded by the cross-linking network,
consisting of several graphite-like layers, stacked nearly
parallel and equidistant, with each layer having a random
orientation reported by Kumar et al. [34].

3.1.4. SEM of the composites

Fig. 5 shows the SEM images of PANI and the PANI/AC
composites (b-f). SEM was used to examine the surface struc-
ture of PANI/AC composites. In Fig. 5, images of PANI and
PANI/AC composites are shown (magnification at 1,000x

Pb{ll)
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Fig. 3. Schematic diagram of mechanism of Pb(II) adsorption on
PANI/ACs nanocomposites.
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Fig. 5. SEM of (a) PANI, (b) PANI/PPAC, (c) PANI/OPAC, (d) PANI/BPA, (e) PANI/PSAC and (f) PANI/ASAC.

and an accelerating voltage of 30 kV). From the images,
smooth marks are observed on the fractured surface. AC
particles are attached well on the surface of the PANI and
good distributed, where the AC in PANI was being pulled
out of the PANI matrix consequently, it is confirmed that
interfacial bonding was enhanced. The uniform dispersion
of small particles is observed for AC coming from orange
peels activated carbon (PANI/OPAC), it is optimal for the
adsorbent surface as this can provide more reactive sites for
the reactants than aggregated particles. At 1,000x such mag-
nification, SEM micrographs revealed that wide varieties

of pores are present in activated carbon. In the case of AC
from apricot and peach stones, it is also found that there are
holes and caves type openings on the surface of the adsor-
bent, which would have more surface area available for
adsorption.

3.1.5. Transmission electron microscopy

The results of the PANI/OPAC nanocomposite are pre-
sented in Fig. 6. Based on the TEM study, the presence of
darkened areas on the surface of PANI is due to the loading
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Fig. 6. TEM of PANI/OPAC nanocomposite.
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of AC particles. The particle size lies in the range of 15-45 nm,
hence the synthesized PANI/OPAC is nanocomposite (Fig. 6).

The surface area and porosity of PANI/OPAC that were
analyzed by Brunauer—-Emmett-Teller (BET) method also
greatly affect their Pb(II) adsorption capacities. The Inter-
national Union of Pure and Applied Chemistry (IUPAC)
recommended the classification of materials based on their
total porosity. Accordingly, adsorbents can be divided into
three categories, namely macropores (4 > 50 nm), mesopores
(2<d <50 nm) and micropores (d <2 nm) [35]. The N, adsorp-
tion—-desorption isotherms of PANI/OPAC before and after
Pb(II) adsorption are shown in Figs. 7a and b. The unloaded
PANI/OPAC has a surface area of 119 m? g™, however,

dVv(r) cc/g

dV(r) cc/g

Fig. 7. Adsorption/desorption isotherms of N, and size distribution for PANI/OPAC before (a) and after (b) adsorption of Pb(II).
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incorporation of Pb(II) has decreased this area signifi-
cantly to 46.8 m? g, the decrease in the BET surface area
can be attributed to the loading of a significant portion of
the micropores of PANI/OPAC with Pb(Il) particles during
adsorption. It can be seen that the OPAC possesses large
amounts of micropores in its structures and the pores disap-
peared after Pb(II) adsorption, which could be regarded as
evidence of the micropore occupation by Pb(II) ions [36]. On
the other hand, the pore size distribution of the investigated
PANI/OPAC has been calculated and presented in Table 1.

3.1.7. Thermal stability

The thermal stability of the PANI and PANI/AC com-
posites was determined from the TGA thermogram (Fig. 8).
It is clear from the figure that all the curves show the ther-
mal decomposition of the PANI and its composites with
different ACs occurred through two different weight loss
steps. The initial weight loss below 150°C was attributed
to the evaporation of moisture adsorbed and the other vol-
atile matter retained in the composite system. The second
major weight loss was observed at around 245°C, which
might be due to the removal of higher oligomers of PANI.
The third major weight loss approximately around 476°C
was attributed to the thermo-oxidative decomposition of
PANI resulting in various degradation products, such as
ammonia, aniline, methane, acetylene, etc. [37]. The decom-
position temperatures of all samples at 5% and 10% loss of
the weight were showed in Table 2. The data indicate the
enhancement of the thermal stability of PANI/AC compos-
ites than pure PANI, where the decomposition temperatures
at 10 wt% loss for PANI/ASAC, PANI/BPAC, PANI/OPAC,
PANI/PSAC and PANI/PPAC increased by 81°C, 75°C, 2°C,
4°C and 56°C, respectively, than the PANI. As well as, the
temperatures at maximum loss increased by 18°C, 51°C,
16°C, and 65°C, respectively than the PANI. According to
X-ray data, the different metals contained in the different
sources of activated carbons resulted in different thermal
stabilities of the composites.

3.1.8. Electrical conductivity measurements

The electrical conductivity of the prepared PANI and
the prepared PANI/ACs composites was measured at room
temperature (Fig. 9). From the plot, it is shown that the
electrical conductivity of the PANI sample has the lowest
value of the conductivity (3.4771E-07 S cm™) than that of the
composites. PANI can be considered as a fairly good electron

Table 1
Surface area parameters for PANI/OPAC nanocomposite before
and after adsorption with Pb(II)

PANI/OPAC before PANI/OPAC after
adsorption with

Parameter
adsorption with

Pb(II) Pb(II)
Surface area (m®g™) 119.028 46.863
Pore volume (ccg™) 0.171 0.06
Pore radius (nm) 12.304 12.297
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Fig. 8. TGA of PANI and PANI/ACs nanocomposites.
Table 2

Decomposition temperatures of the samples at 10% and
maximum loss of the weight

Composites T, T, .
PANI 154 467
PANI/ASAC 235 485
PANI/BPAC 229 518
PANI/OPAC 158 483
PANI/PSAC 155 532
PANI/PPAC 210 478

donor, so a charge transfer from the quinoid unit of PANI
to the AC particles results in an enhancement of the conduc-
tivity of the composites [38].

3.2. Effect of adsorbent dose

To assess the effect of adsorbent dose, different amounts
(0.3-2.0 g) of PANI and PANI/ACs composites were sus-
pended in 100 mL Pb(II) solution (20 mg L) at pH 4.0 and
contact time. The effect of adsorbent dose on the removal
efficiency is shown in Fig. 10. When the adsorbent dose was
increased from 0.3 to 1.0 g, the percentage of Pb(Il) ions
adsorption increased from 10.80 to 20.5, 75.05 to 83.00, 45.80
to 80.23, 55.10 to 74.40, 54.75 to 74.40 and 53.0 to 70.25 for
PANI, PANI/OPAC, PANI/PSAC, PANI/BPAC, PANI/ASAC
and PANI/PPAC composites, respectively. The removal effi-
ciency of PANI/OPAC is higher than the other composites.
There was a non-significant increase in the removal of per-
centages of Pb(II) when adsorbent dose increases beyond
1.0 g. This suggests that after a certain dose of biosorbent,
the maximum adsorption is attained and hence the amount
of ions remains constant even with the further addition of
a dose of the adsorbent. This is due to an increase in the
surface area of the biosorbent, which in turn increases the
number of binding sites. Results indicated that the removal
efficiency of the PANI/OPAC nanocomposite is higher
than the other composites. Similar trends were observed in
different adsorbents [39,40].
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Fig. 10. Effect of adsorbent dose on the removal efficiency with:
(a) PANI, (b) PANI/OPAC, (c) PANI/PSAC, (d) PANI/BPAC,
(e) PANI/ASAC and (f) PANI/PPAC (initial concentration, con-
tact time, and volume of solution was 20 mg L™, 2 h, 100 mL,
respectively).

3.3. Effect of pH

The pH value of the aqueous solution is an important
controlling parameter in the adsorption process. These pH
values affect the surface charge of adsorbent, the degree of
ionization and speciation of adsorbate during adsorption.
To evaluate the influence of this parameter on the adsorp-
tion, the experiments were carried out at different initial
pH in acidic medium ranging from 2 to 6. The experiment
was performed by PANI, PANI/PPAC, PANI/OPAC, PANI/
BPAC, PANI/PSAC and PANI/ASAC composites, with
an initial lead ions concentration of 20 mg L™ containing
1 g/100 mL at room temperature with a contact time of
2 h. In acidic medium, the concentration of H* ions was
high. This leads to the development of positive charge on
the active sites of biomass and also a competition between
Pb(II) ions and H* in the bulk of solution to attach with the
active binding sites of composites. The results are shown
in Fig. 11. Removal of lead increases with increasing solu-
tion pH and the maximum value was reached at an equilib-
rium pH at 4. As we can see in Fig. 4, the removal efficiency
of PANI/OPAC was higher than the other composites. So,
there were a minimum binding of Pb(Il) ions at pH = 4.
As the pH of a solution increases, composites become less
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positive and the concentration of H'ions also decreases.
Thus, there is less competition of Pb(Il) ions with H*ions
and this resulted in more biosorption [41]. So, it was con-
cluded that the optimum pH for biosorption of Pb(II) ion
on different PANI/AC composites was 4.0.

3.4. Effect of contact time

The effect of contact time on the removal of Pb(Il) by
PANI/OPAC is shown in Fig. 12. The removal of Pb(II) was
rapid for the first 10 min and equilibrium was reached within
90 min. Therefore, the period of 90 min was considered the
optimum time.

3.5. Adsorption isotherm

To evaluate the adsorption capacity of Pb(II) by PANI/
OPAC, isotherms data were tested with two commonly used
isotherm models, Langmuir [42] and Freundlich [43] iso-
therm models.

3.5.1. Langmuir isotherm model

The Langmuir isotherm model is based on the assump-
tion of monolayer adsorption onto the surface containing
number of identical sorption sites and no interaction between
them [44].
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Fig. 11. Effect of pH on the removal efficiency with: (a) PANI,
(b) PANI/OPAC, (c) PANI/PSAC, (d) PANI/BPAC, (e) PANI/
ASAC and (f) PANI/PPAC (initial concentration, contact time,
volume of solution and amount of adsorbent was 20 mg L, 2 h,
100 mL and 1 g, respectively).
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Fig. 12. Effect of contact time for removal of Pb(Il) by PANI/
OPAC nanocomposite.
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The linear form of Langmuir equation is represented by
Eq. (3) as follows:

—eo 4 ®)

3.5.2. Freundlich isotherm model

The Freundlich isotherm is an empirical equation based
on the assumption that adsorption occurs on a heterogeneous
adsorption surface with different adsorption energies [45].

The linear form of the Freundlich isotherm equation is
given by Eq. (4) as follows:

logg, =logK, +1Ce 4)
n

Figs. 13a and b show the Langmuir and Freundlich iso-
therm models for the adsorption of Pb(II) by PANI/OPAC. As
can be seen in Table 3, the adsorption process was found to
fit well to the Freundlich isotherm model (R? 0.9688) than the
Langmuir (R? 0.9466). So that the adsorption of Pb(II) ions on
the PANI/OPAC nanocomposite occurred heterogeneously.
The value of 1/n for the adsorption of PANI/OPAC nano-
composite was 0.8169, indicating the heterogeneous nature
of the adsorbent. The 1/n values were between 0 and 1, indi-
cating that the biosorption of Pb(II) ions onto PANI/OPAC
was favorable at studied conditions.
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Fig. 13. (a) Langmuir isotherm and (b) Freundlich isotherm mod-
els for the adsorption of Pb(II) by PANI/OPAC.

3.6. Kinetic studies

Adsorption kinetics is important in the design and
modeling of the process. of adsorption. In the present study,
two kinetic models namely pseudo-first-order [46] and pseu-
do-second-order [47] were used to study the adsorption
data of Pb(II) by PANI/OPAC as a function of time.

The pseudo-first-order equation can be expressed as:

By 6)

log (g, —q,)=log(q,)- 30

The pseudo-first-order equation can be expressed as:

t 1 1
P gy ©

where g,is the amount of PANI/OPAC adsorbed at time
t (mg g7) k, and k, (g mg™ min™) are the rate constants of
pseudo-first-order and pseudo-second-order of adsorption
of Pb(II) onto PANI/OPAC nanocomposite.

The adsorption kinetics of Pb(Il) by PANI/OPAC was
analyzed using pseudo-first-order and pseudo-second-order
kinetic models. The application of pseudo-first-order kinetic
model is not applicable for the adsorption of Pb(II) by PANI/
OPAC (figure not shown). The plot of ¢/q, vs. t (Fig. 14) gives
a very good straight line with the correlation coefficient
(0.9985). This indicates that the adsorption system studied
belongs to the pseudo-second-order kinetic model. Table 4
shows the parameters of pseudo-second-order.

3.7. Adsorption thermodynamics

In this work, different thermodynamic parameters, such
as the standard Gibbs free energy AG® (k] mol™), the stan-
dard enthalpy (AH®) and the standard entropy (AS°) for bio-
sorption of Pb(II) onto PANI/OPAC were calculated using
the following equations:

AG®=-RTInK, %)
Ink, =45 _AH ®)
R RT

where K, (L g') an equilibrium constant (Q/C), R
(8.3145 K] mol™* K™) is the ideal gas constant and T (K) is the
temperature.

The enthalpy (AH®) and entropy (AS°) were calculated
from the following equation:

AG® = AH® — TAS® )

Table 3
Isotherm constants for the adsorption of Pb(II) on PANI/OPAC
nanocomposite

Freundlich Langmuir
K, 1.106 q, (mg g™ 6.81
1/n 0,8169 b (Lmg™) 0.201
R? 0.9688 R? 0.9466
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Fig. 14. Pseudo-second-order kinetic model for the adsorption
of Pb(II) by PANI/OPAC.

Table 4
Kinetic parameters for the adsorption of Pb(II) on PANI/OPAC
nanocomposite

Kinetic model Parameter Value
K, (g mg™ min™) 0.077

Pseudo-second-order R? 0.9985
q,(mgg™) 2.015

The thermodynamic parameters are given in Table 5.
Fig. 15 showed the plot of In K, vs. 1/T, which gives a straight
line with the slope of AH°/R and intercept of AS°/R.

The negative value of AG® at three temperatures indi-
cates the spontaneous nature of the adsorption process. Also,
the AG® values were found to increase as the temperature
increased and resulting in higher biosorption capacity. The
AH? value was positive, indicating the endothermic nature
of the biosorption of Pb(II) onto PANI/OPAC. Also, the pos-
itive values of AS°® show increased randomness at the solid—
solution interface during the biosorption process.
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Fig. 15. Plot of In K, vs 1/T for the thermodynamics for adsor-
ption of Pb(II) by PANI/OPAC.

Table 5
Thermodynamic parameters for the adsorption of Pb(II) onto
PANI/OPAC nanocomposite

Temperature -AG° AS° AH°

(K) (kJ mol™) (J mol' K1) (kJ mol™)
298 0.536

308 0.870 33.383 9.4110
318 1.204

3.8. Desorption and regeneration

The desorption of Pb(Il) by PANI/OPAC nanocompos-
ite was carried out by using the different desorbing agents
as mentioned before. It was observed that 90.10% of Pb(II)
could be desorbed by 0.1 M HCL (Fig. 16). While distilled
water (5.50%) and 0.1 M EDTA (10.46%) were not efficient
in the desorption of Pb(II) ions. The regeneration with HCI
(desorbing agents) was considered to be more effective in
desorbing heavy metals compared with other desorbing
agents such as HNO,, H,SO, and NaOH [48]. The hydrogen
ions from HCl easily displaced Pb(II) ions adsorbed during
the desorption process by the ion-exchange process. The
regeneration was repeated four cycles. Similar trends are
obtained for the desorption of Pb(Il) ions from activated car-
bon prepared from coir pith, Eichhornia and activated carbon
cloths and pistachio shell carbon [49,50].
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Fig. 16. Desorption of Pb(Il) ions by different desorbing agents
by PANI/OPAC nanocomposite.

Table 6
Comparison of the maximum adsorption capacity for Pb(II)
ions by different adsorbents

Adsorbents Q... (mgg) Metal ions Ref.
PANI/ML 3.891 Pb(II) [51]
PANI/JL 5.917 Pb(II) [51]
Ash 588.24 Pb(II) [52]
nFe-A 833.33 Pb(1I) [52]
FSAC 80.645 Pb(II) [53]
Barley straws 23.20 Pb(II) [54]
Coffee residue 63.29 Pb(II) [55]
PANI/OPAC 6.81 Pb(1I) This study
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3.9. Comparison of lead removal with different biosorbents

Table 6 compares the maximum adsorption capacities
for PANI/OPAC nanocomposite for the adsorption of Pb(II)
ions with other adsorbents. As can be seen from the table, the
PANI/OPAC nanocomposite gives higher adsorption capac-
ity than the other adsorbents [51-55].

The difference in the adsorption capacities toward lead
ions depends on different parameters and experimental con-
ditions such as adsorbent dose, temperature and pH. Also
depend on BET surface area, total pore volume, functional
groups and structure of the adsorbent used.

4. Conclusion

In this study, polyaniline/activated carbon composites
were synthesized by in situ polymerization of aniline with
APS as the oxidant in the presence of AC particles (5 wt. %),
these composites were ground to nanoscale using mechan-
ical ball mill to give PANI/ACs nanocomposites, and its
ability in the removal of Pb(II) from aqueous solution was
investigated. Results showed that the removal of Pb(II) ions
increases with increasing solution pH and pH maximum
value was at pH 4 for all the nanocomposites. By compari-
son between PANI, PANI/OPAC, PANI/PSAC, PANI/BPAC,
PANI/ASAC and PANI/PPAC in the removal of lead, results
indicated that removal efficiency of PANI/OPAC composite
is higher than the other composites. Results showed that
the Freundlich isotherm model better fitted the adsorption
data than the Langmuir model. The kinetics of Pb(II) fitted
well the pseudo-second-order kinetic model. The desorption
study suggested that the PANI/OPAC can be reused success-
fully up to four times.
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