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ABSTRACT

This study focuses on the chemical synthesis of polyaniline (PANi) in the presence of sodium persul-
fate in a hydrochloric acid medium. The characterization of synthesized PANI was carried out using
scanning electron microscopy (SEM), infrared spectroscopy (IR), X-ray diffraction (XRD), X-ray pho-
toelectrons spectroscopy (XPS) and thermal analysis. Adsorption experiments of organic and inor-
ganic water pollutants (pharmaceutical products, dyes, derivatives of humic acids and heavy metals)
were carried out in a batch reactor. The obtained results indicate that the synthesized PANi led to an
almost complete removal (~100%) of these compounds from aqueous solution.
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1. Introduction

The polyaniline (PANi) is considered as one of the most
widely used materials. This is due to its excellent stability,
good redox reversibility and increased electrical conductiv-
ity [1,2] that renders it effective for several applications such
as the metallization of insulators, the coating of sensors for
vapours and toxic gases analysis, the coating of oxidizable
metals and protection against corrosion, the development
of fuel cells and the treatment of industrial effluents [3-7].

The PANI exists under different oxidation states [8-12].
One of these is the leucoemeraldine-base which is a white
solid completely reduced and readily oxidisable. It is com-
posed of 100% of benzene diamine. The second form is the
emeraldine basis (semi-oxidized form), which is a solid
blue and the pernigraniline base which is a solid red that
is totally oxidized and composed 100% of quinonediimine.
The latter may easily undergo hydrolysis in acidic medium.
The most stable structure of PANi, in ambient conditions, is
composed of 50% of the reduced form of benzene diamine
and 50% of the oxidative form of quinine diimine.

*Corresponding author.

In the past decades, the water pollution has increased
significantly and become the most environmental issue,
which can cause serious damage to the human health and
biodiversity. The industrial effluents are the major source
of aquatic pollution. The toxicity and non-biodegradabil-
ity are the most common characteristics of the majority
of industrial pollutants such as dyes, heavy metals, drug
residues and humic acids derivatives [13-15]. The removal
of these toxic compounds from wastewater is a major chal-
lenge for future generations. To solve this environmental
problem, many scientists worldwide have paid great atten-
tion in order to remove the pollutant substances from water.
In this context, several techniques such as chemical precip-
itation, coagulation, membrane filtration, photocatalytic
degradation and adsorption have been used for wastewater
treatment [16-20]. Among these technologies, the adsorp-
tion is widely used because of its distinct advantages such
as the simplicity to operate, low cost, flexibility and high
effectiveness [21].

In this work, the optimum chemical synthesis of PANi
is pursued towards its application for wastewater treat-
ment by a multitude of organic and inorganic pollutants.
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All synthesized PANi were characterized by different ana-
lytical techniques and tested for their adsorption capacity
against drug residues (sodium salicylate), industrial dyes
(Congo red and Carmine indigo), humic acids derivatives
(hemimellitic, trimellitic and pyromellitic acids) and heavy
metals (Cr(VI)).

2. Materials and methods
2.1. Synthesis of PANi

The oxidation of aniline by sodium persulfate in an
acidic environment was performed according to the reac-
tion illustrated in Fig. 1. The synthesis of PANi in the lab-
oratory was carried according to the method proposed by
MacDiarmid [22]. Specifically, a well-mixed solution of
sodium persulphate (0.015 mol) was added drop by drop
to an aqueous solution of hydrochloric acid (1 M) con-
taining the aniline (0.02 mol) with a molar ratio (mono-
mer/oxidant) (1.5/1). The mixture was finally shaken for
2 h. The reaction medium was initially blue-green and
then evolved toward a green dark powder. The powder
was washed with distilled water and ethanol. Finally, the
obtained polymer was dried in an oven at a temperature
of 60°C.

2.2. Characterization

The structure of the PANi has been investigated in dif-
ferent experimental conditions of synthesis such as tem-
perature, time of polymerization and mode of oxidant
addition. The PANi was characterized by scanning electron
microscopy (ESEM FEI Quanta 200) in order to obtain the
visual information about the adsorbent morphology. The
Fourier transforms infrared spectroscopy (FTIR Vertex 70)
was used to identify the molecular structure of the PANi.
Furthermore, the X-rays diffraction (XRD, EMPYREAN
PANALYTICAL diffractometer) was used to determine
the arrangement and the orientation of chains within the
polymer. The synthesized PANi was also analyzed by X-ray
photoelectron spectroscopy (XPS, Shimadzu Co: AXIS
ULTRA).). The thermal analysis of PANi was carried out
using thermo-gravimetric analysis (TGA) and differential
thermal analysis (DTA) (Shimadzu D60) in a temperature
range of 25-600°C with the heating rate 10°C/min at air
atmosphere.
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2.3. Adsorption experiments

The adsorption of several pollutants such as Congo red,
Carmine Indigo, Sodium salicylate, Cr(VI), Hemimellitic,
Trimellitic and Pyromellitic acids on the PANi was investi-
gated in a batch system. The adsorption experiments were
carried out using a series of glass flasks (250 mL) contain-
ing 150 mL of adsorbate solutions and a prefixed amount
of adsorbent. The adjustment of pH of the solution was
achieved by the addition of HCI and NaOH. The equilib-
rium concentrations were determined by spectrophotome-
ter (UV 2300) at the maximum absorption wavelength of
each adsorbate.

The adsorption efficiency was calculated by the follow-
ing equation:

R(%) =(C°;C“

) %100 ey
Co

with C and C, are the initial and equilibrium concentrations
(in mg/L), respectively.

3. Results and discussion
3.1. Infrared spectroscopy
3.1.1. Influence of the polymerization time

The FTIR spectra of the PANi formed at different polym-
erization times are presented in Fig. 2. The analysis of the
infrared spectrum at different times allows identifying the
major functional groups of the PAN:

e The two bands appearing at 1558.86 cm™ and 1491.93
cm™ are assigned to the vibration of (C=N) bonds of
quinoide cycles and (C-N) of the benzene rings, respec-
tively [23-25]. These two peaks provide qualitative
information on the degree of oxidation of PANi [26].
The bands at 1304.75 cm™ and 1245.92 cm™ correspond
to the stretching (C-N) of the polymer [27,28]. The most
intense peak that appears at approximately 1122.49 cm™
corresponds to the vibration -NH*= which has been
formed during the mechanism of protonation [29].

¢ Thebands observed at 750, 780 and 800 cm™ correspond
to an aromatic nucleus disubstituted ortho, meta and
para, respectively, which indicates that the synthesized
PANI has branched structure.

o

Polyaniline

Fig. 1. Oxidative polymerization of aniline monomer by sodium persulfate in HCI solution.
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Fig. 2. FTIR spectrum of the PANi at different polymerization
times.

According to Fig. 2, the above band characteristics
are similar to all spectra. This leads to the conclusion that
the polymerization time has no influence on the reaction
medium of the polymer.

3.1.2. Influence of the temperature of polymerization

According to the infrared spectra of the PANi obtained
at different temperatures 0°C, 25°C and 45°C (Fig. 3). It
was observed that the bands characteristics of the PANi are
repeated in a typical manner. The variation of temperature
during the chemical synthesis of PANi has, therefore, no
influence on the appearance/disappearance of functional
groups in the final polymer.

3.2. Scanning electron microscopy (SEM)

3.2.1. Effect of polymerization temperature on PANi
morphology

The SEM images illustrated in Fig. 4 highlights the
effect of temperature on the morphology of the polymer.
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Fig. 3. FTIR spectrum of the PANi at different temperatures: (a)
0°C, (b) 25°C and (c) 45°C.

According to Fig.4, the morphology of the PANi with a
drop-by-drop addition of the oxidant is influenced by the
increase in the temperature. Specifically, the morphology
of the PANi synthesized at 0°C has no obvious distinc-
tion, maintaining a homogeneous phase. On the other
hand, PANi synthesized at 25°C and 45°C presents the
granular and fibril structures, respectively. Furthermore,
the porous surface of the PANi may promote the diffu-
sion of pollutants to the internal surface of the PANi as
adsorbent material.

3.2.2. Effect of time of polymerization on PANi
morphology

The SEM images illustrated in Figs. 5 and 6 highlight
the effect of polymerization time on the morphology
of PANi depending on the mode of oxidant addition.
According to Fig. 5, for a polymerization time of 25 min
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Fig. 4. SEM images of the PANi synthesized at different tem-
peratures: (a) 0°C, (b) 25°C and (c) 45°C.

agglomerates are observed in the form of needles or
small fibers. In the case of polymerization time of 2 h
and 24 h, the agglomerates observed are in the form of
grains or platelets. According to Fig. 6, the evolution of
the polymerization time by a quick addition of oxidant
results to polymers in the form of homogeneous agglom-
erates.

From Figs. 5 and 6 it is understood that the mode of
oxidant addition may significantly affect the morphology

Fig. 5. SEM images of the PANi synthesized at different polym-
erization times: (a) 25 min, (b) 2 h and (c) 24 h. Addition of oxi-
dant drop-by-drop.

of the synthesized PANi. Fig. 5b shows homogeneous
agglomerates in the form of toothed platelets. However,
Fig. 6b shows agglomerates that are lesser distinct than in
the previous case. According to the SEM images obtained
for different polymerization times, it is concluded that
2 h of polymerization (Fig. 5b) would be favourable for
further studies of pollutants adsorption by the polymer.
This is confirmed by the results of the adsorption testing,
described below.
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Fig. 6. SEM images of the PANi synthesized at different polym-
erization times: (a) 25 min; (b) 2 h; (c) 24 h. Rapid addition of
oxidant.

3.3. X-ray diffraction (XRD) analysis

The diffraction diagram of the PANi (Fig. 7) consists
of four, close and intense peaks, which originate from the
ordered zones of the material. The main lines of reflection
are present at 20 = 8° 26 = 15°; 20 = 20°; 26 = 25°, which
suggests that the synthesized PANi was in the proton-
ated conducting state (PANi emeraldine-salt form) [30,31].
In addition, the conductive form of PANi is positively
charged. This indicates that the PANi can be considered as
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Fig. 7. Diffraction diagram X-ray of the PANi.
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Fig. 8. XPS diagram of the PANi.

a suitable adsorbent material for removal of anionic pollut-
ants from wastewater.

3.4. X-ray photoelectron spectroscopy (XPS) analysis of PANi

The XPS analysis of the PANi is presented in Fig. 8. The
major peaks observed are Au 4f, C 1s, N 1s, O 1s centred to
85, 285, 400, 529 eV, respectively. The presence of the peaks
of the carbon and nitrogen are assigned to the atoms belong-
ing to the polymer. The signal of the oxygen observed at
529 eV is attributed to the oxygen atoms belonging to the
hydrogen sulfate counter ions. The peaks of Si, Ca, K, and
Fe are impurities of the reagents.

3.5. Thermal analysis of PANi

The results obtained by thermo-gravimetric analysis
(TGA) and differential thermal analysis (DTA) of 10 mg
of PANi are shown in Fig. 9. According to Fig. 9a, a loss
of PANi mass is recorded in the area 25-100°C (approxi-
mately 11%). This is due to the evaporation of the water.
Subsequently, a more significant loss of mass is observed
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after 400°C, which corresponds to the degradation of the
PANi polymer. These results indicate the PANi possesses a
good thermal stability.

3.6. Adsorption of pollutants on the PANi

The objective of this section is to examine the ability
of the PANi to adsorb various types of pollutants such
as Congo red, carmine indigo, sodium salicylate, Cr(VI),
hemimellitic, trimellitic and pyromellitic acids from aque-
ous solutions. The effects of experimental factors such as
pH, contact time, initial concentration, and temperature on
the adsorption process were systematically investigated.
The optimization of experimental parameters for all stud-
ied pollutants was carried out using one variable at a time
method in a batch adsorption system.

The obtained results in the optimum operating con-
ditions are summarized in Table 1. From these results,
it was observed that the removal yield of all studied
pollutants by PANi tend toward 100%, which indicates
the good affinity of the adsorbates on the surface PANi.
This adsorption behavior may be related to the porous
structure of the PANi, which facilitates the penetration of
adsorbate molecules to interior pores of the adsorbent. In
addition, the electrostatic interactions between adsorbate
molecules charged negatively and surface of the PANi
charged positively may be considered as an important
factor involved in the adsorption process of all pollutants
on the PANI.

TGA DTA

Start 0.00min

60 25.65C 200
End 16.33min

50 187.88C 150
Weight Loss  -0.855mg

401 -11.218% 100

Start 0.00min
25.85C
57.72min
599.44C
Weight Loss -7.626mg
-100.052%

0 50 100 150 200 250 _300 350 400 450 500 550 600
Temp [C]

Fig. 9. Thermal treatment of the PANi under air with 10°C/min.

Table 1

The high removal efficacy of the various studied pollut-
ants indicates that the synthesized PANi can be used as a
potential and eco-friendly adsorbent for removal of differ-
ent types of pollutants from industrial effluents.

4. Conclusion

The chemical oxidation of PANi was carried out in the
presence of sodium persulfate in an acidic environment.
The effect of different synthesis conditions was examined,
and the following conclusions were drawn:

* The results of the infrared spectroscopy show that the
polymerization time and temperature have no effect on
the polymerization.

® Scanning electron microscopy analysis showed that
the morphology of the PANi synthesized at 0°C is not
very different form the one obtained at 25°C; though, its
morphology at 45°C is in the form of toothed pads and
in cauliflower forms.

e The drop by drop addition of the oxidant allows after 25
min of polymerization the synthesis of PANi agglomer-
ates in the form of needles or small fibers.

¢ Contrarily, the synthesis of the PAN;i, after 2 h and 24 h
of polymerization, resulted to agglomerates in the form
of platelets.

e The rapid addition of the oxidant led to the formation
of homogeneous PANi agglomerates.

* The X-ray diffraction (XRD) results assign an amor-
phous structure with the partial order to PANi.

® The peaks of carbon and nitrogen presented in the results
of XPS are attributable to the atoms belonging to PANi.

e The results of thermal analysis showed that PANi
demonstrates thermal degradation around 400°C.

® The adsorption capacity of the synthesized PANi is
independent of the nature of the pollutants, reaching
100% for most of the tested compounds (Dyes, Cr(VI),
Humic acid derivatives, Pharmaceutical by-product)
under optimal conditions.
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