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Abstract

Water pollution by heavy metals is a great health concern worldwide. Lead and cadmium are among the most toxic heavy metals
because they are dangerous for the human and aquatic lives. In this work, the removal of lead and cadmium from aqueous
solutions has been studied using electrosynthesized 4-amino-3-hydroxynaphthalene-1-sulfonic acid-doped polypyrrole
(AHNSA-PPy) films as a new adsorbent. Two distinct methods, including the immersion method, based on the Pb** and Cd**
spontaneous removal by impregnation of the polymer in the solution, and the electro-elimination method, consisting of removal
of Pb* and Cd** ions from the solution by applying a small electrical current (5 mA) to the polymer film, were developed: the
evolution of Pb** and Cd** concentrations with time was monitored by inductively coupled plasma optical emission spectrom-
etry (ICP-OES). The effect of pH on the adsorption and electro-elimination of Pb** and Cd** using the AHNSA-PPy film was
investigated and optimized, showing that the ionic adsorption and electro-elimination processes were highly pH-dependent. The
kinetics of Pb** and Cd** adsorption and electro-elimination were found to follow second-order curves. The maximum adsorp-
tion capacity values of the AHNSA-PPy film were 64.0 and 50.4 mg/g, respectively, for Pb>" and Cd**. The removal efficiency
values were, respectively, for Pb>* and Cd**, 80 and 63% by the immersion method, and 93 and 85% by the electro-elimination
method. Application of both methods to Senegal natural waters, fortified with Pb** and Cd**, led to removal efficiency values of,
respectively for Pb>* and Cd**, 76-77 and 58-59% by the immersion method, and of 82-90 and 80-83%, by the electro-
elimination method.

Keywords 4-Amino-3-hydroxynaphthalene sulfonic acid polypyrrole (AHNSA-PPy) - Pb** removal - Cd** removal -
Immersion - Electro-elimination

Introduction

Nowadays, decontamination of polluted waters containing
toxic, heavy metals constitutes a major health and environ-
mental issue. Water contamination has many origins, such as
the burning of fossil fuels, the exhaust gases of vehicles, min-
ing, agriculture, and incineration of solid and liquid wastes.
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lead is known to yield mutagenic and carcinogenic effects
(Goullé 1998; Lyn 2006) and to induce oxidative stress and
DNA damage in mice (Jin et al. 2008). Excessive exposure to
cadmium can cause death when it enters in mammalian cells
and accumulates at high concentrations in the cytoplasmic and
nuclear space (Detmar and Stefan, 1997; Satoh et al. 2003).

For these reasons, it is necessary to find effective tech-
niques able to remove these heavy metals, toxic for humans
and harmful for the environment. Therefore, a number of
methods, like chemical precipitation (Macchi et al., 1996),
adsorption (Sharma et al. 2013), ion-exchange (Dabrowski
et al. 2004), electro-coagulation (Vasudevan et al. 2012), and
membrane separation (Mortaheb et al. 2010), have been de-
veloped to trap heavy metallic ions in aqueous solutions.
Howeyver, these methods suffer from various drawbacks, such
as membrane fouling by metal hydroxides and carbonates,
poor effectiveness for the removal of heavy metal at low con-
centrations, and high operating costs (Heidmann and
Calmano, 2008).

In recent years, there has been a growing interest for apply-
ing bio/conducting polymeric materials to the removal of
heavy metals, such as divalent cadmium and lead, because
of their remarkable adsorption properties, low cost, ability to
be functionalized with various metal chelating groups, and
environmental compatibility (Mansour et al. 2011; Hasani
and Eisazadeh, 2013; Karthik and Meenakshi 2015; Jiang
et al. 2012). For example, Mansour et al. (2011) have showed
that polyaniline coated on sawdust (PANI/SD) could be used
to adsorb Cd** ions and to remove them from wastewater. It
was demonstrated that the PANI/SD sorption capacity strong-
ly depended on the concentration of heavy metals and on the
solution initial pH. The adsorption of Cd** ions from aqueous
solution was found to increase with pH, an optimum pH value
of about 6 being obtained for maximum adsorption. Also,
Hasani and Eisazadeh (2013) have utilized polypyrrole
(PPy) and its nanocomposites, synthesized in the presence of
sodium dodecylhydrogensulfonate (SDS) and other surfac-
tants, for the removal of Cd** from aqueous solution by means
of a batch method. The optimum conditions of sorption of PPy
nanocomposites for the removal of Cd** were found to be a
contact time of 45 min and a pH 5 value. In another study,
Karthik and Meenakshi (2015) have synthesized a PANI-
grafted chitosan (PGC) that was used as an adsorbent for the
removal of Pb>* and Cd** ions from aqueous solution. The
adsorption of these ions on PGC was confirmed by FTIR,
SEM, and EDX analysis. The authors showed that the pH of
the working solution played a significant role in the adsorption
process, the PGC sorption capacity being increased with the
pH increase, and that the elimination of Pb>* and Cd** by
PGC was significantly affected in the presence of other metal
ions. Also, Jiang et al. (2012) have assembled PANI nanofi-
bers on micro- or millimeter-scale calcium alginate (CA)
beads by a “competitive adsorption-restricted polymerization”
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approach for the removal of Pb>* and Cu®* in aqueous solu-
tions. In this PANI/CA approach, which overcame the serious
aggregation problem of PANI nanofibers, the Pb** removal
was found to surpass 90% in a wide pH range from 3 to 7. In
other studies, Heidari et al. (2009) used amino-functionalized
mesoporous and nano mesoporous silica for the removal of
Cd**, Pb**, and Ni** from a ternary aqueous solution;
Maliyekkal et al. (2010) developed a novel hybrid material,
cellulose-nanoscale-manganese oxide composite (C-NMOC),
and applied it to Pb”" removal from aqueous solutions; and
Nassar (2010) employed Fe(3)O(4) magnetic nanoadsorbents
for the rapid removal and recovery of Pb** ions from aqueous
solutions by a batch adsorption technique. Moreover,
Shameem et al. (2006) prepared chitosan-coated perlite beads
for the adsorption of Cd** from pH 6.0 aqueous solutions,
obtaining a very high adsorption capacity of 558 mg/g of
chitosan, and Chauhan et al. (2006) used thiocarbamoyl chi-
tosan (TC-chitosan) as adsorbent to simultaneously remove
Cd** and hexavalent chromium from electroplating waste
waters.

However, most of these important studies were performed
by using polymeric materials that generally required time-
consuming and multi-step chemical synthesis procedures. In
many cases, a chelating substance had to be grafted on the
polymer or a salt had to be inserted into the polymer structure
to trap the metal ions. In a very recent paper, we have de-
scribed the use of a new adsorbent, i.e., electrosynthesized
4-amino-3-hydroxynaphthalene-1-sulfonic acid-doped poly-
pyrrole (AHNSA-PPy) films, for the efficient removal of
chromium ions (Cr®*) from aqueous solutions (Sall et al.
2017). Hence, in the present work, we decided to develop
and optimize two adsorption methods, based on AHNSA-
PPy films as adsorbent, for removing Pb** and Cd** ions from
aqueous solutions. The immersion method was based on the
simple impregnation of an AHNSA-PPy film by the metallic
salt aqueous solutions, while the newly developed electro-
elimination method required the application of a 5-mA small
current and the use of an AHNSA-PPy-coated electrode
plunged in the metallic salt aqueous solution. AHNSA-PPy
films were characterized by FTIR spectrometry, and the evo-
lution of the Pb®* and Cd** ion concentrations in aqueous
solution was followed by ICP-OES. Kinetics of the Pb** and
Cd** adsorption process were investigated. Also, both
methods were applied to Senegal natural waters, fortified with
Pb>* and Cd™*.

Experimental
Chemicals

Pyrrole (Py—99%), 4-amino-3-hydroxynaphthalene-1-sul-
fonic acid (AHNSA), sodium hydroxide (NaOH), nitric acid
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(HNO,), sulfuric acid (H,SO,4), cadmium sulfate (CdSO,),
and lead nitrate [Pb(NO3),] were obtained from Sigma-
Aldrich and used as received.

Electrochemical experiments

The electrochemical experiments were carried out in a single-
compartment three-electrode cell using an EG & G Princeton
Applied Research PAR 362 Model potentiostat/galvanostat,
equipped with a Kipp & Zonen X-Y recorder. A steel plate
was used as working electrode, whereas a stainless steel grid
and a saturated calomel electrode (SCE) were employed, re-
spectively, as counter-electrode and reference electrode.

The electro-elimination method was performed by using a
DC power supply (HAMEG Instruments, HM 8040-3) and
two electrodes. The anode was a polymer-covered steel plate,
and the cathode was a naked steel plate. The inter-electrode
distance was 3.0 cm, and the submerged surface area of each
electrode plate was 12 cm®.

Spectral characterization and analysis

Fourier-transform infrared (FTIR) spectra were measured
using a Nicolet S-60 (FTIR) spectrometer (Nicolet
Instrument Corp., Madison, WI), at a 2-cm”! spectral resolu-
tion. The FTIR spectra of the AHNSA-PPy polymer films
were recorded on Pt-coated glass plates by infrared-
reflection absorption spectroscopy (IR-RAS), with a 30° inci-
dence angle accessory. All spectra were baseline corrected,
using OMNIC internal software, and were unsmoothed.

The Pb**and Cd** concentrations in aqueous solution were
determined by inductively coupled plasma-optical emission
spectroscopy (ICP-OES), using a Perkin-Elmer Optima 8300
ICP-OES instrument. The natural water samples were ana-
lyzed after filtration through 0.7-pum glass fiber filters. The
samples were injected through a Meinhard nebulizer (glass)
K1, and all experiments were performed in triplicate. Pb 220
and Cd 226 wavelengths were selected for the ICP-OES anal-
ysis. The calibration curves ranged between concentrations of
10 ug L™" and 10 mg L', with correlation coefficients of
0.999 for Pb>" and Cd*".

Electrosynthesis of AHNSA-PPy

The electrosynthesis of AHNSA-PPy was performed in an
aqueous solution constituted of 0.01 M AHNSA + 0.007 M
NaOH + 0.1 M Py (Sall et al. 2017). In order to completely
dissolve poorly hydro-soluble AHNSA, the 0.01-M AHNSA
+ 0.007-M NaOH aqueous medium was stirred in an ultra-
sound bath for 5 min. Finally, a clear solution of pH = 5.1 was
obtained, and an amount of Py, corresponding to a 0.1-M
concentration, was added. Cyclic voltammetry (CV) was car-
ried out during 20 cycles in the above-described medium, and

a homogeneous AHNSA-PPy film was obtained on the work-
ing electrode (steel plate) by repetitively scanning the poten-
tial between —0.8 and 1.0 V/SCE at a scan rate of 100 mV/s.
After weighing the steel plate, it was found that a mass of
polymer of about 30 mg was electrodeposited on the working
electrode.

Procedures for the determination of lead
and cadmium removal

For the immersion method, a steel plate covered by an
AHNSA-PPy film was dove either in a 6O—mg—L71 Pb(NOs),
orin a 60-mg-L ™' CdSO, aqueous solution. Then, the Pb** or
the Cd** concentration was monitored as a function of the
polymer impregnation time and solution pH. The effect of
the Pb(NO3), or CdSO, solution pH changes on the polymer
adsorption capacity was examined between pH values of 1
and 6 by measuring the Pb>* or Cd** solution ICP-OES in-
tensity. The solution pH values were adjusted by adding small
amounts of H,SO4 or HNO;.

In the case of the electro-elimination method, an optimized
electrical current of constant intensity (/=5 mA) was applied
between two electrodes, the anode being an AHNSA-PPy
polymer-covered steel plate and the cathode being a naked
steel plate. Both electrodes were plunged either in a 60-mg-
L' Pb(NOs), or in a 60-mg—L71 CdSO, aqueous solution at
an optimized pH value. Then, the Pb>* or the Cd** concentra-
tion was followed by ICP-OES as a function of the electrolysis
time.

We estimated the Pb>* and Cd** removal efficiency (% R)
of the polymer by means of Eq. (1):

%R = [(Co—C,)/Co] x 100, (1)

where Cyy and C, are, respectively, the Pb>* or Cd** concen-
trations (mg/L) at times #=0 and ¢.

The adsorption capacity of the polymer at the time ¢ (g,)
was determined by Eq. (2):

g, = [(Co=Cy)/m] x V, (2)

where C, and C, are, respectively, the Pb>* [or Cd**] concen-
trations (mg/L) at times #= 0 and ¢, m, the polymer mass (g);
and V, the Pb(NOs), [or CdSO4] solution volume (L).

Application studies

For the application studies to Senegal natural waters, the dif-
ferent natural water samples were first filtered using 0.7-um
glass fiber filters. Then, the filtered samples were fortified by
dissolving 60 mg of Pb(NO;), or CdSO, in a 1-L volume of
these samples, in order to reach an initial concentration =

60 mg L', and adjusted at the optimum pH value. The % R
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and ¢, values were determined for all natural water samples at
impregnation time and electrolysis time optimum values.

Results and discussion
Effect of pH

The influence of pH on the adsorption process of Pb>* and
Cd** ions on the polymer-covered plate was investigated in
the pH range of 1-6 by the immersion method. We followed
by ICP-OES the evolution of the removed Pb** and Cd**
percentages with the pH of the metal solution (Fig. 1). As
can be seen, the Pb®* and Cd** adsorption onto AHNSA-
PPy films increased with pH up to a pH 6 optimum value
for which the best removal efficiency was obtained. A similar
pH trend was reported by Ramesh et al. (2013) in the case of
the sorption of Pb**onto hydroxyapatite surfaces.

Beyond this pH value of 6, especially in alkaline condi-
tions, the removal efficiency remained practically constant.
This behavior can be partly attributed to the appearance of
precipitates resulting from the formation of very poorly
hydro-soluble lead and cadmium hydroxides with different
charges, such as Pb(OH)* and Pb(OH), (Altin et al. 1999;
Sari et al. 2007; Ramesh et al. 2013). In these conditions, an
important part of lead and cadmium was precipitated, and
another smaller part was adsorbed by AHNSA-PPy.

Upon going from pH 1 to 6, the observed increase of Pb**
and Cd** removal efficiency with pH value is probably also
due to the fact that the doping AHNSA molecules in their
cationic (ammonium) form were gradually transformed into
the zwitterionic form. It is in this later form that the sulfonic
acid group (one of the AHNSA chelating sites) is dissociated
and, therefore, because of its negative charge, can attract the
Pb>* or Cd>* cations, which would partly explain the Pb>* and
Cd** sorption maximum value onto AHNSA-PPy found
around pH 6. In contrast, in strongly acidic solution, the pro-
tonation of the AHNSA amino group would slow down the
adsorption of metallic cations, leading to a lower removal
efficiency at pH 1.

Since the Pb** and Cd** maximum removal efficiency
values were observed in a pH 6 aqueous solution, we selected
this optimal pH value of 6 for all our kinetic studies of the Pb>*
and Cd** removal, using the immersion method as well as the
electro-elimination methods.

Kinetic study of the Pb** and Cd** removal
by the immersion method

In preliminary experiments, we determined the effect of vary-
ing the initial concentration of Pb** and Cd** (20, 40, and
60 mg L") on the polymer removal efficiency of the metal
ions and on the Pb>* and Cd** adsorption kinetics. Since we
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Fig. 1 Effect of pH on the adsorbed Pb** (a) and Cd** (b) removal
percentage

found an increase in the AHNSA-PPy removal efficiency and
the adsorption rate constant with the initial metal ion concen-
tration, we decided to choose an optimal, initial concentration
value of 60 mg L™ for all our kinetic studies of the Pb>* and
ca* removal, using the immersion method as well as the
electro-elimination method.

Pb>* removal by the immersion method

Our kinetic study was carried out at a room temperature in a
pH 6 Pb(NOs3), aqueous solution (60 mg LY, in which a
AHNSA-PPy polymer film-covered steel plate was plunged.
The evolution of Pb>* ion concentration was followed by ICP-
OES as a function of the polymer impregnation time (Fig. 2).
As can be seen, a progressive decrease of the Pb** concentra-
tion occurred with time. We noted a significant reduction of
the Pb** concentration which diminished within 8 h from 60.0
to 11.5 mg L™". This decrease corresponded to 81% Pb**
removal efficiency.

The analysis of the adsorption kinetic of Pb** on a
polymer-covered anode (m [polymer] =30 mg) under opti-
mized experimental conditions led to a second-order kinetic
curve, since the curve 1/C,— 1/Cy as function of time was
linear: y = 0.88 ¢ with a correlation coefficient 7 =0.991. We
obtained a second-order rate constant value k, =0.88 +
0.07 Lmol 's™".

Cd %* removal by the immersion method

We performed our kinetic study at a room temperature in a pH
6 CdSO, aqueous solution (60 mg L), in which an AHNSA-
PPy polymer film-covered steel plate was plunged. Then, the
evolution of Cd** concentration was monitored by ICP-OES
as a function of the polymer impregnation time (Fig. 2). It can
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Fig.2 Evolution of the Pb** and Cd** concentration in a pH 6 Pb(NO5),
and CdSO, aqueous solution (initial concentration =60 mg LYHasa
function of the AHNSA-PPy polymer impregnation time (immersion
method), followed by ICP-OES. Insert: evolution of the polymer
adsorption capacity for (a) Pb*>" and (b) Cd**. The quantity of metal ion
(9, in mg g ' of polymer) adsorbed by AHNSA-PPy polymer (m =
30 mg) was measured by ICP-OES as a function of impregnation time.
All measurements were carried out in 40 mL of pH 6 Pb(NOs), and
CdSOy aqueous solutions

be seen that the concentration of Cd** in solution progressive-
ly decreased with time. Our ICP-OES results showed that the
Cd** concentration diminished within 8 h from 60.0 to
15.2mg L™", which indicated a 74.6% Cd** removal efficien-
cy. We can conclude that, by using the immersion method, the
AHNSA-PPy polymer was able to remove the majority of
Cd* ions in aqueous solution. However, the removal efficien-
cy, using the same method, was better in the case of Pb** ions.

The study of the adsorption kinetic of Cd** on a polymer-
covered anode (m [polymer] = 30 mg) under optimized exper-
imental conditions yielded a second-order kinetic curve, since

the curve 1/C,— 1/C, as function of time was linear: y=0.36 ¢
(correlation coefficient P = 0.988), from which we deter-
mined a second-order rate constant value k, =0.36
+ 0.0/ Lmol 's™".

Kinetic study of the Pb?* and Cd** removal
by the electro-elimination method

We developed a novel electro-elimination method for the re-
moval of Pb>" and Cd** from aqueous solutions. This method
consisted, first, of electro-deposition of the polymer
(AHNSA-PPy film) on a steel anode by CV, as described in
the experimental part. Then, two steel electrodes, i.e., a
polymer-covered anode and an auxiliary bare steel cathode,
were immersed in a pH 6 lead nitrate or cadmium sulfate
aqueous solution (60 mg L") and submitted to an applied
current of 5 mA.

Pb* removal by the electro-elimination method

We followed by ICP-OES the evolution of the Pb®* concen-
tration with time. As can be seen in Fig. 3, our kinetic results
were characterized by an important and progressive decrease
in the Pb>* concentration with time. Indeed, within 6 h, the
Pb>* concentration decreased from 60.0 to 3.7 mg L_l, which
corresponded to a 94% Pb** removal efficiency. It is worth-
while to note that, compared to the simple immersion method,
our electro-elimination method yielded a significant augmen-
tation of the Pb>* removal efficiency from 81 to 94% within a
2-h shorter time period. These results demonstrated that the
electro-elimination method was more efficient and more rapid
than the immersion method for lead removal from aqueous
solutions.

The kinetic analysis of Pb** electro-elimination, using a
AHNSA-PPy polymer-covered anode (m [polymer] =
30 mg) under optimized experimental conditions, led, like
for the immersion method, to a second-order kinetic curve,
since the curve 1/C,— 1/Cy as function of time was linear:
y=3.9 ¢ with a correlation coefficient 7% = 0.987. Therefore,
we obtained a second-order rate constant value: k> =2.20 +
0.07 L mol 's™".

Compared to the k, value found for Pb** adsorption by the
simple immersion method, this &, value was 2.5 times higher,
which confirmed that the electro-elimination method was sig-
nificantly more rapid than the immersion method for Pb**
removal. This important rate constant increase can be ex-
plained by the acceleration effect of the applied current on
the Pb(II) adsorption process.

Cd>* removal by the electro-elimination method

We monitored by ICP-OES the change of Cd** concentration
with time (Fig. 3). As can be seen, an important and
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Fig. 3 Evolution of the Pb** and Cd** concentration in pH 6 Pb(NOs),
and CdSO, aqueous solutions (initial concentration =60 mg Lasa
function of time (electro-elimination method—/=35 mA), followed by
ICP-OES

progressive decrease in the Cd** concentration took place
with time. Indeed, within 6 h, the Cd** concentration de-
creased from 60.0 to 6.0 mg L', which represented a 90%
Cd** removal efficiency by the electro-elimination method.
Therefore, compared to the simple immersion method, our
electro-elimination method led to a very large increase of the
Cd** removal efficiency from 74.6 to 90%, within a 2-h
shorter time period. Our results showed that the electro-
elimination method is much more efficient and more rapid
than the immersion method for cadmium removal from aque-
ous solution, like in the case of lead removal.

The kinetic study of the Cd** electro-elimination, using a
AHNSA-PPy polymer-covered anode (i [polymer] =30 mg)
under optimized experimental conditions, gave a second-order
kinetic curve, since the curve 1/C,— 1/C, as function of time
was linear: y = 1.65 ¢ with a correlation coefficient 7% = 0.997.
‘We obtained a second-order rate constant value: k, =1.65 +
0.10 L mol " s™'. Compared to the k, value obtained for Cd**
adsorption by the simple immersion method, this k, value was
more than four times higher, which confirmed that the electro-
elimination method was much more rapid than the immersion
method for Cd** removal. Like for the Pb** kinetic study, we
attributed this very large rate constant increase to the acceler-
ation effect of the applied current on the Cd** adsorption
process.

Evolution of the polymer adsorption capacity for Pb>*
and Cd**

Using Eq. (2), we calculated the adsorption capacity of the
AHNSA-PPy polymer at different times (g,) for Pb** and
Cd**, i.e., the quantity of lead and cadmium adsorbed per
gram of polymer, which was monitored as function of impreg-
nation time (Fig. 2—insert). As can be seen, the adsorbed
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quantity of Pb>* and Cd** significantly increased with the
polymer impregnation time and then reached a plateau region.
The curves of Fig. 2 (insert) showed that, after 8 h of polymer
impregnation time, maximum adsorption capacity values of
64.0 mg of Pb* and 50.4 mg of Cd** per gram of polymer,
respectively, were found. In agreement with the kinetic study,
our results indicated that the polymer adsorption capacity was
better for lead than for cadmium. These adsorption capacity
values were much greater than the maximum monolayer ad-
sorption capacity values of 16.07 and 14.33 mg g ', respec-
tively, for Pb>* and Cd** ions, obtained by Karthik and
Meenakshi (2015), using polyaniline-grafted chitosan (PGC)
as adsorbent, and of 18.72 mg g~' for Cd** ions, found by
Ramesh et al. (2011), using coir pith as adsorbent. Therefore,
we can conclude that our AHNSA-PPy polymer is a relatively
good adsorbent for the removal of Pb”" and Cd** ions from
aqueous solution.

Influence of Pb>* and Cd>* adsorption
on the AHNSA-PPy FTIR spectra

We compared the FTIR spectra of AHNSA-PPy polymer
films on Pt-coated glass plates, before and after immersion
in pH 6 Pb(NO3), and CdSO, aqueous solutions (initial con-
centrations = 60 mg L") during 8 h (Fig. 4). The assignment
of'the main IR bands of AHNSA-PPy polymer was carried out
on the basis of literature FTIR spectral data of analogous com-
pounds (Bhandari et al. 2011; Cirié—Matjanovié et al. 2006;
Just et al. 1999; Just et al. 2001; Sall et al. 2017; Socrates
2004).

The AHNSA-PPy FTIR spectrum (Fig. 4(a)) exhibited two
bands located at 712 cm ' (weak intensity) and 770 cm !
(medium intensity), attributed to yC—H bending vibrations
of the AHNSA naphthalene cycle (un-substituted and tri-
substituted phenyl groups). Also, one strong band, located at
1035 cm ', was assigned to the symmetric vS—O stretching
vibration of the SO;H substituent. Two other bands situated at
1210 (strong intensity) and 1312 cm ' (medium intensity)
corresponded, respectively, to the C—O stretching vibration
and to the O—H bending vibration of the naphthol group.
Moreover, one strong band which appeared at 1555 cm™
was assigned to the naphthalene cycle vC=C stretching vibra-
tions. In addition, it was observed that there are several bands
due to various vibrations of Py rings. For example, a strong
band occurring at 910 cm 'corresponded to the YC—H oop
bending vibrations of two adjacent hydrogens of 2,5 disubsti-
tuted Py rings. Also, two weak bands, appearing at 1090 and
1475 cm™', were attributed, respectively, to the Py vC—N and
vC=C stretching vibrations. Moreover, a strong and very wide
band, with two components located at about 3100 and
3400 cm ', was characteristic of the overlapping of the
hydrogen-bonded stretching vibrations, vO—H of the naphtha-
lene cycle (AHNSA OH substituent) and vN—H of the
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naphthalene cycle (AHNSA NH, substituent) and of the Py
cycle (N-H group). The presence of all these bands confirmed
that the AHNSA amphoteric salt was inserted between the
PPy polymer chains (Sall et al. 2017).

Several notable changes occurred in the polymer spectra
after immersion in Pb>* and Cd*" solutions (Fig. 4(b, ¢)). The
AHNSA absorption band located at 1035 cmfl, attributed to
the SO3;H substituent vS—O stretching vibrations, and other
bands at 1210 and 1312 cm™ ', corresponding to naphthol
group vibrations, were slightly shifted and their intensity
strongly diminished. Also, the wide band located in the
3100-3400-cm ™" region, corresponding to the stretching vi-
brations, vO—H of the naphthalene cycle, and vN-H of naph-
thalene and of Py, nearly disappeared after immersion in Pb>*
and Cd** solutions. The later result can be explained by strong
electrostatic interactions of OH, NH, (naphthalene), and NH
(Py) groups with Pb** and Cd** ions, producing an important
decrease of the intensity of the vO—-H and vN-H stretching
vibrations. Moreover, a weak band appeared at 1710 cm ',
which was ascribed to the overoxidation of PPy. This
overoxidation reaction probably resulted from the attack of
doped PPy chains by nucleophilic NO;~, SO,*, or OH spe-
cies, used during the Pb** or Cd>* adsorption process on the
polymer (Lewis 1998; Novak et al. 1991). All these FTIR
spectral changes clearly demonstrated the existence of inter-
actions between Pb>* or Cd** ions and N-H, O-H, and S-O
chelating sites of AHNSA-PPy films, indicating that the nitro-
gen, oxygen, and sulfur atoms played an important role in the
adsorption of Pb>* and Cd** species on AHNSA-PPy polymer
films, as already shown in the case of the interactions of Pb>*
and Cd** ions with other adsorbents (Chauhan et al. 2006;
Karthik and Meenakshi 2015).

Wave number/cm-1

Application to natural waters

We investigated samples of different Senegal natural waters,
fortified with 60 mg L' of Pb** or Cd** ion by means of both
adsorption methods, under the above-described, optimized
conditions (polymer mass =30 mg, solution pH 6.0, /=
5 mA). The removal of Pb>* and Cd** from these fortified
natural water samples was studied by comparing the applica-
tion of the simple polymer immersion method and of the new-
ly developed, electro-elimination method.

Application of the immersion method

Using the immersion method, we dived a polymer-covered
electrode into the natural water samples fortified with
Pb(NO3), or CdSO, solutions. Then, we followed the evolu-
tion of the lead or cadmium ICP-OES intensity as a function of
the polymer impregnation time. For all fortified natural water
samples, ICP-OES analysis indicated a progressive diminu-
tion of the Pb®* or Cd** concentration with the impregnation
time.

Figure 5 shows the gradual decrease of Pb** and Cd**
concentrations in the case of a fortified river water sample.
The Pb** and Cd** concentrations decreased, respectively,
from 60.0 to about 13.8 and 24.6 mg L', within 8 h, which
corresponded to respective metal ion removal percentages of
77 and 59%. In this river water sample, the adsorbed metal ion
quantities (g,) were, respectively for Pb** and Cd** ions,
around 61.5 and 47.0 mg g~ of polymer. These ¢, values
are very close to those obtained in pure water (respectively,
64.0 mg of Pb® and 50.4 mg of Cd** per gram of polymer).
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Fig.5 Evolution of the Pb>* and Cd** concentrations as a function of the
AHNSA-PPy polymer impregnation time (immersion method), followed

by ICP-OES, of a Senegal river water sample fortified with 60 mg L ™" of
Pb** or Cd**

In Table 1, we have given the values of lead and cadmium
removal efficiency (R) and of adsorbed Pb** and Cd* quantity
(g, for all Senegal natural water samples under study.

As can be seen, the R values, measured in the natural water
samples after an impregnation time of 8 h, were practically
constant, being comprised, respectively, between 76.0 and
77.0% for Pb**, and between 58.5 and 59.0% for Cd**.
They were lower than the R values of 80.0 and 74.7%, deter-
mined, respectively, for Pb** and Cd** in pure water. These
relatively high R values indicated that the AHNSA-PPy poly-
mer was able to remove the majority of Pb>* and Cd** from
fortified natural waters.

For all natural waters under study, the g, values were almost
constant, ranging, respectively, for Pb** and for Cd**, from
60.5 to 61.6 mg g ' and from 46.8 to 47.0 mg/g of polymer.
They were slightly smaller than the q; values of 64.0 and
50.4 mg g ', obtained in pure water, respectively for Pb**
and Cd**, like in the case of the R values. Our results demon-
strated a rather satisfactory adsorption efficiency of the
AHNSA-PPy polymer. As already indicated, these ¢, values
were greater than the maximum monolayer adsorption capac-
ity values obtained by Karthik and Meenakshi (2015), using
PGC as adsorbent.

The decreases of the lead and cadmium ion removal effi-
ciency and adsorbed quantity values observed between pure
water and the various fortified natural waters are probably due
to the influence of other interfering metal ions, such as Ni*,
Co?*, Cu*, and Zn>*, generally present in most natural wa-
ters, or Nat and Mg2+ ions in sea water. These decreases could
be explained by a kinetic competition between the various
metallic ions, depending on their charge, size, and concentra-
tion, for the sorption sites on the adsorbent surface (Karthik
and Meenakshi 2015; Nassar, 2010).

Overall, our results demonstrated the rather satisfactory
removal efficiency and adsorption capacity of AHNSA-PPy,
and the interest of applying our simple immersion method to
the removal of Pb>" and Cd** in natural waters.

Application of the electro-elimination method

In the case of newly developed, electro-elimination meth-
od, we put two steel electrodes, including a plate coated
with AHNSA-PPy as anode and a bare plate as cathode, in
various natural waters of Senegal, that were fortified with
Pb(NO3), or CdSOy solutions. Then, a maximum / value of
5 mA was applied at times =0, 60, 120, 240, and 360 min.
Samples were collected at these electrolysis times, and we
followed the evolution of the lead and cadmium ICP-OES
intensity. For all fortified natural water samples, there was
a gradual decrease in the Pb*" and Cd** concentrations
with time.

We have presented in Fig. 6 a histogram showing the grad-
ual decrease of lead and cadmium concentrations for a
Senegal fortified river water sample. The Pb** and Cd** con-
centrations decreased from 60.0 to about 6.0, and
10.2 mg L, respectively, within an electro-elimination time
of 6 h, which corresponded to respective removal percentages
(R) of 90 and 83%. These R values obtained by the electro-
elimination method were larger by, respectively, for Pb** and
Cd** ions, 13 and 24% than those found for a fortified river
water sample, using the simple immersion method. As expect-
ed, our results confirmed that the electro-elimination method
was significantly more efficient than the immersion method
for the removal of Pb** and Cd** from fortified river water
samples.

Table 1 Pb** and Cd** removal

efficiency and adsorbed quantity Water sample  Pure water River water Sea water Stagnant rain water Well water
values, obtained from Senegal
fortified natural water samples, Pb** cd** Pb** cd** Pb** cd** Pb** cd* Pb** cd**
using the immersion method
(%) R? 80.0 74.6 77.0  59.0 76.0 585 77.0 59.0 77.0  59.0
g (mg/g) 64.0 50.4 61.5 47.0 60.6  46.8 61.6 47.0 61.6 469

(%) R =Pb>" and Cd** removal efficiency
® ¢, =Pb** and Cd** quantity adsorbed (in mg g~ of polymer)
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Fig. 6 Evolution of the Pb>* and Cd>* concentrations as a function of
time (electro-elimination method—/ =5 mA), followed by ICP-OES, of a
Senegal river water sample fortified with 60 mg L™" of Pb** or Cd**

Table 2 displays the values of Pb** and Cd** removal effi-
ciency (R) and of adsorbed Pb** and Cd** quantity (g,) for all
Senegal natural water samples under study.

As can be seen, the R values, measured in the natural water
samples after an electro-elimination time of 6 h, were fairly
high, ranging, respectively, between 82 and 90% for Pb>*, and
between 80 and 83% for Cd2+, according to the natural water
sample. They were lower than the R values of 93 and 85%,
determined, respectively, for Pb** and Cd** in pure water.
Also, it is worthwhile to note that, compared to the results
obtained for the immersion method, the R values measured
for the electro-elimination method increased, importantly by 6
to 17% for Pb**, and by 21 to 26% for Cd**, depending on the
natural water sample.

The ¢, values were comprised, respectively, for Pb** and
for Cd2+, between 63.0 and 72.0 mg/g, and between 63.8 and
65.5 mg/g of polymer, according to the natural water sample
(Table 2). They were slightly smaller than the ¢, values of 74.4
and 66.9 mg/g, obtained in pure water under optimized con-
ditions, respectively for Pb** and Cd**. Relatively to the re-
sults of the immersion method, the ¢, values measured by the
electro-elimination method significantly increased for Pb**
and for Cd**, depending on the natural water sample.

Also, the electro-elimination method confirmed the occur-
rence of significant decreases of the lead and cadmium ion
removal efficiency and adsorbed quantity values between pure
water and the fortified natural waters, already revealed by the
immersion method. As noted above, these decreases probably
result from the influence of other interfering metal ions, such
as Ni**, Co**, Cu®*, and Zn**, generally present in most nat-
ural waters (Chauhan et al., 2012; Karthik and Meenakshi,
2015), or Na™ and Mg*" ions in sea water.

Our results showed that, for all the fortified natural waters
under study, the electro-elimination method, applied within a
shorter time, considerably improved the lead and cadmium
removal efficiency and adsorption capacity of AHNSA-PPy,
relative to the immersion method. Therefore, it is preferable to
use the electro-elimination method rather than the immersion
one for removing efficiently and rapidly Pb** and Cd** from
natural waters.

Conclusion

In this work, we have been able to utilize the
electrosynthesized AHNSA-PPy polymer as a good adsorbent
for the removal of Pb>* and Cd** ions from aqueous solutions,
either by the simple immersion method or by the newly de-
veloped electro-elimination method. For both methods, the
efficiency of Pb** and Cd** removal was highly pH-depen-
dent, the maximum removal efficiency being obtained at pH
6. The removal of Pb** and Cd** ions adsorbed on the
AHNSA-PPy polymer was followed by ICP-OES. From our
kinetic results, we can conclude that the second-order kinetic
model is suitable to describe the adsorption process of Pb**
and Cd*" ions on AHNSA-PPy. Moreover, the removal effi-
ciency of Pb>* and Cd** increased, respectively, from about
80 and 75% within 8 h by the immersion method to about 93
and 85% within 6 h by the electro-elimination method, where-
as the maximum adsorption capacity of Pb** and Cd** also
increased, respectively, from about 64 and 50 mg g ' by the
immersion method to about 74 and 67 mg g~' of polymer by
the electro-elimination method. Therefore, we can deduce
from these results that the electro-elimination method was
much more efficient and more rapid than the immersion

Table 2 Pb** and Cd** removal

efficiency and adsorbed quantity Water sample ~ Pure water River water Sea water Stagnant rain water Well water

values, obtained for Senegal

fortified natural water samples, P> & Pbt Cd* P Cd Pb cd* Pb**  Cd*

using the electro-elimination

method (%) R* 93 85 90 83 82 80 90 83 88 81
g (mg/g) 744 66.9 720 653 655 630 720 65.3 704 638

(%) R =Pb>" and Cd** removal efficiency
°4,=Pb** and Cd** quantity adsorbed (in mg g~ of polymer)
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method for Pb>* and Cd** removal from aqueous solution.
Moreover, the application of both methods to different
Senegal natural water samples fortified with Pb>* or Cd**
led to much higher removal efficiency and adsorption capacity
values for the electro-elimination method than for the immer-
sion method. We can also conclude from these application
studies that the electro-elimination method was more efficient
for Pb** and Cd** removal from fortified natural waters than
the immersion method, and that the former method should be
chosen for field studies.
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