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Abstract Polypyrrole (PPy) conducting films, doped with 4-
amino-3-hydroxynaphthalene sulfonic acid (AHNSA), were
electrosynthesized by anodic oxidation of pyrrole on Pt and
steel electrodes in aqueous medium (0.01 M AHNSA
+0.007 M NaOH, using cyclic voltammetry (CV), and their
electrochemical properties were studied. Fourier-transform in-
frared (FT-IR) spectroscopy confirmed the formation of
AHNSA-PPy films. Their morphology was characterized by
scanning electron microscopy (SEM), and their optical prop-
erties, including UV-VIS absorption and fluorescence spectra,
were also investigated. AHNSA-PPy films were used for the
removal of chromium(VI) from aqueous solution, by means of
the immersion method and the Cr(VI) electro-reduction meth-
od. The effect of various experimental parameters, including
the adsorbent (polymer) mass, pH, type of electrodes, and
current intensity, on the adsorption of chromium by the poly-
mer was performed and optimized. The adsorption and
electro-reduction of (Cr VI) on the AHNSA-PPy film surface
were found to be highly pH-dependent, and the kinetics of
Cr(VI) adsorption and electro-reduction followed second-
order kinetic curves. Apparent second-order rate constants
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were about three times higher for the Cr(VI) electro-
reduction method than for the immersion method, indicating
that the use of electro-reduction method significantly acceler-
ated the chromium adsorption process on polymer. The max-
imum adsorption capacity of the AHNSA-PPy film for chro-
mium was 224 mg g . A 96% chromium removal from pure
aqueous solution was reached within about 48 h by the im-
mersion method, but only within about 6 h by the Cr(VI)
electro-reduction method. Application of both methods to
Cr(VI) fortified natural waters of Senegal led to chromium
removal efficiency high values (93 to 96% according to the
type of natural water).

Keywords 4-Amino-3-hydroxynaphthalene sulfonic acid
(AHNS)-polypyrrole films - Adsorbent - Hexavalent
chromium removal - Electro-reduction

Introduction

Because of their remarkable physicochemical and electro-
chemical properties, the conducting organic polymers
(COPs) have opened very interesting perspectives in the field
of new materials and modified electrodes. Due to their out-
standing mechanical properties, resistance to corrosion, and
low production cost, COPs have been able to complement
and, in some cases, to replace metallic materials. They offer
several important applications, such as energy storage (Yang
et al. 2015; Saranya et al. 2015; No€l and Randriamahazaka
2012), protection against corrosion (Diaw et al. 2008; Flamini
and Saidman 2010; Armelin et al. 2008; Porebska et al. 2005;
Kowalski et al. 2007; Sheng et al. 2014; Lei et al., 2014a, b;
Gonzalez and Saidman 2012), and electronic components in
various devices (Ke et al. 2015; Tsai 2007; Lange et al. 2008).
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In recent years, COPs, and polymer nanocomposites
and nanotubes have been widely used for the treatment
of polluted waters (Setshedi et al. 2013; Omraei et al.
2011; Gupta and Suhas 2009; Riaz and Ashraf 2011,
Pickup et al. 1998; Khan et al. 2011) and the removal of
various heavy metal ions, such as chromium, cadmium,
lead, and mercury, from aqueous solutions and waste wa-
ters (Wang et al. 2014; Kumar et al. 2008; Krishnani et al.
2013; Bhaumik et al. 2012; Ansari and Fahim 2007;
Ghorbani and Eisazadeh 2012; Denizli et al. 2002;
Gupta et al. 2004; Mansour et al. 2011).

Chromium is one of the most toxic heavy metals, especially
under its hexavalent Cr(VI) form. Indeed, Cr(VI) is highly
carcinogenic and can lead to the development of skin lesions,
liver damages, and respiratory diseases (Xie et al. 2005; Poey
and Philibert 2000). Moreover, chromium and other heavy
metals present an acute toxicity for fry in contaminated water
(Krishnani et al. 2003).

Two major strategies have been recently developed in
the field of the treatment of waters containing heavy
metals:

The first strategy consists to synthesize, generally by
organic reactions, monomers functionalized with chelat-
ing groups, then to perform electropolymerization. For
instance, Heitzmann et al. (2007a, b) have fixed chelat-
ing groups, including EDTA or malonic acid, on pyr-
role, and used the corresponding electro-synthesized
polymer for the electrochemical detection and elimina-
tion of metal cations. In their work, they have synthesized
3-(pyrrol-1-yl)propyl-malonic acid and N,N-ethylene bis
[N-[(3-(pyrrol-1-yl)propyl)carbamoyl)methyl]glycine] that
were electropolymerized by cyclic voltammetry. The obtained
polymers showed a good capacity for fixing metal cations
such as Cd(II), Cu(Il), and Pb(I).

Similarly, El-Sherif et al. (2013) have chemically synthe-
sized pyrrole-N-propyl acid and then have grafted cysteine on
the corresponding electrosynthesized polymer. They have ob-
tained cysteine-modified polymer nanofibers, which were ap-
plied to the rapid and efficient removal of Cr(III) from tannery
waste water samples.

The second strategy is based on the functionalizing or dop-
ing of the polymer chain with a chelating salt, in order to
remove heavy metal ions.

For example, Ballav et al. (2012) have utilized a
glycine-doped polypyrrole film to remove Cr(VI). Also,
Tian et al. (2012) and Tian and Yang (2007) have electro-
chemically synthesized polypyrrole films doped with so-
dium toluene sulfonate (PTS), which were applied to the
electroreduction of Cr(VI) under potentiostatic and
potentiodynamic conditions.

Moreover, Wanekaya and Sadik (2002) have devel-
oped an electrochemical method for the determination
of lead by using an over-oxidized polypyrrole (OPPy)
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electrode, doped with 2(2-pyridylazo) chromotropic acid
anion (PACh?"). PACh?>  was found to act both as a
chelating agent and a counter-anion within the polypyr-
role matrix, and Pb>" was accumulated on the solid
electrode via the formation of a lead—PACh complex.

Also, Zanganeh and Amini (2008) have used a modified
polypyrrole electrode, prepared by pyrrole electropolymerization
in the presence of an anionic complexing ligand, namely [2-
hydroxy-1-(1-hydroxy-2-naphthylazo)-naphthalene-4-sulfonic
acid sodium] salt, for the selective detection of Cu®* ions (con-
centration range = 5 x 10 °~1 x 10> M) in aqueous solution.

All these results demonstrated the great interest of
developing novel electrochemical methods, based on
COPs, for the determination and removal of toxic heavy
metals from aqueous solutions and other media.
However, until now, polymers applied to the treatment
of wastewaters, polluted with heavy metals, were mostly
obtained by chemical synthesis, which generally re-
quired a complex and time-consuming process, resulting
into the formation of impure and insoluble products,
and requesting difficult investigation on the impact of
adsorbed heavy metal ions on the polymer properties
(Bhaumik et al. 2012; Ansari and Fahim. 2007;
Ghorbani and Eisazadeh 2012; Denizli et al. 2002;
Gupta et al. 2004; Mansour et al. 2011). In the present
study, we selected, 4-amino-3-hydroxynaphthalene-1-sul-
fonic acid (AHNSA, chemical structure in Scheme 1),
recently utilized for the fluorescent sensing of CN  in
water (Shi et al. 2013), as a functionalized salt to
electropolymerize and dope pyrrole, in order to obtain
an efficient trap of heavy metal ions such as chromium
ions. We reported the electro-synthesis and characteriza-
tion of AHNSA-doped polypyrrole (AHNSA-PPy) films
and their application to the removal of Cr(VI) from
aqueous solutions. We compared the performances of
two chromium removal methods, including the immer-
sion method and the electro-reduction method, and we
applied both methods to the removal of Cr(VI) from
fortified natural waters.

NH,
OH

O=S|:O
OH

Scheme 1 Chemical structure of 4-amino-3-hydroxynaphthalene-1-
sulfonic acid (AHNSA)
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Experimental
Chemicals and preparation of solutions

Pyrrole (Py 99%), 4-amino-3-hydroxynaphthalene- 1-sulfonic
acid (AHNSA), sodium hydroxide (NaOH),
dimethylformamide (DMF), and potassium dichromate
(K5,Cr,0O7) were obtained from Sigma-Aldrich and used as
received.

The aqueous medium used for Py electropolymerization
was constituted of 0.01 M AHNSA +0.007 M NaOH. To
increase the solubility of poorly hydro-soluble AHNSA,
this mixture was stirred in an ultrasound 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.

Electrochemical measurements

All electrochemical measurements were performed in a
single compartment three-electrode cell using an EG&G
Princeton Applied Research Model potentiostat/
galavanostat, equipped with a Kipp & Zonen X-Y recorder
for electrochemical studies, and a Hameg Triple Power
Supply Model HMB 7042-5 for chromium electro-
reduction process. A Pt disk (diameter = 5 mm) and/or a
Pt-coated glass plate was used as working electrode,
whereas a saturated calomel electrode (SCE) and a stain-
less grid were utilized, respectively, as reference electrode
and counter electrode. The electropolymerization of Py
was performed anodically by cyclic voltammetry (—0.8—
1.0 V/SCE).

Spectral measurements

Fourier transform-infra red (FT-IR) absorption spectra
were obtained on a Magna-IR 860 FT-IR spectrometer
(Nicolet Instrument Corp., Madison, WI), at a 2 cm !
spectral resolution. FT-IR spectra of the monomers (Py
and AHNSA) were recorded in pressed KBr pellets,
using a standard DTGS detector, by collecting 50 scans.
The spectra of the corresponding polymer films
(AHNSA-PPy) were analyzed on Pt-coated glass plates
by infrared-reflexion absorption spectroscopy (IR-RAS),
with a 30° incidence angle accessory. All spectra were
baseline corrected, using OMNIC internal software, and
were unsmoothed.

Ultraviolet—visible (UV-VIS) absorption spectra of
Py, AHNSA, and AHNSA-PPy were recorded with a
Lambda 10 Perkin-Elmer UV—-VIS absorption spectrom-
eter in DMF solution and/or in the solid state on indium
tin oxide (ITO) plates. The fluorescence excitation and
emission spectra of AHNSA, Py, and AHNSA-PPy were

obtained in DMF solutions, using a Kontron SFM-25
spectrofluorimeter, interfaced with a microcomputer.

The scanning electron microscopy (SEM) photos of
AHNSA-PPy films were obtained on a S 440 model
Leica instrument equipped with a tungsten filament,
using a four sector detector for secondary and retro-
diffused electrons.

The chromium concentrations in aqueous solution were
analyzed by means of a Perkin-Elmer Optima 8300 inductive-
ly coupled plasma optical emission spectrometer (ICP-OES).
The natural water samples were analyzed after filtration
through 0.7-um glass fiber filters.

Procedures for the determination of chromium removal

A modified steel plate covered with AHNSA-PPy film
was immersed in an aqueous solution of 50 mg L'
K,Cr,05 (corresponding to a chromium (VI) concentra-
tion of 18 mg L"), and the evolution of the chromium
(VI) 350-nm and 260-nm UV-VIS absorption bands was
followed in function of the polymer impregnation time,
medium pH, and polymer mass.

The effect of chromic solution pH changes on the
polymer adsorption capacity was examined between pH
values of 1.0 and 12.0 by measuring the Cr(VI) solution
UV-VIS absorbance. The solution pH values were ad-
justed by adding small amounts of H,SO, or HNOj;.
The final metal concentrations were determined by ap-
plying the Beer-Lambert law.

The Cr(VI) removal efficiency (% R) of the polymer was
estimated as a function of Cr(VI) concentration using Eq. (1):

%R = [(co—ct)/co} % 100 (1)

where Cj and C; are, respectively, the concentrations (mg LY
of Cr(VI) at times 7 =0 and .

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

4= [(Co—Cp) /m] x v )

where Cy and C; are, respectively, the Cr(VI) concentrations
(mg L") at times ¢ = 0 and ¢, m = polymer mass (g),
V = potassium dichromate solution volume (L).

For the application to natural waters, the different aqueous
samples under study were first filtered using 0.7-um glass
fiber filters. Then, the filtered samples were fortified by dis-
solving 50 mg of potassium dichromate in a 1-L volume of
these samples, to reach an initial concentration = 50 mg L!
and adjusted at the optimum pH value.
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Results and discussion

Electrosynthesis and electrochemical properties
of AHNSA-PPy

Electropolymerization

Firstly, electropolymerization was performed by cyclic voltamm-
etry (CV) in an aqueous medium containing 0.01 M AHNSA
+7.10° M NaOH +0.1 M Py. Under these conditions, upon
repetitively scanning the potential between —0.8 and 1.0 V/
SCE at a scan rate of 100 mV s, we were able to obtain adher-
ent, thin, electroactive, blackish PPy films on Pt electrode. After
the first scan, the CV curves presented three anodic and three
cathodic peaks, respectively, located at —0.3, 0.0, and 0.7 V/
SCEandat—0.1,-0.3,and—0.6 V/SCE (Fig. 1). These anodic
and cathodic peaks were attributed, respectively, to the PPy
oxidation and reduction processes. The intensity of these
peaks steadily increased with the number of cycles, which
indicated a gradual growth of the polymer film on the elec-
trode surface.

In order to confirm this assignation, we also recorded
the voltammograms of an aqueous solution containing only
0.01 M AHNSA +7.10"* M NaOH without Py, upon scan-
ning the potential between —0.8 and 1.0 V/SCE during
10 cycles. The corresponding CV curves exhibited only
two anodic and cathodic peaks, appearing, respectively, at
—0.2 and +0.65 V/SCE, and at —0.35 and —0.7 V/SCE that
we attributed to the oxidation and reduction processes of
AHNSA. Under these conditions, no film was deposited on
the Pt electrode, and the peak intensity decreased with the
number of cycles. These electrochemical features indicated
that there was no electropolymerization of AHNSA, which

r.me  f J(MA/cm2)

E(V/ECS)

©.a 1o

Fig.1 Cyclic voltammograms of electropolymerization of Py (0.1 M) on
a Pt electrode in 0.01 M 4-amino-3-hydroxynaphthalene-1-sulfonic acid
(AHNSA) + 0.007 M NaOH aqueous solution. Scan rate:
v =100 mV s '-20 cycles
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suggested that the formed PPy film was doped (or func-
tionalized) with AHNSA.

Electro-activity and stability of AHNSA-PPy films

The electrochemical behavior of AHNSA-PPy films, electro-
deposited on Pt by CV (20 cycles), was investigated in 0.01 M
AHNSA +0.007 M NaOH monomer-free aqueous solutions,
upon scanning the potential between —0.8 and 1.0 V/SCE.

The voltammograms recorded in these conditions pre-
sented three well-defined anodic and cathodic peaks, re-
spectively, located at about —0.3, 0.0, and 0.7 V/SCE, and
—0.1, 0.3, and —0.5 V/SCE, which suggests that the poly-
mer film under study was electro-active and that its doping
and undoping processes took place in a well-organized
polymeric system (Fig.2).

As seen in the insert of Fig. 2, the current density (J)
values of the anodic and cathodic peaks varied linearly
with the scan rate (v) in the range 10—-100 mV s !, which
indicates that the PPy redox processes were controlled by
reactions of surface-localized electroactive species on the
film-covered Pt electrode, a behavior generally observed
for conducting polymers (Dahlgren et al. 2000; Fouad
et al. 2004; Lo et al. 2006; Diaw et al. 2013).

To investigate the electrochemical stability of these
films, we submitted them to 50 successive redox cycles.
We found that the films presented a loss of electro-
activity of only about 13% after 14 cycles. For a larger
number of cycles, there was practically no additional de-
crease of the current density value. These results indicate a
rather satisfactory electrochemical stability of AHNSA-
PPy films prepared in aqueous solutions.

Characterization of the AHNSA-PPy films

In order to characterize the molecular structure and type
of coupling of the AHNSA-PPy films, we recorded the
FT-IR spectra of monomers (Py and AHNSA), and we
compared them to the AHNSA-PPy polymer spectrum.
We also studied the morphology of these films by means
of scanning electron microscopy (SEM).

FTIR spectroscopic analysis

We investigated the FT-IR spectra of Py and of AHNSA in
KBr pellets, and those of the oxidized AHNSA-PPy films,
obtained by CV (20 cycles) on ITO plates in the above-
described aqueous medium. All FT-IR spectroscopic data,
including the vibration wavenumbers, relative intensities
and assignments of the main IR bands, are given in
Table 1. The assignment of the main IR bands of Py and
of AHNSA-PPy was performed by comparing our IR re-
sults with those described in the case of several analogous
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Fig. 2 Electro-activity of an
AHNSA-PPy filmina 0.01 M
AHNSA +0.007 M NaOH
monomer-free aqueous solution.
Voltammograms were performed
at various scan rates v = 100 (a),
20 (b), 50 (c), and 100 mV's ™' (d).
In insert: linear variation of the
AHNSA-doped polypyrrole 14
current density of anodic and
cathodic peaks (at 0.7 and —0.5 V/
SCE) with the scan rate

-
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compounds (Fall et al. 2001; Johans et al. 2002; Just et al.
1999, 2001; Socrates 2004; Lu et al. 2009).

We essentially focused our IR study on the bands
located in the 600-2000 cm ' region, in which most
spectral changes occurring upon electropolymerization
of pyrrole were generally observed. The partial IR

Table 1

spectra (600-2000 cm ' region) of Py, AHNSA, and
AHNSA-PPy oxidized film are presented in Fig. 3.
The Py FT-IR spectrum (Fig. 3a and Table 1) was rath-
er complex in this region, because it contained the hetero-
cyclic ring C-H, C-C, and C = C in-plane (ip) and out-of-
plane (oop) bending and stretching vibrations,

IR frequencies (cm ') and assignments of the main bands of Py and AHNSA (in KBr pellets), and AHNSA-PPy film (on ITO plate)

Py band position (em Y AHNSA band position (cm™

AHNSA-PPy band position (cm ) Assignment

3400 (vs) 3350 (w)

- 3250 (s)

3100 (w) 3100 (w)

1425 (m); 1472 (w); 1528 (m) -

- 1535 (s)

- 1350(m)

- 1283(w)

- 1220(s)

- 1035(vs), 1170(vs)

1015 (vs); 1050 (vs); 1070 (s) -

- 890 (w); 940 (w)
712 (m); 750 (s); 770 (m)

730 (vs) -

3400 (s) UN-H (Py;Naph)
3235 (s) vO-H (Naph)

3100 (vw) vC-H (Py; Naph)
1475 (m) vC = C (Py)
1565(vs); 1700 (w) vC = C (Naph)
1350(w) 50-H (Naph)
1285(m) VC-N (Naph)
1215(vs) vC-O (Naph)

1040 (vs); 1170(vs) vS-0O (Naph)

- vC-Hu (Py)

940g;, (m) yC-H (trisub Naph)
925 (vs) vC-H (2,5-disub Py) 2H
712 (w); 770 (m) vC-H (Naph)

- vC-H (Py) 4H

Band intensity: vw very weak, w weak, m medium, s strong, vs very strong, Sh shoulder, v stretching vibration, § in-plane vibration, v out-of-plane
vibration, Py pyrrole ring, AHNSA 4-amino-3-hydroxynaphthalene-1-sulfonic acid, Naph naphthalene cycle, disub di-substituted, trisub tri-substituted
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Fig. 3 FT-IR spectra (600-2000 cm ! region) of a Py in KBr pellet, b
AHNSA in KBr pellet, and ¢ AHNSA-PPy on a Pt-coated glass plate.
AHNSA-PPy oxidized film obtained by CV (20 cycles) on ITO plates in
0.01 M AHNSA +0.007 M NaOH aqueous solution

corresponding to the usual features of Py. It appeared nine
strong or very strong bands at 730, 1015, 1050, 1070,
1425, 1528, and 1680 cm™ !, and also some weak or very
weak bands at 800, 867, 1150, 1279, 1472, and
1570 cm™'. The very strong band observed at 730 cm™’
can be attributed to the yC-H oop bending vibrations of
Py ring four adjacent hydrogens.

The strong or very strong bands located at 1015, 1050, and
1070 cm™' were ascribed to the YC-H oop bending vibrations

@ Springer

of two hydrogens in «-position of the Py ring. Moreover,
several bands occurring in the 1200-1300 and 1425-—
1570 cm™' regions were assigned, respectively, to the vC-N
stretching vibrations of the pyrrolyl group and to the vC = C
stretching vibrations of the Py ring.

On the other hand, the AHNSA IR spectrum (Fig. 3b)
exhibited five weak or medium bands appearing at 712,
750, 770, 890, and 940 cmfl, attributed to yC-H bending
vibrations of the naphthalene cycle un-substituted and tri-
substituted phenyl groups. Also, two strong and very strong
bands, located at 1035 and 1170 cm™ ', can be assigned to the
symmetric and asymmetric vS-O stretching vibrations of
the SO3H substituent. Two other bands, occurring at
1220 cm™! (strong) and 1283 cem ! (weak), corresponded,
respectively, to the naphthol and naphthylamine C-O and C-
N stretching vibrations. Also, one strong band, appearing at
about 1565 cm ', was assigned to the naphthalene cycle
vC = C stretching vibrations. Moreover, we noted the pres-
ence of bands at 3250 and 3350 cmfl, characteristic, respec-
tively, of the vN-H and vO-H stretching vibrations of NH,
and OH substituents.

The IR spectrum of AHNSA-PPy film, electrosynthesized
in the above-described aqueous medium by CV (20 cycles),
was also compared to the spectra of Py and AHNSA (Table 1
and Fig. 3c). We observed several important spectral changes
relative to the Py spectrum, especially in the 600-2000 cm
region, due to the couplings which occurred during the
electropolymerization reaction. The main important change
was that the monomer very strong band at 730 cm ™" attributed
to the yC-H oop bending vibrations of the Py ring four adja-
cent hydrogens, completely vanished in the polymer spec-
trum, which indicated that the Py rings underwent coupling
reactions during the electropolymerization process. Another
notable point was that the monomer bands located at 1015,
1050, and 1070 ¢cm ', ascribed to the vC-H bending vibra-
tions of two hydrogen atoms in x-position of Py ring, disap-
peared entirely in the AHNSA-PPy spectrum, which con-
firmed that, as expected, the coupling took place in the -
positions of the Py rings during the electropolymerization re-
action. Moreover, it appeared simultaneously in the polymer
spectrum a new, very strong band occurring at 925 cm ',
probably due to the oop yC-H vibrations of two adjacent
hydrogens in 2,5-disubstituted Py ring(s).

In contrast, there was no important modification between
the AHNSA and the AHNSA-PPy IR spectra, in the position
of the weak or medium bands, characteristic of the yC-H
oop bending vibrations of the naphthalene cycle un-
substituted and tri-substituted phenyl groups, which ap-
peared at 712, 770, and 940 cm ™' (shoulder) in the polymer
spectrum. This suggests that no significant change took
place in the degree of substitution of the AHNSA naphtha-
lene cycle which, therefore, was not involved in the
electropolymerization process and that AHNSA, under its
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amphoteric salt form, doped the polymer chain. In addition,
it occurred two bands, located at about 1565 and 1700 cm™ ',
that were assigned to the vC = C stretching vibrations of the
naphthalene cycle, and two strong bands appearing at 3400
and 3235 cm !, respectively, due to the vN-H and vO-H
stretching vibrations of the naphthalene cycle hydrogen-
bonded NH, and OH substituents.

Film morphology

The morphology of oxidized AHNSA-PPy films, electro-
deposited by CV (20 cycles) on ITO plates in 0.01 M
AHNSA +0.007 M NaOH aqueous solution, was studied
by scanning electron microscopy (SEM). The SEM mi-
crographs presented in Fig.4a, b were obtained, respec-
tively, before and after Cr(VI) adsorption. Figure 4a
shows that the AHNSA-PPy films in the oxidized state
presented a relatively homogeneous, but rough surface,
with fairly regular and ordered grits. Moreover, the film
width values ranged between about 34.5 and 46.5 pum.
This SEM photo also indicates that the AHNSA-PPy
films had a shape similar to those of PPy films doped
with sodium para-toluene sulfonate and used for the
electroreduction of Cr(VI) by Tian et al. (2012). In

Fig. 4 SEM photos of an AHNSA-PPy polymer film in the oxidized
state a before and b after Cr(VI) adsorption

Fig. 4b, realized after Cr(VI) adsorption, it can be seen
that the AHNSA-PPy film exhibited a less homogeneous
and less regular surface, which indicated the probable
existence of ionic interactions between Cr(VI) and vari-
ous sites of AHNSA-PPy, as confirmed below in our
study on the effect of chromium adsorption on the poly-
mer FT-IR spectra.

Optical properties of the AHNSA-PPy films
UV-VIS electronic absorption spectra

In order to assign the AHNSA-PPy polymer absorption spec-
trum bands, we studied in parallel the experimental UV-VIS
absorption spectral properties of the monomers (Py and
AHNSA) and of the polymer in DMF diluted solution at room
temperature (Fig. 5 and Table 2). For this purpose, the UV-
VIS absorption spectra of Py, AHNSA and of the oxidized
polymer were compared with previous papers concerning
the UV-VIS absorption spectral data of Py derivatives,
substituted naphthalenes, and the corresponding polymers
(Shi et al. 2013, Bhandari et al. 2011; Banjoko et al. 2009;
Ozser et al. 2013; Armarego 1971).

The Py spectrum presented two relatively narrow, well-re-
solved, intense main absorption bands at around 212 and
265 nm (Fig. 5 and Table 2). The shortest-wavelength band,
which possessed the highest molar absorption coefficient (£)
value (log &,ac = 4.17), and the longest-wavelength band with
a smaller ¢ value (log £ = 3.84), were ascribed to the 7 — 7*
electronic transitions of the Py ring. It is worthwhile to note
that our spectral results were very close to those obtained by
Armarego (1971) for Py in ethanol.

The AHNSA spectrum (c= 1 x 107> M) possessed a strong,
relatively wide band with a maximum at about 265 nm (log
Emax = 4.01), and weaker bands at around 305 nm (log
e = 3.72), 350 (log € = 3.62), and 390 nm (log € = 3.60)
(Fig. 5 and Table 2). The intense, shortest-wavelength band
was attributed to 7-7* electronic transitions of the naphthalene
cycle, whereas the other, weaker bands were probably due to
much less intense n-7* electronic transitions of the SOzH,
OH, and NH, substituents.

In the AHNSA-PPy UV-VIS absorption spectrum, record-
ed in DMF solution (¢ = 3.4 x 107> r.u. L"), we observed the
presence of two rather close, strong shorter-wavelength peaks
at 255 (log € = 3.94) and 285 nm (log €4« = 4.10), and much
weaker bands located at about 320 (log £ = 3.60), 345 (log
€=3.35),370 (log € = 3.26), and a wide, weak band at around
410450 nm (log € = 3.14). Overall, the shape of the polymer
absorption spectrum was comparable to that of Py, with slight-
ly wider bands, and the shortest-wavelength strong peaks were
significantly red shifted relative to the Py corresponding bands
(AX = 20-43 nm). These shortest-wavelength strong bands
were attributed to the m — 7* electronic transitions of the Py
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Fig. 5 UV-visible absorption
spectra of a polymer

(34 %107 ru. L"), b AHNSA 1,0 -
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ring, resulting from the AHNSA-PPy conjugated
heteroaromatic system, whereas the weaker bands, occurring
at wavelengths comparable to those of AHNSA, probably
corresponded to the less intense n-7* electronic transitions
of the naphthalene SO;H, OH, and NH, substituents. These
spectral features confirmed the formation of PPy chains and
also demonstrated the insertion of AHNSA under the form of
amphoteric salt between the PPy chains.

Fluorescence spectra

The fluorescence excitation and emission spectra of AHNSA
and of the AHNSA-PPy polymer oxidized films (obtained by
CV - 5 cycles) were recorded in diluted DMF solutions at
room temperature, and, for the polymer, in the solid state on
ITO (Table 3 and Fig. 6). Py was practically not fluorescent.

The fluorescence excitation spectrum of AHNSA pos-
sessed one broad main band with a maximum located at
345 nm, and a shoulder at around 300 nm, whereas its
fluorescence emission spectrum was characterized by
one relatively wide band appearing at about 430 nm
(Fig. 6). In the case of the AHNSA-PPy polymer, the
fluorescence excitation spectrum displayed a main,
broad band, with a maximum occurring at about
335 nm and a secondary peak at around 290 nm,
whereas the fluorescence emission spectrum presented
only one very broad band, located at around 406 nm
(Fig. 6). The relatively moderate blue shifts observed
for the excitation spectra (AX., = —10 nm) as well for
the emission spectra (A, = — 24 nm), when passing
from AHNSA (monomer) to the AHNSA-PPy polymer,
indicated the existence of interactions between the
polypyrrolic chains and AHNSA molecules and
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confirmed that the naphthalene derivative (responsible of
the fluorescence) was not involved in the
electropolymerization reaction but was simply inserted be-
tween the polypyrrolic chains. Moreover, these rather moder-
ate blue shifts indicated the existence of notable intermolecu-
lar interactions between AHNSA, under the form of ampho-
teric salt, and the polypyrrolic chains. For AHNSA as well as
for the polymer, the excitation maxima occurred at wave-
length values relatively close to those of the corresponding
absorption maxima ones, which suggested that the excited
fluorescent species can be considered as identical to the ab-
sorbing ones (Table 3).

Table 2 UV-VIS absorption spectra of Py, AHNSA, and AHNSA-
poly(Py) in DMF solution at room temperature

Compound Wavelength A\ (nm) Log &*
Pyrrole (Py) 212 4.17
265 3.84
4-Amino-3-hydroxynaphtalene- 265 4.01
1-sulfonic acid (AHNSA) 305 3.72
350 3.62
390 3.60
Polymer (AHNSA-PPy) 255 3.94
285 4.10
320 3.60
345 3.35
370 3.26
410450 3.14

Concentrations: pyrrole = 107* M; AHNSA = 10°° M;
polymer=3.4x10° ru. L'

*cinLmol ! em 'orL (ru)! cm™
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Table 3  Fluorescence excitation and emission spectra wavelengths of
4-amino-3-hydroxynaphtalene-1-sulfonic acid (AHNSA) in DMF and of
the AHNSA-PPy polymer in DMF solution and in the solid state on ITO,
at room temperature

Compound® Aex (NM) Aem (NM)
AHNSA® 300 345 430
Polymer® 290 335 406
Polymer in solid state (ITO) 310 375

2 Concentrations: AHNSA = 107° M; AHNSA-PPy = 10° ru. L'
® In DMF solution

The solid-state fluorescence excitation and emission
spectra of AHNSA-PPy polymer were also obtained for
films in the oxidized form, electrodeposited on ITO plates
(Table 3). The fluorescence excitation spectrum possessed
only one strong band with a maximum located at 310 nm,
while the fluorescence emission spectrum presented also
one strong peak at around 375 nm (Table 3). Therefore,
the AHNSA-PPy fluorescence excitation and emission
maxima underwent significant blue shifts relative to the
polymer spectra recorded in DMF (AX = =20 - =25 nm).
These blue shifts suggested that the polymer conformations
should be less planar and probably less ordered in the solid
state than in solution, with different intermolecular interac-
tions between AHNSA molecules and PPy chains in the
solid state and in solution. This unusual behavior, in con-
trast with our previous results concerning the UV-VIS ab-
sorption spectra of substituted poly(N-phenylpyrrole)s in
solution and in the solid-state (Diaw et al. 2015), confirmed
the very peculiar structure of the AHNSA-PPy polymer,
containing AHNSA units very probably inserted between
the polypyrrolic chains.

Use of the AHNSA-PPy polymer films for the removal
and electro-reduction of chromium (VI)

In this section, we used the above-prepared and characterized
AHNSA-PPy polymer for the removal and electro-reduction
of chromium (VI) in aqueous solutions.

Optimization of experimental conditions

Polymer mass optimization In order to optimize the
AHNSA-PPy polymer mass (m) deposited on steel plates,
necessary to remove chromium, we immersed steel plates
covered with different polymer masses (m; = 12.8 mg,
my = 15.5 mg, m3 = 25.6 mg, my = 31 mg) in a Cr(VI)
(concentration = 18 mg L™") pH 2 aqueous solution, and we
monitored the evolution of the chromium UV-VIS absorbance
at 350 nm as function of time. As seen in Fig. 7, all curves
presented an exponential decrease, followed by a plateau re-
gion, for which the quasi-totality of Cr(VI) was adsorbed. The
Cr(VI) removal rate increased significantly with the polymer
mass covering the steel plate. The maximum Cr(VI) removal
rate was attained for a polymer mass m4 = 31 mg, which was
considered as the optimal polymer mass, corresponding to
about 95% of Cr(VI) adsorbed by the polymer within 24 h.

pH effect optimization The potassium dichromate aqueous
solution pH has a considerable impact on the Cr(VI) adsorp-
tion process onto the polymer surface, since it controls the
speciation of the chromium ion species and the adsorbent
surface charge. According to the concentration and solution
pH, Cr(VI) is occurring under three different oxyanionic
forms, including predominantly Cr,O,>~ at pH < 2, HCrO4~
between pH 2 and 6, and CrO,* above pH 6 (Forstner and
Wittmann 1981; Bhaumik etal. 2012). In order to optimize the

Fig. 6 Excitation and emission 180
fluorescence spectra of a, b 4
AHNSA-PPy (10 ru. L") and 160 -
of ¢, d AHNSA (107° M) in DMF 1
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:':: Table 4  Optimization of the electrodes, using the % R value
::: Electrodes Naked (+) polymer- (+) naked (+) and
- plates covered (—) () polymer-  (—) polymer-
- ‘\-h naked covered covered
835 % “u
(%) R* 57 71 94 87

Abvworbance
__._':"
)

t (h)

Fig. 7 Evolution of the Cr(VI) UV-visible absorbance (at 350 nm) with
time, according to the AHNSA-PPy polymer mass (m). Curves: a
my =12.8 mg, b my = 15.5 mg, ¢ m3 = 25.6 mg, and d my =31.0 mg

pH value for maximum removal efficiency of Cr(VI), we in-
vestigated the pH effect on the polymer surface capacity to
adsorb Cr(VI), after 48 h. By varying these pH values between
1 and 12, we found that the Cr(VI) removal efficiency strongly
decreased when increasing the dichromate solution pH toward
alkaline values (Fig. 8). As can be seen, the Cr(VI) removal
efficiency exhibited higher values for a very acid medium, and
the maximum Cr(VI) removal percentage (95.0%), corre-
sponding to the maximum polymer capacity to adsorb
Cr(VI) ions, was obtained for a dichromate solution optimal
pH value = 2. Similar Cr(VI) removal percentage vs. pH
curves were reported by Deng and Bai (2004) and by
Bhaumik et al. (2012), respectively, for the Cr(VI) adsorption
on aminated polyacrylonitrile fibers and on PPy-polyaniline
nanofibers.

Moreover, we studied the solution pH effect on the Cr(VI)
electrochemical reduction, and we found that, like in the case
of the polymer adsorption process of Cr(VI) ions, the electro-
chemical reduction was very much improved in a pH = 1-2

100+
1 E—E__
90 - —
80 \.
= 1 \.
2 70-
g ] \
60
5 ] ]
2 50
B 4
<
X 40-.
30 4
1 [
20 1
T T T T T T T T T T T T
0 2 4 6 8 10 12

Fig. 8 Effect of pH on the percentage of adsorption of Cr(VI) by the
AHNSA-PPy polymer, after 48 h
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# R = Cr(VI) removal efficiency

medium but strongly decreased in alkaline media, after 6 h.
The shape of the curve of the chromium (VI) electrochemical
reduction efficiency vs. pH was very similar to the curve of
Fig. 8. Indeed, approximately 94% of Cr(VI) electrochemical
reduction was measured in this very acidic medium region.
Therefore, we chose the same optimal pH value of 2 for the
Cr(VI) electrochemical reduction process.

Optimization of electrodes and Cr(VI) electro-reduction
To optimize the type of electrodes, we introduced, in a
pH = 2 potassium dichromate (50 mg L™") solution, various
steel plates, including either two naked plates, one polymer-
covered anode and one naked cathodic plate, one polymer-
covered cathode and one naked anodic plate, or two
polymer-covered anode and cathode plate. Then, by applying
a potential of —0.8 V, we followed during 2 h the evolution of
the electrochemical reduction of Cr(VI). This electro-
reduction was materialized by a gradual discoloration of the
potassium dichromate solution during this process. We also
determined the Cr(VI) removal efficiency (R, in %) during
electro-reduction, using the various above-described steel
plates (Table 4). As can be seen, the R value depended on
the nature of electrodes used as cathode or anode. We found
that the electro-reduction process was the most efficient and
led to the R maximum value (94%) by using a naked plate as
cathode (+), coupled with a polymer-covered plate as anode
(). Therefore, the later electrode system was considered as
the optimized one.

Optimization of the current intensity effect on the Cr(VI)
electro-reduction We also optimized the electrical current in-
tensity (I) effect on the Cr(VI) electro-reduction process, using
the polymer-covered electrode (Table 5). This table showed an
important increase of the % of R when augmenting the current
value from 1 to 10 mA, with a maximum R value (94%) for

Table 5 Optimization of the current intensity

F (mA) 1 2 5 10 20 30

(%) R° 25 46 94 94 56 12.5

# I = electrical current intensity
° R = Cr(VI) removal efficiency
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Fig. 9 Evolution of the UV-VIS
absorption spectra of a chromium
solution (50 mg L' K,Cr0,) as
a function of the AHNSA-PPy
polymer impregnation time ata 0,
b1l,c2,d4,e6,f10,g24,and h
48 h

Absorbance Uv-vis

Wave length/nm

I=5 mA. But, for / values >10 mA, a decrease of the R percent-
age value was observed. The later phenomenon can be explained
by an over-oxidation of the polymer for too high current intensity
values, which led to a polymer film degradation. Therefore, we
chose an optimized value of / = 5 mA.

Taking into account these optimized results, we performed
our environmental studies on the removal and electro-
reduction of chromium in the following experimental condi-
tions: use of a polymer mass of 31 mg and a pH = 2 potassium
dichromate aqueous solution, with a polymer-covered plate as
negative electrode and a bare plate as positive electrode, and
an applied current value of 5 mA.

Kinetic study of the Cr(VI) removal using the immersion
method

AHNSA-PPy polymer films were synthesized by CV (20 cycles)
on steel plates, which were dived in pH 2 K,Cr,0, (50 mg L)
aqueous solutions. Then, the evolution of the Cr(VI) solution UV-
visible absorption spectra was followed as function of the polymer
impregnation time. Using a polymer-covered anode (m = 31 mg)
in optimized experimental conditions, we observed a progressive
decrease of the chromium absorption bands located at 260 and
350 nm with time, accompanied by a gradual discoloration of the
solution, which indicated that the chromium concentration in so-
lution significantly diminished with time (Fig. 9). UV-VIS ab-
sorption spectrometry demonstrated that about 96% of chromium
was removed after a polymer impregnation time of 48 h.

As seen in Fig. 10a, the decay kinetic curve of chromium
adsorption on the polymer-covered anode (Cr(VI) 350-nm
band absorbance vs. time) was clearly exponential, the
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0,2
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b

8,0x10"

6,0x10°

4,0x10*

1/C-1/Cy

2,0x10*

0,0

L} L} 1
1,0x10° 1,5x10° 2,0x10°

t/s

M L}
0,0 5,0x10°

Fig. 10 Study of the kinetic of adsorption of Cr(VI) by AHNSA-PPy,
using a polymer-covered anode (m (polymer) = 31 mg) in optimized
experimental conditions. a Decay curve of the Cr(VI) 350-nm
absorption band vs. time. b Determination of the apparent second-order
rate constant
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Fig. 11 Evolution of the chromium quantity (¢,), adsorbed by the
AHNSA-PPy polymer (m = 31 mg), as function of the impregnation
time in a 400-mL pH 2 potassium dichromate aqueous solution

absorbance decrease being explained by the formation of a
non-absorbing complex between the polymer and the metal.
The analysis of the kinetic of chromium adsorption on poly-
mer led to a second-order kinetic curve, since the curve 1/Ct-
1/Cy as function of time was strictly linear: y = 0.46 t with a
correlation coefficient 2 = 0.999 (Fig. 10b). Therefore, we
obtained a rate constant value k» = 0.46 L mol ' s .

Using Eq. (2), we also calculated the adsorption capacity of
the AHNSA-PPy polymer (¢, mg g '), corresponding to the
quantity of chromium adsorbed by gram of polymer. We
followed, by UV-VIS absorption spectrometry, the evolution
of the adsorbed chromium quantity with the impregnation
time. It is worthwhile to note that the adsorbed quantity of
metal significantly increased with the polymer impregnation
time and then reached a plateau region. As seen in Fig. 11,
about 224 mg of chromium was adsorbed per gram of poly-
mer, after an impregnation time of approximately 48 h.

ICP-OES analysis of chromium

Furthermore, we monitored the evolution of Cr(VI) concen-
tration in potassium dichromate solution (initial
concentration = 6.0 mg L™") by means of the inductively
coupled plasma optical emission spectrometry (ICP-OES)
method. We observed a progressive decrease of Cr(VI) con-
centration from 6.0 to 0.5 mg L™ with the polymer impreg-
nation time (Fig. 12). Therefore, the ICP-OES method showed
that about 92% of chromium was removed after a polymer
impregnation time of 48 h, a percentage close to the removal
of about 96% of chromium, determined during the same time
by UV-VIS absorption spectrometry. These interesting ICP-
OES results confirmed that the AHNSA-PPy polymer was
able to remove the quasi-totality of chromium from diluted
potassium dichromate aqueous solutions.
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Fig. 12 Evolution of the Cr(VI) concentration vs. the polymer
impregnation time, followed by ICP-OES

Influence of the chromium adsorption on the polymer FT-IR
spectrum

We compared the FT-IR absorption spectra of the AHNSA-
PPy polymer, before and after immersion in a pH 2 potas-
sium dichromate solution (concentration = 50 mg LY dur-
ing 48 h (Fig. 13). We observed several changes in the
polymer spectra after immersion, such as the appearance
of two new bands at 786 and 920 cm ', corresponding,
respectively, to the yCr-O and yCr = O bending vibrations
of Cr-O and Cr = O bonds of HCrO,4 , which indicated that
Cr(VI) was adsorbed on the AHNSA-PPy surface (Ballav
et al. 2012; Deng and Bai 2004). Several bands were also
shifted or appeared after immersion: For example, the
3400-cm”" band, ascribed to the vN-H stretching vibra-
tions, was blue shifted to 3215 cmfl, and other bands
(shoulders) occurred at about 3110 (vC-H stretching
vibrations) and 3365 cm ! (VO-H stretching vibrations).
Finally, all these spectral changes were attributed to ionic
interactions between Cr(VI) and various sites of AHNSA-
PPy, which confirmed the adsorption of Cr(VI) species on
AHNSA-PPy.

Chromium electro-reduction method

We developed a new method of chromium electro-reduction,
based on an electrochemical process consisting to remove the
heavy metal present in aqueous solution by applying between
two steel electrodes a potential of —0,8 V and an electrical
current of optimized constant intensity (/ = 5 mA). Both elec-
trodes were maintained parallel at a distance of 3.0 cm. The
anode was a polymer-covered steel plate, and the cathode was
a naked plate (submerged electrode surface area = 12 cm?).
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Fig. 13 FT-IR spectra of the
AHNSA-PPy polymer a before
immersion and b after immersion
in a pH 2 potassium dichromate
solution (50 mg L") during 48 h
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In the chromium electro-reduction method, we elec-
trodeposited by CV (20 cycles) the AHNSA-PPy poly-
mer on two steel plates, respectively, used as cathode
and anode, and, then, we placed these electrodes in a
pH 2 potassium dichromate solution (50 mg LY. By
applying a current intensity of 5 mA, during 30, 60,
120, 240, and 360 min, a progressive discoloration of
the solution occurred. As expected, we also observed a
gradual and important decrease of the chromium UV-

VIS absorption spectra (Fig. 14). These results indicated
a disappearance of Cr(VI) due to its electro-reduction.

The analysis of the kinetics of Cr(VI) electro-reduction led
to a second-order kinetic curve, since the curve 1/Ct-1/C, as
function of time was strictly linear: y = 1.39 t with a correla-
tion coefficient 7 = 0.999.

‘We obtained a rate constant value k&, = 1.39 L mol 's7!.
This k, value was about three times greater than the one
measured by the immersion method, which clearly

Fig. 14 Evolution of the UV- 1,0
visible absorption spectra of a pH
2 potassium dichromate solution 0,9
(50 mg L") as a function of time:

a0,b0.5,¢cl,d2,e4,andf6h 0,8
(chromium electro-reduction
method - /=5 mA)

Absorbance a.u
L
9]

f/r
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Table 6 Chromium adsorption rate constant, removal efficiency, and adsorbed quantity values, obtained for natural water samples using the immersion

method
Water sample Pure water River water Seawater Stagnating water Well water
k* (L mol ' s uv 0.46 + 0.006 0.13 + 0.001 0.11 = 0.004 0.12 + 0.001 0.09 + 0.003
ICP 0.45 + 0.005 0.14 = 0.001 0.11 + 0.004 0.12 £ 0.001 0.10 + 0.003
(%) R® 96 95 95 94 93
g mggh Uuv 224 222 222 220 218
ICP 210 209 207 208 207

? k» = second-order chromium adsorption rate constant
®(%)R = Cr(VI) removal efficiency
€ g, = chromium quantity adsorbed by polymer

indicates that the use of the electro-reduction method sig-
nificantly accelerated the chromium adsorption process on
polymer, relative to the immersion method.

Application to the removal of chromium from natural waters

We used samples of the different Senegal natural waters, fortified
with potassium dichromate (initial concentration = 50 mg L"),
under the above-described conditions for which all parameters
(polymer mass, solution pH, electrodes, I value...) were opti-
mized similarly to the experiments in pure water. Then, we stud-
ied the removal of chromium from these fortified natural water
samples by comparing the application of the simple polymer
immersion method and of the newly developed, chromium
electro-reduction method.

Application of the immersion method

In the case of the immersion method, we dived the polymer-
covered electrodes into the potassium dichromate-fortified
natural water samples under study. Then, we followed the
evolution of the chromium UV-VIS absorption spectra and
ICP-OES as a function of the polymer impregnation time.
For all fortified natural water samples, we observed a pro-
gressive decrease of the chromium absorption bands (espe-
cially the band at 350 nm) as a function of time, which
indicated that the metal concentration decreased, in agree-
ment with the progressive discoloration of the fortified nat-
ural water samples. As an example, we presented in Fig. 15
the evolution of the chromium UV-VIS absorption spectra
with time for a fortified river water sample. The decay curve
of'the 350-nm absorption band, corresponding to the Cr(VI)
adsorption kinetic on polymer-covered anode, obeyed a
second-order kinetic relationship. Indeed, the curve of
(1/Ct-1/Cy) as function of time was linear: y = 0.13 t
(r = 0.994). Therefore, the adsorption rate constant value
was 0.13 L mol ! s7!, about four times smaller than the
value of k, = 0.46 L mol ' s™! in pure water. This important
rate constant difference can be explained by the presence of
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other interfering metallic ions, initially present in river wa-
ter, which would be more rapidly adsorbed at the polymer
surface and, consequently, would inhibit and slow down the
Cr(VI) adsorption kinetic on polymer.

We have given in Table 6 the values of chromium ad-
sorption rate constant (k,), chromium removal efficiency
(R), and adsorbed chromium quantity (g,), for all natural
water samples under study. As can be seen, the k, values,
comprised between 0.09 and 0.13 L mol ' s™' for the
various types of natural waters, were approximately five
to four times lower than the value of 0.46 L mol ' s in
pure water, which again indicated the presence of other
interfering metallic ions in natural waters.

The R values, measured after an impregnation time of
48 h, were high (93-95%) for all natural water samples,
which demonstrated that the AHNSA-PPy polymer was
able to remove the quasi-totality of chromium from for-
tified natural waters.

The ¢, values, ranging from 218 to 224 mg g~ ' of poly-
mer, were very close to the ¢, value of 224 mg g~ ', obtained
in pure water in optimized conditions, which indicated a
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Fig. 15 Evolution of the chromium UV-visible absorption spectra of a
pH 2 river water sample fortified with K,Cr,O (50 mg L ') as a function
oftimeata0,b1,¢2,d4,e8, f24 h, and g 48 h (immersion method)
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Table 7 Chromium adsorption

rate constant, Cr(VI) removal Analyzed water Pure water River water ~ Seawater Stagnating water ~ Well water
efficiency, and adsorbed
chromium quantlty values kza (L molﬂ Sil) uv 1.39 + 0.04 0.94 + 0.03 0.35 £ 0.01 0.94 + 0.05 0.70 = 0.06
obtained for natural water ICP  136+0.04 092+0.03 035+0.05 0.92=+0.05 0.67 = 0.06
samplgs, using the electro- (%) R® 9 95 94 95 95
reduction method X )

q  (mgg) uv 224 222 219 222 221

ICP 220 218 214 216 216

? k = second-order chromium adsorption rate constant

® (%) R = Cr(VI) removal efficiency

€ g, = chromium quantity adsorbed by polymer

satisfactory adsorption efficiency of the AHNSA-PPy poly-
mer. It is worthwhile to note that our ¢, values were close to
the ¢, values for Cr(VI) removal of 227 mg g7l at 25 °C,
found by Bhaumik et al. (2012) using PPy-polyaniline
nanofibers as adsorbent, and 0of 217 mg gf1 at 25 °C, obtain-
ed by Ballav et al. (2012) with glycine-doped PPy as adsor-
bent. Therefore, our results showed the satisfactory adsorp-
tion capacity of AHNSA-PPy, compared to other adsor-
bents, and the interest of applying our simple immersion
method to the adsorption of Cr(VI) in natural waters.

We can conclude from this study that the immersion
method, based on AHNSA-PPy polymer, is able to remove,
relatively rapidly and very efficiently, the quasi-totality of
chromium ions present in fortified natural waters.

Application of the chromium electro-reduction method

In the case of the newly developed chromium electro-reduction
method, we introduced the electrodes in the fortified natural wa-
ters under study, and we applied a maximum [ value of 5 mA
during 30, 60, 120, 240, and 360 min. We collected samples at
these electrolysis times, and we followed the evolution of the
chromium UV-VIS absorption spectra and ICP-OES as a func-
tion of time. In all cases, we observed a gradual decrease of the
chromium absorption bands (especially the band at 350 nm) with
time, which demonstrated that the metal concentration in the
solution diminished, as also confirmed by the progressive discol-
oration of the potassium dichromate fortified water sample. The
decay curve of the chromium band at 350 nm, corresponding to
the Cr(VI) adsorption kinetic on polymer-covered anode, obeyed
a second-order kinetic relationship. For example, in fortified river
water sample, the curve of (1/Ct-1/Cy) as function of time was
strictly linear: y = 0.94 t ( = 0.998). The rate constant value of
0.94 L mol ' s™! was about seven times larger than the £, value
of 0.13 L mol™' s, obtained by the immersion method, which
clearly demonstrated that the use of the electro-reduction method
considerably accelerated the Cr(VI) adsorption process on poly-
mer, as already found for pure water.

We have given in Table 7 the values of chromium adsorp-
tion rate constant, chromium removal efficiency, and adsorbed
chromium quantity for all natural water samples under study.

As can be seen, the rate constant values of 0.94 L mol ! s7!
determined in river and stagnating waters, 0.70 L mol ' s " in
well water, and 0.35 L mol ! s ™! in seawater were, respective-
ly, about 1.5, 2, and 4 times smaller than k&, = 1.39 L mol 's!
in pure water. Like for the immersion method, this difference
of rate constants can be attributed to the presence of other
interfering metallic ions in these natural waters, which would
be adsorbed more rapidly than chromium ions at the polymer
surface.

The R values, determined after a Cr(VI) electro-reduction time
of only 6 h, were high, in the range 94-95%. Our results dem-
onstrated that the Cr(VI) electro-reduction method based on
AHNSA-PPy was able to remove the quasi-totality of chromium
from fortified natural waters within a relatively short time.

Like in the case of the immersion method, our ¢, values,
going from 219 to 222 mg g ' of polymer, were very close
to the g, value of 224 mg g ', obtained in pure water in
optimized conditions, which again demonstrated a satisfacto-
ry adsorption efficiency of the AHNSA-PPy polymer. Also,
as indicated for the immersion method, our ¢, values com-
pared favorably to the literature values of 227 and
217 mg g ' at 25 °C for Cr(VI) removal, reported, respec-
tively, by Bhaumik et al. (2012) and Ballav et al. (2012).

Conclusion

In this work, we have been able to successfully electrosynthesize
for the first time by CV in alkaline aqueous solution new, stable,
and electroactive AHNSA-doped PPy polymer films, which was
confirmed by our detailed, electrochemical study. Our FT-IR
spectral results, obtained for the AHNSA-PPy polymer, also
demonstrated that no significant change took place in the degree
of substitution of the AHNSA naphthyl ring, which was not
involved in the electropolymerization process, and that
AHNSA doped, under its amphoteric salt form, the polymer
chain. The AHNSA-PPy UV-Visible absorption spectrum re-
vealed the presence of significant red-shifts of the strong,
shortest-wavelength peaks relative to the Py corresponding
bands, and of weaker bands, occurring at longer wavelength
values, comparable to those of AHNSA. These spectral features
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again indicated the formation of AHNSA-doped PPy chains. The
polymer excitation and emission fluorescence spectra, with mod-
erate shifts relative to AHNSA, also showed that the AHNSA
naphthalene derivative (entirely responsible of the fluorescence)
was not involved in the electropolymerization but simply doped
the polypyrrolic chains. The above-electrosynthesized
AHNSA-PPy films were applied to the removal of Cr(VI)
from chromium-containing aqueous solutions, using either
the simple immersion method or the newly developed
Cr(VI) electro-reduction method. Results of both methods
showed that the efficiency of chromium removal and
electro-reduction was strongly affected by the solution
pH and that the maximum chromium removal efficiency
was obtained for an optimum value of pH = 2. For both
methods, other parameters, such as the polymer mass, type
of electrodes, and applied current intensity, were also op-
timized to attain the Cr(VI) maximum removal efficiency.
The analysis of the kinetics of chromium adsorption led to
second-order kinetic curves, for both the immersion meth-
od and the Cr(VI) electro-reduction method. But, it is
worthwhile to stress that the second-order rate constant
values measured, using the Cr(VI) electro-reduction meth-
od, were about three times greater than those measured by
the immersion method, which clearly indicated that the
electro-reduction method significantly accelerated the
chromium adsorption process on the AHNSA-PPy poly-
mer. Practically, we found that it was possible to reach
a 96% chromium removal within about 48 h by the
simple immersion method, but only within about 6 h,
by the Cr(VI) electro-reduction method. In addition, we
investigated the removal of chromium from different
fortified Senegal natural water samples by comparing
the application of the simple polymer immersion method
and of the newly developed, Cr(VI) electro-reduction
method. We can conclude from these application studies
that the electro-reduction method was much more rapid
for maximum chromium removal than the immersion
method. Moreover, very satisfactory results were obtain-
ed by both methods, with Cr(VI) removal efficiency
high values comprised between 93 and 95%, according
to the natural water type, and large adsorbed chromium
quantity values (207-224 mg g~ of polymer). In further
studies, we are planning to examine the rapidity and
efficiency of the immersion method and of the electro-
reduction method, based on the use of AHNSA-PPy
polymer, for the removal of other toxic metals such as
cadmium and lead from aqueous media.
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