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Mostramos neste trabalho alguns detalhes sobre a imobilizagdo de complexos ferrocianeto e
ferricianeto sobre a superficie do biopolimero quitosana. Os complexos imobilizados foram carac-
terizados por eletroquimica, espectrocopia de infravermelho e Mossbauer. Foi observado mudangas
nos espectros de infravermelho e Mdssbauer, e no voltamogramas ciclicos do material preparado
com ferricianeto apOs exposi¢ao a luz do sol. Estas alteragdes indicam que o ferricianeto sofreu um
processo de reducéo fotoinduzida na superficies do biopolimero.

We report some details of the ferrocyanide and ferricyanide complexes immobilized in chitosan.
These immobilized complexes are characterized by electrochemistry, and infrared and Mossbauer
spectroscopy. Alterations are observed in the infrared and Mdssbauer spectra and in the cyclic
voltammograms of the material prepared with ferricyanide when this material is irradiated with
sunlight. These alterations indicate that the ferricyanide ion undergoes a photoinductive reduction
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on the biopolymeric surface.
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Introduction

In recent years increased attention has been given to
sunlight-induced photochemical effects. The photoreactiv-
ity of both organic and inorganic iron complexes has been
recognized for a long time, and many reports on the effects
of light on the chemistry of iron have been published over
the last 100 years'. In this study the preparation and char-
acterization of ferrocyanide and ferricyanide complexes
immobilized in chitosan is described. Chitosan is a poly-
saccharide usually prepared by the N-desacetylation of
chitin, through a basic hydrolysis reaction, and largely
consists of glucosamine units and a smaller percentage of
N-acetyl-glucosamine residues (Fig. 1)2. Chitosan has a

similar structure to that of cellulose, but shows many prop-
erties that differ from the latter, for example, chitosan is
considered more chemically versatile than cellulose, due to
the presence of an amino group. This group gives chitosan
solubility in organic acids (acetic acid, formic acid) and
diluted inorganic acids (chloridric acid). This polymer has
been the object of continued study for several decades. In
particular, its metal-binding property has led to the use of
chitosan as a low-cost material in, waste water trcatment
plants and streams contaminated by the accumulation of
toxic metals released by industrial activities®.

In a recent report chitosan was used in the immobi-
lization and characterization of nitrite, permanganate, io-
dide and ferricyanide by stripping voltammetry with a
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Figure 1. The chitosan structure®. The polysaccharide was prepared by
the N-desacetylation of chitin.

modified carbon paste electrode (MCPE). The immobi-
lization in the MCPE occurs through the electrostatic inter-
action between the NH3" groups in the protonated chitosan
(pH below 3.5) and the respective anions®.

The chemically modified electrode (CME) for elec-
troanalysis has increasingly been the subject of research.
The electrodes are made by incorporating specific chemi-
cals and grouping them on the electrode surface. The use
ofredox polymers as electrode modifiers to induce electro-
catalysis has drawn considerable attention. Such polymers
can provide a support for the site that mediates the ex-
change of electrons between the electrode and the solu-
tion”.

The purpose of the present study is to prepare and
characterize the ferricyanide and ferrocianyde adsorbed on
the chitosan surface. This material was used in the prepa-
ration of the CME in an electrocatalysis experiment.

In the course of the characterization of the polymer
redox, it was observed that the ion ferricyanide which was
adsorbed on a chitosan surface underwent a photoinductive
reduction process.

Experimental

Analytical grade potassium ferricyanide and ferrocy-
anide from Merck were used. Chitosan (20% N-acetylated)
was prepared by the basic hydrolysis of chitin, following
the method described in the literature®®. The immobi-
lization of the ferricyanide complex on a chitosan surface
was done as follows: 0.6 g chitosan was immersed in a
0.1 M ferricyanide solution (50 mL) and the pH of this
solution was adjusted to 3 using HCI. This solution was
stirred for two hours and protected from light. The solid
was subsequently filtered and exhaustively washed with
distilled water to remove the excess ferricyanide, and was
then dried under vacuum at room temperature. The immo-
bilization of ferrocyanide was done in a similar way. The
cyclic voltammograms were obtained using a cyclic volt-
ammeter model CV-27 (Bioanalytic System, Inc.) con-
nected to an X-Y Omnigraphic 100 register (Houston
Instruments ). A three-electrode system was used, with a
carbon paste electrode as the working electrode, a
(Ag/AgCl - KCl sat.) reference electrode and a platinum
wire as the auxiliary electrode. The carbon paste modified
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electrode (CPME) was prepared by mixing 0.4 g of elec-
trolytic carbon powder (Rekipro) with 0.2 g of mineral oil
(Nujol) and 0.06 g of polymer. The paste was packed into
glass tube, which gave a geometric surface area of approxi-
mately 0.07 cm?. The infrared spectra were obtained in KBr
disk on a IR-FT Bomen MB-100 spectrophotometer.

The Mdssbauer spectra were obtained at room tempera-
ture, using 24 mCi S7Co source in a matrix of Rh, and
detected by a Kr-CO; proportional counter (Reuter Stokes)
coupled to multichannel analyzer (EG&G ORTECH). The
isomer shifts were calibrated with a-iron foils and refer-
enced against sodium nitroprusside (line wide at one-half

the maximum of 0.25 mm s

The Madssbauer spectra were adjusted by Lorentzian
curves utilizing the “Normos” version PC'?, and decom-
posed using the Grapher program'!. The measurements for
the Méssbauer spectroscopy were obtained from solid sam-
ples of the ferricyanide ion complex immobilized on a
chitosan surface irradiated with sunlight, and compared
with free ferrocyanide and ferricyanide.

Results and Discussion

The presence of ferricyanide adsorbed on a chitosan
surface can be observed by the greenish yellow coloration
characteristic of this anion. This color gradually changes to
a bluish shade when submitted to sunlight radiation. The
same bluish shade is observed in the polymer sample
prepared with ferrocyanide. The quantity of ferricyanide
adsorbed on the polymer surface determined by the fluo-
rescence of the X-ray was 2.74 x 10 mol g!, and for the
ferrocyanide it was 2.6 x 10 mol g™!, determined by atomic
absorption.

The cyclic voltammogram of the freshly prepared fer-
ricyanide complex adsorbed on the chitosan surface and
that of the free ferricyanide complex are show in Fig. 2. The
corresponding and electrochemical parameters are shown
in Table 1. The half-wave potential, Eis, for the coupled
Fe(II/11) of the ferrocyanide adsorbed on the polymer is
245 mV, and the potential for the free ferrocyanide is 205
mV, both measured against the reference electrode. The
interaction between the cyanides of the complex and the
hydroxyls of chitosan by hydrogen bonding reduced the 6
donor ability of the cyanides, increasing the effective nu-
clear charge of the metallic center, shifting the oxidation
potential to more positive values.

Figure 3A shows the dependence of the current on the
intensity with the scan rate. The ratio between the anodic
(ipa) and the cathodic (ipc) peak currents is near unity (Table
1), characteristic of a reversible system. Linearity of the
anodic current versus the square root of the scan rate (Fig.
3B, plot Ipa vs. v'") was also observed, with a correlation
coefficient of 0.994, the linearity of these plots indicating
the diffusion limitation of the currents within the range of
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Figure 2. Cyclic voltammograms of (1) ferrocyanide adsorbed on the
chitosan surface, and (2) free ferricyanide. In KC1 0.1 M, at pH 3.0, and
at a scanning rate of 100 mV sl

Table 1. Electrochemical parameters for the ferricyanide and ferrocy-
anide complexes adsorbed on the QTS surface.

Parameters QTS[Fe(CN)s]©  QTS[Fe(CN)s]*
Epe (mV) 190 180

Epa (mV) 300 310

AEp (mV) 110 130

E12 (mV) 245 245

Ipa (MA) 4.1 1.5

Ipc (mA) 43 1.8
Tpa/Tpe 0.95 0.83

the scan rates investigated'®. The great differénce between
the anodic and catodic peak potentials, AEp, is attributed to
the IR drop in the ferricyanide immobilized on the poly-
meric matrix'>!2, The slight displacement of E12 due to its
scanning rate shows that the kinetic of the transfer process
is quite fast in this case'®.

Figure 4 shows the voltammogram of the ferrocyanide
and ferricyanide complex adsorbed on the chitosan surface,
with the electrochemical parameters shown in Table 1.
Figure 5 shows a voltammogram of ferricyanide adsorbed
on the chitosan surface after exposure to sunlight. The
broadening of the oxidation and reduction peaks, as well as
the displacement of the E1/2 value indicate the presence of
more than one species on the polymer surface. The voltam-
mogram of the ferrocyanide species adsorbed on the chi-
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Figure 3. (A) Cyclic voltammograms of ferrocyanide adsorbed on the chitosan
surface obtained at different scanning rates: (1) 10 mV s, (2) 20 mv s, (3)
30mvs! @40mvs (5)50mvs, (6)60mvs,(7) 70mvs, (8)80mv s,
90 mV s'l, and (10) 100 mV sTinKC10.1Mat pH 3.0. (B) The anodic peak
current against the square root of the scan rate.

tosan does not undergo any change when submitted to
sunlight radiation.

The infrared spectrum of ferricyanide adsorbed on the
polymer shows a band at 2114 cm, attributed to the CN
stretching frequency'® (Fig. 6A). This band is in the same
region as that of the free ferricyanide, indicating that the
adsorption of the complex with the chitosan surface is of
an electrostatic nature. A stronger interaction would dis-
place the CN stretching band to higher energy regions!'®!”.
When the polymer was submitted to sunlight, the appear-
ance of a new band at 2039 cm’' was observed, which has
been attributed to the ferrocyanide species'®. The appear-
ance of this new band is accompanied by the disappearance
of the band at 2114 cm™ (Fig. 6B), indicating that the
photoinductive reduction process is operating. The infrared
spectrum of the ferrocyanide adsorbed on the polymer
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Figure 4. Cyclic voltammograms of (1) the ferricyanide species, and (2)
ferricyanide, on the chitosan surface after exposure to sunlight radiation,
in KC10.1 M, at pH 3.0, and at a scan rate of 100 mV s

] 1
-0.2 -0.4 -0.6
E/V vs Ag/AgCl

0.6 04 0.2 I

Figure 5. Ferrocyanide adsorbed on the chitosan surface, in KCI 0.1 M,
at pH 3.0, and at a scan rate of 100 mV st

shows a band at 2035 cm! (Fig. 6C), situated in the same
region as that of free ferrocyanide'?.

In order to confirm the presence of the species found on
the polymer surface using the technique cited above, Moss-
bauer spectroscopy was also used. Figure 7A shows the
Gaussian deconvoluted Mdssbauer peaks for the polymer
prepared with ferricyanide and submitted to sunlight radia-
tion. In this figure, the most intense peak shows an isomer
shift (8) of -0.03 mm s, attributed to the ferrocyanide
species adsorbed on the polymer (Figure 7A(b)). The meas-
ured 8 are in good agreement with of the free ferrocyanide
species (-0.04 mm s™!), as show in Fig. 7B.
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Figure 6. The infrared spectra. (A) ferricyanide adsorbed on the recently

prepared polymer surface sample, (B) irradiated sample, and (C) ferrocy-
anide on the chitosan surface.

Figure 7A(a) also shows that the ferricyanide species
adsorbed on the polymer surface, with § of -0.07 mm s™! and
aquadrupole splitting A of 0.36 mm s, are in good agreement
with the free ferricyanide species, (8 of -0.11 mm s anda A
of 0.28 mm s™), Fig. 7C.

Figure 7A(c) shows the presence of a third species with
() of 0.06 mm s and a (A) of 0.80 mm s™!, which can be
attributed to the species [Fe(CN)sH20]*" adsorbed on chi-
tosan'®!%, These values are very close to those for the same
free species, (8) 0.06 mm s and (A) 0.79 mm s\, These
data confirm the fact that total conversion of ferricyanide
to ferrocyanide does not occur, according to the results
showed by the infrared spectra.

A possible decomposition of the redox polymer for the
formation of the Prussian and Turnbull blue species on the
polymer surface are discarded when compared with the
data from the Mdssbauer spectroscopy and electrochemical
data in the literature'>%,
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Figure 7.Deconvoluted Mssbauer spectra of (A) ferricyanide submitted
to sunlight radiation; (a) ferricyanide, (b) ferrocyanide, and (c) the
[Fe(CN)5H20]3' species, (B) free ferrocyanide, and (C) free ferricyanide.

The reduction of ferricyanide to ferrocyanide ocurrs
only when the sample is exposed to sunlight. The reduction
of ferricyanide complexes to ferrocyanide was also ob-
served by Clearfied and co-workers in zirconium poly-
imine phosphonates?!. The photo induced reduction
process of the ferricyanide complex on the chitosan surface
can be explained by the mechanism of energy transfer in
the polymer. This means that it occurs between the donor
and receiver electron species in different molecules (inter-
molecular interactions) or between donor and acceptor
groups in the same polymeric chain (intramolecular inter-
actions). Assuming that when chitosan is submitted to
sunlight radiation, aminic nitrogen adsorbs a photon and is
promoted into an excited state, the electron is later trans-
ferred to ferricyanide through a mechanism of intramolecu-
lar transfer. Since the polymer is flexible, collisions may
occur between the donor groups (nitrogens) and the ac-
ceptor (ferricyanides) of the same polymeric chain, reduc-
ing ferricyanide to ferrocyanide??. The photoinductive
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reduction mechanism is a remarkable controversy in the
literature!'*?3, although it is of fundamental importance to
understand it. Many reactions on the polymer surfaces have
important implications: these processes are important in ex-
plaining the deterioration of materials in catalytic industrial
processes and the phenomena of photographic images.
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