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Phenanthroline Complex Immobilized on Ion-Exchange
Polymeric Film and Its Application as Biomimetic Sensor
for Sulfite Ions
Wesley B. S. Machini[a] and Marcos F. S. Teixeira*[a]

1 Introduction

The sulfite widely added to foods due to their inhibitory
effect on bacteria, molds, yeasts, enzymatic and non-enzy-
matic browning reactions during processing and storage
[1]. It is present in many wines, dried fruits, fish, potato
based products and fruit juices. It is also used on a large
scale as a decolorizing agent in textile and paper manu-
facture. The methods used for the sulfite determination
involve techniques of titration [2], chromatography [3],
spectrophotometry [4], fluorometry [5], chemilumines-
cence [6], flow injection analysis [7], capillary electropho-
resis [8], polarography [9] and electrochemistry [10].

In the development of biosensors for sulfite ions detec-
tion there are reports in the literature of the use of sulfite
oxidase enzyme [11]. Among these, a sulfite biosensor
based on sulfite oxidase (EC 1.8.3.1) purified from Syzy-
gium cumini immobilized onto Prussian blue nanoparti-
cles/polypyrrole nanocomposite film electrodeposited
onto the surface of gold (Au) electrode showed optimum
response with a linear range and detection limit of 0.5–
1000 mM and 0.1 mM, respectively. This electrode was
used 300 times over a period of 120 days when stored at
4 8C [12].

As defined by Breslow [13], the biomimetic molecule
attempts to imitate natural reactions and enzymatic pro-
cesses as a way to improve the power of chemistry itself.
An important class of metallic complexes comprises all
types of receptors and recognition elements. The studies
of electroactive substances of non-biological origin that
can mimic biological systems have received several con-

tributions due to the reactivity of the reaction mecha-
nisms and catalytic activity [14]. The latest advances and
innovative consist in the development of biomimetic ele-
ments applied to the construction of sensors [15]. A bio-
mimetic sensor can be defined as a device that incorpo-
rates a recognition element intimately connected to
a transducer, being equal or greater sensitivity and stabili-
ty as sensors which use biological component, such as en-
zymes. Thus, several metallic complexes [16] have been
studied by mimic enzyme active sites. Among them, we
highlight the polynuclear complexes of manganese m-oxo
units, by presenting electron-transfer process of multi-
stage that result in good stability for high oxidation states
and the ability to charge exchange between metal ions
[17]. The use of biomimetic complexes in the construction
of non-enzymatic sensors has been advantageous in terms
of stability against conventional biosensors. In this way,
biomimetic sensors for sulfite ions have been mainly de-
veloped (Table 1). Recently, we studied the electrocata-
lytic oxidation of sulfite on a platinum electrode modified
with nanostructured copper salen polymer films [22]. The
anodic peak current significantly increased and the
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anodic overpotential was reduced by 0.45 V vs. SCE com-
pared to the one obtained at a non-modified electrode in
a solution containing sulfite. This anodic current was pro-
portional to concentrations of sulfite between 4.0 �10�6

and 6.9 �10�5 mol L�1 with a detection limit of 1.2 �
10�6 molL�1 in amperometric measurements. This sensor
showed a mechanism similar to the Michaelis�Menten
model for an enzymatic electrode, where the apparent
Michaelis�Menten constant was calculated being
36.7 mmolL�1.

In the present report, the electrochemical behavior of
the oxo-bridged dinuclear manganese-phenanthroline
complex ([Mn2

IVO2(phen)2(H2O)2]
3+) incorporated into

a Nafion film coated on a glassy carbon electrode was
studied by cyclic voltammetry and the application as bio-
mimetic sensor for sulfite ions are studied. The effect of
surface modification on the electron-transfer between
biomimetic complex and electrode-surface and some
other electrochemical/analytical parameters was evaluat-
ed. Initially, our intention was to immobilize the trinu-
clear manganese-phenanthroline complex ([MnIV

3O4-
(phen)4(H2O)2]

4+) on the polymeric matrix. During the
studies, at the stage of electrochemical study of the immo-
bilized complex, we have observed that the voltammetric
profile was different from the study of the complex in
aqueous phase. The effectiveness of the [Mn2

IVO2(phen)2-
(H2O)2]

3 + complex in the polymeric matrix was con-
firmed in the study of the influence of pH on the electro-
chemical response of the modified electrode.

2 Experimental

2.1 Reagents and Solutions

The analytical high-purity reagents NaCl, NaH2PO4,
NaNO3, Na2SO4, NaClO4, LiCl, NH4Cl, KCl, BaCl2,
CaCl2 e MgCl2 were used for the preparation of electro-
lyte 0.5 molL�1 in pH 5.0. For the study of pH influence
(2.0 to 11.0) was used universal buffer solution containing
NaNO3 0.5 molL�1 as a supporting electrolyte, where the

adjustment was made by adding HCl and/or NaOH con-
centrated. The Nafion solutions – tetrafluoroethylene-per-
fluoro-3,6-dioxa-4-methyl-7-octe nesulfonic acid copoly-
mer – (Aldrich), used for the formation of ion-exchange
polymeric film on the electrode surface, were prepared
from the concentrated solution of the perfluorosulfonate
polymer 5 % (v/v) diluted in absolute ethanol.

2.2 Synthesis of Biomimetic Molecular

The immobilization of the oxo-bridged dinuclear manga-
nese-phenanthroline complex on Nafion thin film was
performed starting from the [MnIV

3O4(phen)4(H2O)2]
4+

complex. The synthesis of [Mn3O4(phen)4(H2O)2](NO3)4

complex was performed according to the procedure
found in the literature [22]. 10.16 mmol of the ligand phe-
nanthroline (Synth) was added to a solution of 4.94 mmol
of Mn(OAc)2. H2O (Aldrich) in dilute nitric acid (Merck)
(1.6 molL�1, 20 mL) and aqueous solution of (NH4)2Ce-
(NO3)6 (Fluka) (6.02 mmol), obtain a brown solution,
which was filtered and kept at room temperature. The
precipitate formed was filtered, washed with dilute nitric
acid (0.2 mol L�1) and dried at room temperature. The
electronic absorption spectrum of the complex in aqueous
solution showed two maxima peaks at 623 nm and
784 nm.

2.3 Modification of the Working Electrode

The modification of the glassy carbon electrode was per-
formed initially by depositing a rate of 5 mL of solution of
Nafion 5% (v/v) on the electrode surface by the “casting”
method. Then, it was left on a desiccator for 4 hours to
complete solvent evaporation.

Thereafter, successive drops of 1.0 mmol L�1 [Mn3O4-
(phen)4(H2O)2]

4+ complex in NaNO3 0.5 molL�1 were
added to the electrode surface coated with the polymeric
membrane, for 4 hours for immobilization of electroactive
material. The modified electrode was washed with deion-
ized water, dried at room temperature and submitted to
potential scans in NaNO3 0.5 molL�1.

2.4 Electrochemical Performance

The cyclic voltammetry measurements were made using
a potentiostat/galvanostat mAutolab Type III (Eco
Chimie) connected to a microcomputer, in a thermostated
electrochemical cell with three electrodes, being the plati-
num wire (Pt) as auxiliary electrode, saturated calomel
electrode (SCE) as reference electrode and glassy carbon
(GC) as working electrode (area=0.06 cm2). Before use,
the working electrode of glassy carbon was subjected to
a polishing with alumina solution (0.5 mmolL�1) and then
with ethanol. All the electrochemical measurements were
realized in the absence of dissolved oxygen.

Table 1. A brief review of sensors for sulfite.

Biomimetic Material Reference

Nanocarbon/ferrocene [18]
2,7-bis(Ferrocenyl ethyl)fluoren-9-one [19]
Acetylferrocene [20]
Nickel pentacyanonitrosylferrate [21]
Nanostructured copper-salen film [22]
Iron hexacyanoferrate [23]
Ferrocene and carbon nanotubes [10b]
Carbon nanotubes/poly(allylamine hydrochloride)
film

[24]

p-Aminophenol [25]
Poly[Ni-(protoporphyrin IX)] [26]
Carbon nanotube/benzoylferroceno [27]
5,10,15,20-Tetrakis-tetraferrocenylporphyrin [28]
Cobalt nitroprusside [29]
Phenothiazine [30]
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2.5 Performance of the Biomimetic Sensor for Sulfite
Ions

The sulfite ions determination was made by application
of potential via cyclic voltammetry using a potential
range from �0.9 to 0.9 V vs. SCE at a scan rate of
25 mVs�1. The [Mn2

IVO2(phen)2(H2O)2]/Nafion/GC was
submitted to potential scans in 20 mL of universal buffer
with 0.5 molL�1 NaNO3 at pH 5.0 (deoxygenated with
high purity nitrogen). The evaluation of the electrochemi-
cal performance of sensor for sulfite ions was conducted
by the addition of the analyte (1.0 mmol L�1) in the elec-
trochemical cell. All the electrochemical measurements
were realized in the absence of dissolved oxygen.

3 Results and Discussion

3.1 Electrochemical Behavior of the Oxo-Manganese-
Phenanthroline Complex Immobilized on Ion-Exchange
Polymeric Film

The electrochemical behavior of the oxo-bridged binu-
clear manganese-phenanthroline complex incorporated
into a tetrafluoroethylene-perfluoro-3,6-dioxa-4-methyl-7-
octenesulfonic acid copolymer thin film coated on
a glassy carbon electrode was studied by cyclic voltamme-
try in 0.5 molL�1 NaNO3. The cyclic voltammogram ob-
tained for the modified electrode (Figure 1) showed only
one redox couple (Epa =0.15 V and Epc =0.12 V vs. ECS)
which is attributed to redox process of MnIV/MnIII.

The redox process obtained for the modified electrode
was distinct from the electrochemical behavior of the tri-
nuclear complex in aqueous solution. The electrochemical
investigation of [Mn3O4(phen)4(H2O)2]

4+ complex in
aqueous solution showed three redox couples (Supporting
Information), being the peaks at 0.10 V and �0.05 V vs.
SCE attributed to the redox couple MnIV/MnIII of the
manganese nucleus containing two 1,10-phenanthroline li-

gands. The peaks at 0.57 V/0.44 V vs. SCE and peaks at
0.84 V/0.76 V vs. SCE can be assigned to the redox
couple MnIV/MnIII of the manganese nucleus containing
one 1,10-phenanthroline ligand each. An irreversible
cathodic process observed at �0.63 V vs. SCE is attribut-
ed to the formation of MnII and subsequent breakdown
of the structure of the complex [31].

This change of the electrochemical behavior of the
complex suggests that the polymeric membrane of tetra-
fluoroethylene-perfluoro-3,6-dioxa-4-methyl-7-octenesul-
fonic acid copolymer altered the molecular structure and
the number of metallic centers of the complex. Possibly,
in the immobilization process of the complex on the ion-
exchange membrane occurs a rupture on the m-oxo
bridges of the manganese nucleus connected to the two
phen (1,10-phenanthroline) ligands (Scheme 1). The Mn�
Mn distances involving the manganese nucleus containing
two 1,10-phenanthroline ligands are equal at 3.249 � and

Fig. 1. Cyclic voltammogram for modified electrode in
0.5 molL�1 NaNO3 solution (pH 5) from 0.9 to �0.9 V vs. SCE
potential range at 25 mV s�1.

Scheme 1. Formation of the oxo-bridged dinuclear manganese-phenanthroline complex into polymeric membrane.
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the distance between the manganese atoms which are
doubly linked by the m-oxo bridges is considerably lower
at 2.675 � [32]. In addition, the bonding energy of Mn(m-
O)2Mn is stronger than that of Mn(m-O)Mn bond, which
enhances the stability of the structure and therefore
a higher resistance to structural change. Thus, the species
with the highest positive charge generated by the break-
down of the complex has greater tendency to be immobi-
lized in the ion exchange membrane.

It is known that the polymeric membrane of tetra-
fluoroethylene-perfluoro-3,6-dioxa-4-methyl-7-octe nesul-
fonic acid copolymer has cluster-network channel that
consisted of an equal distribution of sulfonate ion clusters
(inverted micelles) with a 40 � diameter held within
a continuous fluorocarbon lattice and narrow channels
about 10 � in diameter interconnect the clusters [33].
Probably the complex should be fixed in the bubbles of
sulfonate ions (Scheme 2) due have the same channel
size.

The species [Mn(OH)2(phen)2]
2+ from the disintegra-

tion of the complex is removed from the electrode surface
by the washing process. Thus, the electrochemical behav-
ior observed is assigned only to the material [Mn2

IVO2-
(phen)2(H2O)2]

4+ on the surface of the glassy carbon elec-
trode. A full understanding of these issues will clearly re-
quire a concerted view utilizing several techniques. A
solid-state visible spectra of oxo-bridged binuclear man-
ganese-phenanthroline complex incorporated into
a Nafion thin film coated on a ITO was measured in air
after immersion into aqueous solutions containing
[Mn3O4(phen)4(H2O)2](NO3)4 complex. The electronic ab-
sorption spectrum of the complex/Nafion film on the sur-
face of the ITO plate was closely different to that of the
solution spectrum (Supporting Information), directly indi-
cating the conversion of complex on the polmeric matrix.
Under such conditions, we observed the appearance of
a band at 658 nm, which are representative for the di-m-
oxo manganese dimer [34].

The electrochemical behavior of the modified electrode
as a function of pH (2.0–11.0) was studied by cyclic vol-
tammetry for a scan rate of 25 mVs�1 using universal
buffer solution containing NaNO3 0.5 molL�1. Analyzing

the relation Ep/2 versus pH (Figure 2), a value of slope
equivalent to 29.8 mVpH�1 was obtained. According to
results from the literature, this particular slope value cor-
respond a redox process involving one proton for two
electrons. Thus, the equilibrium between MnIV/MnIII can
be represented by (Equation 1):

½Mn2
IVðm-OÞ2ðphenÞ2ðH2OÞ2�4þ þHþ þ 2e� $

½Mn2
IIIðm-OÞðm-OHÞðphenÞ2ðH2OÞ2�3þ

ð1Þ

The proton coupled electron transfer (PCET) in oxo-
manganese complexes is commonly studied in simulation
of mechanism photosystem II [35]. This result corrobo-
rates that the immobilized complex in polymeric matrix is
a binuclear manganese complex and as also oxidation
state of the two central cations are isoelectronic. At pH
values above than 9, the redox potential of the immobi-
lized complex shifted to more positive potentials and the
intersection point of the straight line at pH 9.1 defines
the value of pKa for this equilibrium (Equation 2). Redox
reactions of multinuclear higher-valent oxo-bridged Mn
complexes are often associated with proton transfers as
the oxo-bridges in the reduced metal clusters must have
an increased basicity compared to their oxidized forms,
and a fast proton transfer from the bulk solvent is expect-
ed [36]. An irreversible cathodic peak in the potential
range �0.372 V to �0.426 V for pH range of 8.0 to 11.0
(Supporting Information) was observed. The cathodic po-
tential was linear with pH change from pH 10.4 to 11.01
with a slope of �0.055 V per pH unit appropriate for
a proton-transfer number is equal to the electron-transfer
number. However, it is surprising that the redox process
between the [Mn2

III(m-O)(m-OH)(phen)2(H2O)2]
3+ and

the one electron-reduced form with hydroxide is irreversi-
ble. Analyzing some reported in the literature on the
PCET behavior in oxo-manganese complexes [36a, 37],
none satisfactorily fits the observed process. Therefore,
we suggest a mechanism as (Equation 2):

Scheme 2. Cluster-network channel of Nafion containing the
oxo-bridged dinuclear manganese-phenanthroline complex.

Fig. 2. Influence of pH on redox potential (Ep/2) of the modified
electrode.
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½Mn2
IIIðm-OÞðm-OHÞðphenÞ2�3þ þOH� þ e�

! ½ðOHÞðphenÞMnIIðm-OÞMnIIIðphenÞðOHÞ�þ
ð2Þ

On the interval from pH 4.0 to 6.0 the modified elec-
trode showed better performance and stability, indicating
that the glassy carbon electrode modified with complex
[Mn2

IVO2(phen)2(H2O)2]
4+ immobilized in thin film

Nafion 5 % (v/v) can be applied in this pH range without
loss of electrochemical response in aqueous solution.
Thus, the other studies were performed at pH 5.0.

Due to the use of an ion-exchange membrane in the
development of the biomimetic sensorial and the change
of the oxidation state of the complex during the potential
scans. We studied the influence of anions and cations in
supporting electrolytes on electrochemical response on
the electrode modified (Table 2). The modified electrode

was submitted to cyclic scans at 25 mVs�1 in 0.5 mol L�1

solutions of H2PO4
� , ClO4

� , NO3
� , Cl� and SO4

2� (similar
sodium cation) for study of the influence of anion and
Li+, NH4

+ , Na+, K+ , Mg2+, Ca2+ and Ba2+ (similar chlo-
ride anion) for the influence of cation. Since the coordi-
nating ability or nucleophilicity of the anion can have sig-
nificant consequences on the stability, it becomes evident
that anion influence is related with redox reversibility of
complex in the polymeric matrix (see DE=Epa–Epc in the
Table 2).

The results indicate that anion in solution induces in
the redox couple of complex in the follows the order:
ClO4

� (0.170 V)>Cl� (0.220 V)�NO3
� (0.225 V)>SO4

2�

(0.249 V)>H2PO4
� (0.298 V). This gives similarly the

right order of Hofmeister series (ClO4
�>NO3

�>Cl�>
SO4

2�>H2PO4
�) which is governed by the hydrophobicity

of the anion and therefore degree of aqueous solvation
[38]. Herein, we can conclude that the hydrophobic poly-
mer backbone influences the insertion of the anion re-
quired to maintain the electroneutrality at the electrode
surface during the electrochemical process. This study
was similar with the results obtained of the complex

[Mn2
IV,IVO2(terpy)2(H2O)2]

4+ incorporated into a Nafion
film coated on a glassy carbon electrode [17a]. For cation
study, the redox potential of the modified electrode shift-
ed to more cathodic values with the increase in ionic
radium of the cation. In reversibility term, the greater dif-
ference is observed between the group of monovalent
and divalent cations.

The study of the influence of the concentration of ion
exchange polymer solution on the electrochemical behav-
ior of the GC/Nf/[Mn2

IVO2(phen)2(H2O)2]
4+ using poly-

mer solutions of tetrafluoroethylene-perfluoro-3,6-dioxa-
4-methyl-7-octenesul-fonic acid from 1 % to 5 % (v/v) was
studied. The cyclic voltammograms obtained for modified
electrodes in different ion exchange polymer concentra-
tions showed a separation of the redox peaks as a function
of polymer concentration. This detachment of the redox
processes may be attributed to the increase of electrical
resistance on the surface of the electrode caused by the
increased thickness of the polymeric film [39]. The influ-
ence of the polymer volume deposited for immobilization
on the electrode surface in the electrochemical behavior
with aliquots from 3 to 9 mL of ion exchanger polymer so-
lution was also performed. The values of Ep/2 as a function
of the polymer aliquots increased exponentially up to
9 mL. The same behavior was also observed for the values
of electroactive specie concentration. This behavior can
be attributed not only to a better dispersion of the poly-
meric film on the electrode surface for smaller coating
volumes, but also to a higher electrical resistance provid-
ed by large volumes added.

The effect of the potential scans rates (5 to 200 mV s�1)
on the voltammetric response for the electrodes coated
with different concentrations of Nafion film incorporated
with oxo-manganese complex in universal buffer (pH 5.0)
solution 0.1 mol L�1 containing NaNO3 0.5 molL�1 was in-
vestigated. For all electrodes, the recorded cyclic voltam-
mograms revealed that the anodic peak current increases
as the scan rate increases and the anodic peak current
varied linearly with the square root of scan rates, suggest-
ing that the redox process follows a diffusion-controlled
mechanism. This behavior suggests a mobility of counter
ions of the supporting electrolyte required to maintain
the electroneutrality of the electrode surface during the
redox processes [40], confirming the influence of the sup-
porting electrolyte on the electrochemical behavior of the
modified electrode.

The surface concentration of electroactive species was
estimated by background-corrected electric charge (Q)
obtained in the anodic peaks process according with the
theoretical relationship [33] (Equation 3):

G ¼ Q=nFA ð3Þ

where G is the concentration of electroactive species
(mol cm�2), the number of electrons transferred (assuming
�2), F the Faraday constant (96 485 C/mole�) and A is
the electrode area (0.06 cm2). The G value was calculated

Table 2. The influence of anions and cations in supporting elec-
trolytes on electrochemical response on the electrode modified.

Ion Ep/2 (V) vs. SCE DE=Epa–Epc (mV)

H2PO4
� 0.074 298

SO4
2� 0.064 249

NO3
� 0.076 225

Cl� 0.069 220
ClO4

� 0.074 170

Li+ 0.131 278
Na+ 0.113 272
K+ 0.094 275
NH4

+ 0.094 272
Mg2+ 0.152 392
Ca2+ 0.140 339
Ba2+ 0.119 326
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for low scan rate (5 mVs�1) under the surface adsorption-
controlled electrochemical process [42]. The concentra-
tion of electroactive species was found to be
3.4 nmol cm�2.

3.2 Biomimetic Sensor for Sulfite Ions

In conventional electrodes (unmodified), the electrooxi-
dation of sulfite ions occurs at high values of potential
and formation of radical intermediates [43]. However,
when analyzed in modified electrodes, a significant de-
crease in the values of the electrooxidation potential can
be obtained. Dadamos and Teixeira reported the determi-
nation of sulfite to 0.45 V. vs. SCE using a platinum elec-
trode modified with poly(copper-salen) getting a behavior
similar to a biosensor [22]. In the present proposed, the
modified electrode show electrocatalytic activity for sul-
fite species can be used as biomimetic sensor. The linear
voltammograms were obtained in the absence and in the
presence of sulfite in universal buffer (0.1 molL�1 and
pH 5.0) containing NaNO3 0.5 mol L�1, as showed in
Figure 3. With the addition of sulfite in solution, the
anodic peak current of the modified electrode increasing
significantly as well as a decrease in the overpotential (>
1.0 V on glassy electrode) [44].

The results show that the material on the electrode sur-
face promotes the oxidation of sulfite. Where the mecha-
nism occurs through the diffusion of the SO3

2� ions to the
electrode surface and reduces the MnIV complex immobi-
lized on the surface of glassy carbon (Equation 4). The
electrooxidation process occurs through of an electro-
chemical step, as represented by Equation 5:

MnIVðm-OÞ2MnIV
ðsupÞ þ SO3

2�
ðaqÞ þ 2Hþ

!MnIIIðm-OÞðm-OHÞMnIII
ðsupÞ þHSO4

�
ðaqÞ

ð4Þ

MnIIIðm-OÞðm-OHÞMnIII
ðsupÞ

!MnIVðm-OÞ2MnIV
ðsupÞ þ 1Hþ þ 2 e�

ð5Þ

In order to evaluate the performance of the modified
electrode as a sensor for ion SO3

2�, successive additions
were made. The values of anodic peak current was linear
in a concentration range from 4.99� 10�7 molL�1 to 2.49�
10�6 molL�1 with a detection limit of 1.33 �10�6 mol L�1

and sensibility of 0.05018 mAL mol�1 (Figure 4). At con-

centrations greater than 2.50 �10�6 molL�1, a saturation
of the electrocatalytic sites was observed. This phenomen-
on can be explained by the adsorption of sulfite ions and
subsequent saturation of the active sites of MnIV on the
electrode surface, being a similar behavior to the model
of enzyme catalysis Michaelis�Menten kinetics.

The profile of anodic current versus concentration of
SO3

2� showed similar characteristic to the Michaelis�
Menten model of an enzymatic electrode. Therefore, the
Michaelis�Menten equation for the steady-state of cata-
lytic current iSSC can be expressed as [22,45]:

iSSC ¼
nFAGkobsC

Kapp
M þ C

¼ imaxC
Kapp

M þ C
ð6Þ

where n is the number of electrons involved in the cata-
lytic reaction, KM is the apparent Michaelis�Menten con-
stant, A (cm2) is the electrode area, G (mol cm�2) is the
electroactive concentration on the electrode surface, kobs

is the rate of heterogeneous reaction observed, imax is the
maximum catalytic current (imax =nFAG kobs) and C is the
concentration of sulfite ions. The Equation 7 can be rear-
ranged to the Lineweaver�Burke equation:

1
iSSC
¼ 1

imax
þ Kapp

M

imaxC
ð7Þ

Fig. 3. Linear voltammograms of the modified electrode in
0.5 molL�1 NaNO3 solution (pH 5) in the absence (curve black)
and in the presence of 7.44 mmol L�1 of sulfite (curve red).

Fig. 4. Relationship of the current response of the biomimetic
sensor with the sulfite concentration. Working potential=0.15 V
vs. SCE.
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The Kapp
M , kobs and imax constants were obtained by ana-

lyzing the slope and linear coefficient of the Lineweaver-
Burke graph. The data from Figure 4 were adjusted to
Equation 7 and a linear relationship were obtained be-
tween 1/iSSC and 1/[SO3

2�]. The values are Kapp
M =

1.33 mmolL�1, imax =2.78 �10�7 A and kobs =7.06� 10�3 s�1.
The low Kapp

M value indicates that the oxo-manganese-phe-
nanthroline complex immobilized on a polymeric mem-
brane had a high affinity to sulfite. With the obtained re-
sults, indicates that the electrocatalytic mechanism for the
sensor is dependent on the concentration of SO3

2� ions
adsorbed on the electrode surface. The value of the ap-
parent heterogeneous rate constant ke’ was obtained by
the Equation 8.

ke
0 ¼ kobs G=Kapp

M ð8Þ

The calculated value was 1.80� 10�2 cm s�1. This value
is comparable to a system with an electron mediation
mechanism [46]. Another parameter analyzed was the re-
action order for the oxidation of sulfite ions. Through the
logarithm of the anodic current versus the logarithm of
the sulfite concentration (Figure 5) at a constant potential
there was obtained a slope of 0.5. The reaction order of
0.5 is a reaction with the rate-determining step occurs
twice [47]. This implies that an intermediate species
should be formed twice in one or two elementary chemi-
cal steps preceding the rate-determining step.

The detection performances of the biomimetic sensor
for sulfite ions were compared with other sensors in the
literature (Table 3). It can be seen that the glassy carbon
electrode coated with Nafion film incorporated with the
oxo-manganese-phenanthroline complex showed a detec-
tion limit lower than the studies in the literature. These
results indicate that the sensor proposed is a good plat-
form for the detection of sulfite ions and this sensor can
be potentially used for monitoring the concentration of
sulfite.

4 Conclusions

The biomimetic sensor exhibited electrocatalytic property
toward sulfite oxidation in universal buffer (pH 5.0) con-
taining NaNO3 0.5 mol L�1. This anodic current was pro-
portional to concentrations of sulfite between 4.99 �10�7

and 2.49� 10�6 molL�1 with a detection limit of 1.33�
10�7 molL�1 in voltammetric measurements. On the basis
of the results obtained, the kinetic of sulfite oxidation on
biomimetic sensor can be described by:

iK ¼
nFAkobsG SO2�

3

� �5:0

Kapp
M þ SO2�

3

� �5:0 ð9Þ

A plausible alternative mechanism can be described as
following:

MnIVðm-OÞ2MnIV
ðsupÞþSO2�

3 ðaqÞ
k1�! � ½ðMnIVðm-OÞ2MnIVÞ-ðSO3Þ�ðsupÞ

ð10Þ

MnIV m-Oð Þ2MnIV
� �

- SO3ð Þ
� �

ðsupÞ

þ2Hþ kcat

k�1
��! ��MnIII m-Oð Þ m-OHð ÞMnIII

ðsupÞ þHSO�
4 ðaqÞ

ð11Þ

where [(MnIV(m-O)2MnIV)-(SO3)](sup) represents formation
of a adduct between metallic centres of the complex and
sulfite molecule.
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Fig. 5. The logarithm of the anodic current versus the logarithm
of the sulfite concentration. Applied working potential=0.15 V
vs. SCE.

Table 3. Analytical features of different sensors for sulfite determination. KM: Michaelis�Menten constant; SOx : sulfite oxidase

Biomimetic material Detction limit KM Reference

SOx/PANI 0.5 mmolL�1 25.6 mmolL�1 [11c]
SOx/magnetic nanoparticles 0.15 mmol L�1 8 mmolL�1 [48]
SOx/cyt polyelectrolyte 1 mmol L�1 77 mmolL�1 [49]
Poly[Cu(salen)] 1.2 mmolL�1 36.7 mmolL�1 [22]
Oxo-bridged manganese-phenanthroline 1.33 mmol L�1 1.33 mmolL�1 –
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