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Abstract

SiO2/Sb2O3 of specific surface area SBET¼ 788 m2 g)1 and 4.7 wt % of Sb was prepared by the sol–gel method.
Toluidine Blue (TB+) was immobilized on SiO2/Sb2O3 by ion exchange reactions and the amount of dye bonded to
the substrate surface was 13.72 lmol g)1 for SiO2/Sb2O3. This material was used to modify carbon paste electrodes
and the electrochemical properties of Toluidine Blue (TB+) immobilized on a silica surface modified with
antimonium trioxide were investigated by cyclic voltammetry. The electron mediator property of toluidine blue was
optimized using a factorial design, consisting of four factors each at two levels. Factorial analysis was carried out by
searching for better reversibility of the redox process, that is, the lowest separation between anodic and cathodic
peak potentials and a current ratio near unity. The aqueous phase pH does not appear to influence the peak
separation, DE, and the |Ipa/Ipc| current ratio response. The other factors studied, the scan rate, type of electrolyte
and electrolyte concentration are important for this chemically modified electrode system demonstrating significant
influences on the reversibility of electron transfer. The experimental observations and data analyses on this system
indicate that the smallest peak separation occurs using 20 mV s)1 and 1.0 mol L)1 KCl while values of |Ipa/Ipc| close
to unity are found for 20 mV s)1 with 1.0 mol L)1 concentrations of either KCl or CH3COONa. The electrodes
presented reproducible responses and were chemically stable for various oxidation-reduction cycles.

1. Introduction

Binary SiO2/MxOy oxides obtained by the sol–gel
processing method have found many applications in
recent years [1–8] .The materials obtained combine the
mechanical properties of the silica matrix with the
chemical properties of the bulk metal oxides. The sol–gel
process yields a solid with controlled porosity and the
metal oxide can be obtained as highly dispersed particles
in the matrices [7]. Basically, the procedure consists of
the reaction between tetraethylorthosilicate, Si(OR)4,
and the metal oxide precursor, M(OR¢)4:

SiðORÞ4 þ xMðOR0Þy
����!solv þ acid

SiO2=MxOy þ 4ROHþ xyR0OH ð1Þ

Growing interest in using these materials as a porous
substrate to immobilize electroactive species lies in the
possibility of preparing a series of electrochemical
sensors (chemically modified electrodes) [1, 9, 10]. Many
applications of antimony(III) oxide have been found in
recent years as flame-retardants [11–14], as the main

component for glass formation [15], as catalysts [16–19]
and as an ion exchanger [20, 21].
Toluidine Blue (TBþ) can be immobilized on SiO2

matrices grafted with TiO2 and used to prepare modified
carbon paste electrodes for use as electrochemical
sensors for NADH [22] or the oxalate ion [23]. In these
cases the main characteristic was that modified carbon
paste electrodes made with immobilized dye material
presented a constant midpoint potential in aqueous
phases at different pH, in contrast to those observed for
dyes in the solution phase [24] or when immobilized on
graphite surfaces [25, 26]. The shift of Em towards more
positive values is desirable to enhance the redox reaction
and achieve more efficient electrocatalysis [27]. These
redox potentials are very close to most of the biomo-
lecular redox potentials and the chemically modified
electrodes based on this dye as an electron mediator
system may be of great interest for developing biosen-
sors [28, 29]. The efficient optimization of electron
transfer between Toluidine Blue and the electrode is an
important step in developing the biosensor.
In the present work, the electrochemical properties of

TB+ immobilized on SiO2/Sb2O3 mixed oxide matrix,
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prepared by the sol–gel method, are described. The study
of immobilized dye in the pores of solid matrices
presenting high specific surface areas such as those used
in this work is important for developing a new class of
sensors [9,30] aimed at achieving higher sensitivity,
selectivity and stability. The preparation of silica modi-
fied with antimonium trioxide for surface immobilization
of toluidine blue is reported. The optimization of this
system was carried out by searching for the best rever-
sibility characteristics of the adsorbed mediator using a
two level-four variable factorial design [31, 32]. Statistical
methods of experimental design and systematic optimi-
zation such as factorial designs have been applied to
different chemical systems [31–36], owing to their capa-
bilities of extracting relevant information from systems
while requiring a minimum number of experiments.

2. Experimental details

2.1. Preparation of SiO2/Sb2O3 mixed oxide

The SiO2/Sb2O3 mixed oxide was prepared according to
the following procedure: To 210 ml of a 50% (v/v)
solution of ethanol/TEOS (TEOS, tetraethylorthosili-
cate), 12 ml of 3.5 mol L)1 HCl were added. The
mixture was stirred for 3 h at 333 K. After the prehy-
drolysis step, 22 g of SbCl3 were added and the mixture
stirred for 3 h at room temperature. An additional
6.0 ml of 3.5 mol L)1 HCl solution was added and the
mixture stirred for another 2 h at room temperature.
The solvent was slowly evaporated at 333 K until gel
formation. The gel obtained was ground and sieved
between 60 and 200 mesh and the resulting particles
washed with ethanol in a soxhlet extractor for 8 h.
Finally, the material was washed with 250 ml of
0.1 mol L)1 HNO3, bidistilled water, dried under
vacuum (1.3 · 10)2 Pa) and stored.

2.2. Scanning electron microscopy

A Jeol JSM T300 scanning electron microscope (SEM),
equipped with an energy dispersive (EDS) microprobe
from NORAN Instruments (model series 2) was used to
obtain micrographs of the material. The samples were
dispersed on double faced conductive tape placed on a
copper support and coated with gold using Balzer (Med
020) equipment.

2.3. Specific surface area and chemical analysis
of SiO2/Sb2O3

The specific surface areas, SBET, were measured by the
BET multipoint technique on a Micromeritics Flowsorb
II 2300 apparatus.
The antimony content in SiO2/Sb2O3 was determined

by using X-ray fluorescence analysis on a model 5000
spectrometer equipped with a beryllium window from
Tracor X-Ray.

2.4. Toluidine Blue immobilization on SiO2/Sb2O3

Toluidine Blue (TB+) (in Scheme 1) was immobilized on
the SiO2/Sb2O3 matrix by an ion exchange reaction.
About 0.2 g of SiO2/Sb2O3 were added to 20 ml of a
2 · 10)4 mol L)1 toluidine blue solution. The mixture
was shaken for 30 min, the time required for the system
to achieve equilibrium. The changes in the dye concen-
trations in the solution phase, before and after equilib-
rium, were measured by spectrophotometry and the
amount of incorporated dye, Nf, in the matrices was
determined by applying the equation: Nf ¼ (Na)Ns)/m
where Na and Ns are, respectively, the initial and final
mole numbers of dye (equilibrium condition) in solution
phase, and m is the mass of the material. The material
obtained is labelled SiO2/Sb2O3/TB.

N

S N(CH3)2H2N

H3C

+
Cl -

Scheme 1. Structure of Toluidine Blue.

2.5. UV–visible spectra of the Toluidine Blue on
SiO2/Sb2O3

The UV–visible spectra of the solid samples were
obtained as paste in hydrocarbon oil between quartz
plates with a 0.01 mm path length. The measurements
were carried out on a Beckman DU 640 spectropho-
tometer. The spectrum of the SiO2/Sb2O3/TB was
compared with those of the dyes in aqueous solution.

2.6. Electrochemical measurements

The carbon paste electrodes were prepared by mixing
the materials (SiO2/Sb2O3 and SiO2/Sb2O3/TB) with
analytical grade graphite in 1:1 (weight: weight) pro-
portions with one drop of liquid paraffin as binder.
These pastes were placed in a cavity of 1 mm depth, in
contact with a platinum disc of 5 mm internal diameter
fused to a glass tube. The carbon paste electrodes made
with these materials were used as the working electrodes,
with a platinum wire serving as the counter electrode
and a saturated calomel electrode (SCE) as reference.
Cyclic voltammetry studies were carried out using an
Autolab PGSTAT 20 potentiostat/galvanostat appara-
tus. All the measurements were carried out under a pure
nitrogen atmosphere in a cell at 298.0 ± 0.2 K. The
supporting electrolyte solution pH of KCl was adjusted
by adding HCl or KOH. For CH3COONa, CH3COOH
or NaOH was added.

2.7. Factorial design

In this study, a 24 full factorial design was used with the
aim of determining the importance of one qualitative
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(electrolyte type) and three quantitative factors (scan
rate, aqueous phase pH and electrolyte concentration)
on the optimization of the redox process of Toluidine
Blue adsorbed on the modified silica surface. The factors
chosen for the optimization procedure are those that
could affect the reversibility of electron transfer when
the mediator is immobilized on the modified silica
surface. The factors, their levels and the sixteen experi-
ments of the full 24 factorial design are presented in
Table 1. The experiments in Table 1 were performed in
a random order to avoid possible systematic error being
interpreted as significant effect values. Response effects
were determined for peak potential separation, DE,
[DE¼Epa)Epc where Epa is the anodic peak potential
and Epc is the cathodic peak potential] and as the |Ipa/
Ipc| current ratio. The values of the effects were
calculated using equation 2 [32]:

Ef i ¼ R
ðþÞ
i � R

ð�Þ
i ð2Þ

where R
ðþÞ
i and R

ð�Þ
i are the averages of results when the

ith factor is at its high (þ) or low ()) level independent
of the signs of the other factor levels. Eight experimental
values make up each average because each column in
Table 1 has eight positive and eight negative signs. The
values of the effects calculated with the data of Table 1
are presented in Table 2.
The statistical significance of all these effects was

determined by plotting the effect values on a cumulative
probability graphs [31, 32]. Points corresponding to a
normal distribution are expected to be located on a line
centred about the origin. The effects represented by
these points are not significant and correspond to

estimates of effect errors. Their values can be used to
calculate an estimate of this error as well as the
experimental observation error. Effect values were
calculated and cumulative probability graphs were
plotted using the Factorial [31] and Statistica programs
[33].

3. Results and discussion

3.1. Characterization of the materials

The SiO2/Sb2O3 binary oxide prepared by the sol–gel
method resulted in a highly porous material with a
specific surface area of SBET ¼ 788 m2 g)1. The
amount of Sb incorporated in the binary oxide was
4.7 wt % (0.39 mmol g)1).
Figure 1(a) shows the SEM image for SiO2/Sb2O3 and

Figure 1(b) the respective EDS metal mapping image
obtained for the Sb atoms. The white points in Fig-
ure 1(b) are due to the antimony SbLa radiation energy
at 3.6 keV [37, 38]. From the EDS image the Sb atoms,
within the magnification used, are observed to be
uniformly dispersed with no detectable phase segrega-
tion of the oxide particles in the matrix. This homoge-
neous dispersion of the metal oxide in the matrix is an
important characteristic for material applications.

3.2. Toluidine Blue immobilization on SiO2/Sb2O3

Immobilization of Toluidine Blue (Scheme 1) on SiO2/
Sb2O3 was done at pH 6.0. Therefore, the form of the
immobilized toluidine blue is TB+.

Table 1. Factors, levels, peak separation and current ratio response

values for the 24 factorial design

Runs Order of

experiments

Factors* DE
/mV

|Ipa/Ipc|

1 2 3 4

1 9 ) ) ) ) 83 0.969

2 1 + ) ) ) 152 0.889

3 13 ) + ) ) 156 0.773

4 5 + + ) ) 267 0.650

5 11 ) ) + ) 51 1.004

6 3 + ) + ) 84 0.954

7 15 ) + + ) 80 0.997

8 7 + + + ) 134 0.883

9 10 ) ) ) + 77 0.975

10 2 + ) ) + 142 0.903

11 14 ) + ) + 169 0.797

12 6 + + ) + 279 0.684

13 12 ) ) + + 51 0.994

14 4 + ) + + 84 0.940

15 16 ) + + + 85 0.989

16 8 + + + + 141 0.921

* ()), (+)

1 Scan rate/mV s)1 20 60

2 Type of electrolyte KCl, CH3COONa

3 [Electrolyte]/mol L)1 0.2, 1.0

4 pH 4.0, 7.0.

Table 2. Main and interaction effects and standard error values for the

24 factorial design

Average DE/mV oIIpa/IpcoI

127.2 ± 1.7 0.950 ± 0.005

Main effects

1 66.4 ± 3.3* )0.08 ± 0.01�

2 73.4 ± 3.3 )0.12 ± 0.01

3 )76.9 ± 3.3 0.13 ± 0.01

4 2.6 ± 3.3 0.01 ± 0.01

Two factor interactions

12 16.4 ± 3.3 )0.02 ± 0.01

13 )22.4 ± 3.3 0.01 ± 0.01

14 )0.38 ± 3.3 0.008 ± 0.01

23 )30.9 ± 3.3 0.09 ± 0.01

24 6.6 ± 3.3 0.01 ± 0.01

34 0.38 ± 3.3 )0.009 ± 0.01

Three factor interactions

123 )5.4 ± 3.3 0.008 ± 0.01

124 0.63 ± 3.3 0.007 ± 0.01

134 0.88 ± 3.3 0.003 ± 0.01

234 )3.63 ± 3.3 0.002 ± 0.01

Four factor interactions

1234 )0.13 ± 3.3 0.006 ± 0.01

* 95% confidence interval of ±7.5.
� 95% confidence interval of ±0.02.
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The immobilization of Toluidine Blue on the SiO2/
Sb2O3 surface occurs by an ion exchange reaction,
represented by:

SbOHþ TBþ Ð SbOTBþHþ ð3Þ

where SbOH is the Brønsted acid site of the SiO2/Sb2O3

surface.
The amount of dye bonded to the substrate surface

was 13.72 lmol g)1 for SiO2/Sb2O3.

3.3. UV–visible spectrum of TB+ onto SiO2/Sb2O3

Since the TB+ can form molecular associations, nor-
mally as dimers and sometimes as higher order aggre-
gates, in solution phase [39] and such behavior may
persist in the solid phase when TB+ is adsorbed from
aqueous solution on the SiO2/Sb2O3 surface, the UV–
visible spectrum of the SiO2/Sb2O3/TB material was
obtained and compared with spectra of TB+ in aqueous
solution.
Figure 2(a) shows the spectra for SiO2/Sb2O3/TB and

Figure 2(b) the spectra of TB+ with different concen-
trations in the solution phase. The peak at the lower
wavelengths in both spectra, Figure 2(a) and (b), are due
to dimeric species and at the higher wavelengths to
monomeric species [40]. The SiO2/Sb2O3/TB material
(Figure 2(a)) has one absorption band at 590 nm and a
shoulder at 630 nm, indicating a larger predominance of
the dimeric species.

3.4. Electrochemical studies

Figure 3(a) and (b) show the cyclic voltammograms of
the modified carbon paste electrodes for SiO2/Sb2O3 and
SiO2/Sb2O3/TB, respectively. On scanning the potential
between )0.4 and 0.1 V vs SCE, no peak currents for
SiO2/Sb2O3 modified carbon paste electrode are ob-
served. For the SiO2/Sb2O3/TB modified carbon paste
electrode, well-defined anodic and cathodic current
densities are observed.
The midpoint potential, Em, (Em ¼ (Epa + Epc)/2

where Epa and Epc are the anodic and cathodic peak
potentials) for SiO2/Sb2O3/TB occurs in the region
between )150 and )180 mV. The stability of the
electrodes was verified by performing several redox
cycles, measured in 1.0 mol L)1 KCl supporting elec-
trolyte solution, since the species can be leached from
the surface of the electrode during several oxidation and
reduction cycles. It was observed that up to 80 cycles for
the SiO2/Sb2O3/TB electrode, the anodic current density
stayed practically constant, even for this high concen-
tration of supporting electrolyte (KCl 1 mol L)1),
showing that the dye is not leached from the matrix
surface owing to their large affinities. In relation to the
cathodic peak current, the same behavior is verified.
Table 1 shows the results of the 24 factorial design for

the system. The factors chosen for the optimization

Fig. 1. Scanning electron microscopy image of SiO2/Sb2O3 (a), the

corresponding energy dispersive scanning image (EDS) of antimony

(b). (scalebar: 10 lm).

400 500 600 700 800

(a)

λ / nm

400 500 600 700 800
λ / nm

(b)

1

3

2

Fig. 2. UV–vis absorption spectra of: (a) SiO2/Sb2O3/TB; (b) TB
+ in

aqueous solution: (1) 2.0 · 10)4, (2) 5.0 · 10)5 and (3) 1.25 ·
10)5 mol L)1.
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procedure are those that could affect the reversibility of
electron transfer; scan rate, type of electrolyte, electro-
lyte concentration and aqueous phase pH to immobilize
the mediator. The effects of these factors are presented
in Table 2.
For the peak separation response, DE, the main effects

for scan rate (1) type of electrolyte (2) and electrolyte
concentration (3) as well as the binary interactions, scan
rate-type of electrolyte (12), scan rate-electrolyte con-
centration (13) and type of electrolyte–electrolyte con-
centration (23) have the largest absolute values. For the
peak separation response, DE, pH has no important
effect value. The statistical significance of these effects
can be determined by plotting the effect values on a
cumulative probability graph [31,32] (Figure 4). This
plot shows that the effect values involving pH are not
statistically significant.
An estimate of the standard error in the effect values

can be obtained by pooling the effect values corre-
sponding to the points linearly distributed about the
origin of the cumulative probability graph (Figure 4).
This results in an effect standard error of ±3.3 mV
estimated with nine degrees of freedom.
If pH does not really affect peak separation one can

expect the results for experiments 1 and 9, 2 and 10. . . 8
and 16 to be the same within experimental error since
these pairs of experiments have identical conditions for
the scan rate, type of electrolyte and electrolyte concen-
tration. Inspection of the values in Table 1 confirms this
observation.
Comparison of the effect values with their errors and

confidence interval uncertainties confirms that for the
peak separation response, DE, the main effects of scan
rate, type of electrolyte and electrolyte concentration, as

well as the binary interaction effects (12), (13) and (23),
are significant.
For the current ratio response, |Ipa/Ipc|, the main

effects involved are scan rate (1) type of electrolyte (2)
and electrolyte concentration (3), as well as the binary
interaction type of electrolyte-electrolyte concentration
(23). Their absolute values are approximately four to six
times greater than the values of the other effects, as can
be seen in Table 2. An effect standard error of ±0.01
was estimated by pooling the effect values corresponding
to the points on the centerline of the cumulative
probability graph for the |Ipa/Ipc| effect values in
Figure 4. Comparison of the corresponding 95% con-
fidence level uncertainties with the effect values in
Table 2 shows that the main effects of scan rate, type
of electrolyte and electrolyte concentration, as well as
the binary interaction effect (23), are significant. Inspec-
tion of the values obtained in Table 2 reveals that both
the dependence of the peak separation response, DE,
and current ratio response, |Ipa/Ipc|, are much more
complicated than can be described by just three princi-
pal effect values alone. Therefore it is more appropriate
to investigate these systems using multivariate methods
that are capable of measuring binary interaction effects
[32].
In Table 1 important trends can be observed. On

comparing pairs of experiments that differ only in the
sign of factor 1, for example run 1 with 2, 3 with 4 etc., it
is possible to see that for all pairs the largest DE result
occurs when factor 1 is at its high level, that is, this
factor has a positive effect. The peak separation values,
DE, increase with a change in 20 mV s)1 scan rate to
60 mV s)1. This is consistent with the positive main

-0.15 -0.10 -0.05 0.00 0.05 0.10 0.15

-2

-1

0

1
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23
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Effects
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13
23

3

12
1

2

Fig. 4. Cumulative probability graph for the effect values, DE (a) and

|Ipa/Ipc| (b), of Table 2 corresponding to the 24 factorial design.
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Fig. 3. Cyclic voltammograms obtained for carbon paste electrodes

modified with SiO2/Sb2O3 (a) and SiO2/Sb2O3/TB (b). Measurements

in 1.0 mol L)1 KCl, pH 7.0, T¼ 298 K and scan rate of 20 mV s)1.
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effect value in Table 2 for scan rate. In other words,
peak separation response, DE, is dependent on scan rate.
The absolute value of the peak separation increases to
approximately 44.0 mV when the scan rate is changed
from 20 to 60 mV s)1 and the concentration of the
supporting electrolyte is 1.0 mol L)1 and this is inde-
pendent of the aqueous phase pH. Similar behaviour is
also observed when the concentration of the electrolyte
is 0.2 mol L)1, except that a larger increase of about
88.75 mV in peak separation occurs. This difference of
about 44.75 mV (larger than any of the absolute values
of the interaction effects) is independent of aqueous
phase pH and can be probably attributed to the fact that
electron transfer of the mediator is slow, favouring a
more reversible system at lower scan rate.
Comparing pairs of experiments that differ only in the

sign of factor 2, for example run 1 with 3, 2 with 4 etc., it
is possible see that for all pairs the largest DE occurs
when factor 2 is at its high level, that is, this factor has a
positive effect. The peak separation values, DE, increase
when the inorganic electrolyte KCl is replaced by the
organic electrolyte CH3COONa. This corresponds to a
positive main effect in Table 2 for the type of electrolyte
factor. This can be attributed to the smaller ionic
mobilities in water at 298 K for CH3COO) (4 · 24 ·
10)8 m2 s)1 V)1) and Na+ (5 · 19 · 10)8 m2 s)1 V)1)
in relation to the Cl) (7.91 · 10)8 m2 s)1 V)1) and K+

(7.62 · 10)8 m2 s)1 V)1) [41].
An opposite trend is seen for the electrolyte concen-

tration. Comparing pairs of runs that differ only in the
sign of factor 3, runs 1 and 5, 2 and 6 etc., independent
of the levels of the other factors, the peak separation
values, DE are always smaller when the 1.0 mol L)1

electrolyte concentration is used instead of 0.2 mol L)1;
that is, this factor has a negative effect corresponding to
the negative main effect in Table 2 for the electrolyte
concentration factor. This is an important characteristic
of reversible systems. This behaviour may be attributed
to mass transport since the higher the supporting
electrolyte concentration the more efficient the electron
transfer process is expected to be, thus favoring the
largest current response and the smallest separation
between peak potentials.
Such tendencies are not observed for the aqueous

phase pH, since it does not produce a significant effect.
The binary interaction effect (12) involving the main

effect of scan rate and the type of electrolyte is
synergistic, that is, the peak separation becomes larger
when both factors, scan rate and type of electrolyte are
varied simultaneously to their higher levels relative to
the sum of increases in peak separation for isolated
changes in these factors. In this way, with a simulta-
neous change in scan rate from 20 to 60 mV s)1 and a
change of electrolyte from KCl to CH3COONa an in-
crease in the peak separation of about 16 mV above that
owing to the principal effects, 66.4 + 73.4 ¼ 139.8 mV
is observed. Two other interaction effects, both anta-
gonistic, one involving the scan rate and electrolyte
concentration and the other the type of electrolyte and

electrolyte concentration, are also large and significant
[32]. The relatively complex dependence in the peak
separation values, DE, on these factors can also be
analysed using Figure 5. Only multivariate procedures
can detect interaction effects. As such, these techniques
should be recommended for the study and optimization
of chemically modified electrodes.
Examination of the factorial design diagram in

Figure 5 confirms the simple behaviour for the DE
values. The )76.9 mV effect value arises since all DE
values for the 1.0 mol L)1 KCl concentration (right-
hand face of cube) are between 29 and 135.5 mV smaller
than the corresponding values at 0.2 mol L)1 (left-hand
face).
Analogously in Figure 5, the positive |Ipa/Ipc| for the

electrolyte concentration effect, 0.13, is a consequence of
the fact that ratios on the 1 mol L)1 cube face are all
larger by about 0.027 to 0.235 than their corresponding
values on the 0.2 mol L)1 face. Similar arguments using
the other faces of the cube allow analysis of the effects of
both peak separation DE and |Ipa/Ipc| current ratio, and
are useful for obtaining a physical interpretation of the
type of electrolyte and surface main effects for DE and
|Ipa/Ipc|.
The factorial design diagram shown in Figure 5 is also

useful for choosing the optimized experimental condi-
tions. If only peak separation is considered, the best set
of conditions from the factorial study is ) ) +
(20 mV s)1, KCl, 1.0 mol L)1) indicating that the pH
level does not affect DE. Values of |Ipa/Ipc| close to unity
are found for the following sets of conditions ) ) +
(20 mV s)1, KCl, 1.0 mol L)1) and ) + + (20 mV s)1,
CH3COONa, 1.0 mol L)1) showing that aqueous phase
pH is also not relevant for |Ipa/Ipc|. These conditions are
therefore recommended to achieve most reversible
behaviour.
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83/77

0.969/0.975

80/85
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51/51
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267/279
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134/141

0.883/0.921

152/142

0.889/0.903

84/84

0.954/0.940

-
- -
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KCl

Type of
electrolyte
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[Electrolyte] / mol L-1
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Fig. 5. 24 factorial design diagram for the peak separation (arial type)

and current ratio (italic type) response values.
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4. Conclusions

Organic dye TB+ was immobilized onto SiO2/Sb2O3

prepared by the sol–gel method. Carbon paste modified
with this material having dye immobilized on its surface
showed high chemical stability attributable to the strong
adsorption of dye on the matrix. The full factorial
design used here allows a simultaneous investigation of
four selected factors that affect the optimization of
reversibility characteristics of the adsorbed mediator
dye.
In the factorial design study the aqueous phase pH

factor did not influence either the peak separation
response DE, or the |Ipa/Ipc|, current ratio response. If
only peak separation is considered, the best set of
conditions from the factorial study is ) )+ (20 mV s)1,
KCl, 1.0 mol L)1) indicating that the pH levels do not
affect DE. Values of |Ipa/Ipc| close to unity are found for
the sets of conditions ) ) + (20 mV s)1, KCl,
1.0 mol L)1) and ) + + (20 mV s)1, CH3COONa,
1.0 mol L)1) showing that the aqueous phase pH factor
is not relevant and therefore does not affect |Ipa/Ipc|.
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