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Abstract

This paper describes the preparation, characterization and electroanalytical application of a composite consisting
of titanium phosphate modified with nickel hexacyanoferrate. Titanium phosphate (TiPh) was formed from the
reaction of titanium isopropoxide with H;PO,4 and deionized water. Next, the reaction of TiPh was performed
with a metal ion (Ni"?) and potassium Hexacyanoferrate, designated as TiPhNIHCF. Spectroscopic techniques
such as vibrational spectroscopy, X-ray diffraction (XRD), diffuse reflectance and cyclic voltammetry were used
to characterize the TiPh and TiPhNiHCF. The graphite paste electrode containing TiPhNiHCF exhibited a redox
couple with average potential (E®) of 0.61V vs Ag/AgCl (KNO; 1.0 mol L'; v =20 mV s™) attributed to redox
process Fe''(CN)g/Fe™(CN)s. The redox couple presents a sensitive response for determining dipyrone. The
system showed a detection limit of 3.75 x 10 mol L™ and standard deviation of 1.8 % for n = 3, with an
amperometric sensitivity of 34.84 mA / mol L. The modified electrode was electrochemically stable and
showed good reproducibility.
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1. Introduction

Titanium dioxide (TiO,) is a metal oxide, semiconductor of the n (Stroppa et al., 2008) type. It has been used in
various industrial applications such as gas sensors (Atashbar et al., 1997; Tang et al., 1995; Chaudhari et al.,
2006), waveguides solar cells (O’Regan et al., 1991) and others (Stroppa et al., 2008). The main methods used in
the synthesis of TiO, in the literature are: sol-gel (Yang et al., 2006; Hussain et al., 2010), hydrothermal method
(Linsebigler et al., 1995), the Pechini method and combustion reaction (Almeida et al., 2010). The most
important chemical properties of this material are those related to polymorphism, amphoteric
(Mazloum-Ardakani et al., 2011) and mainly photochemical (Pipi et al., 2010) systems. The TiO, has three
polymorphs: anatase (tetragonal), rutile (tetragonal) and brookite (orthorhombic) (Costa et al., 2006) and in all
these phases the Ti*" cation is hexacoordinated by oxygen anions. The difference between these forms is the way
these octahedrons connect to each other (Mambrini et al., 2008). The phase present in the degradation of
photoactive organic and inorganic compounds is anatase, the others do not contribute significantly to the process
(Mambrini et al., 2008).

Currently, relevant studies involving the photo degradation of organic compounds (Campanella et al., 2009) and
adsorption of heavy metals (Debnath et al., 2011; Beck et al., 1992) are highlighted. Moreover, different and
specific properties such as high chemical stability makes the titanium oxide an excellent ion exchange
(Gongalves et al., 2010), a photocatalyst that is very successfully used in the degradation of organic pollutants
(Choi et al., 2006) and the elimination of pathogenic organisms (Zhou et al., 2007). Different preparation
methods of titanium with phosphoric acid forming titanium phosphate have increasingly been studied, usually
because the composite is obtained in powerful metallic ions adsorbents and photocatalysts such as titanium
oxide, but with the advantage of a greater surface area and chemical stability (Gongalves et al., 2010; Bruque et
al., 1995), which will certainly influence the increase of the catalytic power and the adsorptive properties of
metal ions. It is now known that materials with high surface area are also important in the field of
electro-electrocatalysis and especially in the preparation of chemically modified electrodes.

Electrodes chemically modified with titanium phosphate have arousing great interest in the area of
electrochemistry (Bruque et al., 1995; Pipi et al., 2010) due to its easy preparation and quick renewal of the
electrode surface. Many ways of anchoring compounds electrochemically active on the surface have been
investigated in order to shorten the distance between the oxidation-reduction sites involved in electronic transfer
reactions (Willner et al., 2000; Murray et al., 1984). In the literature, carbon paste electrodes modified with
different matrices were used in the determination of dipyrone, such as an anionic exchange resin charged ions
with hexacyanoferrate (I1I) (Marcolino Jr., 2007) and carbon paste modified with cobalt phthalocyanine (Boni et
al., 2011).

Recently Do Carmo et al. (2010) described a new synthetic route for the preparation of titanium phosphate,
which after modification, the resulting composite was used for the electrocatalytic determination of
N-acetylcysteine. The main feature of this synthesis route is the preparation simplicity, in addition to obtaining a
potential material with excellent chemical properties.

In this paper we present the preparation and voltammetric study of nickel hexacyanoferrate (NiHCF) obtained by
the interaction with the TiPh in two stages. At the first stage, the TiPh adsorbs Ni*" and at the second stage the
composite formed (TiPhNi) reacts with Hexacyanoferrate, forming a new composite (TiPhNiHCF). The idea is
to explore the good ionic conduction of TiPh (Wang et al., 2007) in order facilitate the charge transfer between
the TiPh and NiHCF, which occurs with the cationic diffusion between the crystal lattice of TiPh and of NiHCF
in the composite formed. After rigorous voltammetric studies, the composite was tested in the voltammetric
determination of dypirone. Dipyrone (acid 1-phenyl-2,3-dimethyl-5-pyrazolones-4-methilaminometanossulfonico)
(Pereira et al., 2002), also known as metamizole, which is an analgesic, antithermic and nonsteroidal antipyretic,
widely used with proven efficiency in pharmaceutical formulations (Santos et al., 2009; Amaral et al., 2009;
Lucchetti et al., 2011). Various methods are employed for their determination, such as amperometry (Boni et al.,
2011), flame emission spectrometry (Lyra et al., 2011), spectrophotometry (Suarez et al., 2011), cyclic
voltammetry (Teixeira et al., 2009), liquid chromatography mass spectrometry (Ojha et al., 2009), among others,
given that the electrochemical methods are simpler and have a good efficiency.

2. Experimental
2.1 Reagents

All reagents were analytical grade (p.a Merck) and deionized water, and Milli-Q Gradient system from Millipore
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was used. The Dipyrone solutions were prepared immediately before use.
2.2 Techniques
2.2.1 Fourier Transform Infrared Spectra

Fourier transform infrared spectra were recorded on a Nicolet SDXB FTIR 300 spectrometer. Approximately
600 mg of KBr was grounded in a mortar with a pestle, and sufficient solid sample was grounded with KBr to
make a 1wt % mixture to produce KBr pellets. After the sample was loaded, the sample chamber was purged
with nitrogen for at least 10 min. prior the data collection. A minimum of 32 scans was collected for each sample
at a resolution of 4 cm™.

2.2.2 X-ray Diffraction

The X ray diffraction patterns (XRD) were obtained using a Siemens D 5000 diffractometer with CuKea ( 4
1.5406 A radiation), submitted to 40 kV, 30 mA, 0.05° s and exposed to radiation from 5 up to 80° (26).

2.2.3 Electrochemical Measurements

Cyclic voltammetric measurements were performed using a potentiostat from Microchemistry, MQP1 model.
The electrochemical system used was composed of three electrodes: platinum used as an auxiliar electrode, Ag
/AgCl) as a reference and modified graphite paste as a working electrode. The working electrode consists of a
15 cm long glass tube, with inner diameter of 0.30 cm and external diameter of 0.5 cm, and the internal cavity
connected by a copper wire to establish the electrical contact.

The cyclic voltammetry technique was employed to study the electrochemical behavior of titanium (IV)
phosphate modified with Nickel hexacyanoferrate. The catalytic current was established by the difference
between the current measured in the presence of Dypirone and in its absence. The solutions were bubbled with
nitrogen for 10 minutes before the measurements.

2.3 Preparation of Graphite Paste Electrode Modified with TiPhNiHCF

The graphite paste modified with TiPhNiHCF was prepared from a mixture containing 40 % (w/ w) of 40 mg
TiPhNiHCF with 60 mg graphite powder (Aldrich) and 30 pL of mineral oil.

2.4 Synthesis of Titanium Phosphate (TiPh)

35 mL of phosphoric acid (PA 85 %), 20 mL of titanium isopropoxide (IV) (TifOCH(CHj;),]4) and 10 mL of
deionized water were added into a beaker, respectively. The mixture was left at rest and in the dark for one day.
Next, the solid phase formed was separated by a sintered plate funnel (vacuum filtration) and dried at a
temperature of 343.15 K. The material was stored in a frosted glass bottle described as TiPh. The reaction of
titanium isopropoxide with phosphoric acid is represented by the following equation (Eq. 1).

TI(OR)4(1) + 4H3PO4(aq) Ti(H2P04)4(S) + 4ROH(D (Eq. 1)
Where R is isopropyl group.

2.5 Formation of the Binuclear Complex with the TiPh

The preparation of the binuclear complex was prepared in two steps. Initially, 4.0 g of macerated TiPh was
added to an ethanolic solution (99 %) of nickel chloride (1.0 mol L™). The mixture was kept under stirring for
one hour at room temperature. The solid phase was then separated by vacuum filtration using a sintered plate
funnel and washed several times with ethanol (99 %). The material was dried at a temperature of 343.15 K and
described as TiPhNi. Next, all TiPhNi obtained was added to a solution of potassium ferricyanide (1.0 mol L™).
The mixture was kept under stirring for two hours at room temperature. Then, the material was vacuum filtered,
washed with deionized water several times and dried at a temperature of 343, 15 K. The material was stored in
the dark and designated as TiPhNiHCF.

3. Results and Discussion
3.1 X-ray Diffraction Studies

The X-ray diffractogram of the TiPh is illustrated in Figure 1(a). The four intense peaks found in the
diffractogram of the TiPh have the following characteristics 26: 11.55; 20.73; 25.60 and 35.72. Through a
specific software it was determined that these peaks are characteristic of the compound Ti3(PO,),, whose file is
the database JCPDS #52-327.

Figure 1(b) illustrates the X-ray diffractogram of TiPhNiHCF. The intense peaks found in X-ray diffractogram
of TiPhNiHCF have the following characteristics 26: 11.30; 17.16; 24.56; 25.74; 28.29; 35.11; 35.90 and 39.00.
The results showed that TiPhNiHCF presented some amorphous and crystalline peaks as well as its precursor
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(TiPh). This different crystallinity can be seen in the chemical behavior of the prepared materials. Through the
ICSD-28668 formed, we can see that the composite with crystalline peaks TiPhNiHCF presents the following
characteristics 26: 17.16; 25.74 and 35.90, also observed in nickel hexacyanoferrate and these values are in
agreement with those found in the literature (Mostafa et al., 2010; Chang et al., 2008) for different matrices
modified with nickel hexacyanoferrate.

3.2 Studies in the Infrared Spectroscopy

Figure 2(c) illustrates the spectrum in the infrared region of TiPh. A broad band was observed in the region of
3400 cm’', assigned to stretching symmetric and asymmetric -OH. There was a mean and narrow band in 1620
cm’ assigned to H-O-H bond of water and a strong absorption at 1035 cm™ which was attributed to v (P=0)
stretching. The band observed at 1400 cm™ was attributed to 6 (POH) stretching (Costa et al., 2006). The bands
with values of 518 and 607 cm™ correspond to links O-Ti-O (Thakkar et al., 2009). The results are in agreement
with that found in the literature (Costa et al., 2006; Pipi et al., 2010) for Tiz(PO,4)4. All the above bands are
present in the spectrum of TiPhNiHCF, as illustrated in Figure 2(b). The vibrational spectrum of TiPhNiHCF
showed two peaks at 2168 cm™ and another at 2099 cm™, not present in the spectrum of TiPh, assigned to v
(C=N) of Fe""-CN-Ni" and of Fe"-CN-Ni", respectively (Mostafa et al., 2010; Fang et al., 2011). These values
are close to those described in the literature (Fang et al., 2011; Longchamp et al., 2004; Mostafa et al., 2010;
Yang et al., 2007).

Figure 2(a) illustrates the vibrational spectrum of potassium ferricyanide (HCF). This spectrum shows a peak in
the 3400 cm™ region, assigned to stretching symmetric and asymmetric -OH and a medium intensity band at
1620 cm™ attributed to H-O-H bond of water. The stretching v (C=N) in TiPhNiHCF is displaced by about 60
cm™ to low frequency regions relative to v (C=N) obtained for the potassium ferricyanide.

3.3 Electrochemical Characterization of TiPhNiHCF

Figure 3 illustrates the cyclic voltammogram of graphite paste electrode modified with TiPhNiHCF (40 % m/m).
A well defined redox pair (peak I) was observed, with average potential E” = 0.55 V attributed to redox process
Fe''(CN)¢/Fe"(CN), in the presence of nickel. Literature studies of matrices modified with nickel
hexacyanoferrate present different average potential values, however the value found in this paper was close to
that found for the nickel hexacyanoferrate (NiHCF) formed on the surface of solid electrodes (Chang et al.,
2008; Yang et al., 2007; Chen et al., 2007; Do Carmo et al., 2002).

3.3.1 Studies on the Effect of Cations and Anions

The process of oxidation and reduction of modified compounds occurs on the surface of TiPhNiHCF, the cation
balance in the electrolyte of the electrode surface containing the material (Thakkar et al., 2009; Do Carmo et al.,
2002). Figure 4 illustrates the cyclic voltammograms obtained from studies on the influence of supporting
electrolytes in graphite electrode modified with TiPhNiHCF. Different supporting electrolytes were used in the
study of alkaline metal cations and anions of salts (LiCl, NaCl, KCI, KNO;, NaNO; and NaClO,). Through this
study we observed that the nature of the cations influence the average potential (E*’) and the current intensities.
Through the voltammograms a large shift in the average potential to more positive regions is observed. The
cyclic voltammetry showed relatively well defined redox pairs, particularly in the presence of supporting
electrolytes KC1 and KNO; (The choice of electrolyte is fundamentally important in the electrochemical
behavior of modified graphite paste electrodes).

The displacement of E” is due to the fact that compounds such as Prussian blue and analogues exhibit structures
that have a zeolite cavity, in other words, channels that allow the insertion of small molecules and ions that
behave as zeolites (Do Carmo et al., 2002). By having smaller hydrated radius, the K* cation is more easily
lodged in the pores of the zeolite structure of the formed NiHCF. For the same anion (for example NO?) a shift
of E”’= 40 mV to more positive potentials was observed when K' is exchanged for Na’. This increase of E* is
accompanied with the increase of AEp, which in this case was of 45 mV. Greater displacements of E” and AEp
are observed when NaCl is replaced by KC1. When the cation is fixed, for example K and the NO;™ anion is
moved to CI, there is only a small displacement of E®” (11 mV) and of AEp (13 mV). Thus, the NO; anion had
little influence on the redox process. All the cations tested showed the presence of only one well-defined redox
pair. Through this study the KNO; could be choosen as the best supporting electrolyte because of its good
chemical stability and good voltammetric performance. Table 1 shows the electrochemical parameters of
TiPhNiHCEF after the electrolyte study.

Figure 5 shows the cyclic voltammograms recorded at different concentrations of KNO; (1.0 x 107 a 2.0 M).
The E*” moves to more positive values with increasing electrolyte concentration, thus indicating the participation
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of K ion in the redox process and also a change in the activity of these ions (Jayasri et al., 2006). Figure 5
(inserted graph) presents the mean peak potential due to the logarithm of electrolyte concentration of KNOs.
Through this study it can be determined for the graphite paste electrode modified with TiPhNiHCF that the slope
is 75 mV per decade concentration of potassium ions, respectively, indicating an almost reversible nenrstian
process (Do Carmo et al., 2002).

Figure 6 illustrates the cyclic voltammogram at different pH values (2-8). It was observed that varying the
hydrogen ion concentration there is no change in the intensity of anodic and cathodic peak currents. This is the
non-occurrence of the interaction between the H' ions with the cyanide groups (protonation), as they are fully
complexed with nickel ions.

Figure 7 illustrates the cyclic voltammogram of TiPhNiHCF at different scan rate (10 to 100 mV s™). It appears
that, with increasing scan rate, there is an increase of the anodic and cathodic current intensity of peak I and a
small shift of E* to more positive potential regions.

The inserted graph in Figure 7 shows the linear dependence between the current intensity of the anode / cathode
peak and the square root of the scan rate for TIPhNiHCF, featuring a diffusion process (Do Carmo et al., 2002).

Table 2 presents the main electrochemical parameters of TiPhNiHCF at different scan rates. The graphite paste
electrode modified with TiPhNiHCF presents a sensitive response for the determination of dipyrone. Figure 8
shows the cyclic voltammograms of the graphite paste modified with TiPh in the absence (curve a) and in the
presence of Dipyrone 1.0 x 102 mol L' (curve ¢) and the voltammograms of the graphite paste modified with
TiPhNiHCF in the absence (curve b) and in the presence of Dipyrone 1.0 x 102 mol L' (curve d). This shows a
good response from the graphite paste electrode for the determination of Dipyrone. Figure 9 shows the
sensitivity of the graphite paste electrode modified with TiPhNiHCF with different additions of aliquots of
Dipyrone.

A significant increase in the anodic current peak intensity and also a slight displacement of the average potential
of both peaks to more negative values were observed, when the dipyrone concentration was increased. This
sensitivity characteristic presented by the graphite paste electrode modified with TiPhNiHCF makes it
susceptible to the analysis of millimolar concentration of dipyrone.

The graphite paste electrode clearly showed two irreversible oxidation peaks (vs Ag/AgCl,), which occur in
0.59 V and 1.0 V (Figure 8c) and these values are very close to those described in the literature (Teixeira et al.,
2004).

It is well known that the electrochemical oxidation peak of dipyrone (Figure 8c) is related to the methylamino
group, N-methanesulphonate (Teixeira et al., 2004) and Teixeira and collaborators (2004) proposed a mechanism
that involves the transfer of two electrons and one proton (Equation 2).

(l,u, (l.'l-h
HsC N - H3C N
3 ~CH;804 3 }j\ “H
| N L)L « o -
HyC” ™ 0 + H, 0 —— HC™ ™ = - S0, - CH,O + H 2e

These results suggest that the voltammetric response of the modified electrode is based on the oxidation of
dipyrone methanesulphonate group with the metallic (Fe'") center of the inner sphere.

The graph inserted in Figure 9 illustrates the calibration curve of the anodic peak current as a function of
concentration of dipyrone for TiPhANiHCF. The modified electrode showed a linear response of 3.0 x 10™ to 8.0
x 10 mol L™ with a corresponding equation Y(pA) = 117.61 + 34.843 x 10° [Dipyrone] with a correlation
coefficient of r = 0.997.

The method has a detection limit of 3.75 x 10 mol L' and standard deviation of 1.8 % for n = 3 with an
amperometric sensitivity of 34.84 mA /mol L™ for dipyrone.

The modified electrode has enabled current intensity ten times greater than the graphite paste electrode without
modifier.

4. Conclusion

Through the FT-IR, XRD and cyclic voltammetry analysis we can conclude that the titanium oxide modified
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with phosphoric acid (TiPh), followed by a reaction of a metal ion (Ni*"), interacted strongly with potassium
hexacyanoferrate forming an extremely electroactive composite (TiPhNiHCF). With the material obtained, it
was possible to make modified graphite paste electrodes and conduct analytical studies of the sensitivity of
dipyrone. The modified electrodes were stable in all studies. The cyclic voltammogram of the modified electrode
containing TiPhNiHCF showed only one redox pair with E” = 0.61 V attributed to the redox process of the
Fe"(CN)¢/Fe"(CN)g in the presence of the binuclear complex formed. The graphite paste electrode modified
with TiPhNiHCF presented analytical sensitivity to dipyrone. The modified electrode exhibited a linear response
of 3.0x10™ to 8.0x10” mol L™ with a corresponding equation Y(uA) = 117.61 + 34.843 x 10° [Dipyrone] with a
correlation coefficient of r = 0997. The method showed a detection limit of 3.75x10™ mol L with an
amperometric sensitivity of 34.84 mA/mol L' for dipyrone. When compared to other electroanalytical methods,
the main advantage of the modified electrode TiPhNiHCF is the easy manufacturing and the fact that it surface
can be easily renewed. This feature is important when one wants to effectively implement various measurements
in a short period of time. Another advantage is that it needs no prior chemical treatment.
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Table 1. Main voltammetric parameters of TIPhCoHCF in the presence of different supporting electrolytes

Diameter of the

Electrolyte (Ipe/lpa)s *(E®), (V) *(AEp)1(V)
hydrated cation (nm)

KNO; 1.03 0.550 0.14 0.240
NaNO; 0.828 0.511 0.185 0.360
KCl 1.09 0.558 0.153 0.240
NaCl 1.24 0.781 0.177 0.360
LiCl 0.897 0.553 0.197 0.470
NaClO, 1.29 0.748 0.165 0.360

*E” (V)= (Epa+ Epo)/2 € AEp (V) = |Epa - Epl

Table 2. Electrochemical parameters of TIPhNiHCF at different scan rates

AEp (V)*
v(mVs™) [Ipa/lpc] (E®); (V)*

[Epa-Epc]
10 0.855 0.555 0.154
20 0.878 0.559 0.157
30 0.922 0.562 0.164
40 0.928 0.563 0.167
50 0.936 0.564 0.174
60 0.940 0.565 0.179
70 0.984 0.567 0.180
80 0.995 0.569 0.182
90 0.998 0.567 0.190
100 1.00 0.567 0.194

*EY (V)= (Epa + Epe)/2 € AEp (V) = |Epq - Epe
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Figure 1. X-ray diffractogram of: (a)TiPh and (b) TiPhNiHCF
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Figure 2. Infrared spectrum of: (a) HCF, (b) TiPhNiHCF and (c) TIPh
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Figure 3. Cyclic voltammogram of graphite paste modified with TiPhNiHCF (v =20 mV s, KC1 1.0 molL™")
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Figure 5. Cyclic voltammogram of graphite paste electrode modified with TiIPhNiHCF in several concentrations
(1.0x107 - 2.0 mol L™"). (Inserted graphic: Average potential (E”) of graphite paste modified with TiPhAgHCF
as a function of log concentration of KNO;)
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Figure 6. Cyclic voltammogram of graphite paste modified with TiPhNiHCF to different pH values (2 - 8);
(KNO; 1.0mol L, v=20mV s™)
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Figure 7. Cyclic voltammogram of TiPhNiHCF at different scan rates: /0 - 100 mV s™'; (KNO; 1.0 mol L™'; pH
7.0). (Inserted graphic: Dependence of current peak / (anode and cathode) with the square root of scan rate)
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Figure 8. Cyclic voltammogram of: a) graphite paste electrode; c) graphite paste electrode in 1.0x102 mol L™
Dipyrone; b) graphite paste electrode modified with TiPhNiHCF; d) graphite paste electrode modified with
TiPhNiHCF and 1.0x107 mol L' Dipyrone (KNO; 1.0 mol L; v=20 mV s™)

3
4000 400 | 8? 0°M

300.0 % 250
8 200

150
2000 100

00 20 40 6.0 80
[dipyrone] ((mmol.L-1)

£ 100.0
-~ -

0.0

-100.0

-200.0

T T T T T T T T T
-0.2 0.0 0.2 0.4 0.6 0.8 1.0

E/V vs Ag/AgCl
Figure 9. Cyclic voltammograms of the applications of various concentrations of Dipyrone using a graphite paste
electrode modified with TiPhNiHCF (KNOs 1.0 mol L; v =20 mV s™). (Inserted graphic: Analytical curve of

the anodic peak for the determination of Dipyrone using a graphite paste electrode modified with TiPhNiHCF
(KNO;1.0 mol L™, pH 7.0; v=20 mV s™)
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