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A novel composite obtained from reaction of zirconium (IV) phosphated (ZrP) with Ag" and
subsequent interaction of potassium hexacyanoferrate (I11) (ZrPAgH) was prepared and characterized
by infrared spectroscopy (FTIR) and cyclic voltammetry. The graphite paste electrode modified with
ZrPAgH exhibited a cyclic voltammogram with a redox couple with midpoint potential E”= 0.70 V (vs
Ag/AgClsary), attributed to the Ag'-CN-Fe'/Ag'-CN-Fe"' process (40% wiw; KNO3 1.0 mol L™ v =20
mV s%). The graphite paste electrode modified with ZrPAgH can be used in the electrocatalytic
oxidation of L-cysteine in a linear range from 1.0x10° mol L™ to 8.0x10®° mol L™ (R = 0.995) with
detection limit of 1.02x10™ mol L™ and amperometric sensitivity of 2.40 mA/mol L™.

Keywords: Cyclic Voltammetry; Graphite Paste; L-cysteine; Silver Hexacyanoferrate (I11); Zirconium
Phosphated.

1. INTRODUCTION

Zirconium phosphated is a composite formed from Zr (IVV) and phosphate groups. The
chemistry of zirconium phosphated is of great interest due to its ion exchange, catalytic and ionic
conduction properties. Moreover, it is a highly insoluble compound and has a good thermal stability
[1,2]. The zirconium phosphated is typically obtained as an amorphous gelatinous precipitate when an
excess of phosphoric acid or soluble phosphate is added to a zirconium salt soluble [1]. The phase
obtained by refluxing of the amorphous gel in phosphoric acid normally is the zirconium bis
(monohydrogen orthophosphate) monohydrate, Zr(HPO,4),.H.O, conveniently called -zirconium
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phosphated (-ZrP) [3]. The ZrP is considered the archetype of this class of compounds and its structure
is formed from the packing of layers each of which consists of zirconium atoms, lying in a plane
between O3POH groups placed alternately above and below the metal atom plane [2].

The zirconium phosphated has been widely used in various applications such as drug delivery
[4], catalysis [5,6], nanocomposites [7,8], nuclear waste management [9]. Furthermore, these
compounds can have high surface areas in addition to providing the formation of new chemically
stable materials, which makes them attractive in the preparation of chemically modified electrodes.

Graphite modified electrode containing electron mediator compounds on different supports, can
be used as mediator for electro-oxidation of several compounds [10-14]. This electrode offers many
advantages when compared with conventional electrodes, for example, mercury electrodes have high
toxicity and rapid deterioration of the electrode response. On other hand, platinum and gold electrodes
can have the formation of oxides on the surface, which could affect their analytical applications [15-
17]. Furthermore, the graphite modified electrode is widely used due to the its low cost, convenient
modification, versatility and low background current [18].

In this paper we report the study of the voltammetric behavior of a hybrid material obtained
from the reaction between the zirconium phosphated (ZrP) and Ag® ions (ZrPAg), and its subsequent
reaction with potassium hexacyanoferrate (I11) (ZrPAgH). In this article, the new material, after the
initial optimization conditions, was tested in the electrocatalytic oxidation of L-cysteine.

L-cysteine (L-2-amino-3-mercaptopropionic acid) is a biologically important amino acid which
contains sulfur and is involved in a variety of important cellular functions. The cysteine biological
reactions are accompanied by an exchange reaction of SH/SS, and the conversion of the disulfide in a
dithiol group [19,20]. Many methods have been developed for the determination of L-cysteine,
including HPLC [21], spectrophotometry [22], capillary electrophoresis [23]. However, most methods
have some disadvantages such as low sensitivity, high costs, complexity, processing the sample,
among others, which prevents their practical application [24,25]. Thus, electrochemical methods have
been the most favorable methods for the determination of thiols (especially L-cysteine) for presenting
inherent advantages of simplicity, rapidity and high sensitivity [25,26]. However, high overpotentials
of electrochemical oxidation are required for thiols at the conventional electrodes [25,27]. In order to
overcome these problems, many strategies have been employed. Among them stands out the use of
chemically modified electrodes [28-31].

2. EXPERIMENTAL

2.1 Reagents and solutions

All solvents and reagents were of analytical purity (Merck or Aldrich) and were utilized as
purchased and L-cysteine was used without further purification. All solutions and supporting
electrolytes were prepared using Milli-Q water. The L-cysteine solution was prepared immediately
before the voltammetric analysis.
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2.2 Synthesis of Zirconium Phosphated (ZrP)

The synthesis of the zirconium phosphated was carried out as follows: 4 g of zirconium (1V)
isopropoxide isopropanol complex (Sigma-Aldrich) were added in 800 mL of deionized water, which
were kept under stirring for 4 hours at 60 °C. Subsequently was added 400 mL of phosphoric acid
solution 0.1 N and kept under stirring for 2 hours at 40 °C. The suspension was allowed to rest
protected from light, for 30 hours. Then the solid phase was separated in a sintered funnel and washed
with deionized water. The material was dried at 100 °C and described as ZrP.

2.3 Formation of complex ZrPAgH

Mixed valence complex was synthesized by adding of 1.0 g of ZrP in 25 mL of a solution of
silver nitrate 1.0x10™ mol L™. The mixture was stirred for 1h at room temperature. The solid phase
was filtered, washed with deionized water and designated as ZrPAg. About 0.5 g of ZrPAg was added
to a solution of 1.0x10 mol L™ of potassium hexacyanoferrate (111) and the mixture was stirred for 1
hour and then the solid filtered, washed with deionized water and dried at room temperature. The
material resulting was described by ZrPAgH [12].

2.4 Preparation of the graphite paste electrode modified with ZrPAgH

The graphite paste electrode modified with ZrPAgH was prepared by mixing 40 mg of ZrPAgH
with 60 mg of graphite and 20 uL of mineral oil. The electrode body was produced from a glass tube
of 3 mm i.d. and 14 cm height, containing graphite paste. A copper wire was inserted through the
opposite end of the glass tube to establish electrical contact [10, 13 29].

2.5 Techniques

2.5.1 Fourier transform infrared spectra

Fourier transform infrared spectra were recorded on a Nicolet 5DXB FT-IR 300 spectrometer.
Approximately 600 mg of KBr was ground in a mortar/pestle, and sufficient solid sample was ground
with KBr to produce a 1 wt.% mixture resulting in KBr pellets. After the sample was loaded, the
sample chamber was purged with nitrogen for a minimum of 10 min prior to data collection. A
minimum of 32 scans was collected for each sample at a resolution of 4 cm™ [29].

2.5.2 Electrochemical Measurements

The electrochemical measurements were performed using an electrochemical system with a
AUTOLAB PGSTAT (Metrohm Pensalab) potentiostat. It was used a modified working electrode
(graphite paste electrode), a reference electrode (Ag/AgClsay) and a platinum wire as the auxiliary
electrode. The modified graphite paste was prepared by mixing graphite/modifier (ZrPAgH) in
different proportions (10, 20, 30, 40 and 50% (w/w)) and 20 uL of mineral oil (Nujol) [10, 29]. It was
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performed a preliminary study to select the best ratio of graphite paste. The measurements were carried
out at 25 °C. It were carried out studies on different supporting electrolytes, such as KNO3z, NaNOs,
NH4NO; and KCI.

2.5.3 Procedure

Cyclic voltammograms were recorded for study the sensibility of L-cysteine by graphite paste
electrode modified with ZrPAgH. The supra analite solutions were prepared immediately before use.
In most of the experiments, 1.0 mol L™ KCI was used as the supporting electrolyte. The catalytic and
sensibility current was estimated by the difference between the electrode current in the presence of
analite compounds and that which is established in the blank solution [13].

3. RESULTS AND DISCUSSION
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Figure 1. Vibrational spectra in the infrared region: (A) ZrP, (B) HCF and (C) ZrPAgH.

Figure 1 illustrates the vibrational spectra of the ZrP, potassium hexacyanoferrate (111) (HCF)
and ZrPAgH. The spectrum exhibited by potassium hexacyanoferrate (I11) (Fig. 1B) shows significant
vibrations at ~2115 and 2035 Cm'l, which are related to the vibrations of the C=N,c=x) bonding [13,
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32,33]. For the spectrum of the ZrP illustrated in Figure 1A, a broad band between 3700 to 3000 cm™
corresponding to the axial deformation of the OH(,0n) groups from adsorbed water molecules was
observed in addition to a band at 1632 cm™ attributed to the angular deformation HOHshor). The
absorption at ~1010 cm™ was attributed to the P=Owp-=0) stretching [33,34]. Absorptions were also
observed in the region between 580 to 400 cm™ and correspond to the Zr-O bonds [35]. All the
absorptions related to the spectrum of the ZrP it were also observed for spectrum of the ZrPAgH (Fig.
1C). Furthermore, the spectra exhibited vibrations at ~2115 and 2055 cm™ related to the estiramento
C=N(c=n) Stretching that is characteristic of the potassium hexacyanoferrate (111) precursor [13].
ZrPAgH was also characterized using cyclic voltammetry technique in order to investigate the
presence of the metal complex formed as illustrated in Figure 2. Cyclic voltammogram of ZrPAgH
exhibited one redox pair with E= 0.70 V, attributed to the Ag'-CN-Fe'/ Ag'-CN-Fe"" process.
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Figure 2. Cyclic voltammogram of graphite paste modified with ZrPAgH (40% w/w; v = 20 mV s™:
KNO;; 1.00 mol L.

Figure 3 illustrates the studies carried out on different supporting electrolytes. It was observed
that the nature of the cations affected the midpoint potential (E”) and the current intensities.

Additionally, it was observed that all of the cyclic voltammograms of ZrPAgH in presence of
electrolyte of alkali metal nitrate showed one well-defined redox pair. However the best performance
was observed for cyclic voltammogram obtained in the presence of KNOj3. This fact can be explained
because the K" ion has a smaller hydration radius than Na* ion and a higher mobility compared to
NH," ion [36]. On the other hand, the redox process is inhibited in presence of KCI as supporting
electrolyte, due to the formation of AgCl.) on the electrode surface. In addition, when employing
KCI, a new redox process with E”=0.35 V is present and must be related to the electroactive nature of
ZrP, which is active when Ag'-CN-Fe'/ Ag'-CN-Fe'" process is inhibited.

Table 1 lists the main electrochemical parameters obtained from the cyclic voltammetry of
graphite paste modified with ZrPAgH in different electrolytes.
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Figure 3. Cyclic voltammograms of graphite electrode modified with ZrPAgH in differents supporting
electrolytes: KNO3z, NaNO3, NH;NOz and KCI (40% w/w, v = 20 mV s, 1.00 mol L™?).

Table 1. Electrochemical parameters of the graphite paste modified with ZrPAgH in different
supporting electrolytes (40% w/w, v = 20 mV s, 1.00 mol L™).

Supporting y Diameter of
electrolyte  Ipa(uA) Ipc(nA) [lpa/lpc] Epa(V) Epc(V) AEp (V) E” (V) the hydrated
cation (nm)*

KNO3 0.79 134 0.59 0.73 066 070  0.07 0.24
NaNO; 0.73 -1.03 0.71 0.67 061 064  0.06 0.36
NH,NO; 0.87 -1.34 0.65 0.69 061 065  0.08 0.24
KCl 0.49 -0.66 0.74 0.38 032 035  0.06 0.24
*[37,38]
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Figure 4. Cyclic voltammograms of graphite electrode modified with ZrPAgH in differents supporting
electrolyte concentrations (40% w/w, v =20 mV s™).
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Figure 4 illustrates the cyclic voltammograms of graphite paste modified with ZrPAgH in
different concentrations of KNO3 (0.001 mol L™ to 2.0 mol L™). It was observed that the performance
becomes different and there is an increase in the current intensity with increasing concentration of
supporting electrolyte [39]. Furthermore, there was a displacement of midpoint potential E” for
positive values (0.60 to 0.71 V) with increasing concentration, indicating the involvement of K ions in
the redox process [28]. The increasing concentration of supporting electrolyte makes difficult the start
of the oxidation process, however, it is notable that the redox process occurs faster and more well
defined at the highest concentrations.

It was found a linear relationship between the midpoint potential and the logarithm (log) of the
K" ions concentration, as illustrated by Figure 5. It suggests that the redox process is highly dependent
on the concentration of K" [39]. The line slope was of 32.5 mV per decade of potassium ions,
indicating that the behavior exhibited by the electrode approaches a nerstian process [39, 40] with
transfer of two electrons.
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Figure 5. Midpoint potential (E”) of graphite paste modified with ZrPAgH as a function of KNO3
concentration.

After this study, the concentration of the supporting electrolyte chosen to continue the ensuing
studies was 1.00 mol L™ due to the better voltammetric performance.

A study with different hydrogen ion concentrations (pH 1.00 to 8.00) was performed for the
ZrPAgH. Cyclic voltammograms illustrated in Figure 6 showed that the anodic current intensity varied
between 0.94 and 0.89 pA and E’ remained constant about 0.70 V. In this case it can be verified that
the hydrogen ion concentration hardly affects the electrochemical process.
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Figure 6. Cyclic voltammograms of the graphite paste modified with ZrPAgH at different pH values
(1.0 to 8.0); (40% w/w, v =20 mV s, KCI 1.00 mol L™).

The pH value chosen for further studies was pH 7.00, since there is the possibility of
conducting studies to determination electrocatalytic of drugs in a biological environment [13, 39].
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Figure 7. (A) Cyclic voltammograms of the graphite paste modified with ZrPAgH at different scan
rates (10-100 mV s™) (40% w/w, KNOs 1.00 mol L™, pH 7.00). (B) Dependence on current
intensity of the anodic and cathodic peaks with the square root of the scan rate.
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Figure 7 (A) illustrates the cyclic voltammograms of ZrPAgH at different scan rates (10-100
mV s™). It was observed that by increasing the scan rate there is an increase in the current intensity and
E” remained constant about 0.71 V. It was observed that the scan rate increase provides an increase in
the resistance, causing an increase in AEp at higher scan rates [39]. Figure 7 (B) illustrates the linear
dependence of the current intensity of the anodic/cathodic peak and the square root of scan rate

characterizes a diffusion process [10, 39, 41].

Table 2 lists the main electrochemical parameters obtained from the cyclic voltammetry of
graphite paste modified with ZrPAgH at different scan rates.

Table 2. Electrochemical parameters of the graphite paste modified with ZrPAgH at different scan
rates (40% w/w, KNO3 1.00 mol L™, pH 7.00).

Scan rates (mVs™) Ipa(pA) Ipc(pA) |lpa/lpc] Epa(V) Epc(V) E” (V) AEp (V)
10 0.57 -0.96 0.59 0.74 0.67 0.71 0.07
20 0.86 -1.40 0.61 0.74 0.67 0.71 0.07
30 1.08 -1.79 0.60 0.74 0.67 0.71 0.07
40 1.26 -2.18 0.58 0.74 0.67 0.71 0.07
50 1.39 -2.47 0.56 0.74 0.67 0.71 0.07
60 1.58 -2.78 0.57 0.75 0.66 0.71 0.09
70 1.77 -3.08 0.57 0.75 0.66 0.71 0.09
80 1.84 -3.35 0.55 0.75 0.66 0.71 0.09
90 1.99 -3.50 0.57 0.75 0.66 0.71 0.09
100 2.14 -3.72 0.58 0.75 0.66 0.71 0.09

2
%
.
1 /
El // p—
= — =
) /4
14 \/
OT2 073 0?5 0.6 ' 0?7 0?8 ' 0.9

E/V vs Ag/AgCI

Figure 8. Cyclic voltammograms of: (A) graphite paste electrode unmodified in the absence of L-
cysteine, (B) graphite paste electrode unmodified in presence of 8.00x10° mol L™ of L-
cysteine, (C) graphite paste electrode modified with ZrPAgH in the absence of L-cysteine and
(D) graphite paste modified with ZrPAgH in presence of 8.00x10° mol L™ of L-cysteine.
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Figure 8 illustrates the electrocatalytic oxidation of L-cysteine in the graphite paste electrode
modified with ZrPAgH. The curves A and B represent the graphite paste electrode unmodified in the
absence and presence of L-cysteine (8.00x10 mol L), respectively, and it was observed that both
voltammograms showed no electroactivity in the potential range (0.15 and 0.90 V). The graphite paste
electrode modified with ZrPAgH (C) exhibited a redox couple with E?=0.70 V in the absence of L-
cysteine and showed an increase in the anodic peak current intensity followed by a decrease in the
intensity in the cathodic peak current intensity in the presence of L-cysteine (D).

The equation for the electrochemical oxidation of L-cysteine, as described in the literature [28,
42] can be represented as follows:

2 L-cysteine (CySH) —= L-cystine (CySSCy) + 2H" + 2¢ (Eq. 1)

The anodic peak current intensity increases due to the electrocatalytic oxidation of L-cysteine.
The Fe (II1) produced during the anodic scan chemically oxidizes L-cysteine, whereas Fe (lll) is
reduced to Fe (II), which will again be electrochemically oxidized to Fe (Ill) [39, 10]. The
electrochemical and chemical stages of the system are represented by equations 2 and 3, respectively.

EE 2 KAgs[Fe'(CN)g] —  2Ag[Fe"(CN)] + 2K" + 2¢ (Eq. 2)
EC 2 Ags[Fe"'(CN)e] +2X +2K* = 2 KAgs[Fe'"(CN)g] +Y +2H" (Eq. 3)

Where X = L-cysteine (CySH) ; Y = L-cystine (CySSCy).
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Figure 9. Cyclic voltammograms obtained for the graphite paste electrode modified with ZrPAgH in
the presence of different L-cysteine concentrations (1.00x107 to 8.00x10™ mol L™); (40% w/w,
v=20mV s? KNOs, 1.00 mol L™, pH 7.00).
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Figure 9 shows the voltammetric behavior of ZrPAgH after the additions of different aliquots
of L-cysteine. The analytic curve, showing the anodic current as a function of L-cysteine concentration
for ZrPAgH is illustrated in Figure 10. The modified graphite paste electrode showed a linear response
in the concentration range of 1.00x10® to 8.00x10° mol L™, presented a corresponding equation Y
(WA) = 0.57 + 2.59x10° [L-cysteine] and a correlation coefficient R = 0.995. The detection limit
obtained for this system was of 1.02x10™ mol L™ with a relative standard deviation of + 3% (n = 3)
and an amperometric sensitivity of 2.59 mA/mol L™.
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Figure 10. Analytic curve of the anodic peak current as a function of L-cysteine concentration using
th(la graphite paste electrode modified with ZrPAgH (40% w/w, v = 20 mV s, KNOs, 1.00 mol
L™, pH 7.00).

Table 3. Comparison of this work with previous reports of cysteine detection.

Limit Detection

Electrode Material Technique Linear Range (M) (M) Reference
Oggvlgga,dgp'gg}” Chronoamperometry  2.40x10 to 2.30x10°® 1.70x10* [43]

PDMA / FMGPE®  Chronoamperometry ~ 8.00x107 to 2.25x10° 6.17x10° [44]
ErHCF / CCEs® Chronoamperometry ~ 5.00x10° to 1.30x10™ 2.00x10°® [45]
MnHCF / GPE® Cyclic Voltammetry ~ 2.00x10” to 1.00x10 4.80x10° [46]
ZrPAgH / GPE®  Cyclic Voltammetry ~ 1.00x107 to 8.00x10° 1.02x10° This work

a = graphite paste electrode; b = film modified graphite paste electrode; ¢ = carbon ceramic electrodes.

Table 3 presents a comparison of similar reports in the literature for L-cysteine detection. These
results show the analytical benefits obtained by the use of ZrPAgH, which showed a good limit of
detection when compared with previous reports.
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4. CONCLUSION

A composite formed by interaction of Zr (IV) isopropoxide and phosphoric acid, followed by
silver adsorption and subsequent reaction of hexacyanoferrate (111) (ZrPAgH), was incorporated into a
graphite paste electrode and the electrochemical studies were conducted using the cyclic voltammetry
technique. The cyclic voltammetric behavior of ZrPAgH presented a redox couple well defined with
E” =0.70 V, assigned to Ag'-CN-Fe'/Ag'-CN-Fe"" process (40% w/w; KNO; 1.0 mol L*; v=20mV s
1. The graphite paste electrode modified with ZrPAgH allowed the electrocatalytic determination of
L-cysteine. The modified electrode gives a linear response in the concentration range of 1.00x10™ to
8.00x10° mol L, presented a corresponding equation Y (nA) = 0.57 + 2.59x10° [L-cysteine] and a
correlation coefficient R = 0.995. The detection limit obtained for this system was of 1.02x10™ mol L
with a relative standard deviation of + 3% (n = 3) and amperometric sensitivity of 2.59 mA/mol L™ for
L-cysteine. Thus, the novel composite (ZrPAgH) is a potential candidate for the construction of
electrochemical sensors for the determination of L-cysteine.
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