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Abstract: The applicability of differently modified glassy carbon (GC) electrodes
for direct or indirect determinations of various physiologically active compounds
(insecticides and pharmaceuticals) in different formulations and some real samples
was investigated. Samples of selected insecticides from the group of neonicotinoids
with nitroguanidine (thiamethoxam and imidacloprid), cyanoimine (acetamiprid) and
nitromethilene (nitenpyram) fragments, prepared in an appropriate manner, were
determined by voltammetry on bare and surface-modified GC electrodes, while in the
case of pharmaceuticals such as Trodon and Akineton, the chloride anion titration
was followed using bare GC and phosphorus doped (P-GC) electrodes. The P-GC
was also used to monitor the chloride content in the photocatalytic degradation of
the (4-chloro-2-methylphenoxy)acetic acid herbicide. It was found that apart from
the nature of the electrode material, the analyte and supporting electrolyte, as well
as the pretreatment of the electrode surface essentially influences the applicability
of the employed sensors.

Keywords: bismuth film electrode, tetradecane film electrode, phosphorus-doped
glassy carbon, insecticides, pharmaceuticals, electroanalytical determinations.

INTRODUCTION

Of various electrode materials, glassy carbon (GC) is particularly useful be-
cause of its high electrical conductivity, impermeability to gases, high chemical
resistance, reasonable mechanical and dimensional stability and widest potential
range of all carbonaceous electrodes.? Although GC serves as a very good elec-
trode material, many attempts have been made to improve its electrochemical
properties by chemical modification. Surface modification comprises several me-
thodologies, including 1) the addition of a variety of molecular catalysts and me-
diators to the electrode surface by adsorption, 2) covalent bonding of electroac-
tive catalysts, 3) entrapment of metals within an affixed polymer film and 4) va-
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por or electrodeposition of metals directly onto the electrode.1.2 It is well known
that GC is a convenient material for surface modification with metals, e.g., mer-
cury3 and bismuth.4 Although bulk bismuth electrodes were used in ampero-
metric titration several decades ago, this electrode has recently experienced its
renaissance in voltammetric determinations.6 Namely, apart from bulk bismuth
electrodes, use is often made of its film, primarily aimed at replacing toxic Hg
film.”.8 Such films have been used in different types of anodic stripping analysis
for trace level determination of a wide assortment of metal ions.”~11 On the other
hand, the application of bismuth and bismuth film electrodes (BiFES) have been
much less studied for the determination of organic compounds.12:13

Another approach, yielding homogeneously modified materials, involves the
introduction of heteroatoms in the carbon precursor.2:14-16 Such a homogeneous
modification of GC is highly desirable because of the expectation that an elec-
trode modified at the atomic level would exhibit efficient catalysis, high stability,
and comparatively simple renewability. Hitherto, a number of elements have been
used for GC doping, e.g., nitrogen,2 chlorine,14 fluorine,14 platinum,? lithium,15
boron,16 phosphorus,16 etc.

It is generally accepted that the microstructure of the carbon material, clean-
liness of the electrode surface and surface functional groups are important deter-
minants of electrode reactivity and suitability for surface modification. It is also
known that bare solid electrodes suffer from memory effects and, due to the in-
ability to achieve surface renewal, surface regeneration is frequently required.1.17
The strategies for surface renewal include polishing,18 electrochemical active-
tion,17.19 ultrasonic activation,20 laser activation,?! etc.

Cyclic voltammetry (CV) and differential pulse voltammetry (DPV) on bare or
differently modified GC electrodes have proved to be suitable for the sensitive and
selective determination of many pharmaceutical?22-24 and pesticide compounds.25-27

The aim of this work was to study the possibility of applying various GC-ba-
sed electrodes, i.e., two bare GC samples from different manufacturers, surface
modified GC (bismuth film, BiFE, and tetradecan film, C14FE) and bulk-mo-
dified GC with phosphorus as dopant (P-GC) for direct or indirect determina-
tions of various physiologically active compounds (insecticides and pharmaceuti-
cals) in different formulations and some real samples.

EXPERIMENTAL
Reagents and solutions

All chemicals used were of the analytical reagent grade. The reference standards were: niten-
pyram (C11H15CIN4O,), pestanal, purity 99.9 %, and (4-chloro-2-methylphenoxy)acetic acid, MCPA
(CyHoClO3) (Riedel-de-Haén, Germany), purity 98.8 %, thiamethoxam (CgH1oCIN5O3S), acetami-
prid (C19H11CIN,) and imidacloprid (CgH1oCIN5O,) pestanals (Syngenta, Switzerland), purity
>99.7 %. The applied commercial formulation of acetamiprid was Volley (Nippon Soda, Japan).
Primary stock solutions were prepared by dissolving each reference standard in doubly distilled wa-
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ter or in buffer solutions at a concentration of 0.50 mg cm=3. The contents of chloride were determi-
ned in the following pharmaceutical preparations: biperiden hydrochloride (C,1H3oCINO) in Aki-
neton tablets (Lek, Slovenia) and tramadol hydrochloride (C1gH26CINO,) in Trodon capsules (He-
mofarm, Serbia). Britton-Robinson buffer solutions were prepared from a 0.04 mol dm3 stock so-
lution of phosphoric (Merck, Germany), boric (Merck), and acetic (Merck) acids by adding 0.2 mol dm?3
sodium hydroxide (Merck) to the required pH.

Apparatus

Voltammetric measurements were performed on an Easyscan 5000 (Amel, Italy) instrument
furnished with a software package for pulse techniques. The stand included a three-electrode sys-
tem, a Radiometer saturated calomel electrode (SCE), a platinum ring auxiliary electrode and a GC
(Sigri Electrographit, HTT 2400 °C, Sigri-GC and Amel, Amel-GC, HTT not stated), BiFE or C-14FE
as working electrode.

The surface morphology of the bare GC and bismuth films was studied on a JEOL JSM-6460LV
scanning electron microscope (SEM, Japan Electron Optics Laboratory, Japan). Energy dispersive
spectroscopic (EDS) microanalysis was performed using an INCA microanalysis system (Oxford
Instruments, United Kingdom).

The course of indirect controlled-current potentiometric titrations was monitored using P-GC
and standard Sigri-GC electrodes. Both GC electrodes were in the form of rods (& 3 mm) and were
mounted in Teflon holders. The P-GC was prepared by carbonizing a phenol-formaldehyde resin,
containing 1 % w/w phosphorus added in the form of (NH,4),HPO,, at 1000 °C.28

The microcomputer-aided?? potentiometric (1 = 1 pA) titrations were performed using a nega-
tively polarized indicator electrode coupled to a Radiometer SCE via a double-junction salt bridge
(JGC(-)|SCE(+)]). Comparative argentometric potentiometric titrations were performed with the aid
of a silver wire electrode connected via a suitable SCE and an appropriate resistor, to ensure the
zero-current regime. The titrant was added continuously by a Radiometer ABU 80 automatic piston
burette at an optimum rate of 0.25 cm? min-L,

Comparative high-performance liquid chromatography (HPLC) measurements were perfor-
med on an Agilent 1100 series liquid chromatograph (Agilent Technologies Inc., USA) using a
Zorbax Eclipse XDB-C18 (4.6 mmx250 mm, 3.5 um) column and a diode-array detector (DAD)
for insecticide determination and a Shimadzu Class LC-10 chromatographic system with a Shi-
madzu, Japan UV/Vis, SPD-10A detector at 272 nm for Trodon analysis, according to the manu-
facturer's procedure.

All pH measurements were made on a digital pH meter (Radiometer, Netherlands) using a
combined glass electrode (Metrohm, Switzerland).

Voltammetric investigations

The GC electrode, was polished with alumina powder (Buechler, USA) of different particle
size (0.5 and 0.3 pm) suspended in doubly distilled water, using finally 0.3 pm grade on a polishing
cloth, to attain a mirror fine finish. Afterwards, the GC electrode was washed in an ultrasonic bath
with doubly distilled water to remove any residual polishing material. To attain a better func-
tioning, the electrode was pretreated by ex situ potential cycling (10 cycles) with amplitude in the
0.4 to —1.9 V (vs. SCE) before each measurement. This was carried out in an aqueous solution of
the same supporting electrolyte as in voltammetric experiments. In the case of the deposition of a
bismuth film, the plating procedure was carried out ex situ in a still solution consisting of 0.02 M
Bi(NO3)3, 1 M HCI and 0.5 M KBr10 at —0.25 V for 60 s.26 Subsequently, the BiFE was rinsed
slightly with 1 M HCI. Before film deposition, the polished GC electrode was activated by in situ
potential cycling in the plating solution from —0.40 to —1.2 V. To remove the film, a potential of
0.20 V was applied. The tetradecane film electrode was prepared by placing two drops of alkane
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solution in hexane on a polished, ethanol-washed and dried Sigri-GC. The film was dried by
manual rotation of the electrode. In all cases, the insecticides in the model systems and commercial
formulations were measured in 10.0 cm? solution in the presence of Britton-Robinson buffer solu-
tion, after recording the baseline. For the real samples, the overall volume was 2.00 cm3. All data
were taken at ambient temperature.
Zero-current and controlled-current potentiometric titrations

An aliquot of the titrated solution was diluted with 5.00 cm?3 of doubly distilled water and the
mixture was titrated with standard silver nitrate solution. The indicator electrode was P-GC or
Sigri-GC. The titration end-point was determined using a computer program?? for finding the in-
tersection of the straight lines before and after the equivalence point in chloride determination. The
procedure was the same in the zero-current regime with a silver indicator electrode. The titration
end-point was determined using the mentioned computer program?® for finding the maximum of
the first derivative of the titration curves. In all cases the results were corrected for the blank (107
mol dm3 solution of potassium nitrate). The procedures for comparative methods were as recom-
mended by the manufacturer.

RESULTS AND DISCUSSION
Glassy carbon and surface-modified glassy carbon electrodes in insecticide analysis

As the nitroguanidine (imidacloprid and thiamethoxam), nitromethylene (ni-
tenpyram) and cyanoimine (acetamiprid) neonicotinoid insecticides have func-
tional groups reducible in a fairly negative potential range (from —0.5 to —2.0 V),
ex situ potential cycling of the working electrode was employed to expand the
potential window. It appeared that the electrochemically pretreated electrode had
an about 150 mV more negative potential of hydrogen evolution than the poli-
shed electrode and the residual current was significantly higher in the case of the
polished surface. The voltammograms recorded in the neonicotinoid model solu-
tions with an ex situ pretreated electrode showed a two times more reproducible
response (RSD between 2.5 and 3.1 %) than a wet-polished working electrode.
The shape of obtained voltammograms was strongly dependent on pH, which can
be explained by the significant role played by protons in the complex reduction
mechanisms.30 Since the Sigri-GC and Amel-GC electrodes had different resi-
dual currents in the range where the reduction peaks were observed, it appeared
that the nature of the GC substrate influenced significantly the determination. By
comparing the reduction signals of acetamiprid obtained with Amel-GC (Fig. 1A)
and Sigri-GC (Fig. 1B), it can bee seen that the latter was two times more inten-
sive, hence this electrode was used in its determination as the active component
in the commercial formulation Volley by the standard addition method (Fig. 1C).
The obtained results are in agreement with those of the manufacturer's declara-
tion and the HPLC/DAD method. The advantage of the voltammetric method lies
in the simplicity of the sample preparation and the speed of the determination of
neonicotinoids (imidacloprid, thiamethoxam, nitenpyram and acetamiprid), al-
though in a higher concentration range (from about 30 to 500 pug cm=3).
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Fig. 1. Cyclic voltammograms of acet-
amiprid obtained with Amel-GC (A) and
Sigri-GC (B) electrodes in Britton—-Robin-
son buffer model solution pH 3.0 at a scan
rate of: 1) 100 mV s and 2) 500 mV s?
and cyclic voltammograms of its commer-
cial formulation Volley obtained by Sigri-GC
(C) at pH 3.0 and 500 mV s1; the voltam-
mograms recorded after standard addition
of acetamiprid. The inset shows the corres-
ponding calibration curve.

With the aim of improving the sensitivity and reproducibility of the determi-
nation, two different films, BiFE and C-14FE, were tested in the cathodic vol-
tammetric analysis of thiamethoxam. In the case of an ex situ cathodic applica-
tion, the BIiFE should be removed from the plating solution, and, very often, im-
mersed in a neutral or basic solution, which may passivate its surface. This ope-
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ration yields a different distribution of the bismuth crystals, which certainly in-
fluences the nature of the sensing surface. In the present case, washing in 1 M HCI
appeared to be a suitable procedure for the removal of the bismuth bromide
complex without affecting the sensitivity of the surface. EDS analysis of the
BiFE surface showed that, apart from 60 % of carbon and 20 % of bismuth, there
was a significant amount of bromide, which was not observed after washing. Af-
ter such a pretreatment, the electrode was subjected to electrochemical activation
by potential cycling in the potential range from —0.40 V to —1.6 V in the suppor-
ting electrolyte. A comparison of the BIiFE surfaces before and after potential
cycling reveals a rearrangement of bismuth crystals (Fig. 2).

Fig. 2. SEM Morphology of the freshly electrodeposited (A, B) and electrochemically-conditioned
BiFE (C, D) taken at two magnifications.

The cyclic volammograms obtained in the conditioning procedure also showed
surface stabilization and a significant decrease of the background current after
the first cycle (Fig. 3A), which is of a peculiar shape.26 The electrode prepared in
this manner, in combination with the highly sensitive DPV method under optimi-
zed conditions, appeared to be convenient for the determination of thiamethoxam
in maize26 and potato (Fig. 3B) samples.

In contrast to the BIFE, with the C-14FE potential cycling did not facilitate
film adsorption. This may be explained by the fact that electrochemical condi-
tioning yields a more hydrophilic GC electrode surface compared to the surface
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prepared only by polishing. With n-alkane films, the hydrophobic interaction of
the surface and the compound may favor film adsorption. A comparison of the
cyclic voltammograms for thiamethoxam reduction on a C-14FE (Fig. 4, curve 1)
and a bare Sigri-GC electrode (Fig. 4, curve 2) shows that the former electrode is
advantageous over the latter one. Namely, the corresponding reduction peak is
better defined and more symmetric, and the peak current is by 1.2 times higher.
The application of the stripping step at 1.0 VV and 60 s yielded an increase of the
signal by 2.5 times, even at a thiamethoxam concentration of 0.08 mg cm3.
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On the basis of the above, it can be concluded that the different types of GC
electrodes differed in their applicability for the determination of organic com-
pounds with functional groups reducible in a fairly negative potential range. Fur-
thermore, the above films in combination with a stripping step in the case of C-14FE
and a pulse technique for BiFE lowered the limit of determination and improved
the reproducibility.

Bulk-modified glassy carbon electrode in pharmaceutical analysis

In a previous study, it was shown that doping of GC with phosphorus yield-
ed significant changes in the surface properties of the material in comparison to
the undoped one and the Sigri-GC electrode. This material was applied as the
sensor in the potentiometric argentometric controlled-current titrations of halides
and compared with the performance of the Sigri-GC and Ag-wire electrodes. Ge-
nerally, the P-GC electrode appeared to be suitable for the determination of ha-
lides in model systems, and also for the indirect determination of the active com-
ponent of pharmaceutical preparations containing chlorine and bromine.2428 As
can be seen from Fig. 5A, the shape of the curves recorded in the titration of chlo-
ride from Trodon capsules (curves 1 and 3) and the model solution of chloride
(curves 2 and 4) was favorable in the case of using a P-GC electrode. Similar
results were also obtained in the titration of chloride from Akineton tablets.

The experiments showed that the potentiometric response depended on the
mode of polarization and nature of the analyte and supporting electrolyte. In ad-
dition, electrochemical conditioning of the P-GC surface also played an impor-
tant role. Namely, it was observed that a negative polarization (1.0 V vs. SCE un-
til the residual current decayed to about 5 pA) of GC in a 10~ mol dm~3 potas-
sium nitrate solution had a favorable effect on the shape of the titration curve.
The starting potential of such an electrode was much more negative than in the
case when the same electrode was pretreated by polishing. Such a treatment pro-
bably resulted in the reduction of oxygen functional groups, thus making the sur-
face more sensitive to silver ions. This conditioning procedure was most favora-
ble for functionalization of a P-GC electrode. It should be noticed that the nega-
tive polarization in situ did not result in any satisfactory results. Furthermore, the
presence of acetate buffer (pH 4.5) in the model system improved the reprodu-
cibility even by three times (RSD 0.6 %). It can be supposed that similar buffer
additives in the medicaments can have the same effect.

As can be seen from Fig. 5B, the method developed for the indirect determi-
nation of different pharmaceuticals was also applicable for monitoring of the chlo-
ride concentration during the photocatalytic degradation of the herbicide MCPA
in the presence of TiO, catalyst. The obtained results are in agreement with lite-
rature data.3! The advantage of a P-GC electrode over a silver electrode lies in
the possibility of measuring 100 times lower concentrations of chloride, which is
especially important with those systems where the solubility of the parent com-
pound itself is low.
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As can be seen from the above examples, various GC-based electrodes are
applicable for the determination of different compounds. These methods do not
require tedious pretreatment and involve a limited pre-separation procedure,
which, consequently, reduces the cost of the analysis.
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N3BOJ

OIPEBUBAE PASHUX MHCEKTULUAA U PAPMAILEYTCKHX ITPOU3BOJIA IIPUMEHOM
PA3JIMYUTO MOANPHUKOBAHUX EJIEKTPOJIA OJ] CTAKJIACTOI" YI'JbBEHHUKA

FERENC F. GAALL2 VALERIA J. GUZSVANY! 11 JIVKA J. BJEJIULIAY

Ylpupoono—waitiemaitiuvuxu paxyaiiei, deiapitiman 3a xemujy, Tpz JI. O6padosutia 3, 21000 Hosu Cad u
2Bojsobarcka akademuja Hayka u ymeiminociu, ynascia 37, 21000 Hosu Cad

Hcnurana je MoryhHOCT mpUMeHE Pa3NUYUTO MOAM(UKOBAHUX €IEKTpoAa Ha 0a3u cTakia-
CTOT' YIJbCHUKA 33 JIUPEKTHO WM MHIUPEKTHO onpehuBame (U3UOJOIIKM aKTUBHHUX jEIHIbCH-A
(MHCeKTHIMAA U JIEKOBA) Y Pa3INYMTHM THIOBHMA y3opaka. OnabpaHu MHCEKTHLHIN U3 TPyIe
HCOHHKOTHHOH/A Ca HUTPOTYaHHIMHCKAM (THAMETOKCaM W HMHIAKJIONPHL), [HjaHOUMHHCKUM
(aueTaMuIIpuI) U HUTPOMETHICHCKUM (HHTEHNHpaM) GparMeHTOM Cy OApehHBaHU BONTAMETpPH]-
CKHM TIPUMEHOM €JICKTpOJa Ha 6a3u CTaK/IacTOr YIJbCHHKa, Koje cy Ouie ca ¥ 0e3 HMOBPLIMHCKE
moaubuKalyje, 0K je y ciydajy JekoBa (TPOJOH U aKHMHETOH) THUTPAILja XJIOPUIHOT aHjoHa mpa-
hena enexrposama oj craknacror yribeHuka (GC) u enexrpogama ponosanum docdopom (P-GC).
P-GC enektpona je Takohe mpumermeHa 3a mnpaheme caipkaja xyopuaa y (OTOKATATUTHYKO]
nerpagandju xepoununa (4-xnop-2-merwinpenokcu)cupherne xucenune. Haleno je ma mopexn
NPHUPOJIC EJCKTPOIHOr Marepujajia, aHaJMTa W OCHOBHOI EJCKTPOJHTA INPUIIPEMa EJICKTPOIHE
MOBPILIHHE T0CEOHO YTHYE Ha IIPUMEHJBHBOCT KOPHIINEHNX CEH30pa.

(Mpumsseno 31. jymaa 2007)
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