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Abstrakt

Tato prace je vénovéana pouziti borem dopované diamantové (BDD) elektrody pro
voltametrické a amperometrické stanoveni vybranych nitrofenoli — 2-nitrofenolu (2NP),
4-nitrofenolu (4NP) a 2,4-dinitrofenolu (2,4DNP). Tyto latky jsou vedeny v seznamu United
States Environmental Protection Agency (US EPA) jako vyznamné polutanty, nebot’ maji
negativni vliv na organismy. V zemé&d€lstvi jsou pouzivany jako hnojiva — stimulatory ristu.
BDD elektrody jsou pouzivany pro stanoveni Sirokého spektra jak oxidovatelnych, tak
redukovatelnych latek, a pro svoji dostupnost a vynikajici mechanické a elektrochemické
vlastnosti se staly popularnim elektrodovym materialem.

Pro stanoveni nitrofenolll byla pouzita diferencni pulsni voltametrie, a to s pouzitim
jak redukce (pro 2NP, 4NP a 2,4DNP), tak i oxidace (pro 4NP a 2,4DNP). Metoda byla
uspésné aplikovana pro stanoveni téchto latek v pitné a ficni vodé v koncentracnim rozsahu
od 4x1077 do 2x10° mol.L™!. Po pouZiti prekoncentrace pomoci extrakce tuhou fazi ze 100 ml
az 1000 ml vzorkii vody bylo dosazeno meze stanovitelnosti pro tyto latky 2x108 mol.L™!
(vzorky pitné vody) a 2x10" mol.L™! (vzorky fi¢ni vody).

Pro stanoveni nitrofenoli byla BDD elektroda uspésné pouzita také jako
amperometricky detektor ve wall-jet uspofdddni pro vysokoucinnou kapalinovou
chromatografii (HPLC) za pomoci jak elektrochemické redukce, tak oxidace. Optimdlni
podminky pro separaci na koloné¢ Cig s prevracenymi fazemi (1254 mm, 5 pm)
a amperometrickou detekci v katodické oblasti jsou: mobilni faze 0.05 mol.L™! acetatovy pufr
pH 4.7/methanol (58/42, v/v) a detek¢ni potencial —1.2 V, v anodické oblasti mobilni faze
0.05 mol.L™! fosfatovy pufr pH 6.75/methanol (65/35, v/v), detekéni potencial +1.3 V. Obé
metody byly GspéS$né pouzity pro analyzu modelovych vzorkl pitné a fi¢ni vody po jejich
piimém davkovani do systtmu HPLC s amperometrickym wall-jet detektorem
v koncentraénim rozsahu od 2x107° do 1x10~*mol.L™!. Pro obé metody bylo dosaZeno
srovnatelnych hodnot citlivosti i mezi detekce.

Dosazené vysledky potvrzuji, Ze jak voltametrie, tak HPLC s elektrochemickou
detekci s BDD elektrodou bez upravy jejiho povrchu patii mezi spolehlivé a citlivé analytické
metody pro stanoveni nitrofenoll, nebot’ dosazené limity detekce jsou srovnatelné s limity

detekce jinych elektrodovych materiali.



Abstract

Presented Ph.D. Thesis is focused on the use of the boron-doped diamond (BDD)
electrodes for voltammetric and amperometric determination of selected nitrophenols:
2-nitrophenol (2NP), 4-nitrophenol (4NP), and 2,4-dinitrophenol (2,4DNP). These
compounds are listed as “priority pollutants” by United States Environmental Protection
Agency (US EPA) due to their negative impact on living organisms and are mainly used in
agriculture as plant growth stimulators. BDD electrodes are used for determination of wide
range of electrochemically both reducible and oxidisable organic compounds and have
become a popular electrode material thanks to its commercial availability and excellent
mechanical and electrochemical properties.

A differential pulse voltammetric method was developed for the determination of 2NP,
4NP and 2,4DNP at a BDD film electrode using electrochemical reduction and of 4NP and
2,4ADNP using electrochemical oxidation. The method was successfully applied for the direct
determination of these compounds in drinking and river water in the concentration range from
4x1077 to 2x107° mol.L™!. To improve the limit of quantification, a preconcentration by solid
phase extraction from 100 mL (drinking and river water) and 1000 mL (drinking water) of
water samples was used with limit of determination around 2x107® and 2x10~7 mol.L™,
respectively.

The possibility to employ BDD film electrodes for amperometric detection in wall-jet
arrangement in High-performance liquid chromatography (HPLC) was verified by
determination of these nitrophenols based on both, electrochemical reduction and oxidation.
Optimal conditions for separation at Cig reverse phase column (125%4 mm, 5 pm) and
amperometric detection are as follows: for cathodic detection mobile phase 0.05 mol.L™!
acetate buffer pH 4.7/methanol (58/42, v/v), detection potential —1.2 V; for anodic detection
mobile phase 0.05 mol.L™' phosphate buffer pH 6.75/methanol (65/35, v/v), detection
potential +1.3 V. The applicability of the developed methods was demonstrated on the
analysis of the model drinking and river water samples using their direct injection in the
HPLC-ED setup in the concentration range from 2x107® to 1x10* mol.L™!. Comparable
sensitivities and limits of detection were achieved for both detection modes.

The obtained results confirm that both  batch  voltammetry and
HPLC with electrochemical detection with unmodified BDD electrode represent reliable and
sensitive analytical techniques for determination of nitrophenols with limits of detection

similar to other electrodes.
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Chapter 1 Introduction

1. INTRODUCTION

This PhD Thesis has been submitted as a contribution to the ever growing efforts of
environmental analysis. It was elaborated under the framework of a long-term research at
UNESCO Laboratory of Environmental Electrochemistry in Prague to develop highly
sensitive and selective analytical methods and sensors applicable for determination of
biologically active organic compounds significant in environmental protection, medicine,
pharmacy and/or toxicology. The presented PhD Thesis is based on the following five
scientific publications >, which are attached as Appendix parts I-V. To distinguish
the references referring to these publications in entire text of this Thesis,

corresponding numbers are in bold and underlined.

1. Musilova, J.; Barek, J.; Peckova, K., The use of boron-doped diamond film
electrodes for detection of organic compounds (Pouziti diamantovych filmovych
elektrod dopovanych borem pro stanoveni organickych latek). Chemicke Listy
2009, 103, (6), 469-478.

2. Peckova, K.; Musilova, J.; Barek, J., Boron-doped diamond film electrodes — New
tool for voltammetric determination of organic substances. Critical Reviews in
Analytical Chemistry 2009, 39, (3), 148-172.

3. Musilova, J.; Barek, J.; Drasar, P.; Peckova, K., Differential pulse voltammetry of
selected nitrophenols on boron-doped diamond film electrode. In Sensing in
Electroanalysis, Vytias, K.; Kalcher, K.; Svancara, 1., Eds.University of Pardubice:
Pardubice, 2009; Vol. 4, pp 135-142.

4. Musilova, J.; Barek, J.; Peckova, K., Determination of nitrophenols in drinking and
river water by differential pulse voltammetry at boron-doped diamond film
electrode. Electroanalysis 2011, 23, (5), 1236-1244.

5. Karaova, J.; Schwarzova-Peckova, K.; Barek, J., The Use of Boron-Doped
Diamond Film Electrode for the Determination of Selected Nitrophenols by HPLC
with Amperometric Detection. Analytical Letters 2016, 49, (1), 66-79.

The still-growing world population puts major demands on food production and its
availability which leads to the use of higher amounts of agrochemicals. That causes
negative impact on the environment and further degradation of food and water quality.
Therefore, one of the serious problems of the modern world remains the pollution of the
environment by undesirable chemical compounds. Electrochemical techniques may play in
this context the role of sensitive and in some cases reasonably selective tool for analysis of

environmental matrices.



Chapter 1 Introduction

Electroanalytical methods have become nowadays more attractive, thanks to
advantages such as low investment and running costs, short time of analysis, possible
miniaturization and mobility, simple handling and sufficient sensitivity and selectivity. The
miniaturization plays a very important role in the field of analytical and bioanalytical
chemistry. Most of the fabricated microelectrodes are used for end-column amperometric
detection in flow injection analysis (FIA), high-performance liquid chromatography
(HPLC) capillary zone electrophoresis (CZE), microchips, or for in vitro / in vivo detection
of biogenic compounds. The electrochemical sensors and detectors are unique in
comparison with frequently bulky and expensive instrumentation of spectrometric and
separation techniques. Development and testing of new suitable electrode materials,
possibility of their mechanical and/or chemical modifications, and detection arrangements

are one of the major research pathways in modern electroanalysis.

Presented PhD Thesis is focused on the use of the boron-doped diamond
(BDD) electrodes for voltammetric and amperometric determination of selected
environmental organic pollutants: 2-nitrophenol (2NP), 4-nitrophenol (4NP), and 2,4-
dinitrophenol (2,4DNP). These compounds are listed as “priority pollutants” by United
States Environmental Protection Agency (US EPA) ¢ and mainly used in agriculture as
plant growth stimulators 7. BDD electrodes are used for determination of wide range of
electrochemically both reducible and oxidisable organic compounds (see in chapter 2.2)
and have become a popular electrode material thanks to its commercial availability and
excellent mechanical and electrochemical properties 2 ®. Furthermore, BDD electrodes may
be advantageously utilized in amperometric detection in liquid-flow systems ° (see in

chapter 2.3).



Chapter 11 Boron-Doped Diamond Electrodes

2. BORON-DOPED DIAMOND ELECTRODES

2.1. Preparation and Characterization of Boron-Doped Diamond Thin

Film Electrodes

In recent years, BDD has become a popular electrode material thanks to its
commercial availability and excellent mechanical and electrochemical properties 12 & 10-12,
The properties of BDD films are influenced by the quantity and kind of the doping agent,
morphologic factors and defects in the film, crystallographic orientation, presence of
impurities (sp? carbon), and surface termination (most frequently hydrogen or oxygen).

The preparation of doped diamond films relies on energy-assisted chemical vapour
deposition (CVD) methods, when a hydrocarbon gas (typically methane) in hydrogen is
energetically activated to decompose the molecules into methyl-radicals and atomic
hydrogen and deposited on a suitable substrate. The gas activation is accomplished using
hot filament (HF CVD) or microwave plasma assisted CVD (MP CVD). The boron doping
agent is most frequently added as small amounts of diborane or trimethyl boron in the gas
phase. The material must contain enough boron for the electrode to show metal-like
conductivity; electrical measurements demonstrate that this is achieved at
[B]>10%° B atoms cm > (ref.!®). Typical growth conditions are 0.3-1.0 % CHa in Ha,
pressures of 10—150 torr, substrate temperatures of 700—1000 °C, and microwave powers
of
1000-1300 W, or filament temperatures up to ~ 2800 °C. The film grows by nucleation at
rates in the 0.1-2 pm h™! range to thickness at least ~1 um. The resulting films differ in
morphology (microcrystalline films are characterized by crystallite size < 1-5 pm,
nanocrystalline films have crystallite size 10-500 nm) and quality.

The as-deposited diamond surface is hydrogen (H-) terminated (as-grown), because
the films are grown under a hydrogen plasma or in a hydrogen atmosphere. During the
H-termination, a bond between the hydrogen and carbon atoms is formed at the diamond
surface. Due to the positive charge of such a layer, positively charged substances are
repelled and negatively charged are attracted to the diamond surface and the surface is
hydrophobic. H-termination causes a semiconducting BDD electrode to behave metal-like
due to the additional surface conductivity hydrogen termination brings '°.

In contrast to the H-termination, by the oxygen (O-) termination a layer of oxygen

atoms is formed. The oxygen atoms bond with the carbon atoms in the form of carbonyl,

10



Chapter 11 Boron-Doped Diamond Electrodes

ether, hydroxyl and carboxylic groups, that are negatively charged and thus attractive for
positively and repulsive for negatively charged substances '#. O-terminated BDD (O-BDD)
is hydrophilic and does not possess a measurable surface conductivity '>. Therefore, the
change of the chemical termination from H-terminated to the O-terminated surface affects
the electrochemical properties of the diamond electrode.

At the beginnings many studies were presented to be performed at H-terminated
BDD (H-BDD) surfaces, but the maintenance of H-termination is complicated due to the
easiness of electrochemical oxidation and even oxidation of BDD surface by air oxygen '°.
The re-hydrogenation of an oxidized BDD surface is achievable only by hydrogen-flame
annealing or hydrogen-plasma treatment, which requires adequate equipment. Alternative
method of rehydrogenation is cathodic pre-treatment at potentials leading to hydrogen
evolution on the BDD surface °. It can be presumed that many of the early studies
performed using supposedly H-terminated surfaces were in fact conducted at oxidized
BDD surfaces .

The effects of both surface terminations on the shape of the cyclic voltammograms
(CVs) of dopamine (DA) and ascorbic acid (AA) at BDD nanoelectrode arrays have been
investigated in ref. '*. To improve the peak separation between DA and AA, differential
pulse voltammetry (DPV) was employed. DA detection at O-BDD surfaces provides
a signal widely independent of AA. For low-level dopamine measurements, the presence of
AA is even beneficial. The much higher current density for DA can be attributed to the
well-known enhancement of the electrochemical response for DA in the presence of AA
due to the regeneration of DA by reaction with AA. The positive shift of the AA oxidation
signal relative to DA oxidation signal on the O-BDD nanoelectrode arrays can additionally
promote this effect, as the major part of AA still exists in its reduced form at a potential
when DA is already oxidized.

The O-terminated surface can be formed by exposing the surface to oxygen plasma,
boiling in strong acid or electrochemical exposure to the high anodic potential in the region
of water decomposition. At BDD electrode, water decomposes according to the following
equation (Eq. 1):

H>O (BDD) —HO(BDD) + H' + ¢ (Eq. 1)

The formation of OH" radicals causes oxidation and stabilization of the electrode
surface with the prevalence of the carbonyl, hydroxo, and carboxylic groups '®. The
OH’ radicals are confined to the BDD surface and as powerful oxidizing agents are capable

of oxidation of a wide range of compounds, non-oxidizable at other electrode materials.

11



Chapter 11 Boron-Doped Diamond Electrodes

Reaction (Eq. 1) is enabled by the high oxygen overvoltage at BDD surface. The water
decomposition reaction is extremely important for the applications of BDD electrodes.

BDD materials produced in research laboratories are gradually substituted by
available materials from commercially suppliers — Element Six (UK) 7, Windsor Scientific
(UK) '8, NeoCoat (formerly Adamant Technologies, Switzerland) '°, Condias (Germany)
20, sp3 Diamond Technologies (USA) 2!, and ESA Biosciences (USA) 2. The analytical
techniques routinely used to characterize the morphological, optical, chemical and
electronic properties of diamond thin films, include Raman, Auger electron and X-ray
photoelectron spectroscopies, scanning electron micrography, scanning tunnelling and
force microscopies, powder X-ray diffraction analysis, and secondary ion mass
spectrometry 3,

In the publications presented in this Ph.D. Thesis 33, the commercial Windsor
Scientific BDD electrode was used (see in Figure 1A) for voltammetric methods and also
as working electrode in the amperometric wall-jet detector (see in Figure 1B) for HPLC

with electrochemical detection (ED) 2.

2.2 Applications and Properties of Boron-Doped Diamond Film

Electrodes

There are the following main application fields of BDD electrodes *: (i)
electrochemical oxidation of organic and inorganic species at BDD anodes for their
quantitative conversion or destruction in wastewaters (reviewed in 2%2°), (i)

27-28

electrochemical disinfection of drinking and bathing water , (11) electrochemical

synthesis, in particular inorganic electrosynthesis of strong oxidizing agents and further

29-30

electroorganic synthesis , (iv) technical galvanic applications such as lead free

chroming !

, and, finally, (v) the use of BDD electrodes in electroanalysis as simple
electrochemical sensors employed in voltammetric methods or coupled to liquid flow
methods (HPLC, FIA, CZE) for detection of organic and inorganic species, or specialized
selective applications of BDD-based bioelectrochemical sensors (introduced in
chapter 2.3).

For voltammetric techniques a low and stable background current over a wide
potential range, microstructural stability at extreme cathodic and anodic potentials, extreme

electrochemical stability in both alkaline and acidic media, good responsiveness for many

redox analytes without pre-treatment, and resistance to electrode fouling are the most

12



Chapter 11 Boron-Doped Diamond Electrodes

important advantages. The mechanical durability substantiates the popularity of BDD film
electrodes in liquid flow methods including FIA and HPLC with electrochemical detection.
Because of the wide potential window in both cathodic and anodic region, BDD film
electrodes can be used to determine a wide variety of inorganic and organic compounds
(such as drugs, pesticides, environmental pollutants, and other biologically active
compounds) using electrochemical reduction and/or oxidation. The possibility of
miniaturization of BDD electrodes and modification of the BDD surface opened research
fields for detection in capillary electrophoretic (CE) techniques including electrophoretic
microchips and other liquid flow systems, and further for in vivo / in vitro detection of

biogenic compounds * 32,

Figure 1 (A) BDD electrode, Windsor Scientific, UK, BDD electrode in PEEK body,

3 mm diameter, flat bottom part, boron doping level 0.1 %, resistivity 0.075 €2 cm. (B)
Scheme of amperometric wall-jet detector.: Ag/AgCl reference electrode (1); platinum
wire auxiliary electrode (2), BDD working electrode (3), outlet — overflow (4), overflow
whole-glass vessel (5), mobile phase (6), inlet Teflon tubing connected to FIA and/or
HPLC output (7), adapted from °.

2.3 Boron-Doped Diamond Film Electrodes in Organic Electroanalysis
An overview of organic analytes determined by means of BDD electrodes is
available in our recent reviews 12 - 3 The review ! summarizes the use of BDD film

electrodes in electroanalysis of organic compounds and obtained analytical figures of
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merits since the beginnings in 1997 to 2007. The review 2 provides a critical overview on
the development in the field of organic analytes, based on the summary, which
characterizes selected studies devoted to particular organic analytes since the beginnings in
1997 to 2008. Furthermore, an outlook in current trends in research using BDD-based
sensors including their modification and miniaturization is given. In the overview ',
progress since 2008 to 2013 in the development and applications of bare BDD electrodes
in voltammetry of organic compounds is summarized. Attention is paid to important issues
reflected in electroanalytical studies, e.g. fouling and pre-treatment of BDD surface,
influence of boron doping level on performance of BDD-based sensors, and application of
adsorptive stripping voltammetry. The review ** is devoted to detection of aromatic
hydrocarbons and their derivatives using either BDD film electrodes or carbon paste
electrodes, popular sensors in environmental detection.

BDD clectrodes are used for the determination of wide range of electrochemically
both reducible and oxidisable organic compounds. As seen in the table 2.1, that brings an
overview of selected applications of BDD-based sensors in organic analysis since 2009 to
2017, prevalence of oxidisable analytes is remarkable.

Organic compounds can be oxidised on BDD electrodes directly by electron transfer
from BDD surface to a compound, or indirectly by oxidising entities, e.g. hydroxyl
radicals, generated on electrode surface by reaction given in Eq. 1.

Reducible compounds are in minority, most of the described methods rely on the
reduction of the nitro group at the aromatic skeleton. Methods based on reductive
determinations benefit from the low sensitivity of BDD surface to dissolved oxygen 4= 34,
however, they are still not that frequent. Despite the fact that BDD is less sensitive to
oxygen reduction than other electrode materials, its presence in HPLC-ED or FIA-ED
setups causes increase in the background current and also limits the useful working
electrode potential window for amperometric determination of reducible organic
analytes 337,

Initially, BDD electrodes have been considered as resistant to fouling due to the
paraffin-like, hydrogen terminated surface **. Nevertheless, it has been proven that this is
not a general rule and a lot of studies demonstrated fouling problems. Aromatic

amines %4

and phenolic compounds 4 can cause BDD passivation, because both
compounds produce reactive radicals (phenoxy radicals or amino cation radicals) capable
of further dimerization and polymerization on the electrode surface. Formation of

polymeric film on the electrode surface causes rapid deactivation of electrode by blocking
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Chapter 11 Boron-Doped Diamond Electrodes

electron transfer and slowing down further oxidation. The chemical and electrochemical
properties of diamond electrodes were found to be strongly influenced by the surface

treatment '©

. Electrochemical pre-treatment can be applied for conditioning of the electrode
surface, enhancement of the voltammetric signals, preventing the passivation of electrode
surface, and ensuring of repeatable and reproducible response of particular analytes.

The basic way for conditioning of the electrode surface is its electrochemical anodic
oxidation (~ < +2.0 V) for few minutes in the region of water decomposition (Eq. 1),
leading to O-terminated BDD surface ***. This pre-treatment can be performed as the
long-lasting activation or before each scan. An alternative method to obtain O-BDD
surface is repeated application of short potential pulses close or in the onset of the
decomposition of supporting electrolyte curve ¢4,

The cathodic pre-treatment (~ < -2.0 V), leading to H-terminated BDD surface, has
to be applied just before the electrochemical experiments to ensure reliable and
reproducible results, especially when the electrode has not been used for a long period of
time due to its instability in air *°. It caused enhanced electrochemical activity — faster
electron transfer for [Fe(CN)g]*”~, signal increase and improved repeatability. The
importance of cathodic pre-treatment was investigated for the detection of selected

1°! or butylated hydroxyanisole *2.

chlorophenols *°, estrio
A mixed-mode of surface activation includes application of cyclic voltammetry (CV)
in acidic media to the onset of decomposition on supporting electrolyte curve 45 33-5 that is
recommended by commercial suppliers of BDD electrodes and can also lead to
stabilization of their electrochemical response.
Further, the combination of more types of pre-treatment is used (both anodic and
cathodic 3% 46 €072 Jong-lasting activation before the electrochemical experiments with

another activation before each scan % 3!

, anodic and/or cathodic pre-treatment coupled
with CV % see examples in table 2.1 in the column BDD electrode, pre-treatment).

Bare BDD surfaces have been considered as relatively inert to the adsorption for
organic compounds; however, studies using anodic adsorptive stripping voltammetry
(AdSV) for oxidisable compounds have been reported. Major advantages of the AdSV,
where the analyte is partly deposited on the working electrode by various mechanism (e.g.
adsorption, extraction, chemical binding) include low detection limits coupled with good
selectivity and reproducibility due to the in situ pre-concentration step. An electrode

material is needed providing not only good adsorption of the analyte but also a stable and

reproducible electrode surface, which is a property of BDD films. Methods based on AdSV
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on these films include utilization of the adsorption of the analyte itself *+4> 737 or the
adsorption of surfactants interacting with organic analytes on the BDD surface #7- 61707275,

Surfactants are usually linear molecules with a hydrophilic head and a hydrophobic
end and are often used as selective masking agents to improve selectivity and sensitivity of
electrochemical analysis and they also play a very important role in the electrode reaction,
not only by solubilizing the organic compounds but also by providing specific orientation
of the molecules on the electrode interface. Adsorption of surfactants on electrodes and
solubilisation of electrochemically active compounds in micellar aggregates might
significantly change the redox potential, charge transfer coefficients, and diffusion
coefficients of electrode processes, thus changing the stability of electrogenerated
intermediates and electrochemical products, which becomes an advantage for its use in

electrochemistry and modification of electrodes 2.

This leads to improved analytical figures of merit as presented for detection of

72 47

capsaicin or benzo(a)pyrene in the presence of sodium dodecylsulfate, and

3 70-71 1 75 1 61

benzophenone- , 4-chloro-3-methylpheno or resveratro in the presence of
cetyltrimethylammonium bromide (hexadecyltrimethylammonium bromide). The main
disadvantage of this approach is the necessity of manual polishing of the BDD surface after
each scan. On the other hand, the interaction of the surfactant or transfer of the adsorbed
species from the matrix to pure supporting electrolytes can substantially increase the
selectivity of the method.

Perspective trends in electroanalysis include miniaturization of BDD sensors for
their utilization in in vivo / in vitro analysis or for detection in CE or micro total analytical
systems "%77. Numerous attempts were made to design BDD-based microelectrodes, BDD
microdisc arrays or other variations, summarized in reviews % !> 78, The ability of
microelectrodes to deliver steady state responses at suitable scan rates, low analyte
concentrations and in the absence of any supporting electrolyte is an attractive feature
when comparing them to conventional macroelectrodes. These responses are usually
obtained when the scan rate is kept low so as to minimize the ohmic drop 7°. The main
drawback of microelectrodes, low total current output, can be avoided by construction of
microelectrode arrays (MEA). In this way, the total current can be multiplied (for ideal
arrays up to 1000 fold) as it corresponds to the total area of the electrode including the
isolated portions between the single microelectrodes. The noise corresponds to the sum of

their areas®. Regardless of the miniaturization trend, benefits of increase of active

electrode area and roughness of the surface were demonstrated in detection of dopamine
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and nonenzymatic amperometric detection of glucose using 3D-structured BDD nanorod
forest electrode *°. Also the overlap problem of oxidation peaks for determination of
dopamine and ascorbic acid in their mixture can be solved by using BDD MEA *?. Recent
progress and achievements concerning diamond nanoelectrochemistry (nanotextures,
nanowires, networks, porous film, nanoelectrodes, undoped nanoparticles, and boron-
doped particles) are considered in review 8!

Even though diamond surfaces are chemically inert, photochemical,
electrochemical and chemical approaches have shown their strength in tethering functional
groups to this interface. Many studies exist on modified BDD surfaces and their
utilizations in construction of BDD-based sensors '* 8% Promising strategies include e.g.,

amination or carboxylation of BDD surface to bond various receptor biomolecules 335,

or
covering of BDD thin films by molecularly imprinted conducting polymers such as
polypyrrole 8788, Special interest for the development of molecularly imprinted polymer
(MIP) is related to their potential to recognize selected molecules. The typical synthesis of
the molecularly imprinted polypyrrole involves the formation of polymer in the presence of
template molecules. The template molecules that are used for MIP preparation are usually
the same as target molecules. Conductive BDD powder and polyester binder were used to
fabricate screen-printed electrode on polyimide sheets and exhibited greater durability to
fouling by dopamine than carbon screen-printed electrode %. Further development in this
field can be foreseen thanks to the progress in the deposition technology of the BDD films,
their modification and widening insights in the principles of biosensing.

The commercialization of BDD electrodes at the beginning of this century
accelerated the development. Specialized electroanalytical studies using batch
voltammetric and amperometric methods or liquid flow methods with amperometric
detection at BDD electrodes under optimized conditions in pure solvents proved in most
cases notable reproducibility, high sensitivity, low detection limits, and linear dynamic

range often over three orders of magnitude compared to other, particularly carbonaceous

electrode materials.
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Table 2.1. Selected applications of BDD-based sensors in organic analysis
Analyte BDD electrode, Electroanalytical method and LDR LODA Ref.
pretreatment conditions; (matrix) [nmol L] [nmol L1
Neurotransmitters, their metabolites and precursors
Epinephrine Windsor Scientific SWYV, 0.5 M HC104; (human 0.7—60 0.21 %0
urine)
Dopamine CSEM; 3 mA.cm2in0.5M SWYV, 0.1 M HCIO4, 0.49-54°¢ 0.28°¢ o1
Ascorbic acid H>SO4 and then in 0.1 M KOH 1.5-54° 0.97 ¢
Dopamine BDD-MEA, Adamant DPV, phosphate buffer pH 7.4 0.2-1¢ 0.44°¢ 42
Ascorbic acid Technologies SA; +1.92 V, 20-200 © 7.5¢
60 min in 0.1 M KOH
Dopamine BDD-NEAs, Fraunhofer; DPYV, phosphate buffer; in 0.1-20 0.1H 14
-2.4V, 45 s (H-terminated), presence of 100 uM ascorbid acid
+2.4 'V, 45 s (O-terminated) in
2 M H>SOq4
Dopamine Thermo Scientific ESA.; HPLC-AD, mobile phase: 45 mM 0.001-5°¢ 0.000021 B 92
Adenosine Thermo Scientific ESA 5041 (NH4)3POg4, 1.1 mM NagP>0O7, and 0.001-200 © 0.0012 B
analytical cell, no pre- 4% acetonitrile, adjusted to pH 3
treatment using phosphoric acid
Melatonin Windsor Scientific polished CV, 1 M KClI, presence of 10 % 861017220 258 € 93
with 0.01 and 0.03 um grade CMC and 90 % DCP;
alumina aq. slurry (pharmaceutical formulations)
Phenolic compounds
Bisphenol A WindsorScientific; sonicated ~ CE-AD, 50 mM Na,HPO4-NaOH 1-400 0.3 58
in ethanol and deionised water  pH 10.5 / acetonitrile (97/3, v/v), 0.1-10 SPE 0.06 SPE.D
Bisphenol F 5 and 10 min; CV from —0.5V  (SPE — drinking water samples) 1-300 0.3
to +2 V, 50 mM phosphate 0.05-5 SPE 0.01 SPE.D
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4-Ethylphenol buffer pH 7 1-300 0.3
0.05-5 SPE 0.01 SPE.D
Bisphenol A diglycidil 1-200 0.5
ether 0.05-5 SPE 0.01 SPE-D
Bisphenol A Adamant Technologies; DPV, 0.5 M H2SOq4 0.44-5.2 0.21¢ 94
250 mA.cm2, 60 s and
-250 mA.cm™2, 180 sin 0.5 M
H2S04
Bisphenol A MWCNTs / tyrosinase film CV, phosphate buffer pH 7.2; 0.00001-0.1 0.00001 85
BDD (water samples)
Butylated CSEM; 0.5 M H2SOg4, SWV,0.01 M KNO; pH 1.5/ 0.6-10 0.14 C¢ 93
hydroxyanisole —1 mA.cm2, 120 s and ethanol (7/3, v/v); (food products)
+1 mA.cm™>2, 120 s
Butylated 0.6-10 0.25¢¢
hydroxytoluene
Butylated CSEM; 0.5 M H,SOs4, FIA-MPA, 0.01 M KNOs; pH 1.5/ 0.05-3 0.03° %
hydroxyanisole —1 mA.cm2, 120 s and ethanol (7/3, v/v); (food products)
+1 mA.cm2, 120 s
Butylated 0.7-70 0.4°
hydroxytoluene
Catechol As-grown BDD electrode CV, 0.07 M phosphate buffer 5-100 2.8¢ o7
Nanograss array BDD 1.3¢
electrode; both sonicated in
2-propanol and deionised
water
Caffeine Windsor Scientific; +2 V, SW-AdSV, BRB pH 10; 60 s 3.1-283°¢ 0.551¢ 45
Chlorogenic acid 180 s in 0.5 M H2SO4 preconcentration; (beverages) 14-127 ¢ 1.26 €
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Chlorogenic acid Windsor Scientific; polished SW-AdSV, BRB pH 3.0, 0.706-11.29 0.138 ¢ 74
with slurries (0.01 gm ALO3 accumulation 120 s at +0.40 V
on a smooth polishing pad),
then rinsed with deionized
water
4-chloro-3- Windsor Scientific; +2.40 V, 0.1 M phosphate buffer pH 2.0 ¢ 75
methylphenol 900 s in stirred 0.10 M H.SO4.  DCV 5-100 0.85
Absence of DPV 2.5-100 0.46
cetyltrimethylammonium SWV 5-100 0.34
bromide:
+2.40 V, 30 s, N2 atmosphere.
Presence of DPV, B/C ratio/ppm:
cetyltrimethylammonium 500 1-100 0.25
bromide: polishing pad and 1000 1-100 0.29
alumina with subsequent rinse 2000 0.5-100 0.11
by deionized water after each 4000 0.5-100 0.12
scan. 8000 0.9-100 0.20
p-cresol Biofunctional ZnO nanorod Amperometry; 0.1 M phosphate 1-175 0.1¢ o8
4-chlorophenol microarrays / nanocrystalline buffer pH 7 1-150 0.2°¢
Phenol BDD 1-150 0.25 ¢
Estradiol Element Six; SWYV, 0.1 M phosphate buffer 5-100 0.86; 1.6 € 33
oxidised BDD: CV from pH 12
—-1.5Vto+2.5V, 10 min, in
0.1 M HNOs3;
Estradiol CB/BDD 5-100 0.0021; 0.022 ©
Nonylphenol 0.003
Bisphenol A 0.07
Ethynylestradiol 0.009
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Estriol BDD film electrode, B/C 8000 SWYV, NaOH pH 12; 0.2-20 0.17F 3
ppm,—3 V,3minin 0.5M (pharmaceutical sample, urine)
H2SO4, then -3 V, 30 s in
supporting electrolyte before
each run
Parabens BDD, B/C8000 ppm, thin layer HPLC-AD, mobile phase 0.025M  0.0125-0.5 " ™¥ 60
Methylparaben arrangement; +3 V, 30 s; then ~ phosphate buffer pH 7 / 0.01%>wwD
Ethylparaben -3V,30s acetonitrile (4:6, v/v); (shampoos) 0.01% W™D
Propylparaben 0.01% WD
Phenol BDD/AuNPs/Tyr; stored in SWYV, 0.1 M phosphate buffer 0.10-11.0 0.07 86
0.1 M phosphate buffer pH 7 at pH 7
4°C
Phenol HFCVD BDD treated with H,  SWV, 0.05 M H2SO4 40-250 0.85€ 99
microwave plasma, 400 W,
20 min
Phenol HFCVD BDD; +2.8 V, 10 s SWYV, 0.05 M H,SO4 30-130 1.06 ¢ 46
and 2.8V, 10 s
Resveratrol Windsor Scientific; SW-AdSV, 0.1 M HNOs3 with 0.1-26 0.0276 ¢ o1
-1.5V,180s,+1.5V, 180s, 100 uM
0.5 M H2SOg4; polished hexadecyltrimethylammonium
manually with Al,O3 slurry bromide
(0.01um), then rinsed with
deionized water
Nitrophenols and other nitroaromatics
Aminonitrophenols Adamant Technologies; 1M DPV °*; BRB / methanol (9/1, v/v) 62
(xAyNP) HNOs, -3V, 10sand +3 V, F
2A3NP 10s pH?2 1-100 0.5
2A4NP pH 12 0.9
2A5NP pH 8 0.6
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4A2NP pH 8 0.5
4A3NP pH 2 0.4
DPV red, BRB / methanol (9/1,
V/V)
2A3NP pH 2 0.2-100 0.3
2A4NP pH 6 0.2-40 0.4
2AS5NP pH 8 0.4-100 0.3
4A2NP pH 2 1-100 0.6
4A3NP pH 6 0.4-100 0.2
2A3NP HPLC-AD °%, phosphate buffer 0.2-100 0.31
2A4NP pH 2 / methanol (65/35, v/v) 0.15
2ASNP 0.21
4A2NP 0.16
4A3NP 0.18
Nitrophenols Windsor Scientific; CV from K 4
2NP —2.5t0+2.5Vin 1 MHNO;  DPV " BR buffer pH 4.0; (water  0.4-80 2 0.3/0.02 SPE-2
samples) 0.4-200° 0.2/0.02 SPE.®
0.8-20° 0.3/0.2 SPE-¢
4NP DPV red BR buffer pH 6; (water ~ 0.8-200 ® 0.1/0.03 SPE-a
samples) 0.8-20° 0.1/0.04 SPE-®
0.4-20° 0.1/0.2 SPE-¢
DPV °* BR buffer pH 11; (water 4-80°? 0.5?
samples) 4-40° 1°
4-20°¢ 1€
2,4DNP DPV 4, BR buffer pH 4; (water 0.4-20% 0.1/0.02 SPE-a
samples) 0.4-20° 0.1/0.02 SPE-®
0.8-20 ¢ 0.6/0.2 SPE ¢
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DPV °* BR buffer pH 10; (water ~ 2-20? 03°
samples) 0.8-20° 0.5°
2-20° 0.3¢
Nitrophenols Windsor Scientific; CV from HPLC-AD "4, 0.05 M acetate F 3
2NP —2.5t0+2.5Vin 1 M HNO;3 buffer pH 4.7-methanol (58/42, 2-802,2-100 °, 122 1.5%1.8¢
v/v); (water samples) 4-100 ¢
4NP 2-100% 1-100>¢ 0.8 1.3 >¢
2,4DNP 2-607,1-100 >° 0.7 5¢
2NP HPLC-AD °% 0.05 M phosphate 6-80%,4-100%>° 1.09,29° 3.5¢
4NP buffer pH 6.75 — methanol 2-802,2-100 ¢ 1.5 25%24¢
2, 4DNP (65/35, v/v); (water samples) 4-100>°,2-100% 0.6% 1.5°,1.2°¢
Trinitrotoluene MPCVD nanocrystalline BDD  SWYV, 0.05 M KCl/ acetonitrile 0.048-0.964 0.044 100
(95/5, v/v) pH 7; (sea water) 0.550-10.479
Amines
2-Aminobiphenyl Si(100), MPCVD DPV, BRB pH 7 0.16-10 HPLC 0.2 HPLC 101
4-Aminobiphenyl nanocrystalline BDD HPLC-AD, mobile phase 0.09-10 HPLC 0.13 HPLC
1-Aminonaphtalene acetonitrile / 0.01 M phosphate 0.02—10 HPLC 0.07 HPLC
buffer pH 3 (40/60 v/v); (azo dye 1-100 PPV 2.96 PPV
2-Aminonaphtalene sunset yellow with SPE) 0.02-10 HPLC 0.06 HPLC
1-66 PPV 1.48 PPV
2-Aminobiphenyl Si(100), MPCVD HPLC-AD, mobile phase 0.01 M 0.4-10T 0.54T.F 102
microcrystalline BDD; thin acetate buffer pH 5 / acetonitrile / 0.06-100 W 0.070 W-F
3-Aminobiphenyl layer (T) and wall jet (W) methanol (40/30/30 v/v/v); 0.2-107 0.25TF
arrangement 0.06-100 W 0.075W-F
4-Aminobiphenyl 0.2-10T 035%F
0.06-100 W 0.065 V- F
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2-Aminobiphenyl Si(100), MPCVD HPLC-AD, mobile phase 0.01 M 0.2-10 0.21 3
microcrystalline BDD; +2.4 V, acetate buffer pH 5 / acetonitrile / 0.1-10° 0.21¢
60 min in 0.1 MH>SO4 methanol (40/30/30 v/v/v); 0.025-0.1 & SPE 0.0084 < SPE
(drinking and river water with 0.005-0.1 ® SPE 0.0034% SPE
3-Aminobiphenyl SPE) 0.2-10 0.3
0.1-10° 0.28 ¢
0.0025-0.1 & SPE 0.013 «SPE
0.0075-0.1 > SPE 0.0044 - SFE
4-Aminobiphenyl 0.2-10 0.62
0.2-10° 0.55°¢
0.005-0.1 ¢ SPE 0.017 & SPE
0.0075-0.1 > SPE 0.011 > SPE
Polycyclic aromatic hydrocarbons
Benzo[a]pyrene Windsor Scientific; polished ~ SW-AdSV, BRB pH 2.0 0.016-0.2 0.00072 € 4
with 0.01 pm alumina, +1.3 V,  containing 2.5x10~* M sodium
30 s in supporting electrolyte dodecylsulfate; (tap water)
1-hydroxypyrene Windsor Scientific Ltd HPLC-AD/SPE, mobil phase 0.01-10 0.013 103
methanol / 0.05 M phosphate
buffer pH 5 (80:20 v/v); (urine)
1-nitropyrene Windsor Scientific Ltd; DPV, methanol / BRB pH 3 1-100 03¢ 48
oxidative scan +0.15 to (70:30 v/v)
l-aminopyrene +0.5V;+0.23 to + 0.68 V; DPV, methanol / BRB pH 5 0.1-10 0.066
1-hydroxypyrene 50x pulses + 0.8V, 0.3 s and (70:30 v/v); 0.1-10 0.16
—0.5V,03s (urine)
Pharmaceuticals
Amlodipine polycrystalline HFCVD BDD  DPV, BRB pH 5; 0.2-6 0.07 ¢ 104
electrode (pharmaceuticals, urine) 638
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Albendazole Adamant Technologies; SWYV, 0.05 M H2SO4 0.200-7.41 0.162 ¢ 105
+0.5 A.cm™, 30 s or DPV, 0.05 M H2SO04 0.0797-8.36 0.0625 ©
—0.5A.cm !, 180sin 0.5 M
H>S04

Bezafibrate Adamant Technologies; 0.5 M  SWYV, BRB pH 2, (pharmaceutical 0.1-9.1 0.098 © 106
H2S04, +0.5 A.cm™2, 20 s, then  formulations — tablets)
—0.5A.cm?,80s

Brimonidine Windsor Scientific; polished DPV, 0.1M H2SOq4 2-30 0.631°¢ 34
with aqueous slurry of Al,O3 SWV,0.1M H2SO4 0.5-15 0.128 €
powder, +1.2 V, 60 s, and (eye drops)
-1.5V,60s,in 0.25 M H2SOq4

Captopril CSEM; +3V,30sand -3V SWYV, BRB pH 9 92.04-460.21 0.759 63
30sin 0.1 M HCIO4

Captopril Adamant Technologies; BIA-MPA, 0.01 M acetic acid / 27-81 ¢ 0.14 H 107

Hydrochlorothiazide +0.01 A, 1000 s in 0.04 M acetate buffer pH 4.7; 10-30 © 0.27 ¢H
BRB pH 2, then —0.01 A, (pharmaceutical formulations)
1000 s in 0.1 M H2SO4

Ciprofloxacin Adamant Technologies BIA-AD, BRB pH 10, dispensing 1-100 0.3 108

rate 153 pL.s~!

Codeine Windsor Scientific; CV from  DPV, BRB pH 7; 0.1-60 0.08 ¢ 4
—2to+2 Vin 1 M HNOs, (pharmaceuticals, human urine)
microwave-inducted hydrogen
plasma, 5 min

Coumarin BDD film (8000 ppm boron),  SWYV, 0.1 M BRB pH 8; (aq. 0.00499-0.1 0.01 ¢ 64
+3 V, 10 min and -3 V 10 min  infusion of Mikania glomerata)

Erythromycin As-grown double-bias- SWYV, ammonium acetate 6.8-68.1 1.1¢ 59

enhanced HF CVD BDD, CV
from -2 to +2Vin the
supporting electrolyte

buffer pH 5, (water samples)
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Hydrochlorothiazide Adamant Technologies; SWV, 0.1 M BRB pH 8 4-83 1L HCTZ ] LHCTZ.C 109
(HCTZ) +0.5A.cm™,40sin 0.5 M 474 2 HCTZ 1.8 2 HCTZC
Losartan (LOS) H2SO4 4-74 2108 0.98 % LOs.¢
DPV, BRB pH 9.5 1-20 ! LOs 0.92 1 LOS.C
3-74 2, HCTZ 1.2 2,HCTZ, C
3_74 2,LOS 0.95 2,L0S, C
Glutathion (GSH) BDD microelectrode; ChrA, 0.1 M phosphate buffer 0-10000 300 € 10
ultrasonication in pH 7.4
2-propanol, 10 min
Ibuprofen Adamant Technologies, DPV, 0.1 M H,SO4/EtOH (9/1 20400 5¢ Hi
0.50 cm?; +0.01 A, 1000 s in V/V)
0.04 M BRB and —0.01 A,
1000 s in 0.1 M H2SO4/
ethanol (9/1 v/v)
Methamphetamine polycrystalline HF CVD BDD  DPV, BRB pH 10; (human urine) 0.07-80 0.05 ¢ 65
electrode; +2 V, 180 s and
-2V, 180 sin 1 M H2SO4
Nimesulide Adamant Technologies, wall ~ FIA-MPA; phosphate buffer pH 7 0.2-80 0.081 ¢ 12
jet arrangement, 7 mm?; / EtOH (9/1 v/v); (pharmaceutical
—10.5 mA, 60 s, then formulations)
+11.7mA,30sin 0.5 M
H2S04
Paracetamol CSEM; +0.5 A.cm™2,30sand SWYV, 0.5 M H2SOy; 0.54-61° 0.23 &€ 13
Caffeine —0.5A.cm™2,150sin 0.5 M (pharmaceutical formulations) 0.78-35°¢ 0.096 &€
Orphenadrine H>SO4 0.78-35°¢ 0.084 &€
Paracetamol Adamant Technologies; DPV, 0.1 M H,SO4+EtOH (9/1 20400 7.1¢ 14
Ibuprofen 0.13 cm?; +0.01 A, 60 s in v/V) 3.8¢

0.5 M HoSOq4
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Paracetamol Adamant Technologies, BIA-MPA, 0.1 MH,SO4/EtOH 331-1654 ¢ 1.94H 13

Nimesulide 0.13 cm?; —0.01 A, 1000 s in (7/3 vIv) 32-162°¢ 0.96 =1
0.1 M H2SOg4

Paracetamol NeoCoat; 0.5 M H2SOs, FIA-MPA, 0.05 M 1-100 © 0.03 ¢ 16

Tramadol 0.04 Acm20r—0.04 Acm2,  H>SOu,(pharmaceutical samples 0,08-10 © 0.04 ¢
30sor180s and synthetic biological fluids)

Penicilin V Windsor Scientific; no pre- DPYV, acetate buffer pH 4; 0.5-40 0.25¢ 17
treatment (pharmaceutical formulations,

human urine)

Propylthiouracil Adamant Technologies; 0.5 M  DPV, BRB pH 2 1-29.1 09°¢ 18
H>SO4, 30 s, +0.5 A.cm™, then
150 s, 0.5 A.cm™

Xylitol CSEM; +3V,120sand -3V, SWYV, 0.1 M phosphate buffer 5-64 1.3¢ 66
240 s in 0.5 M HoSOq4 pH 7; (mouthwash products)

Agrochemicals

Atrazine Windsor Scientific; CV from SWYV, BRB pH 3; (river water) 0.05-40 0.01 ¢ 33
-2 to+2 Vin 1 M HNO;3

Carbaryl BDDGR (Windsor Scientific DPV, acetate buffer pH 5.6; 1-6 0.07 &4 19
Ltd — modified); 15 CV (stable natural apple juice 0.17 ¢

Paraquat and reproducible 0.2-1.2 0.01 &4
background current) 0.4¢¢

Linuron Adamant Technologies; DPV;BRB pH 2 0.46-26.6 0.12¢ 120
-0.5A.cm?,80sin0.5M SWYV;BRB pH 2, (water samples) 0.61-26 0.18€
H2S04
BDD/ PtNPs DPV;BRB pH 2 0.61-6.6 0.18¢

SWV;BRB pH 2 2.1-14.9 0.82¢
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Kresoxim-methyl Adamant Technologies, 1 cm?;, SWYV, 0.05 M acetate buffer pH 4; 0.87-34 0.26¢ 121
GCHP, + 0.01 A, 1000 s, then  SPE, (grape juices)
-0.01 A, 1000 s, then CV from
—0.5to +1.5 Vin 0.1 M HxSO4
Metamitron Windsor Scientific;+2.0 V, DPV, BRB pH 2 0.5-110 1.2¢ 67
60 s in 1 M HNO3, then SWYV, BRB pH 2 0.98 ¢
—2.0'V, 60 s. Then rinsed with  (river water)
deionized water and polished
with a piece of damp silk cloth.
Finally, 20 CV from —1.0 to
+2.0 Vin 1 M HNO3
Methiocarb Windsor Scientific; no DPV, 0.1 M H,SO4 in MeOH 4.4-244 0.67 ¢ 122
regeneration (10 %, v/v)
Methomyl BDD electrode (surface area SWV 66420 19 o8
0.36 cm?), +3.0 V, 120 s, DPV 5.0-410.0 1.2
—3.0V,240s1in 0.5 M HSOs  BRB pH 2; river water, tap water,
commercial formulations
Picloram Windsor Scientific; CV from  DPV; 1 M H,SO4; (tap and natural 0.5-48.1 0.07 ¢ 36
—2Vto+2V,10min, 1 M water, human urine)
HNO3
Triclopyr Windsor Scientific; +2 V, 60 s, DPV; BRB pH 2 (tap water, river 1.0-108.8 0.82°¢ 57
then -2 V, 60 s, then CV water, human urine)
20 cycles from -1 to +2 V in SWV: BRB pH 2 2.5-99 1.85¢
1 M HNO;3
Ziram Windsor Scientific;+2.0 V, 180 FIA, BRB pH 4 0.01-1 0,0027 € 69

s,then 2.0 V, 180 sin 1 M
H2SO4
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Aminoacids, peptides, proteins

Guanin WindsorScientific DPV, BRB pH 6; (fish sperm and 0.21-234 0.0374¢ 123
human placenta DNA, urine) 0.3-19°¢ 0.19 &€
Adenin 0.12-25¢ 0.019 &€
0.3-19° 0.067 &€
Tryptophan NeoCoat; NWs/BDD-UV DPV, 0.1 MKCI pH 7.4 5-500 5 d.BDD.1 124
irradiation in air, 2 h, low 10 &BDD.1
pressure mercury arc lamp 0.5 ¢ NWs/BDD. 1
05° NWs/BDD, I
Tyrosine 5 ¢ BDD.I
20 & BDD, I
0.2 & NWs/BDD, I
02° NWs/BDD, I
Food components and additives
Glucose BDDNF Amperometry; 0.1 M NaOH, 7000-15000 0.2 80
presence of AA and UA
Glucose Nanocrystalline BDD, LSV, 0.1 M NaOH, presence of 40-11000 not given 125
sonicated in isopropanol, AA and UA
acetone, ultrapure water
15 min
Glucose L-BDD NWs, 30 minin 0.5 M LSV, 0.1 M NaOH pH 12.5 60-8000 60 ! 126
H2S04
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Vanillin Windsor Scientific; daily +3 V, SW-AdSV, phosphate buffer 3.3-380 0.16 ¢ 4
180 s in 0.5 M H2SO4; 30 s pH 2.5, 60 s preconcentration
experimental conditions, +3 V
before each voltammetric
experiment
Other compounds
Benzophenone-3 CSEM; +3.2 Vand 2.8V, SWV, 0.1M BRB pH 6 in the 15-195 0.137¢ 70
30 sin 0.1M HCIlO4 presence of
cetyltrimethylammonium bromide;
(commercial sunscreen)
Benzophenone-3 MPCVD BDD (BDDa); DPV, BRB pH 12 &
Windsor Scientific (BDDg); B/C ratio/ppm(BDDa):
+2.4V,60sin 0.5 M H2SO4 2000 1-100 1.5
BDDA:+3V,-3V,+3V, 4000 1-100 1.9
—3V,+3 V,each for 10 s in 8000 2.5-100 0.8
0.5 M H2SO4.BDDg: polishing  Presence of
pad and alumina with cetyltrimethylammonium bromide 10-75
subsequent rinse by deionized  (BDDg): 0.8-10
water after each scan. 0.4-0.8 0.1
Butylated Adamant Technologies; BIA, 0.1 M HCIO, / ethanol 10-50 0.05 32
hydroxyanisole 0.05 MH2S04, -3 V, 900 s (50/50 v/v)
Capsaicin Windsor Scientific; -3 Vand ~ SW-AdSV, BRB pH 1.0 with 0.16-20 0.034 € 2
+3.0 Vin 0.5 M H2SOq4, 180 s; 800 uM sodium dodecylsulfate;
before each experiment (commercial pepper products)
polished manually with Al2O3
slurry (0.0lmm), then rinsed
with deionized water
Cholesterol AgNPs/BDD coupled with ChrA, phosphate buffer pH 7.4; 10-7000 6.5°¢ 127
PAD (bovine serum)
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Hydrazine Au-NPs BDD DPV, presence of APIs 10-1000 11.1°7 128
Pt-NPs BDD 337

Hydrazine BDD film on titanium sheet DPYV, phosphate buffer pH 7 2-400 1€ 129

Nicotine Windsor Scientific DPV, BRB pH 10; (cigarettes, 0.5-202.5 03¢ 130

cigar, pharmaceuticals)

Ozone Si(111)-BDD CV, electrolyte-free media 0.49-740 0.185 131
microelectrodes

Rutin WindsorScientific; manually SW-AdSV, BRB, pH 4.0, 0.0164-0.164 0.00278 € 73
polished with ALOj3 slurry accumulation 60 s at +0.2 V

(0.1 uM), then ultrasonically
cleaned, no pre-treatment

a-tocopherol Si-BDD !32; UV/ozone treating FIA-AD, mobile phase: 50 mM 0.5-100 0.041 133
Ubiquinone 60 min NaClO4 in MeOH; 50 mM NaClOg4 0.5-100 0.017
in MeOH/hexane (76.7/23.3 v/v)
Urea Element Six; Pt-NPs/BDD, DPV, phosphate buffer pH 8.3, 1000-25000 1790 134
sweeping cell potential (protein urease)

between —1 V and +2.5 V in
0.5 M HNOg, 45 cycles

@ _ in deionized water; ° — in drinking (tap) water; ° — in river water; 4 _ individual determination; ¢ — simultaneous determination; * — LOD for
S/N = 3, if not otherwise specified; 2 — LOD = 3.3 Sp/b, where Sp is standard deviation for the blank solution and b the slope of the linear
concentration dependence; © — LOD = 3 Sg/b, where Sg is standard deviation for the blank solution and b the slope of the linear concentration
dependence; P — LOD measured in matrix; * — LOD = 2 Sg/b, where Sg is standard deviation for the blank solution and b the slope linear
concentration dependence; ¥ — LOD calculated as the concentration of the analyte which gave a signal ten times the standard deviation of the
lowest evaluable concentration; © — LOD calculated using three times the standard deviation corresponding to the lowest point of concentration
dependence; " no details on calculation given; ' — LOD determined from five blank noise signals (95% confidence level); ' — LOD = u+ 3 Sg,

where u and Sp are the mean and standard deviation of the background response; © — LOQ = 106/m where o is the standard deviation of the
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signal measured for the lowest analyte concentration corresponding to calibration plot, m is slope of the analytical curve; ° — oxidation; ™4 —

PE _ using SPE; " " — concentration in mg/mL; AD — amperometric detection; AdSV — adsorptive stripping voltammetry; AgNPs

reduction;
— silver nanoparticles; APIs — active pharmaceutical ingredients; AuNPs — gold nanoparticles; BDDGR — graphene-modified boron-doped
diamond electrode; BIA — batch-injection analysis; BRB — Britton-Robinson buffer; CB — carbon black; CCL — Center for Coatings and Laser
Applications; CE — capillary electrophoresis; ChrA — chronoamperometry; CMC — carboxymethyl celulose; CSs — carbon spheres; CSEM —
Centre Suisse de Electronique et de Microtechnique SA; CV — cyclic voltammetry; DCP — dibasic calcium phosphate; EIS — electrochemical
impedance spectroscopy; GCHP — galvanostatic chronopotentiometry; GOx-CoPc/BDDP — glucose-oxidase-immobilized cobalt
phthalocyanine/boron-doped diamond powder; HF CVD — hot filament chemical vapor deposition;, HPLC — high-performance liquid
chromatography; L-BDD NWs — long boron-doped diamond nanowires; L-DOPA — L-3,4-dihydroxyphenylalanine; LSV — linear sweep
voltammetry; MEA — microelectrode arrays; MPA — multi pulse amperometric detection; MP CVD — microwave plasma assisted chemical
vapor deposition; MWCNTs — multi-walled carbon nanotubes; NEAs — nanoelectrode arrays; NF — nanorod forest; Ni-NPs — nickel

nanoparticles; NWs/BDD — boron doped diamond modified by nanowires; PAD —paper-based analytical device; Pt-NPs/BDD — boron doped

diamond modified by platinum nanoparticles; SPE — solid phase extraction; SWV — square wave voltammetry; Tyr — tyrosin.
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3. PROPERTIES AND ANALYTICAL METHODS FOR
DETERMINATION OF NITROPHENOLS

3.1 Sources, Formation, Occurrence, and Biological Effects

Nitrophenols (NPs) belong among both reducible and oxidisable compounds and
thus are often used as model compounds in electrochemistry. Together with substituted
NPs they are frequently used in industry as reactants or intermediates in production of
drugs and dyes and in agriculture, where pesticides based on simple NPs are used as
growth stimulators 7 1%,

Toxicologically, NPs are poisons exhibiting appreciable cumulative effects and
blocking the oxidative phosphorylation in cells. The NPs may also affect methaemoglobin
formation, liver and kidney damage, anaemia, skin and eye irritation, and systemic

poisoning '*°. Therefore, they are listed by US EPA on the List of Priority Pollutants 6. No

carcinogenic or genotoxic effects have been reported for this class of compounds.

3.2 Analytical Methods for Determination of Nitrophenols

3.2.1 Methods for Determination of Nitrophenols

The US EPA maintains test methods, which are approved for monitoring the
presence and concentration of chemical pollutants. The methods in the Agency index are
known as EPA Methods !*7 and are the most widely accepted and used. For 2NP, 4NP and
2,4DNP, gas chromatography with mass spectrometric detection (GC/MS) or flame
ionization detector (GC/FID) is used '*8. The methods provide guidelines for the analysis
of phenols in water and include all the steps necessary to collect, prepare, and analyse
samples and data.

For the determination of 2NP, 4NP, and 2,4DNP the following US EPA Method
528 (ref. ') or 604 (ref. '*%) is recommended: compounds are extracted by passing a 1 L
water sample through a solid phase extraction (SPE) cartridge containing 0.5 g of
a modified polystyrene-divinylbenzene copolymer and eluted from the solid phase with
a small quantity of dichloromethane. The extract is concentrated and subjected to analysis
by GC/MS 3% or GC/FID 0,

Beside US EPA Methods, a number of other studies was published, including
GC "% spectrophotometry %,  CE %146 or  HPLC #7153, Among them,
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chromatographic methods are used more frequently due to the high separation
efficiency ' 152, Before analysis, enrichment step is necessary, because the contents of
NPs compounds in real samples are generally quite low. Therefore, various pre-treatment

techniques have been developed to extract NPs from aqueous samples, such as liquid-

150-152 142-143
9

liquid microextraction '3, solid-phase extraction , solid-phase microextraction

multiple monolithic fibre solid-phase microextraction 47, single-drop microextraction %,

stir bar sorptive extraction '* and hollow-fibre liquid-phase microextraction 4,

However, easily reducible nitrogroup(s) or oxidisable hydroxyl group in
conjunction with aromatic ring offer simple possibility for their detection using
voltammetric and amperometric methods in combination with separation techniques that

are summarized in the next chapter 3.2.2.

3.2.2 Electrochemical Methods for the Determination of Nitrophenols

Electrochemical methods for determination of selected NPs between 2000-2011
have been reviewed in the Ph.D. Thesis '**. Further developed selected electrochemical
methods applied for determination of NPs between 2012 and 2017 are presented in
Table 3.1. It summarizes the type of the working electrode, electroanalytical method used
and achieved limit of detection. It can be seen from the table that the methods rely on both
electrochemical oxidation and reduction, including the studies developed for 2NP, 4NP,
and 2,4DVP by the author of this Thesis 4=,

Reduction of nitroaromatic compounds is based on the reduction of a nitro
group '%°. Reduction of a nitro group proceeds in the acidic media in two steps (Eq. 2 and
Eq. 3):

Ar-NO; + 4¢ + 5H'— Ar-N"H,OH + H,O (Eq. 2)

Ar-N"H,0H + 2¢ + H'— Ar-NH; + H20 (Eq. 3)

In the neutral media, only one step is observed (Eq. 4):

Ar-NO; + 4¢ + 4H"— Ar-NHOH + H>O (Eq. 4)

In the alkaline media, usually two voltammetric waves are observed, corresponding to
a two-step mechanism (Eq. 5 and 6):

Ar-NOz + e — Ar-NOx™ (Eq. 5)

Ar-NO;" + 3¢ + 4H" — Ar-NHOH + H,0 (Eq. 6)

Oxidation of NPs is based on the dissociation of aromatic hydroxo group that leads

to the formation of phenolate (Eq. 7) (dominant form in alkaline solution), then oxidation
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to the phenoxy radical (Eq. 8) or phenoxy cation (Eq. 9), acting as intermediates of the

reaction 9.

Ar-OH-e¢ — Ar-O+ H" (Eq. 7)
Ar-O—e — Ar-O° (Eq. 8)
Ar-O—e — Ar-O" (Eq. 9)

The aforementioned electrochemically formed compounds (phenoxy radical and
phenoxy cation) are very reactive and form polymers or undergo other chemical
transformations '°’. This may be the cause of the passivation of the electrode surface
during electrochemical oxidation.

Electrochemical detection of NPs at bare electrodes seriously suffers from
interference issues, low sensitivity or high overpotential during electrochemical oxidation.
Therefore, modified electrodes are widely used to avoid these issues aiming to the
preparation of highly efficient electrochemical sensors for the determination of NPs '8, As
seen from Table 3.1 commonly used glassy carbon is the most popular electrode material
for modification by various compounds to increase its selectivity and sensitivity.

This Ph.D. Thesis is focused on the electrochemical detection of NPs at BDD film
electrodes.

Voltammetric determination of 2NP, 4NP, and 2,4DNP, investigated in this Thesis, at

159-162 79, 163
3

BDD film electrodes has been described utilizing their oxidation , reduction or
comparing both these detection modes 3% 19416 Beside these compounds, other NPs and
their derivatives were investigated.

Most of the phenolic compounds and/or their reaction intermediates and products are
easily adsorbed on the surface of electrodes, because their oxidation reactions result in
formation of a polymeric layer as highlighted above. The adsorption behaviour has a great
influence on the refreshment of electrode surface and electrochemical determination, for it
might badly foul the electrode, greatly shorten the lifetime of the electrode, and even
destroy the feasibility of the application of the electrode. However, even BDD electrode is
not entirely resistant to passivation; different ways to activate the electrode surface have
been reported. For the determination of phenolic compounds, anodic oxidation ', short
potential pulses close or in the onset of supporting electrolyte decomposition curve 2,
cyclic voltammetry in acidic media to the onset of supporting electrolyte decomposition

curve 4 or ultrasound traetment ' 165 are possibilities of conditioning of the electrode

surface.
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Anodic activation was reported for simultaneous determination of phenol,
hydroquinone and 4NP 62, by simple treatment in sulfuric acid solution at a highly positive
potential of +2.8 V for 10 s.

The determination of aminonitrophenols as dyeing agents using BDD electrode in
DPV and HPLC-ED was proposed 2. For the activation of the electrode, applying potential
of -3V for 10 s and of +3 V for 10 s in 1M HNO3; was used. For DPV determination,
Britton-Robinson (BR) buffer pH 4:MeOH (9:1, v/v) was used, detection limits were
0.2-0.9 pmol.L! in both cathodic and anodic potential region. For HPLC-ED, phosphate
buffer pH 2 containing 35 % (v/v) of methanol was selected as optimum mobile phase.
Detection limits were 0.2-0.9 pmol.L™! for DPV and 0.15-0.31 pmol.L'for the HPLC-ED
determination.

Large cathodic part of potential window of BDD electrodes was used for a couple of
determinations of pesticides based on the reduction of nitro group in methylparathion '3,
or parathion '%°. The direct determination of methylparathion in potato and corn extracts
and its degradation product 4NP in lemon and orange juices by square wave voltammetry
(SWV) using BDDE was reported '®* with the limits of detection for methylparathion
4.86 ng.L ! (0.0185 umol.L ') in water and 10.1 pg.L™! (0.0384 umol.L!) in corn extract
and for 4NP 5.53 pgL! (0.0210 pmol.L!) in orange juice and 8.32 pg.L’!
(0.0316 umol.L™") in lemon juice. The SWV was combined with the ultrasound treatment
to minimise the inactivation of the BDD surface and to improve the sensitivity of the
responses.

Both electrochemical reduction and oxidation were used for the detection of 4NP in
spiked pure and natural waters using SWV 64, As the supporting electrolyte, BR buffer
pH 6.0 was used. For the reduction process, the detection limits varied between 0.03 and
0.133 umol.L™! and for the oxidation from 0.02 to 0.115 umol.L™!. Then, the determination
of 4NP was studied by SWV on a BDD electrode when associated to ultrasound waves '
Significant improvements in the analytical sensibility were observed due to electrode
surface cleaning and the enhancement in the transport of species to the electrode surface
provided by ultrasound. Thus, for the oxidation and reduction process, the limit of
detection was 0.028 and 0.018 umol.L™!, respectively.

For direct detection of 4NP in the absence of any supporting electrolyte BDD-MEA
have been used over the concentration range 1.8-9.2 pmol.L™! with no pre-treatment ”°.
The detection of 4NP in aqueous media is of great importance as its presence is related to

several organophosphorus pesticides (e.g., methylparathion, ethylparathion, fenitrothion,
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etc.) and these decompose in water and soils with 4NP being produced as an intermediate

or final product.

Determination of NPs using simultaneously both electrochemical reduction and

oxidation improves the selectivity and reliability of the analysis. As can be seen in the

table 3.1, determination of NPs at bare BDD electrode achieves similar results as at

modified GCE or graphite electrodes (GE).

Table 3.1. Selected electroanalytical methods for the determination of 2NP, 4NP, and

2,4DNP.

Analyte  Electrode Technique LOD, ymol.L™!  Ref.

2NP polyfurfural film/GCE DPV rd 0.3 167
CD-RGO/GCE DPV rd 50 sim 168
OMCs/GCE DPV rd 0.08 169
poly(p-ABSA)/GE SDV o 0.28 170
PPI-AuNP/GE SWYV rd 0.033 1
Mg/Fe-LDH/GCE Amperometry ™ 4 172
nAu-Si4Pic*Cl/GCE DPV 0.046 173
BDD DPV rd 03202%01°¢ 4

4NP SWNTs-Ag/GCE DPV 1 174
DB f-CD-MWCNT DPV = 0.048 175
polyfurfural film/GCE DPV rd 0.041 167
CD-RGO/GCE DPV rd 100 sim 168
OMCs/GCE DPV rd 0.1 169
SWCNT/GCE DPV 0.0077 176
GO/GCE LSV rd 0.02 177
Ce0,-ZnONPs Amperometry ™ 1.163 178
NMP-exfoliated GNS DPV 0.01 179
GR/MIPs composite DPV 0.005 180
ZnO NPs MWCNT CTS DPV < 0.001 181
S-CHIT/ABPE Derivative voltammetry *¢  0.03 182
Mg(Ni)FeO/CPE DPV o 0.2 183
Ag-NPs modified electrode DPV °* 0.015 184
nAu-Si4Pic*Cl/GCE DPV red 0.055 173
ePADs DPV 1.1 185
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Imprinted DPV 0.005 186
CS/PTMS/AuNP/GCE
ZnO NPs Amperometry ™4 0.832 187
o-Fe>O; NPs Amperometry ™4 3.52 187
Graphene-Au composite/GPE  Amperometry ™4 0.47 188
MIP Au-NPs gold electrode DPV 0.1 189
PNPI-PANI-PVSA/ITO DPV 1 190
poly(p-ABSA)/GE SDV o 0.3 170
GCE/GNS-FePc Cy rd 10 158
[-CD-Au-CGS-nanohybrid DPV °* 0.0038 191
/GCE
ZnO/F/GCE SWYV red 0.008 192
LiTCNE/PLL/GCE DPV * 0.01 193
SWV ox 0.02
GNFs/GCE DPV 0.7 194
S-CD/PBNCs/RGO/GCE LSV rd 0.0023 195
PDPA/MWCNT-B-CD/GCE ~ AdSV ™ 0.02 196
PDDA-G/GCE LSV rd 0.02 197
PCZ/N-GE/GCE Cy rd 0.062 198
DTD/AgNP/CPE DPV red 0.25 199
Cu-GPE Amperometry ™ 1.91 200
N-rGO/GCE LSV o 0.007 201
PMB/GCE DPV < 0.093 202
BDD SWY red 0.0185 165
BDD DPV * 1.44 159
BDD SWV 0.02 160
BDD CV 11 162
BDD SWYV rd 0.032 164
SWV 0.020
BDD SWYV rd 0.018 165
SWYV o 0.028
BDD DPV red 0.135¢ 4
DPV 0.5%,0.1>¢
2,4DNP MWCNT/GCE Ccyrd 0.144 203
HAP/GCE DPV o 0.75 204
BDD DPV rd 0.1%%0.6° 4
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BDD DPV 0.3%°,0.5° 4

% _ in deionized water; ® — in drinking (tap) water; ¢ — in river water; AdSV — adsorptive
stripping voltammetry; AuNP-SPC — AuNP-electrodeposited screen printed carbon
electrodes; [-CD-Au-CGS-nanohybrid — pf-cyclodextrin functionalized Au-graphene
nanohybrids; f-CD/PBNCs —f-cyclodextrin Prussian blue nanocubes, CS/PTMS — chitosan
phenyltrimethoxysilane; CP — carbon paste; Cu-GPE — Cu-modified graphite pencil
electrode; CTS — chitosan; CV — cyclic voltammetry; DB f-CD — disulphides bridged beta-
cyclodextrin dimer; DPV — differential pulse voltammetry; ePADs — electrochemical
paper-based devices; GE — graphite electrode; GNFs — graphite nanoflakes; GNS-FePc —
graphene nanosheets decorated iron phthalocyanine; GR/MIPs — molecularly imprinted
polymers modified graphene sheet; HAP — hydroxylapatite, HCA — hydrodynamic
chronoamperometry; LSV — linear sweep voltammetry; Mg/Fe-LDH — Mg/Fe layered
double hydroxides; MIP — macroporous imprinted polymer;nAu-Si4Pic'Cl™ — gold
nanoparticles modified n-propyl-4-picolinium silsesquioxane chloride polymer; MWCNT
— multi-walled carbon nanotube; NMP-exfoliated GNS — N-methyl-2-pyrrolidone
exfoliated graphene nanosheets; NPs — nanoparticles; N-rGO — nitrogen-doped reduced
graphene oxide; PCZ/N-GE/GCE - polycarbazole (PCZ)/nitrogen-doped graphene;
poly(p-ABSA)/GE — poly(p-aminobenzene sulfonic acid)-modified graphite electrode;
PDDA-G — poly(diallyldimethylammonium chloride) functionalized graphene; PDPA —
poly(diphenylamine); PMB — polymethylene blue; PNPI-PANI-PVSA/ITO - para-
nitrophenol imprinted electrode with polyvinyl sulphonic acid doped polyaniline onto
indium tin oxide glass substrate; PPI-AuNP — poly(propyleneimine) dendrimer-gold
nanocomposite modified exfoliated; RGO — reduced graphene oxide; S-CHIT/ABPE —
acetylene black paste electrode coated with salicylaldehyde-modified chitosan; SDV —
semi-derivative voltammetry; ™ — simultaneous determination of 2NP, 3NP, and 4NP;
SWCNT - single-walled carbon nanotube, SWNTs-Ag — single-walled carbon
nanotubes/silver nanowires hybrids; SWV — square wave voltammetry; ZnO/F/GCE — ZnO
film-coated GCE.

Easily reducible nitrogroup(s) or oxidisable hydroxyl group in conjunction with
aromatic ring offer simple possibility for the detection of NPs using amperometric
detection in combination with separation techniques.

Chromatographic methods, particularly HPLC, are common in the combination of

the high selectivity of a separation method and a high sensitivity and relative selectivity of
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amperometric detection. A wide concentration range, a small volume of a cell, a rapid
response to a change in the concentration of an electroactive substance, and a low
background signal are the advantages 2°. The simple construction of the electrochemical
cell (thin-layer or wall-jet system) allows to employ a variety of electrodes in several
arrangements using silver solid amalgam (AgSAE) 37, glassy carbon (GCE) 2%, solid
amalgam composite 27, or BDD 3 electrodes.

The application of CZE has become increasingly widespread because of the
minimal sample and solvent volume requirement, short analysis time and high separation
efficiency. However, the miniaturized dimensions of the instrumentation increase the
demands on the detection settings. In this context, electrochemical detection offers the
advantage that it is not compromised by the miniaturization, in contrast with the path-
length dependent methods, e.g. the spectrometric ones 2. For the successful application, it
is necessary to cope with the difficulty in performing electrochemistry in the presence of
the high voltage associated with CZE separations. This can be overcome by inserting
a porous decoupler between the separation and detection section of the capillary, which
allows to ground the high voltage system ahead of the electrochemical detector, while the
analytes are carried to the detector by the electroosmotic flow 2%°. Micromachined CE chip
with a glassy carbon detector enables a rapid (120 s/sample) simultaneous determination of
five priority nitrophenolic pollutants (2-nitrophenol, 3-nitrophenol, 4-nitrophenol,
2,4-dinitrophenol, and 2-methyl-4,6-dinitrophenol) 2°.

Closer characteristics and achieved detection limits of selected amperometric

determinations are listed in Table 3.2.

Table 3.2. Selected electroanalytical methods using amperometry for the determination of

2NP, 4NP, and 2,4DNP.

Analyte Electrode Technique LOD, umol.L"!  Ref.

2NP GCE HPLC 0.009 206
GCE CE chip ™ 60 210
AgSAE HPLC ™ 102,25° 37
BDD HPLC ™ 1.2 5
BDD HPLC * 1.0 5

4NP GCE HPLC * 0.011 206
GCE CE chip ™4 60 210
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AgSAE HPLC ™ 10825° 37
BDD HPLC 0.8 5
BDD HPLC % 1.5 5

2,4ADNP GCE HPLC 0.023 206
GCE CE chip ™ 60 210
AgSAE HPLC ™ 5210° 37
BDD HPLC ™ 0.7 5
BDD HPLC ¥ 0.6 5

red _ reduction, ° — oxidation, ? thin-layer arrangement, ° wall-jet arrangement

Liquid and gas chromatography coupled with mass spectrometry are sensitive

techniques for the detection of selected NPs, but the investment and running costs are

incomparable with electrochemical detectors and thus their research and development is so

promising and attractive.
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4. RESULTS AND DISCUSSION

4.1 Boron-Doped Diamond Film Electrodes in Organic Electroanalysis
As theoretical basis summarizing and critically evaluating status-quo in the field of
applications of BDD thin film electrodes in organic electroanalysis, two reviews were
published by the author of this Thesis in Chemické Listy ! and Critical Reviews in
Analytical Chemistry 2. These reviews (89 and 194 references, respectively) summarize the
recent progress in the development and applications of BDD film electrodes in
electroanalysis of organic compounds since the beginnings in 1997 to 2007 and 2008. They
are based on the survey listed in a comprehensive table devoted to batch voltammetric and
liquid flow amperometric methods using BDD electrodes. The varieties in their
construction, surface pre-treatment and electroanalytical methods used are discussed.
Further, these reviews also focus on the possibilities and limitations of surface
modifications. As a follow-up of these published reviews selected applications of BDD-

based sensors in organic analysis in recent few years is summarized in the Table 2.1.

4.2 Differential Pulse Voltammetry of 2-Nitrophenol, 4-Nitrophenol and
2,4-Dinitrophenol at Boron-Doped Diamond Film Electrode

A DPV method was developed for the determination of selected nitrophenols —
2NP, 4NP, and 2,4DNP — at BDD film electrode in BR buffer using electrochemical
reduction (2NP) and using both electrochemical reduction and oxidation (4NP and
2,4ADNP). All the obtained results were published as a chapter in the monography Sensing
in Electroanalysis 2.

The influence of pH on both cathodic and anodic DPV curves of tested NPs
(1.10*mol.L™") was investigated in BR buffer, pH 2.0-12.0. For electrochemical
reduction, based on the reduction of nitro group, well-developed peaks were obtained in
acidic media, the highest and the most easily evaluated peaks have been found at pH 4.0
for 2NP and 2,4DNP and pH 6.0 for 4NP. The optimum conditions were used for the
construction of calibration dependences. Prior the first electrochemical measurement and
also for renewing electrode’s surface after observed passivation, BDD film electrode was
activated by cycling the potential in vigorously stirred aqueous 1M HNOs3 solution between

—2.5 V and +2.5 V vs. SCE until a stable signal was detected (5-10 cycles with 0.1 V.s™!
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scan rate). The stable performance of the electrode was regularly verified by measuring
cyclic voltammograms of 1x10* mol.L™! potassium hexacyanoferrate, which exhibited
well defined peaks. Repeatability of the determination was confirmed by series of
20 consecutive measurements, carried out for the highest concentration of the linear
dynamic range. The limits of quantification (LOQs) were calculated as the concentration of
the analyte, which gave the signal equal to ten times the standard deviation estimated from
the lowest measurable concentration, and for all analytes, LOQs were 0.4 pmol.L™!. All
obtained results are summarized in the Table 4.1.

On the other hand, for electrochemical oxidation, based on the oxidation of
phenolic group, peaks were better developed in alkaline media and optimum conditions
have been found at pH 11.0 for 4NP and pH 10.0 for 2,4DNP. During electrochemical
oxidation of 2NP, passivation of electrode’s surface became evident and the calibration
dependences were not linear. Pre-treatment of the electrode prior the measurement in
HNO3 or activation before each scan using highly positive or negative potentials (£2.0 V)
applied in the supporting electrolyte were not sufficient for this compound. Further, the
position of the peak near the end of the potential window caused the difficult evaluation.
Therefore, for 2NP, voltammetric determination using electrochemical oxidation at BDD
film electrode is not a suitable method. LOQs were 2 umol.L™! for 4NP and 0.8 pmol.L™!
for 2,4DP.

Determination of NPs using simultaneously both electrochemical reduction and

oxidation improves the reliability of the analysis.

4.3 Determination of Nitrophenols in Drinking and River Water by
Differential Pulse Voltammetry at Boron-Doped Diamond Film

Electrode

The DPV method for the determination of selected NPs developed in previously
mentioned paper 2 was successfully applied for the direct determination of these
compounds in drinking and river water. To improve the limit of quantification,
preconcentration by SPE from 100 mL and 1000 mL of water samples was used. All the
obtained results were published in the journal Electroanalysis 4.

The direct determination of NPs in model samples of drinking and river water was
applied in the concentration range from 0.4 to 20 pmol.L! using both electrochemical

reduction and oxidation (4NP and 2,4DNP) and only electrochemical reduction (2NP). The
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sensitivity of this direct determination is comparable with the previous DP voltammetric
experiments carried out with redistilled water °, as is seen in the Table 4.1. Also the LOQs
lie within the same concentration range. For electrochemical reduction, LOQs of 2NP,
4NP, and 2,4DNP were 0.3, 0.1, and 0.1 umol.L™!' in deionised water, 0.2, 0.1, and
0.1 umol.L™! in drinking water, and 0.1, 0.1, and 0.6 pmol.L™! in river water. For
electrochemical oxidation, LOQOs of 4NP and 2,4DNP were 0.5 and 0.3 pmol.L™! in
deionised water, 1 and 0.5 umol.L™! in drinking water, and 1 and 0.3 pmol.L™! in river
water.

To improve the LOQs, preconcentration by SPE from 100 mL and 1000 mL water
samples to the final volume of 10 mL was used. As the determination based on
electrochemical reduction was more sensitive than oxidation, conditions were optimised
for the reductive mode and this mode was used after preconcentration by SPE. Lichrolut
EN cartridges containing polymeric sorbent (based on ethylvinylbenzene-divinylbenzene
copolymer) with large specific surface and the adsorption capacity for polar organic
substances were used. Recovery of NPs using SPE was calculated from the ratio of the
peak height of the substance after SPE and peak height of the standard solution at
concentration corresponding to expected concentration after extraction. Passing 1000 mL
river water through the SPE column was not successful because of the decrease of the
sample flow rate (the flow rate for sucking 100 mL sample was 100 mL per hour), and
therefore unacceptable prolongation of analysis time, so the LOQs of river water samples
are ten times higher than LOQs of the deionized and drinking water samples due to lower
preconcentration factor. The LOQs of 2NP, 4NP, and 2,4DNP in deionized water samples
were 0.02, 0.03, and 0.02 umol.L 'with recovery 99, 81 and 81 %, 0.02, 0.04, and
0.02 umol.L ! in drinking water samples with recovery 99, 75 and 80 %, and 0.2 pmol.L!

for all NPs) with recovery 99, 80 and 82 % in river water samples.
y Y

4.4 The Use of Boron-Doped Diamond Film Electrode for the
Determination of Selected Nitrophenols by HPLC with

Amperometric Detection
The mechanical durability substantiates the popularity of BDD film electrodes in
liquid flow methods including FIA-ED and HPLC-ED. The possibility to use BDD film
electrodes for amperometric determination of trace amounts of NPs after their HPLC

separation was investigated and results presented in the journal Analytical Letters 3.

44



Chapter IV Results and Discussion

Firstly, the separation and detection conditions for HPLC-ED determination in
reductive detection mode were optimized. As the voltammetric behaviour of NPs using
BDD film electrode (using both electrochemical reduction and oxidation) was already
investigated in our previous study 4 and the highest current response of NPs was obtained
at pH 4.0 — 6.0, acetate buffer was chosen as aqueous part of mobile phase. Optimization
of conditions for HPLC separation of 2NP, 4NP, and 2,4DNP included optimization of
flow rate of mobile phase, pH of acetate buffer and content of organic modifier (methanol)
in the mobile phase. Further, detection potential Egec was set at —1.2 V, where the
hydrodynamic voltammograms of studied NPs reached out a plateau. The optimum
separation was achieved in 0.05 mol.L™! acetate buffer pH 4.7 — methanol (58:42,v/v)
mobile phase at the flow rate of 1 mL.min'. The capacity factors of 2,4DNP, 4NP, and
2NP in this system were 0.88, 4.29, and 7.79, respectively and total separation time was
12 min.

The reduction of NPs is problematic due to possible interference of 2,4DNP and/or
4NP peak with the signal of oxygen. While the oxygen dissolved in the mobile phase
causes higher and less stable background current, oxygen in aerated injected samples gives
wide and relatively high peak characterized by capacity factor 1.71 — 2.12 depending on
the pH of the aqueous part of mobile phase. Prevention of oxygen presence included
10 min sonication and bubbling of the mobile phase by nitrogen before filling it to linear
high-pressure pump, keeping of the wall-jet overflow vessel under nitrogen atmosphere,
and deaeration of injected samples using 5 min bubbling by nitrogen prior to injection.
Nevertheless, it was not possible to remove all oxygen, as obvious from frequent presence
of oxygen peak, because the residual oxygen is present in the injected samples, where it
penetrates during the manipulation prior to the manual injection into the HPLC system.
Attempts to use automatic injection failed due to low reproducibility of signal of oxygen,
which was in average substantially higher than using manual injection. It is caused by the
autosampler, where the injection procedure requires washing steps and the injected zone of
analyte is separated by microliter volumes of air. Thus, it is impossible to ensure complete
or at least reproducible oxygen removal. Thus, manual injection is preferable in our HPLC
setup and the indistinctive peak of the oxygen does not interfere with the peaks of NPs
which are baseline separated, well-developed and sharp, as confirmed in previous studies
35,37,211

For electrochemical oxidation, the highest response current of NPs was obtained at

pH 10.0 — 11.0 in batch voltammetric studies 4. However, basic media are not compatible
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with silica-based columns and the optimization of pH of phosphate buffer revealed that the
highest current response of NPs was obtained at pH 6.75. At higher pH values baseline
drift was observed and at lower pH values undesirable prolongation of separation was
observed. Relatively problematic was the detection of the firstly eluting 2,4DNP exhibiting
lower peak currents than 2NP and 4NP. It was greatly influenced by the content of
methanol in the mobile phase. Finally, 0.05 mol.L™! phosphate buffer pH 6.75 — methanol
(65:35, v/v) as mobile phase and detection potential +1.3 V, where the measured signals
reached out a plateau at hydrodynamic voltammograms, were used as an optimum. The
capacity factors of 2,4DNP, 4NP, and 2NP in this system were 0.89, 2.42, and 5.37,
respectively, and the total separation time was 10 min. In contrast with the DPV
measurement, the passivation of electrode’s surface during the detection of 2NP was not
observed. The main reasons are most likely different pH of the support electrolyte and also
smaller amount of the analyte in the contact with electrode’s surface, and most importantly
the removal of the intermediate and product of the chemical oxidation by the flowing
mobile phase.

The optimized chromatographic conditions for both cathodic and anodic detection
modes were successfully applied for the direct determination of 2NP, 4NP and 2,4DNP in
model samples of drinking and river water in the concentration range from 2 to
100 umol.L™!. After filtration through glass fibre filter, the samples were directly injected
into the HPLC column protected by a precolumn.

For the amperometric detection based on reduction, the sensitivity of the direct
determination in both drinking and river water is mostly comparable with the previous
experiments carried out with deionized water. Amperometric detection based on oxidation
exhibits comparable sensitivity for deionized and drinking water, but lower for the river
water. Thus, reductive detection mode is preferable for this matrix as it is less affected by
its complex composition. Furthermore, sensitivity using reductive determination is
markedly higher for 2,4DNP than for the other NPs because of the presence of two nitro
groups in its structure. Relatively low limits of detection (LODs) in the micromolar
concentration range were achieved for all analytes, as is seen in the Table 4.1. The LODs
were calculated as the concentration of the analyte, which gave a signal three times higher
than the background noise (S/N = 3). In reductive detection mode, the LODs of 2NP, 4NP,
and 2,4DNP were 1.2, 0.8, and 0.7 umol.L™! in deionized water samples, 1.5, 1.3, and
0.7 pmol.L™! in drinking water samples, and 1.8, 1.3, and 0.7 umol.L! in river water

samples. In oxidative detection mode, the LODs of 2NP, 4NP, and 2,4DNP were 1.0, 1.5,
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and 0.6 umol.L ™! in deionized water samples, 2.9, 2.5, and 1.5 pmol.L! in drinking water
samples, and 3.5, 2.4, and 1.2 pumol.L ™! in river water samples.

Other electroanalytical methods based on connection of liquid flow techniques with
amperometric detection offer similar detection limits as seen in the Table 3.2 in the
Chapter III. The robustness of the method is documented by relatively low RSD, even for
micromolar concentrations. At the micromolar concentration close to LODs the relative
standard deviation (RSD) of peak height is mostly 6.0—10.0 %. For high concentration of
NPs (¢ = 1x10* mol.L™! of each analyte) it is mostly < 3.0 % for oxidative and < 6.0 % for
the reductive detection mode. In the latter case, the higher values of RSD could be caused
by peak height fluctuations as the result of traces of oxygen influencing background
current.

Thus, it can be concluded that BDD film electrode employed as amperometric
sensors in wall-jet detector exhibited good electroanalytical performance with stable
background current and sensitive, reproducible and stable responses for all tested NPs
using both reductive and oxidative detection mode. Nevertheless, reductive determination
is recommendable as it more efficiently eliminates possible negative matrix effects as
recognized for river water samples. The method fulfils requirements on fast, reliable,

sensitive, and relatively inexpensive determination of NPs.

Table 4.1
Analyte Method Matrix LDR LOD Ref.
[umol. L]  [umol.L!]
2NP DPV ™ BR buffer pH 4 Redistilled 0.2—40 0.4 4 3
water
DPV ™ BR buffer pH 4 Water Direct / after SPE 4
Deionized 0.4—80 A
Drinking  0.4-200 0.3/0.02
River 0.8-20 0.2/0.02
0.3/0.2
HPLC/AD ™ wall-jet ~ Water B 5
arrangement, 0.05 M Deionized 2-80 1.2
acetate buffer pH 4.7 / Drinking  2-100 1.5
MeOH (58/42) River 4-100 1.8
HPLC/AD *, wall-jet ~ Water B 3
arrangement, 0.05 M Deionized 6—80 1.0
phosphate buffer pH Drinking  4-100 2.9
6.75 / MeOH (65/35) River 4-100 3.5
4NP DPV ™ BR buffer pH 6 Redistilled 0.4—100 0.44 3
water
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DPV ™4 BR buffer pH 6 Water Direct / after SPE 4
Deionized 0.8—200 A
Drinking  0.8-20 0.1/0.03
River 0.4-20 0.1/0.04
0.1/0.2
DPV °*, BR buffer pH Redistilled 2-40 24 3
11 water
DPV * BR buffer pH Water A 4
11 Deionized 4—80 0.5
Drinking 440 1
River 4-20 1
HPLC/AD ™ wall-jet ~ Water B 5
arrangement, 0.05 M Deionized 2-100 0.8
acetate buffer pH 4.7 / Drinking  1-100 1.3
MeOH (58/42) River 1-100 1.3
HPLC/AD %, wall-jet ~ Water B 3
arrangement, 0.05 M Deionized 2—80 1.5
phosphate buffer pH Drinking ~ 2-100 2.5
6.75 / MeOH (65/35) River 2—100 2.4
2,4ADNP DPV ™ BR buffer pH4 Redistilled 0.2-100 0.4 4 3
water
DPV ™4 BR buffer pH4 Water Direct/after SPEA 4
Deionized 0.4-20 0.1/0.02
Drinking  0.4-20 0.1/0.02
River 0.8-20 0.6/0.2
DPV °*, BR buffer pH Redistilled 0.8—100 0.8 4 3
10 water
DPV °*, BR buffer pH Water A 4
10 Deionized 2-20 0.3
Drinking  0.8-20 0.5
River 2-20 0.3
HPLC/AD ™ wall-jet ~ Water B 5
arrangement, 0.05 M Deionized 2—60 0.7
acetate buffer pH 4.7 / Drinking  1-100 0.7
MeOH (58/42) River 1-100 0.7
HPLC/AD %, wall-jet ~ Water B 5
arrangement, 0.05 M Deionized 4-100 0.6
phosphate buffer pH Drinking ~ 2-100 1.5
6.75 / MeOH (65/35) River 4-100 1.2

A LOQ = 106/m where o is the standard deviation of the signal measured for the lowest
analyte concentration corresponding to calibration plot, m is slope of the analytical curve;

BLOD for S/N = 3.
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5. CONCLUSION

The presented Ph.D. Thesis describes development of new electrochemical
methods for the determination of nitrophenols (2NP, 4NP, and 2,4DNP) that are listed as
the priority pollutants by US EPA, due to their negative impact on living organisms.
Therefore, large scale monitoring of these environmental pollutants has become more and
more important. This requires development of independent, sensitive and selective
detection techniques and appropriate instrumentation. The methods presented in this Thesis
are based on the technique of DPV and HPLC with amperometric detection employing
BDD as the working electrode.

A DPV method was developed for the determination of trace concentrations of
2NP, 4NP, and 2,4DNP at BDD electrode using electrochemical reduction (2NP) and using
both electrochemical reduction and oxidation (4NP, 2,4DNP). The method was
successfully applied for the direct determination of these compounds in drinking and river
water. To improve the limit of quantification and to increase selectivity, a preliminary
separation and preconcentration by SPE was used.

The possibility to employ BDD film electrodes for amperometric detection in wall-
jet arrangement in HPLC was verified by determination of 2NP, 4NP, and 2,4DNP based
on both, electrochemical reduction and oxidation. Different separation conditions with
respect to the detection mode were employed, nevertheless, in both cases baseline
separation of NPs was achieved in max. 12 minutes. Relatively low limits of detection in
the micromolar concentration range were achieved for all analytes. The applicability of the
developed methods was demonstrated on the analysis of the model drinking and river
water samples using their direct injection in the HPLC-ED setup. Comparable sensitivities
and limits of detection were achieved for both detection modes.

Thus, it can be concluded that BDD film electrode employed as voltammetric
and/or amperometric sensor in wall-jet detector exhibits good electroanalytical
performance with stable background current and sensitive, reproducible and stable
responses for all tested NPs using both reductive and oxidative detection mode without
problems with passivation of electrode surface, frequent problem of the electrochemical
detection of phenolic compounds. These methods fulfil requirements on fast, reliable,
sensitive, and relatively inexpensive determination of NPs. The obtained results confirm

that both batch voltammetry and HPLC-ED with unmodified BDD electrode represent

49



Chapter V Conclusion

reliable and sensitive analytical techniques for determination of NPs with limits of

detection similar to other electrodes.
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Zavér
1. Uvod

V poslednich dvou desetiletich je vénovana pozornost
novému elektrodovému materialu. diamantovému filmu
dopovanemu borem (BDD). Mezi jeho vyhodné vlastnosti
patii mechanicka i chemicka stabilita. nizky zbytkovy
proud a biokompatibilita'™. Dal& dflezitou vlastnosti
BDD filmu je $iroke potencialové okno. zavislé na kvaliteé
filmu a dosahujici nejcastéji hodnot kolem 3.5 V. Borem
dopované diamantové filmové elektrody (BDDFE) proto
umoziji provadét elektrochemicke reakce pii potencia-
lech, kterych neni mozné dosahnout jinym zpfl‘sobem:"j‘
Pri elektrochemickém stanoveni organickych latek na pev-
nych elektroddach dochazi velmi ¢asto kireverzibilni ad-
sorpei reakénich produktii ¢i nékterych slozek vzorku na
povrchu elektrody. coz ma za nasledek jeji pasivaci. Na
adsorpci polarnich latek jsou citlivé téméf vsechny sp2
uhlikove elektrody (tj. elektrody v nichz prevazuji uhliko-
Ve atomy s !;p1 hybridizaci. napi. grafitové). Je to zplsobe-
no hlavné piitommosti polarnich skupin na jejich pm‘rchuﬁ‘
BDD je diky svému sp3 charakteru ( tj. skutecnosti. Ze
uhlikové atomy jsou zde v sp® hybridizaci) viiti adsorpei
polarnich latek na jeho povichu znaéné rezistentni, coz je

469

dano v podstaté parafinickym charakterem jeho povrchu
v piipade prevladajici terminace povrchovych vazeb vodi-
kem. Diky mal¢ nachylnosti k pasivaci jsou BDD filmy
v mnoha pripadech idealnim elektrodovym materidlem.
ktery je mozné pouzit k vysoce citlivému stanoveni velke-
ho mnozstvi organickych i anorganickych latek bez pred-
chozi upravy povrchu elektrody’. Priprava vedivych dia-
mantovych filmi i jejich analytické aplikace byly
v minulych letech popsany v prehlednych referatech™’

a v knize'!.

2. Pouziti diamantovych filmovych elektrod
dopovanyvch borem

Pouziti vodivych diamantovych filmi jako elektrodo-
vych materiald v elektrochemii bylo rozsidhle popsano
Fujishimon'!. Pro pouziti BDDFE v elektrochemii orga-
nickych latek existuji dva hlavni smeéry: elektrochemicka
oxidace organickych latek obsazenych v odpadnich vo-
dach na BDD anodé zalozena na jejich uplné konverzi
nebo destrukci a uziti BDDFE jako elektrochemickych
senzorl ve voltametrii nebo pii ampérometrické derekei
v prutokovych metodach (HPLC. pritokova injekéni ana-
Iyza, kapilarni elektroforéza).

Cilem ¢isteni odpadnich vod je uplna oxidace orga-
nickych polutantii na CO; nebo jejich konverze na biolo-
gicky odbouratelné slouéeniny. K tomuto uéelu je vyhodné
pouziti BDDFE. nebot pii oxidaci vody, ktera je umozné-
na vysokym pfepétim tvorby kysliku na povrchu BDDFE.
vznika velké mnozstvi hydroxylovyceh radikalu. Tyto silné
oxidanty zajistuji primou oxidaci organickych latek na
povrchu BDD anody. ¢imz je zabranéno pasivaci povrchu.
Toto teéma bylo popsano v piehlednych referatech >4,

3. Priprava diamantovych filmovych elektrod
dopovanych borem

BDD filmy se obvykle pripravuji metodou chemicke
depozice par. K depozici diamantového filmu je nejcasteji
pouzivana smés methanu a vodiku. dopovani borem je
dosazeno piidavanim diboranu do smési plynu. Koncentra-
ce atomi born v diamantovém filmu je obvykle 10°° cm™.
coz odpovida 1 atomu boru na 1000 atomt uhliku®*, Pii-
pravou BDD filmu se podrobné zabyva ¢lanek Cvacky
a spol.j Ackoliv byly studovany i jiné typy dopanti (vodik.
dusik, fosfor, sira)™®, vétéina praci v elektroanalyze vyuzi-
va jako dopant bor. Téméf viechny publikované elektro-
analytické aplikace byly provedeny na BDD filmech nane-
senvch na kfemiku (BDD/Si). tiebaze jejich primyslova
vyroba je problematicka kwvili kiehkosti a relativné nizké
vodivosti kfemikového substratu. V dnesni dobé je snaha
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nalézt novy substrat pro BDD film. byl testovan niob. tan-
tal. wolfran. molybden nebo podstatné levngjii titan!>,
Tyto substraty jsou vhodné pro i pro velkoplosné elektrody
pouzivane pro uplnou elektrochemickou oxidaci organic-
kych polutanti pii jejich odstranovani z odpadnich vod.
v elektroanalytickeé chemii se zatim piili§ neuplatnily. Pro
vyrobu mikroelektrod lze jako substrat pouzit platinovy
dratek’. Tako substrat pro BDD film byl testovan také gra-
fit. uhlik a uhlikova vlikna®: jejich analyticke aplikace
jsou véak zatim omezené.

4. Konstrukce diamantovych filmovych
elektrod dopovanych borem

Pii vsadkovém uspordadani je BDDFE pro voltamet-
ricka mefeni vlozena do téla elektrody z teflonu nebo poly-
etheretherketonu (PEEK) (obr. 1) nebo tvofi dno pracovni
na’dobkyzo‘sg_ Pro elektrochemickon detekei v pritokovém
usporadani lze pouzit tenkovrstvou detekéni celu, ktera
byla poprvé popsana v précin. Lze vsak pouzit i veétsinu
komeréné dostupnych tenkovrstvy cel. Pro praci s kapilar-
nimi technikami (HPLC. kapilarni elektroforéza) je vhod-
na cela pro detekci za kolonou s pracovni BDD mikro-
elektrodon,

V dnesni dobé jiz existuje nékolik dodavateli ko-
merénich elektrod’®>2*: Windsor Scientific (Velka Brita-

Referat

nie)zs. Adamant "l:gclmologies (S\-j'(carsko)zf. Element Six
(Velka Britanie)”. Condias (Némecko)‘g. Sumitomo
(Japonsko)29 a sp3 Technologies (USA}SD.

4.1. Mikroelektrody

Vyznamnym trendem v konstrukei ampérometrickych
detekénich systému je jejich miniaturizace. fada praci se
tedy zabyva pfipravou BDD mikroelektrod. Cvacka a spol.
studoval pouziti BDD mikroelektrod jako elektrochemic-
kého detektoru pro kapilami elektroforézu (CE)’. Mikroe-
lektrody byly pfipraveny nanesenim tenkeho BDD filmu
na platinové dratky o pruméru 75. 25 & 10 pm vyleptané
do tvaru kuzele. Kvalita mikroelektrod zavisi na uplném
pokryti platiny BDD filmem a na tvaru elektrody. jehoz
reprodukovatelnost je tieba zajistit. Toho se dosahlo oddé-
lenim kuzeloveé casti elektrody zatavenim jeji zbyle casti
do polypropylenu nebo jejim pokrytim lakem na nehty
propylenu. nebot’ lak na nehty a polyimid maji omezenou
chemickou stabilitu. omezujici jejich pouziti ve vzorcich
zivotniho prostiedi, a omezenou elektrochemickou stabili-
fu. zuzujici pouzitelny rozsah potencialii. Daléi typy BDD
mikroelektrod byly pouzity jako ampérometricky detektor
pii CE na mikro¢ipu pro analyzu purint a jejich derivari’..
2. A-dinitrotoluenu a 1.3-dinitrobenzenu’ nebo 4-amino-

; 33
fenolu a 2-aminonaftalenu™.

3 3 I 5 6 7
— I §
v ¥
. A | <—=
| 1 [ i
2 :"‘.'!'ar"‘?‘. e .H"""" —
1
2 DS
e
iy 6 9 p—
©n i

Obr. 1. Schéma BDDFE v diskovém usporadani; kontakt pro piipojeni k potenciostatu (1), teflonové télo elekirody (2), elektricky kon-
takt (3). Sroubovaci nastavec (4), pruzina (5), kovova desticka z obou stran pokryta grafitem (6), tésnéni (7), kontakt s roztokem (8), BD-

DFE na kiemikové podlozce (9)
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4.2, Elektrody s modifikovanym povrchem

Posledni dobou roste vyuziti modifikovanych diaman-
tovych povrchii. Techniky modifikace jsou chemické.
elektrochemické nebo fotochemické''. Chemickd modifi-
kace BDD povrchu nmize zajistit zvysenou citlivost a se-
lektivitu pii detekei riznych latek". Nejcastéji se pouziva
povrchova oxidace. navazani organickych funkénich sku-
pin nebo biomolekul a elektrochemicka depozice kovi
nebo jejich oxidn. Modifikace povrchu anodickou oxidaci
vede k vyraznému zvyseni selektivity k nékterym analy-
tim. napi. k dopaminu nebo kyseliné mocéové. které je pak
mozné stanovit i v piitomnosti nadbytku kyseliny askorbo-
vé**37 Vzhledem k biokompatibilité diamantu je vyhodné
jeho vyuziti pro senzory in vive. Diamantové elektrody
s deponovanym kovem lze pouzit v piipadé katalyzy vice-
stupiiovych elektrochemickych reakei (oxidace alkoholt
a uhlovodiku). které mohou byt na nemodifikované
BDDFE pomeémé pomalé. Elektrody s deponovanym nik-
lem nebo médi vykazuji vybornou elektrochemickou stabi-
litu a dobrou adhezi ¢astecek kovu k povrchu elektrody’.
Pouziti enzymaticky modifikovanych BDD filmi je per-
spektivni i pro pfipravu senzort se specifickoun citlivosti’.
BDDFE modifikovana tyrosinasou byla pouzita jako elek-
trochemicky detektor pii stanoveni estrogennich derivam
fenolu pratokovou injekéni analyzou (FIAY®. Mikrosenzor
z mikrovlaknovych BDD elektrod modifikovanych oxido-
vanym polypyrrolem byl pouzit jako amperometricky de-
tektor pro stanoveni dopaminu v pritomnosti kyseliny
askorbové’’. Pro stanoveni glukosy byl zkonstruovan
BDDFE biosenzor s imobilizovanou glllkosooxida301139.

5. Analytické aplikace

Analytickeé aplikace BDDFE byly v poslednich péti
letech popsany v referatech®1%2%3 7 oblasti organické
analyzy nalezla BDDFE uplatnéni pii stanoveni pesticidi.
1é¢iv. environmentalnich pelutanti (fenoly a jejich chloro-
vané derivaty. polycyklické aromaticke uhlovodiky (PAH)
a jejich derivaty) a dalsich biologicky aktivnich dusikatych
a sitnych latek. Vétsina praci porovnava stanoveni s pouzi-
tim BDDFE s elektrodou ze skelného uhliku éi dopliuje
elektroanalytické metody aplikaci BDDFE v ampéro-
metrickych detektorech pro FIA, HPLC nebo CE. Piehled
aplikaci BDDFE pii stanoveni organickych latek je uveden
v tabulce I. V nasledujicim textu jsou uvedeny priklady
stanoveni. ve kterych je tfeba vyfesit fadu problénm. napf.
odstraiiovani polymerniho filmu na povrchu elektrody
nebo detekei analyti v piitomnosti rusicich latek.

Dopamin je jeden z nejdilezitéjsich nenrotransmiter
a proto je zfejma snaha nalézt vhodny voltametricky sen-
zor k jeho stanoveni v nitrobunéénych tekutinach central-
niho nervoveho syste’mu}ﬁ. Jednim z nejvétdich problénmi
detekce dopaminu. jehoz koncentrace se zde pohybuje
vrozmezi 10°-10" mol L™, je pritomnost velkého mnoz-
stvi (10 mol 7Y kyseliny askorbove. ktera se na stan-
dardnich elektrodach oxiduje pii témer stejném potencialu
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jako dopamin. Stanoveni dopaminu na BDDFE modifiko-
vane casteckami zlata (AuwBDDFE) bylo provedeno
v préci36. Castecky zlata o velikosti 20-400 nm byly depo-
novany na povrch BDDFE cyklickou voltametrii pii poten-
cialu od —0.7 do 0 V profi SCE v 0.05 mM-KAuClya 1 M-
KClL Na AwBDDFE se dopamin oxiduje pii potencialu
0.11 V a kyselina askorbova pii 0.26 V. Dopamin lze tedy
stanovit selektivné v pritomnosti kyseliny askorbove
smezi detekce 1-107mol L), dochazi viak k pasivaci
elektrodového povrchu. Au/BDDFE potazena samosklad-
nou vrstvou kyseliny merkaptooctové (sulfanyloctove).
(SAM/AWBDDFE) poskytuje vyssi odezvu a k jeji pasiva-
ci nedochazi. Kalibracni zavislost pro stanoveni dopaminu
na SAM/AuwBDDEFE je linearni v koncentracnim rozsahu
1-10%-1-10" mol L7 s detekénim limitem 1-10° mol L™

Fenoly a chlorovane fenoly (CP) se do zivotniho pro-
stiedi dostavaji pii vyrobé antioxidanti. barviv a léka. pri
chlorovani pitné vody nebo pii béleni papiru®®. Jejich elek-
troanalyza je komplikovana. protoze se na povrchu elek-
trody tvori polymerni film. Bylo publikovano nékolik stu-
dii, které se zabyvaly stanovenim a odbourdavanim chloro-
vanych fenoli s mznymi pristupy k problematice pasivace
elektrodového povrchu a odstranovanim vzniklého filmu
laserem. ultrazvukem nebo vleZenim vysokého kladného
potencialu béhem méfeni. K detekei CP byla pouzita pri-
tokova cela*® a dile laserova ablacni voltametrie
s Nd:YAG laserem. pfi niz je adsorpce oxidacénich produk-
i zanedbatelna. Stanoveni CP pomoci HPLC a FIA
s elektrochemickou detekci na anodicky oxidovane
BDDFE provadel Terashima a spol“. Naadsorbovany
polymerni film byl odstrafiovan primo v meéfeném roztoku
vlozenim potencidlu 2.64 V proti SCE po dobu 4 min. Pii
takto vysokém potencialu vznikaji hydroxylove radikaly.
které zpusobi oxidaci pasivaéni vrstvy. Stanoveni 4-chlor-
fenolu, jednoho z nejvyznamnéjiich pelutanti. bylo prove-
deno voltametrii s linearné rostoucim potencialem (LSV)
s pouzitim ultrazvuku®. Pisobenim ultrazvuku se zvyii
transport elektroaktivnich latek k povrchu elektrody a za-
rovenl se narusi polymerni film a tim omezi pasivace elek-
trody. Vyhoda této metody spoéiva v jeji pouzitelnosti pro
analyzu vzorku zivotniho prostiedi.

Senzory pro stanoveni glukosy pracuji na principu jeji
elektrochemické oxidace. Existuji dva hlavni typy senzori:
enzymatické, pouzivajici enzym glukosooxidasu
(GOx)***, a neenzymatické. Nejvatsi uplatnéni nachazeji
biosenzory pro stanoveni glukosy v krvi. kde se jeji kon-
centrace pohybuje mezi 3-107 —8-107mol L. V praci®
byl popsan biosenzor pro stanoveni glukosy zlatou elektro-
dou modifikovanou nedopovanym nanokrystalickym dia-
mantovym filmem (N-NCD) s kovalentné imobilizovanou
GOx na jeho povrchu. Na povreh zlaté elekirody byla de-
ponovana vrstva poly(allylamin-hydrochloridu) (PAA)
s koncovymi skupinami —NH, a slouzici jako podklad
N-NCD filmu se skupinami —COOH. které interaguji
s aminoskupinami z vrstvy PAA. Vodiveost N-NCD je
1.310%Q'em™?. Na N-NCD film byla imobilizovéna
vrstva GOx. Elektroda byla pied mérenim anodicky oxido-
vana pii 0.7 V proti SCE po dobu 5 min. aby se zvysil
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Tabulka I
Analytické aplikace BDDFE pro stanoveni organickych latek
Analyt Metoda Mez detekce [mol L_l] Lit:
1.3-Dinitrobenzen CE-ED. mikrocip 41077 32
1-Aminonaftalen HPLC-ED 1-1077 5
2.4-Dinitrotoluen CE-ED. mikroéip 710677 32
2-Aminobifenyl HPLC-ED 1107 5
2-Aminonaftalen CE-ED. mikroéip 1.1078 33
2-Chlorfenol FIA-ED 5.107° 45
HPLC-ED 11077 45
LAV 1107 40
3-Aminofluoranthen DPV 2107 46
3-Chlorfenol FIA-ED. HPLC-ED 1-1077 45
3-Nitrofluoranthen DPV 31078 46
4-Aminofenol CE-ED. mikroéip 2107 33
4-Chlorfenol FIA-ED 5107 45
HPLC-ED 11077 45
LAV 1-1 0‘3 40
LSV —ultrazvuk 1-1078 42
4-Chlor-3-methylfenol CHA 1-107% 40
4-Methylpyrokatechol FIA-ED 2107 47
4-Nitrofenol LSV. BDD-MEA 2.107% 48
SWV — oxidace 6-1078 49
SWV — redukce 9.107% 49
Paracetamol (acetaminophen) Ccv 18 1 50
FIA-ED 11078
Adenosin FIA-ED 2107 51
Captopril cv 3107 52
FIA-ED 1-10749
Clenbuterol CV. pyrrol-DNA/BDDFE 9.1077 53
Cystein HPLC-ED 1107 54
CHA 61078 55
cv 9.107" 56
FIA-ED 2.1078 56
Cystin HPLC-ED 1-107° 54
Cytochrom ¢ cv 3.107° 57
Dichlorfenoly (2.6-DCP; 2.3-DCP; FIA-ED 2.1078 41
2.5-DCP: 2.4-DCP: 3.4-DCP: 3.5-DCP) HPLC-ED 2.10710
Dopamin. dopamin vedle kyseliny CHA 5.10°° 34,
askorbové FIA-ED 31077 58
SWV, AwBDDE 1.10~7 7
SWV., SAM/AWBDDFE 1-107° 36
CE-ED 11078 36
CE-ED 8.10°8 59
Amp--ED. BDDMFI'IJE-OPP_Y 1107 3
3T
D-penicillamin cv 3.107° 60
FIA-ED 1-1078
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Tabulka I

Pokracovani

Analyt Metoda Mez detekee [mol L_l_] Lit.

Estrogenni derivaty fenolu (bisfenol A: FIA-ED. tyr/BDDE 1-107° 38

17p-estradiol)

Ethylamin. ethylendiamin FIA-ED 1-107 21

Fenol FIA-ED 3107 45
HPLC-ED 110~ 45
LAV 1-107° 40

Glukosa CHA. GOx/BDDE 2107 39
SWV 51072 44
LSV. GOx/Au-N-NCD 5.10°° 43

Glutathion HPLC-ED — redukce 1-107% 54
HPLC-ED - oxidace 21078 54
CHA 6-10°° 55
LC-ED 1-107° 61

Glutathiondisulfid LC-ED 2.107° 61

Histamin FIA-ED 5-10 62

Homocystein HPLC-ED 11077 54
FIA-ED 1-107% 54
CHA 4.107° 55

Homocystin HPLC-ED 2.107° 54

Hydrazin LSV, PA/BDDFE 7.107° 63
LSV, P&/BDDEA 2.107%

Chlorpromazin FIA-ED 4107 47

Pyrokatechol CE-ED 1-107' 3

Katecholaminy CE-ED. mikroelektrody 59

NE 5107

NM 4.1078

DOPEG 3.107

VMA 2:107

Kyselina askorbova FIA-ED 1-1078 47

Kyselina mocova vedle kyseliny askorbovée CHA 2.107% 33

Kyselina itavelova FIA-ED 5.10710 64

Leucin-encefalinamid a jeho metabolity LC-ED 65

tyrosin 3.107°

tyrosyl-alanin 5 £y B

tyrosyl-alanyl-glycin 3.107°

leucin-encefalinamid 1.107%

leucin-encefalin 21078

Linkomycin FIA-ED 2:1078 66

Malachitova zeleil. leukomalachitova FIA-ED 5.107% 67

zelen

Methionin HPLC-ED 130 54

NADH vedle kyseliny askorbové CHA 1-1078 58. 68

Naproxen DPV 3.107% 69

Nikotin SWV 3.107° 70
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Tabulka I
Pokracovani
Analyt Metoda Mez detekee [mol L_l] Lit.
N-Methylkarbamatové pesticidy LC-ED 71
Carbofuran 5107
Carbaryl 3107
Bendiocarb 11078
Nukleové baze
Cytosin HPLC-ED 210 72
5-Methylcytosin HPLC-ED 81078 72
Guanin HPLC-ED 41078 72
SWV 7.1 0—3 73
Thymin HPLC-ED 1-10™ 72
Adenin HPLC-ED 21078 72
SWV 5108 73
Polycyklicke aromaticke uhlovodiky HPLC-ED 74
naftalen 3.10°7%
acenaftylen 3.107°
acenaften 3
fluoren 2.107%
fenanthren 2.1078
glﬂul'ac:ln 1107
uoranthen 11078
pyren 11078
benzo[a]anthracen 2107
chrysen 9 E
benzo[b]fluoranthen 2:10 "
¥ i
benzo[k]fluoranthen 2:10 g
benzo[a]pyren 21 O-s
dibenzo[a.h]anthracen 1-1 U'jg
benzo[g.h.i]perylen 3-10
indeno[1.2.3-cd]pyren 4.1078
2.10°®
Pentachlorfenol FIA-ED 61077 45
HPLC-ED 110~ 45
SWV S 21 Tl 75
Polyaminy (putrescin. kadaverin, spermin, FIA-ED 055 76.77
spermidin)
Puriny (guanin. hypoxanthin. guanosin. CE-ED. mikrocip 2.107° 31
xanthin. kyselina mocova)
Serotonin FIA-ED 1-107¢ 62,78
Sulfonamidy FIA-ED 1o 79
HPLC-ED 80
Sulfadiazin 41078
Sulfamonomethoxin 4.107°
Sulfamethazin 4.1078
Sulfadimethoxin 11077
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Tabulka I
Pokracovani
Analy‘r Metoda Mez detekce [mol I_,_l] Lit.
Tetracyklinova antibiotika FIA-ED 1-107° 81
FIA-ED. Ni/BDDFE 1-10°% 82
tetracyklin HPLC-ED, Ni/BDDFE 2.10°¢ 83
HPLC-PAD 1107 84
chlortetracyklin HPLC-ED, Ni/BDDFE 1-10~7 83
HPLC-PAD 11077 84
oxytetracyklin HPLC-ED. Ni/BDDFE : 1078 83
HPLC-PAD I 107 34
doxyeyklin HPLC-ED. Ni/BDDFE ot 83
HPLC-PAD ot 84
2-10
Trichlorfenoly (2.3.6-TCP: 2.3.4-TCP; FIA-ED 2.107% 41
2.4.6-TCP; 2,4,5-TCP; 2.3,5-TCF) HPLC-ED 2.107°
Tiopronin cv 5107 52
FIA-ED 1-107%
Tricyklicka antidepresiva FIA-ED 1:107° 85
HPLC-ED
imipramin 3.107°
desipramin 3.107
clomipramin T
amitriptylin 2.1077
nortriptylin 1107
doxepin 9.10°
Tryptofan DPV 1-107° 86
Tyrosin DPV 1-107° 86
Vitamin Bgvedle Bya By SWV. RwBDDFE 6107 87
Xanthin, theofylin. theobromin. kofein DPV 1.107%2 88

*Dolni hranice kalibraéni zévislosti. mez detekce nenvedena: seznam pouzitych zkratek je uveden na konci prace

pienos elektronu ve vrstvé N-NCD a redukce rozpusténého
kysliku. Stanoveni glukosy bylo provedeno LSV pii ne-
gativnim potencialu (—0.3 V proti SCE) na zaklade sledo-
viani  zmény proudové odezvy redukce kysliku
v piitomnosti kyseliny askorbove. mocoveé a paracetamolu
s linearnim dynamickym rozsahem 1-10°-1.5-10%mol L™
a detekénim limitem 5-107° mol L™, Pfimé stanoveni glu-
kosy na BDDFE bez jakékoliv modifikace bylo provedeno
v praci ..square wave* voltametrii v pfitomnosti kyseliny
mocove a askorbove. BDDFE poskytovala linearni odezvu
v celém rozsahu fyziologické koncentrace glukosy v krvi.
Alktivace elekirody po dlouhodobém pouzivani byla prova-
déna cyklickou voltametrii v 1 M-NaOH mezi 0 a -0.8 V
proti SCE. Pied jednotlivymi méfenimi postacuje oplach-
nuti elektrody deionizovanou vodou. Stanoveni glukosy
bylo provedeno také wve vzorcich krve a porovnano
s komercnimi detektory. Moznosti vyuziti BDDFE ke sta-
noveni mznych organickych polutanti v pitné vodé jsou
popsany v monografii™,
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6. Zavér

BDDFE lze jiz nyni pouzit ve velkém mnoZzstvi ana-
lytickych aplikaci a zcela jisté pied sebou maji dalsi per-
spektivni vyvoj. Prestoze v katodické oblasti nemohou
zeela nahradit senzory na bazi rtuti. disponuji fadou vyni-
kajicich vlastnosti. které nmoznuji jejich pouziti pii meéfe-
ni za extrémnich podminek (vysoky tlak nebo teplota,
koncentrované kyseliny nebo hydroxidy. mechanicke na-
mahani. pritomnost laseru nebo ultrazvuku), a jejich pouzi-
ti jako biosenzoru pii méfeni v zivych tkanich. nebot diky
biokompatibilité nevyvolavaji nezadouci odezvu organis-
mu. V anodické oblasti nabizeji celou fadu vyhod ve srov-
nani s dosud nejéastéji pouzivanym skelnym uhlikem.
zejména znaénou odolnost viéi pasivaci a podstatné nizsi
sum.Lze oc¢ekavat. ze v budoucnu poroste mnozstvi prak-
tickych aplikaci BDDFE jako biosenzorti, senzori pro on-
line monitorovani nebo detektorn k prutokovym analyzato-
rum. ale také jako velkoplosnych elektrod pro elektroche-
mickou degradaci polutantii v éistirnach odpadnich vod.
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Seznam zkratek

Amp.
AwWBDDFE

BDD
BDDFE

BDD-MEA
BDDMFibE-OPP.,

BDD/Si
CE
CHA
cv
DCP
DOPEG

DPV

ED

FIA

GOx
GOx/Au-N-NCD

GOx/BDDFE

LAV
LOD
NADH

NE
Ni/BDDFE
NM

PAA

PAD

PAH

PEEK
Pd/BDDEA

Pd/BDDFE
pyirol-DNA/BDDFE

RwWBDDFE
SAM/AWBDDFE
SWV

TCP

tyr/BDDFE
VMA

ampérometrie

BDDFE modifikovana ¢asteCkami
zlata

diamant dopovany borem
diamantove filmoveé
dopované borem

soubor BDD mikroelektrod

BDD mikrovlaknové elektrody
modifikované oxidovanym poly-
pyrrolem

BDD film naneseny na kiemiku
kapilarni elektroforeza
chronoampérometrie

cyklicka voltametrie

dichlorfenol
DL-(3.4-dihydroxyfenyl)
ethylenglykol

diferenéni pulzni voltametrie
elektrochemicka detekce

prutokova injekeéni analyza

elektrody

glukosooxidasa
zlatd elektroda modifikovana na-
nokrystalickym nedopovanym

diamantem s imobilizovanou glu-
kosooxidasou

BDDFE modifikovana glukosooxi-
dasou

laserova ablaéni voltametrie

mez detekee

redukovana forma nikotinamidade-
nindinukleotidu

norepinefrin (noradrenalin)
BDDFE modifikovana Ni
DL-normetanefrin-hydrochlorid
poly(allylamin)-hydrochlorid
pulzni ampérometricka detekce
polycyklicke aromatickeé uhlovodi-
ky

polyetheretherketon

soubor BDDFE modifikovanych
Pd

BDDFE modifikovana Pd

BDDFE modifikovana membranou
DNA s navazanym pyrrolem
BDDFE medifikovana tris(2.2°-
bipyridin)rutheniem

BDDFE modifikovana ¢asteCkami
zlata potazena samoskladnou vrst-
vou kyseliny merkaptooctove
»Square wave* voltametrie
trichlorfenol

BDDFE modifikovana tyrosinem
vanilmandlova kyselina
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mond Film Electrodes for Detection of Organic Com-
pounds

The use of the title electrodes in electroanalysis of
organic compounds is reviewed. The electrodes have
gained popularity in a variety of electrochemical applica-
tions such as electrochemical sensors employed in voltam-
metric or liquid flow methods (HPLC. flow injection
analysis, capillary electrophoresis). Due to their excellent
properties. they are useful also in measurements under
extreme conditions or in bioelectrochemical applications.
The review summarizes the results obtained in the last
decade.
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Boron-Doped Diamond Film Electrodes—New Tool for
Voltammetric Determination of Organic Substances

Karolina Peckova. Jana Musilova, and Jir1 Barek

Faculty of Science, Charles University in Prague, Department of Analytical Chemistry,
UNESCO Laboratory of Environmental Electrochemistry, Prague, Czech Republic

This review with 194 references summarizes the recent progress in the development and appli-
cations of boron-doped diamond film electrodes in electroanalysis of organic compounds. It is
based on the survey of 106 papers listed in a comprehensive table devoted to batch voltammetric
and liquid flow amperometric methods using boron-doped diamond electrodes. The varieties
in their construction, surface pre-treatment and electroanalytical methods used are discussed.
Special attention is paid to miniaturized boron-doped diamond electrodes for in vitro/in vivo
sensing, or electrochemical detection coupled to conventional or chip-based electrophoretic
detection systems. Further, possibilities and limitations of surface modification are discussed.

Kevwords

INTRODUCTION

The era of diamond electrodes started in the eighties by
isolated studies of Japanese researchers who suggested the
ion-implanted diamond electrodes (1) and Russians suggesting
semi-conducting diamond electrodes for photoelectrochemistry
{2). Since then, a tremendous progress could be traced in ap-
plications ranging from electrosynthesis, electroanalysis. use in
Li-ion batteries, fuel cells, to diamond-based biosensors. Dur-
ing these years it was well established that conductive diamond
thin films are in many ways i1deal as electrode materials.

The highest popularity have gained polycrystalline, boron-
doped diamond (BDD) thin films introduced in 1992 by Fu-
jishima (3). The first studies conducted with BDD electrodes
(BDDE) a year later outlined their suitability for electrosyn-
thesis (4), electroanalysis (5). and electrochemical waste treat-
ment (6). The number of papers devoted to these topics has
exceeded 400. Simultaneously. the continuous fundamental re-
search on diamond materials recognized them as potential wide
band gap semi-conductors with good electronic, mechanical
and chemical properties. Intensive research, especially in the
last five years, was focused on the use of diamond-based elec-
tronic devices in biosensing, optoelectronics, acoustic, quan-
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occasion of the 50" Anniversary of the Nobel Prize for polarography.
Address correspondence to Karolina Peckovd, Faculty of Science,
Charles University in Prague. Depariment of Analytical Chemistry.
UNESCO Laboratory of Environmental Electrochemistry, Albertov 6,
Prague 2, CZ 12843, Czech Republic. E-mail: kpeckova@ natur.cuni.cz

Boron-doped diamond electrode, voltammetry, amperometry, review

tum computing and other advanced technologies. Neverthe-
less, the applications of BDDE for electrochemical sensing
of both inorganic and organic analytes hold unceasing inter-
est acknowledged by an increasing number of publications each
year.

This review is based on the survey of applications of BDD-
based sensors in electroanalysis of organic compounds since
the first proposal in 1993 (5). The fast progress in electroana-
Iytical methods used, construction of sensors, surface treatment
and surface modification since that time can be highlighted by
the following boundary stones documenting the crucial role of
research groups of Profs. Swain (Michigan State University,
East Lansing, M1, USA) and Fujishima (formerly University of
Tokyo, Tokyo. Japan): The applications of BDD-based detec-
tors for liquid flow methods started in 1997 for Aow imjection
analysis with amperometric detection (FIA-AD) of ethylene-
diamine and ethylamine using BDDE housed in a home-made
thin layer cell (7). In 1999, the same detection cell was coupled
with ion chromatography of nitrites and azides (8). In 1998,
the first BDD microelectrodes (BDDuE) exhibited steady state
cyclic voltammograms (CVs) (9) and 5 years later were used
in capillary zone electrophoresis (CZE) (10, 11), chip-based
devices (12), or under in vifro/in vive conditions (13-15). In
2000, arrays of BDDuE were proposed (16) and the continu-
ous trend on miniaturization is illustrated by a recent report on
construction of a random array of BDD nano-disc electrodes
(17). To extend selectivity of BDDE., intensive research on sur-
face oxidation (18) and other modifications was done. The easy
electrochemical oxidation and the surprising inertness of such
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BORON-DOPED DIAMOND FILM ELECTRODES

O-terminated BDD (OBDD) surface towards adsorption was
shown in 2000 (19) in the example of serotonin {(5-HT) elec-
trooxidation. Together with earlier reports on electrochemical
properties of O-terminated surfaces (20), this drew attention
to their use especially for electroanalysis of charged organic
species. Further biofunctionalization of bare and oxidized dia-
mond surfaces was enabled by introduction of carboxylic (21)
and amino groups (22). Since 1998, such functionalized surfaces
have been modified by DNA (23, 24), enzymes (25) and proteins
(26), which opened the way for applications of diamond-based
sensors in biotechnologies.

This stunning development inspires a number of scientists
and technologists in both fundamental and applied research.
which can be documented by a number of reviews devoted to
the particular aspects of diamond-related research. Reviews on
general electrochemical properties (27) and surface modifica-
tions (28_ 29), electrosynthesis and anodic waste treatment (30—
33). and electroanalytical applications (34—39) appeared in the
last 3 years together with compact reviews (40, 41) and books
devoted to diamond electrochemistry, physics and applications
(42, 43). This review concentrates on the use of BDDE for de-
termination of organic compounds. Furthermore. an outlook in
current trends in research using BDD-based sensors including
their modification and miniaturization is given.

BORON-DOPED DIAMOND AS ELECTRODE MATERIAL

The common BDD films used in electroanalysis usually grow
on Si supports from dilute mixtures of a hydrocarbon gas (typi-
cally methane) in hydrogen using one of several energy-assisted
chemical vapor deposition (CVD) methods, the most popular
being hot-filament (HFCVD) and microwave plasma assisted
CVD (MPCVD). These methods mainly differ in the manner
in which the gas activation is accomplished. Typical growth
conditions are C/H ratios of 0.5-2%. pressures of 10-150 torr,
substrate temperatures of 700-1000°C, and microwave pow-
ers of 1000-1300 W, or filament temperatures up to ~2800C.
The film grows by nucleation at rates in the 0.1-3 pm/h range
to thickness at least ~1 pm. Controlled doping levels ranging
from 10" to 10*' em™ are usually achieved resulting in film
resistivities <0.1 & cm (44, 45). MPCVD and HFCVD are
the most popular for BDD preparation although they proceed
under non-equilibrium conditions. which limit the crystalline
quality, control of growth rate and level of eventual dopant.
The newest trends involve development and characterization
of nano- {crystallite size =100 nm), ultranano- (5-135 nm) and
single-crystalline diamond surfaces and search for other dopants
and substrates for diamond deposition (43). Such specialized
films were so far rarely used in electroanalysis; nevertheless,
these studies may help to understand the CVD diamond growth
under non-equilibrium conditions and thus increase their quality.

BDD materials produced in research laboratories are grad-
vally substituted by commercially available materials (Table
1). The analytical techniques routinely used to characterize the
morphological, optical, chemical and electronic properties of di-
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amond thin films include Raman, Auger electron and X-ray pho-
toelectron spectroscopies, scanning electron micrography, scan-
ning tunneling and force microscopies, powder X-ray diffraction
analysis, and secondary ion mass spectrometry (44).

BDD thin films possess several excellent electrochemical
properties: low and stable background current over a wide po-
tential range, corrosion resistance, high thermal conductivity
and high current densities. They offer superb micro structural
stability at extreme cathodic and anodic potentials and resis-
tance to fouling because of weak adsorption of polar species on
the H- and O-terminated surface, which results in good respon-
siveness for many redox analytes without pre-treatment (42, 44,
46, 47).

Besides other electrochemical applications of BDDE de-
scribed in monograph (42). greal attention is paid to their
use in electroanalysis as simple electrochemical sensors em-
ployed in voltammetric methods or coupled to liquid flow meth-
ods (HPLC, FIA, CZE) for detection of organic and inorganic
species, or specialized selective applications of BDD-based bio-
electrochemical sensors.

BORON-DOPED DIAMOND ELECTRODES IN
ORGANIC ANALYSIS

The analytical applications of BDDE were subject to sev-
eral reviews in the last 5 vears (34-39, 42, 48, 49). In general,
attention 1s paid to both inorganic and organic species. The in-
tensive research regarding organic analytes is documented by
Table 2, which characterizes selected (and we hope all impor-
tant) studies devoted to particular organic analytes since the
beginnings in 1997 to 2008. It involves the studies, where
at least some of the analvtical characteristics [i.e., linear dy-
namic range (LDR). slope and intercept for linear calibra-
tion dependences, limit of detection or quantitation (LOD or
LOQ), and repeatability/reproducibility of the electrode signal]
appeared.

Surveying Table 2, prevalence of oxidisable analytes 15 re-
markable. The only determinations based on reduction were
suggested for some nitrophenols and nitro-group containing
pesticides and drugs (50, 51), and for cytochrome ¢ (52). This
indicates that despite the fact that BDDE are mentioned to be
a suitable alternative to mercury-based electrodes for stripping
analysis of inorganic species (33). their possibilities in analysis
of reducible organics remain relatively unexploited.

The popularity of BDDE for oxidisable substances is given by
the wide potential window in anodic region. This enabled direct
determination of aliphatic amines (54}, polyaromatic hydrocar-
bons (35) and sulfur-containing analytes [e.g.. aminothiols (56),
disulfides (57-59)], which are rarely detectable at conventional
bare electrodes. The other advantage is the fouling resistance
or easy removal of adsorbed reaction by-products and prod-
ucts by rinsing BDDE with appropriate solvent or treatment
at high anodic or cathodic potential. Methods for problematic
surface passivators [chlorophenols (CP), nitrophenols (NP) and
amino group containing aromatics] were reported with signal
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TABLE 1
Commercial suppliers of BDD materials
Characterization of provided BDD materials
Supplier and electrodes and related equipment Ref.
Element Six (UK)* As deposited BDD, individual pieces 10 x 10 mm, 0.6 mm thickness, (170)
boron level = 1029 cm—3, resistivity 0.038-0.103 Q cm
Windsor Scientific (UK) For a) and b) boron doping level 0.1%, resistivity 0.075 € cm (174)
a) BDDE in PEEK body. 3 mm diameter, flat bottom part
b) Individual pieces 10 x 10,5 x 5or 3 x 3 mm, 0.5 mm thickness, both sides polished
¢) Single crystal BDD, resistivity < 5 © ¢m, 0.25 mm thickness, boron level = 102 ¢m™
Adamant Technologies a) p-SiYBDD circular discs [resistivity 0.09 €2 cm, diameter 8 mm, 1.3 pm thickness, boron  (67)
(Switzerland)® level > 1200 ppm. reversible infixed in RDE head (circular surface 12.4 mm?. diameter
3.7 mm)]
b) Customized Adamant® BDD electrodes on monoerystalline or polyerystalline Si, one or
both sides coated, 0.1-5 pem thicknesses, boron level ~ 0-8000 ppm
¢) BDD-MEA mounted in SenSys sensor, configuration X—Y/Z = 5-150/473 and
15-300/127, where X 1s microelectrode diameter (pm).Y is distance between
microelectrodes (pm) and Z is number of microelectrode in the array
Condias (Germany)© HFCVD BDD, discs, plates. mesh, pins and combinations thereof, areas up to 100 x 50 (68)
cmi”, standard substrate material Nb, Si and graphite, BDD thickness > 15um
sp3 Diamond Undoped or conductive HFCVD SYBDD films (resistivity 0.05-10 £ cm), wafer diameters (193)
Technologies (USA) (d) 50, 75, 100, 150, 200 and 300 mm, 0.2—-10.0 gem thickness (thicker films available),
grain size down to 10 nm
ESA Biosciences (USA) Thin layer cell for FIA and HPLC with a BDD dise electrode (194)

“formerly De Beers Industrial Diamond: *spin-off company of Swiss Center of Electronic and Microtechnology (CSEM); “spin-off company

of the Fraunhofer Institute for Thin Films and Surface Technology

repeatability typically better than 5%. Their electrooxidation
proceeds via imitial one-electron oxidation step leading to for-
mation of phenoxy radicals (60, 61) or radical cation at the ni-
trogen atom (62-64), respectively, These radicals subsequently
undergo radical-radical coupling to form dimeric. oligomeric
and polymeric species possibly passivating the electrode sur-
face. BDDE represents usually no exception on fouling prob-
lems when using batch voltammetric methods. Nevertheless, in
contrast to other solid surfaces where the activation approaches
rely either on in situ repetitive electrochemical treatment in
the presence of various deactivating compounds (63, 66), or
on mechanical removal by polishing with diamond or alumina
powder, simple regeneration of BDDE as described above is
sufficient.

It should be mentioned that voltammetric or amperometric
methods for determination of organic analytes characterized by
exact analytical figures of ment are outnumbered by general
voltammetric investugations concerning basic electrochemical
properties of selected substances. 1.e.. investigation of the re-
action mechanism and its kinetics in dependence on the ex-
perimental conditions and BDD surface pre-treatment, passiva-
tion of the electrode surface and its remediation, etc. Typically,
these studies precede further applications of BDDE either for
anodic decomposition of organic compounds or amperometric
applications.

Boron-Doped Diamond Electrodes and Their
Construction and Arrangements for Electroanalytical
Measurements

MPCVD or HFCVD BDD films were used in the studies
presented in Table 2, in which deposition technique and
electrode pre-treatment or further modification are also listed.
The support material is given in the case it was specified in the
particular study, otherwise unspecified silica was used. This
support was used exclusively for common-sized BDDE with
areas typically ranging between 0.05-0.2 cm?. Larger areas up
to 0.7 em® were reported for BDDE provided from the Swiss
Center of Electronic and Microtechnology (CSEM. Neuchatel,
Switzerland) (67).

Several sources of BDDE can be traced in Table 2.
The beginnings of electroanalysis are confined to research
groups equipped with MPCVD reactors: polycrystalline BDD
films deposited on both n- and p-type Si by Fujishima
and Einaga groups and microcrystalline (crystallite size 1-3
pm) and nanocrystalline (crystallite size 50-100 nm in ag-
gregates of ~15 nm diameter) BDD films deposited on p-
type Si in Swains’ group appear exclusively till 2001, The
HFCVD BDD films from Fraunhofer Institute for Surface En-
gineering and Thin Films (Braunschweig, Germany) available
since 2001 through the spin-off company Cendias (68) (Itze-
hoe. Germany) and the HFCVD films from CSEM available
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through Adamant Technologies (67) (Le-Chaux-de-Fonds,
Switzerland ) enabled the participation of other research groups.
Nowadays, there are at least six commercial suppliers of BDD
materials and equipment (Table 1), but many research groups
still use BDD from their own sources. HFCVD and MPCVD
(69) reactors are also commercially available.

For voltammetric measurements. there exist several strategies
to accomplish the conductive connection of freestanding circu-
lar or quadratic SYBDD discs from the supplier. Their popular
placement as the bottom of electrochemical cell requires fool-
proof sealing and has the disadvantage in the need of manip-
ulation with the whole cell during measurements. In this case,
the electrode area is given by the opening in the gasket and the
ohmic contact made by placing the backside of the Si substrate
on a conductive metal (brass, copper) plate (50, 7T0-78). A sim-
ilar principle 1s used in the pen-type holders. where the reusable
SiBDD disc is pressed against the gasket in the bottom part of
the holder. These robust electrodes are easier to manipulate; nev-
ertheless, they may also be inclined to leak, especially in mixed
aqueous-organic and non-aquecus media. As the BDD disc is
dipped into the bottom part of the holder exposed to the solution,
problems with bubbles sticking in the cavern may complicate the
handling. Examples of both described arrangements designed in
our laboratory are shown in Figure 1. Rotating pen-type holder
and compact non-renewable electrode with flat bottom BDD
containing parts are also available (Table 1). The other approach
relies on simple electrodes prepared by gluing the SUYBDD disc
onto a conductive plate (usually using an Ag paste) and insu-
lating of all other parts by a suitable insulator. Araldite epoxy
resin (79, 80), Teflon® (81), silicon wax and rubber (531, 82, 83)
or adhesive ribbon (51, 83) were used for this purpose.

The amperometry coupled to FIA or HPLC 1s most frequently
realized in home-made or commercial thin layer cells (84) (Bio-

FIG. 1. The detailed scheme of BDDE constructed in our labo-
ratory: A) disc electrode — 1) electrode body made of Teflon®,
2) stainless steel, 3) screw attachment, 4) small metal spring,
5) brassy sheet, 6) SYBDDE, 7) Viton® gasket, 8) access for
solution. B) Glass cell with clamped BDDE — 1) glass cell,
2) Viton® gasket, 3) SYBDDE, 4) Cu current collecting plate,
5)insulating pad, 6)clamp. Reprinted with permission from (38)
J. Barek, J. Fischer, T. Navratil. K. Peckova, B. Yosypchuk, and
1. Zima. Electroanalvsis 19 (2007):2003-2014.

159

analytical System, West Lafayette, IN, USA: GL Sciences Ter-
rance. CA. USA). The wall-jet arrangement with pen-type elec-
trodes has been also tested (55, 853). The specialized arrange-
ments for CZE and electrophoretic chips are described further.

Voltammetric and Amperometric Methods

Voltammetric methods are used to investigate electrochemi-
cal processes at the electrode surface and as an analytical tool
for guantitation of analytes. In the former case, CV is most
frequently used. Therefore. brief results on linearity of con-
centration dependences in a limited range without investigation
of the lowest and high concentrations using CV or linear scan
voltammetry appear in many studies (19, 50, 52, 72-76, 78, 86—
99) devoted to other topics, e.g., electrochemical combustion,
comparison of performance of BDD and other carbon electrodes
(100) or determinations using amperometric methods. In these
cases, very often the LOD is not given or it is relatively high, in
the 1077 to 10— mol/L range.

The specialized electroanalytical studies most frequently use
differential pulse and square wave voltammetry possessing the
advantage of good discrimination against background current.
The results using these methods are often comparable as shown
on the example of the drugs sedium fluvastatin (101) and pe-
floxacin (102). Extended optimization studies in this field were
published particularly by Avaca and coworkers (79, 80, 103-
112). LOD in the 10~% mol/L concentration range were usually
achieved in these cases.

The enhancement of analytical sensitivity by using an ad-
sorptive step to pre-concentrate the analyte into, or onto, the
working electrode, which 1s very popular at mercury and car-
bon electrodes (113}, is in principle difficult to achieve due to
the well known adsorption resistivity of the BDD surface be-
cause of lack of adsorption sites. Slower kinetics in comparison
to GC was demonstrated, e.g.. on the example of dopamine
{DA) oxidation. which is catalyzed by hydrogen bonding of
surface carbonyl to adsorbed DA molecules: these bondings are
rarely present on the H-terminated surface of BDD (HBDD)
(114). In contrary, adsorption on HBDD prepared by anneal-
ing of OBDD in hydrogen Alame was proved for glucose (70).
readily adsorbed on almost all electrode matenals. Its CVs
obtained at both surfaces are depicted in Figure 2. It can be
seen that at the OBDD the anodic peak of glucose is dimin-
ishing while at HBDD an interesting feature may be seen—
the recorded CVs possess an anodic peak appearing also dur-
ing the reverse, cathodic scan. This indicates that glucose is
strongly adsorbed on the electrode surface. and is continuously
oxidized during the reverse scan. Such shapes of the CVs are
similar to those of polyamines (54) and organic acids (115)
at OBDD electrodes. In these cases it was suggested that the
reaction mechanism involves an anodic oxygen transfer be-
tween adsorbed OH radicals coming from anodic discharge of
the water molecule and adsorbed analyte. Nevertheless. no ad-
sorptive anodic determination for these compounds has been
published.
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FIG. 2. CVs for 5.0 mmol/L. glucose at (a) BDDE after severe
anodic polarization, and (b) hydrogen flame annealed BDDE.
Supporting electrolyte 1.0 mol/L. NaOH, scan rate 20 mV/s.
Reprinted with permission from (70) J. Lee and S. M. Park,
Analytica Chimica Acta 545 (2005):27-32.
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The few examples of adsorptive stripping voltammetry
(AdSV) for organic analytes using bare BDD surfaces rely.
in fact, on determination of oxidation products of the ana-
Iyte of interest. In the case of aniline these are dimeric species
(p-aminodiphenylamine and benzidine) formed by its anodic
oxidation during the accumulation period (116). Promethazine
(PM) oxidizes forming an adsorbed product with lower oxida-
tion potential than PM and enabling indirect detection of PM
when accumulation potential more positive than both peaks 1s
applied (81). These studies document that quantitative analysis
using AdSV at bare BDD surfaces provides interesting results
in infrequent specialized cases contrary to common applications
of stripping methods for inorganic analytes (33).

The other general sirategy to increase the sensitivity—
employment of the ultrasound—has also the advantage of over-
coming potential electrode fouling problems. Both issues were
appreciated in the sono-voltammetric determination of com-
monly surface passivating 4-chlorophenol (4-CP) (117) and 4-
nitrophenol (4-NP) (118). Nevertheless, the possibility of BDD
reactivation in situ using high anodic potential in the region
of water decomposition favors classical voltammetric measure-
ments in simple detection cells and wide-spread use of sono
methods is not probable despite the fact that BDD usually shows
no signs of mechanical damage under sonication. More fre-
quently, chronoamperometric determinations in stirred solutions
under potentiostatic conditions may be expected as suggested
in several studies of Fupjishima (90, 91, 119).

When considering batch voltammetric methods, their selec-
tivity is a big issue in complex matrices. In comparison to clas-
sical electrode materials with a relatively narrow potential win-
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dow, the wider potential window of BDD is not that big advan-
tage, as the structurally relative group of organic compounds,
which are often found together in an environmental or biologi-
cal matrix. usually possess near oxidation/reduction potentials.
Nevertheless, several reports appeared analyzing two to three
component mixtures (98, 120-124). Insufficient selectivity can
also be solved by preliminary off-line separation of analytes
using common extraction techniques, which complicates the
analysis. Therefore, AD of mixtures of organic analytes in flow-
ing liquids 1s preferred to batch voltammetric analysis because
of lower problems with passivation (reaction products and in-
termediates creating the passivation films are removed {rom the
electrode) and because of possible separation of complex mix-
tures using HPLC or CZE.

BDDE offer several advantages compared to other solid elec-
trodes used in flowing systems. Usually no mechanical or elec-
trochemical pre-treatment of BDDE is needed. The creation
of passivation films is less probable due to decreased adsorp-
tivity of reaction bv-products and products at their relatively
hydrophobic surface. The low electrostatic capacity of the BDD
surface minimizes the time to stabilize the background current
prior and the current drift during AD. Thus. the background
current stabilizes within seconds to a few minutes after detec-
tor turn-on in contrast to solid, especially other carbon-based
electrodes, where it frequently takes about one hour to reach a
constant current value. These advantages mirror those in many
of the FIA-AD and HPLC-AD studies summarized in Table 2.
The CZE-AD coupling 1s less common, as this requires the tech-
nically exacting miniatunization of BDDE and adaptation of the
appropriate electrophoretic system.

Pre-Treatment of Boron-Doped Diamond Surface

The surface termination contributes greatly to the physical
and chemical properties of BDD and thus 1s of big importance
for electroanalysis. Usually, the as-grown BDD electrodes pro-
duced commercially or in research laboratories are imtially H-
terminated as they are deposited in a hydrogen plasma CVD
chamber. The HBDD surface was first believed to be responsible
for the adsorptive inertness as shown by Swain et al. on the ex-
ample of polar 2 .6-anthraquinenedisulfonate (2.6-AQDS) (125)
on intentionally hydrogenated glassy carbon and BDD surfaces.
Surprisingly. the results of Fujishima et al. in 2000 (19) on oxi-
dation of 5-HT., presumably leading to easily absorbable quinoic
products. indicated that the OBDD surface behaves differently
from a polished GC electrode with oxvgen surface groups and
is also inert with respect to adsorption. Since that time, the in-
tensive research on oxidative functionalization of BDD surfaces
resulted in interesting results for electrochemists and several
comparative studies appeared on HBDD and OBDD (20, 126).

BDD surface oxygenation may be achieved by several meth-
ods, including vapor phase oxidation in O, oxygen plasma
treatment. boiling in strong acid, oxidizing agent or radical oxi-
dation, long-term exposure to air and electrochemical oxidation
[reviews (28) and (127) and references therein]. The last method
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1s very convenient for electroanalysis. as no specific instrumen-
tation 1s needed. the oxidation is simply accomplished either by
anodic treatment of the BDD surface at high positive potentials
or repetitive cycling in positive potential range as suggested
in Table 2. Under these conditions, the powerful oxidants OH
radicals are produced from water at the BDD surface, which pre-
cedes the oxygen evolution having high anodic overpotential at
BDD. The re-hydrogenation of an OBDD surface is achievable
only by hydrogen-flame annealing or hydrogen-plasma treat-
ment.

The structure of the OBDD surface depends on the oxy-
genation technique and on the type of Si-support. Based on the
diamond structure, it is expected that the sp® C—H bonds on the
(111) facets are terminated with hydroxyl groups, while the CH;
bonds on the (100) facets are transformed to carbonyl and ether
functional groups. By surface oxygenation. the unique BDD
properties are not affected, the OBDD surfaces are hydrophilic,
have lower conductivity and relatively negative surface charge.
while the HBDD are hydrophobic and have high conductivity
(128). The advantages of the OBDD electrodes include a some-
what wider potential window (80, 90), higher surface stability
to fouling (15, 129, 130) and the possibility of on-line reacti-
vation by applying a highly anodic potential. which enables the
oxidative destruction of the adsorbed species (59).

The preference of HBDD or OBDD surface for electroanaly-
sis of some analytes was announced, while for the others negligi-
ble differences were reported. Compounds with positive charge
may be more easily oxidized at OBDD than at HBDD due to
the electrostatic attraction between these compounds and nega-
tively charged OBDD. A typical example 15 the shift of response
of oxidized aminothiols (58, 59, 131). The positively charged
reduced form of glutathione (GSH) (39) or homocysteine (57)
itself also exhibited an increased response at OBDD in compar-
1son to HBDD: nevertheless, a positive peak shift was observed
and a change in oxidation mechanism involving the oxygen
transfer suggested. In this case. the OH radicals produced during
the initial stage of O evolution presumably serve as a source
of oxygen as suggested for polyvamines (54). Also, the redox
species with negative charge are sensitive to the surface oxy-
genation, exhibiting slower electron transfer (20). Anodic peaks
for such species were more clearly observed at a HBDD than
at an OBDD electrode due to the existence of the electrostatic
repulsion between the analyte and the negative charge on the
electrode surface as reported for 2.6-AQDS (125), oxalic acid
(78). uric acid (119), and nucleic acids (132). Dopamine (DA)
(89-91) or 5-HT (133) have almost the same oxidation potential
as ascorbic acid (AA) in acidic media at HBDD, but the peaks
were separated due to a positive shift of AA peak at an OBDD
as documented at Figure 3 for DA, At BDDUE the separation
was even clearer than at common BDD macroelectrodes (15).

Decreased adsorbability of oxidation products on OBDD in
comparison with HBDD may favor the former surface, as re-
ported for di- and trichlorophenols ( 129), with negligible fouling
of OBDD in contrary to fast passivation of HBDD. Surprisingly,

o T T T T
0 05 10 15
Potential / V vs, AglagCl

FIG. 3. CVs of a mixture of 0.1 mmol/L DA and 1 mmol/L AA
at HBDD (dotted lines) and OBDD (full lines) with a scan rate
of 50 mV/s. Reprinted with permission from (15) A. Suzuki, T.
A Ivandini, K. Yoshimi. A. Fujishima. G. Oyama. T. Nakazato.
N. Hattori, S. Kitazawa. and Y. Einaga, Analytical Chemistry 79
(2007):8608-8615.

no significant electrode fouling of HBDD. even without any re-
activation, was reported for phenol and monochlorophenols in
aqueous media (134). Nevertheless, the authors admitted that. in
this case. the H-termination is questionable due to experiments
performed at relatively high anodic potentials. This problem
arises also in other studies reported for HBDD surfaces (121,
122). The merits of cathodic pre-treatment prior to detection of
chlorophenols (CPs) suggested by the group of Avaca (103, 104,
135) are discussed later. The use of OBDD electrodes is also
advantageous for all analytes passivating the electrode surface
by oxidation products. because in these cases its regeneration
by anedic oxidation 1s compatible with O-termination.

The cathodic pre-treatment of BDD surfaces was also re-
ported in some electroanalytical studies (79, 87, 103-107, 109—
111, 123, 136, 137). because it may improve the voltammetric
response as reported by Awvaca and coworkers (135). A pro-
nounced increase of peak current of pentachlorophenol after
cathodic pre-treatment in comparison to OBDD is shown on
Figure 4. It should be performed just before measurement be-
cause the loss of superficial hydrogen due to the oxidation by air
oxygen was reported (138). Cathodic reduction may be also used
for the regeneration of passivated electrode surface as shown for
bovine serum albumin (139). It is believed that hydrogen gen-
eration by reduction treatment plays an important role in the
process. A negligible effect of the surface termination on the
peak potential was noted for several purines and pyrimidines
(140). DA (126), and procaine (100).

It is obvious that the anodic or cathodic pre-treatment of the
BDD surface, performed easily in sifu, can change the response
of the analyte of interest. This is a on one side, undoubtedly
a substantial advantage: on the other, it represents a potential
risk of unwanted surface change. Therefore. the compliance
of pre-treatment and cleaning of BDDE with defined standard
operation procedures must be strictly enforced when consid-

ering their applications in practice. Electroanalytical methods
developed for OBDD presumably will be preferred due to the
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FIG. 4. CVs on BDDE for 5-10~° mol/L pentachlorophenol
in 0.1 mol/LL BR buffer. pH 5.5, after anodic pre-treatment at
3.0V vs. Ag/AgCl (dotted lines) or cathodic pre-treatment at
—3.0V vs. Ag/lAgCl (full lines). Scan rate 50 mV/s. Reprinted
with permission from (135) H. B. Suffredini. V. A. Pedrosa. L.
Codognoto, S. A. S. Machado, R. C. Rocha-Filho, and L. A.
Avaca, Electrochimica Acta 49 (2004 ):4021-4026.

long-term stability of such surfaces and the possibility of its
regeneration using high anodic potentials.

SOME TRENDS IN ELECTROCHEMICAL STUDIES WITH
BORON-DOPED DIAMOND ELECTRODES

Boron-Doped Diamond Surface Modifications

Both HBDD and OBDD usually outperform classical car-
bon and metal electrode materials thanks to chemical inertness
and fouling resistivity. Therefore, the efforts on its modifica-
tions must be driven by a concrete purpose, 1.e.. impart of cat-
alytic activity or increase of selectivity toward the analyte of
interest. which includes also the surface biofuctionalization for
biosensing.

The methods for modification of diamend surfaces were re-
viewed recently (28, 29) and may be classified in following
categories: 1) chemical modification, 11) photochemical modi-
fication, ii1) electrochemical modification, iv) ion implantation
technigues and v) combined methods. Many of the modification
methods were developed for various purposes omitting elec-
troanalysis. This regards. e.g.. the luonnated diamond formed
through radio-frequency-based plasma fluorination (28). It dis-
plays, so far, the widest range of potentials for an electrode
material in aqueous solution, being limited only by the forma-
tion of free hydrogen [E® (H*/Hz) = —2.3 V] and hydroxyl
radicals [E" (OH-H*/H20) = +2.74 V]. A relatively sim-
ple approach to BDD modification represents electrochemical
polymerization, firstly reported by Roy et al. (141). In their
study, the surface of the HBDD electrode was modified by
N.N-dimethylaniline forming cationie polymer film. This elec-
trode was used as a sensor for selective detection of DA and
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its metabolite 3.4-dihydroxyphenyl acetic acid (DOPAC) (141)
or 5-HT in the presence of AA (133). Nevertheless, it should
be remembered here that the same selectivity was achieved at
OBDD electrodes.

The photochemical methods rely on the cycloaddition reac-
tion of alkenes with HBDD surface under UV irradiation. By
this method. long alkyl chains, fluorocarbon chains and amino
and carboxylic groups, among others, have been introduced onto
diamond surfaces via stable covalent C—C bonds. Kondo et al.
(142) vsed this approach to fabricate positively charged BDD
surfaces modified by allvlinethylammonium bromuide (ATARB).
The stability and sensitivity of electrode response to negatively
charged oxalate was improved at this surface compared to the
unmodified HRDD.

Interesting results were also achieved at metal-modified
BDDE in detection of carbohydrates and aminoacids (99, 143,
144). They can be prepared by wsing chemical precipitation,
electrochemical deposition or. most frequently. metal implanta-
tion. The last type with implanted Cu was used for highly sen-
sitive and stable glucose detection (144). Ni implanted BDDE
succeeded in FIA/AD of tetracycline, an aminoacidic antibiotic
(99).

Of big importance in the surface modification 1s the introduc-
tion of amino and carboxylic groups, as they enable attaching
of large biomolecules (DNA. peptides, proteins, enzymes) and,
thus, encourage the development in biosensing. The influen-
tial studies in this field were performed by Takahashi et al.
{(145). who introduced a photochemical chlorination/amination/
carboxylation process for the HBDD in 2000 and Yang et al
(23), who modified ultrananocrystalline diamond vsing alkenes
followed by electrochemical reduction of diazonium salts and
presented long-term stability of DNA bonded to a prepared
surface.

Several approaches exist to prepare amino-terminated
BDD {(ABDD) surfaces. Already in 1998, Troupe et al.
(25) reacted a vapor phase-oxidized BDD surface with
3-aminopropyltriethoxysilane (APTES) and consequently pre-
pared a glucose-sensitive amperometric sensor by attachment
of glucose oxidase. Similar silanization of hydroxyl groups
on anodically oxidized diamond was also used by Notsu et al.
who prepared a BDD-APTES-tyrosinase amperometric sensor
for detection of phenol estrogenic derivatives (146). Zhou and
Zhie et al. (147, 148) combined chemical and electrochemical
modifications of BDD film with 4-nitrobenzenediazomum
tetrafluoroborate to produce aminophenyl-modified BDD,
followed by immobilizing tyrosinase covalently at the BDD
surface via carbodiimide coupling. They used this sensor for
detection of phenol, p-kresol and 4-CP and reported 90%
of its original activity after intermittent use for 5 weeks.
The hydrophillic ABDD surface modified with negatively
charged gold nanoparticle/polyelectrolyte-coated polystyrene
colloids was also preferred in DA determination in comparison
to modified HBDD surface. presumably due to preferable
immobilization of the nanocomposite colloids (149).
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Also. the carboxylation of the BDD surface offers possi-
bilities of functionalizing by biomolecules. This principle was
used in the development of a protein immunosensor, when
the BDD surface was covered by electropolymerization of o-
aminobenzoic acid (o-ABA) and the carboxyl groups were then
used to covalently attach protein probes (150).

This short excursion documents the wide variety of modifi-
cation approaches. Undoubtedly. research in this field is very
attractive in the academic sphere. Nevertheless, the success or
failure in praxis will depend on the quality of coverage of the
surface, durability, ease of preparation and, consequently, on
performing parameters (sensitivity, selectivity, reproducibility )
for particular analytes. New approaches may be expected fa-
cilitating the construction of BDD-based sensors, e.g.. recently.
direct amination using plasma treatment of HBDD in NH; at-
mosphere was introduced (28, 151).

Miniaturized Boron-Doped Diamond-Based Sensors

Mimaturization of electrodes offers following advantages: (1)
Miniaturized electrodes incorporated in detection systems can
be produced by means of advanced microfabrication technolo-
zies; (1) Miniaturized electrodes are compatible with in vitra/in
vive measurements; (ii1) Integration of the electrical circuit and
devices controlling the separation and detection systems enables
construction of complete micro-total analysis systems (t-TAS);
(1v) Concentration detection limits are normally not affected: (v)
There is a low cost for development and production, and low-
power requirements for operation; (vi) Detected analytes are
direct begetters of electric signals handled by electrochemical
detectors; conversion to other forms of signals is not necessary.

So far, there have been only a few reports describing fabri-
cation of BDDuE (9-12, 152-155) and BDD microelectrodes
arrays (BDD-MEA) (16, 86, 135-157), and only Swain et al.
(10, 14, 158) and Fujishima and Wang et al. have published well
described electroanalytical applications using CZE-AD or chip-
based detectors with BDDuE (11, 12, 159). The other research
is focused on in vitrodin vive detection of biogenic compounds
(13-15. 160).

The fabrication of BDD@E from BDD films classically de-
posited at macro-sized Si supports is problematic, because of
its sturdy character resulting in difficulties by mechanical han-
dling. Moreover, the thin BDD film can easily be inadvertently
removed or damaged during the manipulation. Therefore, other
materials such as platnum or tungsten wires (TW) are being
used as support for BDD deposition. Their desired shape is
usually manufactured prior to BDD deposition. Cooper et al.
(9) prepared BDDgE using MPCVD for the growth of electri-
cally conducting single microcrystalline diamonds as well as
diamond films on etched TW (diameter & = 25 pm), which
were subsequently sealed in glass and the electrode exposed
by polishing or etching in HE. TW were used also by Sarada
et al. for construction of microdisc (152) or microfiber (161)
BDDuE. Xie et al. (153) deposited BDD films onto a 25 pm
diameter TW pre-sealed in a quartz glass tube, resulting in non-
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planar, needle-like microdisc electrodes of diameter 30 pm with
unusual grain structure due to different diamond growth rates
on the quartz and the TW. This BDDuE was used for detection
of 10 nmol/L of adenosine by FIA and for its in vitro detection
in neonatal rodent medullar slice preparation.

The more detailed studies from the electroanalytical point
of view were published by Swain et al. (10, 14, 158, 162) and
Fujishima and Wang et al. (11, 12, 159). Both worked out meth-
ods for CZE/AD determination of CPs; the latter researchers
focused later on electrophoretic microchip/AD and tested these
systems also on other organic analytes (neurotransmitters, aro-
matic amines). End column detection was used in all these cases.
Swain used fiber BDDpE prepared by MPCVD of microerys-
talline BDD on electrochemically sharpened platinum wires
(d =76 pm, PUBDDuE) (10). The BDD-coated wires were
then attached to copper wires and sealed in a polypropylene
pipette tip. Resulting electrodes had conically-shaped micro-
cylindrical geometry and an area of ~10™ cm?. These were
placed in a detection cell fabricated from a glass vial. The sepa-
ration efficiency for the system is influenced by the dimensions
of the electrode and the precision of the PUBDDuE fixation op-
posite the column end as proved during preliminary tests with
DA and catechol (10) and detection of ten neurotransmitters
and their metabolites or precursors (14). As seen from Fig-
ure 3, baseline resolution was achieved for nearly all of the
solutes.

Another approach on fabrication of BDDuE was used by
Fujishima and Wang. They prepared a freestanding BDD thin
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FIG. 5. Electropherogram of a standard solution containing 3
pmol/L MN (1), NMN (2), 10 gmol/L. DA (3), E (4). NE (5).
MOPEG (6). 30 wmol/L L-DOPA (7)., 50 pmol/L DOPEG (8).
VMA (9), HVA (10). Silica capillary 70 c¢m. 27 pgm ID, run
buffer 0.25 pmol/L boric acid/KOH at pH 8.80, separation volt-
age 24 kV, electrokinetic injection at 15 kV for 4 s. Detec-
tion at PUBDDuE, detection potential +0.95 V vs, Ag/AgCL
Reprinted with permission from (14) J. Park, V. Quaiserova-
Mocko, K. Peckova, I. I. Galligan, G. D. Fink, and G. M. Swain,
Diamond and Related Materials 15 (2006):761-772.
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film by MPCVD on Si wafers. removed the substrate by chem-
ical etching with a mixed solution of HNO; and HF (1:1) and
sandwidched this film between two glass slides with UV ad-
hesive forming a BDD microline electrode (163) or glued the
film onto ceramic plates and used as film band electrode in
electrophoretic microchips (12, 159). The BDD microline elec-
trode (exposed area 30 x 300 to 500 pm) was tested in end-
column CZE/AD on determination of a catecholamine mix-
ture and exhibited low, stable noise levels (1-1.5 pA) (11).
The BDD film band pelectrode (dimension 0.3 x 6 mm?)
(12, 42) used in microchips provided higher sensitivity, lower
noise. better resistance to fouling, sharper peaks and enhanced
resolution than a screen-printed carbon electrode for CPs,
organophosphate nerve agents (methylparathion, paraoxon), ni-
troaromatic explosives and dye-related amino-substituted aro-
matics (159). These electrophoretic studies will hopefully
be continued and lead to field-deployable devices inspirative
for the environmental, forensic, pharmaceutical, and clinical
laboratories.

Furthermore, several types of BDD-MEA were constructed
(16, 86, 155-157) with microdisc electrodes with d = 5-30 pm
separated by 100250 pm. One type is commercially available
(67). Their function as assemblies of single microelectrodes was
typically confirmed by sigmoidal CVs of [Fe(CN)s]*~. Firstly,
in 2000 Madore et al. (16) have reported on BDD-MEA fabri-
cated using CVD and photolithographic techniques producing
microdisc electrodes with d = 5 pem separated by 100 pm.
BDD-MEA on structured silicon substrates was described by
Fujishima et al. (155). Beside [Fe(CN);]*". the microelectrodic
behavior was tested with biologically important species such
as AA and DOPAC: nevertheless, no analytical results were re-
ported. Rychen et al. (156) fabricated a BDD array by forming
a BDD film onto which a silicon nitride layer (5 jem thick) was
patterned, resulting in a recessed BDD-MEA. Swain et al. (157)
have reported on diamond ultra microelectrode arrays, based on
forming a pattern via photolithography onto a silicon wafer with
CVD diamond grown into the mold. Compton (164) fabnicated
an all diamond BDD-MEA using a combination of CVD growth
and laser ablation shaping techniques to prepare and coat a pat-
terned BDD substrate with an intrinsic diamond insulating layer.
This approach is advantageous since the resulting electrode has
no seals, recesses or elevations as the BDD dises are co-planar
to the dielectric surroundings. The enhanced sensitivity (seven-
fold) of this BDD-MEA over the conventional macro electrode
has been demonstrated for 4-NP (86). The first construction of
a random array of BDD nano-disc electrodes consisting of 630
+ 25 million BDD disc electrodes (4 = 20 % 10 nm) per cm’
was proposed recently (17).

The in vitro/in vive applications of BDDuE are substanti-
ated by BDD biocompatibility (42, 165) and the outstanding
resistivity to fouling in physiological environment. The in vitro
applications have been recently reviewed by Park et al. (160).
On the other hand, the dimensions required for in vive applica-
tions (d = 10 pm, length of 25-500 g2m) generally required for

K. PECKOVA ET AL.

minimal tissue damage (166) are not easily achievable, There-
fore, very few reports on the in vitro application of BDDuE
(with d = 10-80 pm) in biological tissues have been published
(13, 14, 120, 153) and pioneering ir vive applications appeared
in 2007 (15) using TW/BDDuE (d = 5 pem, length 250 pem)
for DA detection in mouse brain.

From this short overview, the tendency on further miniatur-
ization of BDD devices is obvious and can be documented by
other studies (154. 157, 167-169). Coupling the advantages of
the microelectrodes and their arrays with the usefulness of BDD
has potential use in electroanalysis (e.g., in CZE, electrophoretic
and other microchips, in vive/tn vitro sensing, sensors in flow
systems to detect target species at fast scan rates). Applications
in praxis can be foreseen in case more reasonable ways to con-
struct them will be suggested.

CONCLUSIONS

BDD thin films as an electrode and electrochemical sensor
material has gained a lot of attention since its introduction n
early 1990s. Many analytical methods for the determination of
organic and inorganic species in biological. environmental and
pharmaceutical matrices have been published. The commercial-
ization of BDD electrodes at the beginning of this century ac-
celerated the development. In this review, the range of possible
analytes was restricted to organic compounds. Basic voltam-
metric studies were performed for a number of them, includ-
ing phenolic compounds (neurotransmitters, chlorophenols, ni-
trophenols), monocyelic and polycyclic aromatic hydrocarbons
and their derivatives, thiols and disulfides, selected pesticides,
pharmaceuticals, etc. demonstrating the possibility of their oxi-
dation/reduction at BDD thin films. Specialized elecroanalytical
studies using batch voltammetric and amperometric methods or
liquid flow methods with amperometric detection at BDD elec-
trodes under optimized conditions in pure solvents proved. in
most cases, notable reproducibility, high sensitivity, low detec-
tion limits and linear dynamic range often over three orders
of magnitude compared to other. particularly carbon, electrode
materials. Thus, the actual challenges in organic electroanalysis
may be seen in: 1) Development of new voltammetric and am-
perometric methods using BDD electrodes and their validation
so that they can be routinely used in environmental, biochem-
ical, clinical, pharmaceutical and other laboratories; ii) Search
on reasonable ways for construction of BDD microelectrodes
and extension of thewr applications for in vive/in viiro sensing
and p-TAS; iii) Impartation of selectivity or catalytic activity
by modification of the BDD surface, especially for biosensing;
1v) Characterization of new diamond-based materials for elec-
troanalytical purposes.

Thus, it can be concluded that BDD electrodes have proven
useful in overcoming the limitations of conventional carbon and
other solid electrodes: continuous research activity, especially
regarding the above-given points, is expected in near future.
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ABBREVIATIONS FIA Flow injection analysis
AA Ascorbic acid (M Glassy carbon
AB Acetate buffer GSH Glutathione
1-AB 2-aminobiphenyl GSSG Glutathione disulfide
3-AB 3-aminobiphenyl HBDD H-terminated surface of BDD
4-AB 4-aminobiphenyl HFCVD Hot-filament CVD
ABDD Amino-terminated BDD 5-HIAA 5-hydroxyindoleacetic acid
AD Amperometric detection 5-HT Serotonin
AdSY Adsorptive stripping voltammetry HVA 4-hydroxy-3-methoxyphenylacetic acid
AMN 2-acetyl-6-methoxynaphthalene IAP Immunosuppressive acidic protein
1-AN I-aminonaphthalene Iz Immunoglobulin G
2-AN 2-aminonaphthalene LDR Linear dynamic range
APTES 3-aminopropyltriethoxysilane LE Leucine-enkephalin
2.6-AQDS 2 6-anthraquinonedisulfonate LEA Leucine-enkephaline amide
AT Anodic treatment LOD Limit of detection
ATAB Allyltriethy! ammonium bromide LOQ Limit of quantitation
BAS Bicanalytical System Inc. LS-AdSY Linear scan adsorptive stripping voltammetry
BB Borate buffer LSV Linear sweep voltammetry
BDD Boron-doped diamond 4-methylCA  4-methylcatechol
BDDE BDD electrodes MES Morpholinoethanesulfonic acid
BDD-MEA  BDD microelectrodes arrays 2-MESA 2-mercaptoethanesulfonic acid
BDDuE BDD microelectrodes MN Metanephrine
BR buffer  Britton-Robinson buffer MOPEG 3-methoxy-4-hydroxyphenylethyleneglycol
BSA Bovine serum albumin MP Mobile phase
CA Catechol MPCVD Microwave plasma assisted CVD
CB Carbonate buffer NADH Reduced form of nicotinamide adenine
ChrA Chroncamperometry dinucleotide
4-C-3-MP 4-chloro-3-methylphenol NE Norepinephrine
cP Chlorophenols NMN Normetanephrine
2.CP 2-chlorophenol NP Nitrophenols
3cp 3-chlorophenol 2-NP 2-nitrophenol
4-CP 4-chlorophenol 4-NP 4-nitrophenol
CSEM Swiss Center of Electronic and 0-ABA o-aminobenzoic acid
Microtechnology OBDD O-terminated BDD
CT Cathodic treatment PB Phosphate buffer
CvD Chemical vapor deposition Pce Pentachlorophenol
CVs Cyclic voltammograms PEEK Polyetheretherketon
CZE Capillary zone electrophoresis Ph Phenol
DA Dopamine PM Promethazine
23-DCP 2,3-dichlorophenol RDE Rotating disk electrode
24-DCP 2.4-dichlorophenol SDM Sulfadimethoxine
2,5-DCp 2,5-dichlorophenol SDZ Sulfadiazine
2,6-DCP 2.6-dichlorophenol SMM Sulfamonomethoxine
34-DCP 3.4-dichlorophenol SMZ Sulfamethazine
3.5-Dep 3,5-dichlorophenol SPE Solid phase extraction
Dichloran  2.6-dichloro-4-nitroaniline SWV Square wave voltammetry
1.3-DNB 1. 3-dinitrobenzene i g Tyrosine
24-DNP 2 4-dinitrophenol TA Tyrosyl-alanine
24-DNT 2 4-dinitrotoluene TAG Tyvrosyl-alanine-glycine
DOPA 3.4-dihydroxy-l-phenylamine 245-TCP  2.4.5-trichlorophenol
DOPAC 3 4-dihydroxyphenylacetic acid 2.4.6-TCP 2.4 6-trichlorophenol
DOPEG 3 4-dihydroxyphenylethyleneglycol 234-TCP 2.3 A-trichlorophenol
E Epinephrine 235 TCP 2.3 5-trichlorophenol
EDTA Ethylenediaminetetraacetic acid 236-TCP 2.3,6-trichlorophenol
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TL Thin layer

TNBA  5-thio-2-nitrobenzoic acid
™ Tungsten wires

VMA  Vanillylmandelic acid
=-TAS  Micro-total analysis systems
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background current over a wide potential range, microstructural stability at extreme cathodic
and anodic potentials, extreme electrochemical stability in both alkaline and acidic media,
high current densities, good responsiveness for many redox analytes without pretreatment,
and resistance to electrode fouling [5]. BDDFE can be used to determine a wide variety of
inorganic and organic compounds using electrochemical reduction and oxidation. [6]
Nitrophenols coming from pesticide degradation, car exhausts, and industrial wastes
[7] are listed as priority pollutants by the US Environmental Protection Agency (US EPA) as
they are considered to be potentially carcinogenic and mutagenic. [8] Pesticides based on
simple nitrophenols are used as growth stimulators in agriculture. [9] US EPA has restricted
the concentration of 2-nitrophenol (2-NP), 4-nitrophenol (4-NP) and 2.4-dinitrophenol
(2,4-DNP) in natural water to be less than 10 pg/L. [10] Moreover, nitrophenols are a suitable

model of nitrated explosives.

Experimental

Reagents

Stock solution of 2-NP, 4-NP (1.10”° mol.L"!, 98%, Sigma-Aldrich, Germany) and
2,4-DNP (1.10° mol.L"', 97%, Reakhim, Russia) were prepared by dissolving an accurately
weighed amount of the pure substance in 100 ml of redistilled water using sonication.
Solutions of lower concentrations were prepared by dilution of stock solution with redistilled
water. Sodium hydroxide, glacial acetic acid, boric acid, phosphoric acid and potassium
hexacyanoferrate (all p.a. purity) were obtained from Lachema Brno (Czech Republic). All

solutions were kept in glass vessels in dark at laboratory temperature.

Apparatus

Voltammetric measurements were carried out using Eco-Tribo Polarograph with
software PolarPro version 5.1 (both Polaro-Sensors, Czech Republic) in a three-electrode
system — platinum wire electrode (Monokrystaly, Czech Republic) as auxiliary electrode,
Ag/AgCl reference electrode (type RAE 113, 3 mol.L" KCI, Monokrystaly, Czech Republic)

and boron-doped diamond film electrode (3 mm diameter, Windsor Scientific, UK) as
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working electrode. In differential pulse voltammetry (DPV), the polarization rate 20 mV.s™,

the pulse amplitude +50 mV and the width of pulse 80 ms were used.

Procedures

The general procedure to obtain DP voltammograms was as follows: the required
amount of the stock solution of the tested substance was placed in 10 mL volumetric flask and
diluted to the mark with a Britton-Robinson (BR) buffer of appropriate pH. Oxygen was
removed from the measured solutions by bubbling with nitrogen for five minutes. Between
individual measurements, the measured solution was always bubbled with nitrogen for 15 s.

Between measurements of different solutions, the electrode was activated by cycling
the potential in vigorously stirred aqueous 1M HNO; between -2.5 and +2.5 V vs. SCE until a
stable signal was obtained (5-10 cycles with 0.1 V.s™' scan rate). The good performance of the
electrode was regularly veritied by measuring cyclic voltammograms of 1.10™* mol.L!

potassium hexacyanoferrate.

Results and Discussion

The influence of pH on both cathodic and anodic DPV curves of tested nitrophenols
( 1.10™ mol.L") was investigated in BR buffer, pH 2-12. All curves were measured 5 times.
First measurement always gave higher peaks and thus was not evaluated. For electrochemical
reduction, well-developed peaks were obtained in acidic media, when the highest and most
easily evaluated peaks have been found at pH 4 for 2-NP and 2,4-DNP, as well as at pll 6 for
4-NP (Fig.1).

On the other hand, for electrochemical oxidation, peaks were better developed in
alkaline media and optimum conditions have been found at pH 11 for 4-NP and pH 10 for
2,4-DNP (Fig.2). During electrochemical oxidation of 2-NP, passivation of electrode’s
surface became evident and the calibration dependences were not linear. Also, the position of
the peak near the end of the potential window caused the difficult evaluation. Therefore, for
2-NP, voltammetric determination based on principles of electrochemical oxidation at

BDDFE does not seem to be a suitable method.
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-1000 Figure 1. Cathodic differential pulse
voltammograms of 2-NP (A), 4-NP
(B) and 2,4-DNP (C) at BDDFE in
-500 Britton-Robinson  buffer pH 2-7
(numbers above curves correspond to
given pH), concentration of analytes
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Figure 2. Anodic differential pulse voltammograms of 4-NP (A) and 2,4-DNP (B)
at BDDFE in Britton-Robinson buffer pH 7-12 (numbers above curves correspond
to given pH), concentration of analytes 1.10* mol.L".
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The optimum conditions were used for the construction of calibration dependences.
The parameters of calibration curves are summarized in Table I Cathodic DP-
voltammograms and calibration plots of 2-NP, 4-NP and 2,4-DNP of the concentration range
(2-10).10"° mol.L"" are depicted in Fig. 3-5. Anodic DP voltammograms and calibration plots
of 4-NP and 2,4-DNP of the concentration range (2-10).10'6 mol.L™" are depicted in Fig. 6-7.

Repeatability of the determination was confirmed by series of 20 consecutive
measurements, carried out for the highest concentration of the linear dynamic range. The
limits of quantification were calculated as the concentration of the analyte, which gave rise to
the signal being ten-fold higher compared to that for the lowest measurable concentration

expressed via the standard deviation estimated.

-200 ¥ 7]

I, nA

5.0x10" 1,0x10°
e, mol.L”’

-150

100f i 1

Figure 3. Cathodic DP voltammograms and calibration dependence for 2-NP at the BDDFE
in BR buffer (pH 4); ¢(2-NP): 0 (1), 2.10° (2), 4.10° (3), 6.10° (4), 8.10° (5), 10.10° (6) mol.L".
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Figure 4. Cathodic DP voltammograms and calibration dependence for 4-NP at the BDDFE
in BR buffer (pH 6); c(4-NP): 0 (1), 2.10° (2). 4.10° (3), 6.10°° (4), 8.10°(5), 10.10°* (6) mol.L™",
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Table I. Parameters of the calibration straight lines for determination of nitrophenols by DPV
at BDDFE in B-R buffer

Repeatability

LDR Slope Intercept Lg

Analyte  pH ] Iy (n=20)* . 3
[mol.L"] [nA.mol.L™] [nA] [mol.L™']

RSD [%]

2-NP 4y 2.107-4.107 38 9.10° 5.6 0.9918  4.107
4-NP 6rea 4.107 - 1.107 1.0 -9.10° 1.7 0.9999 4.107
g 2.10°-4.10° 7.9 7.10° -4.2 0.9955  2.10°

24-DNP 4, 2.107-1.10° 1.8 1107 -0.1 09999  4.107
10 8.107-1.10° 3.8 2.10° 3.1 0.9980  8.107

Legend: *Replicate measurements were carried out for the highest concentration of the linear range.
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Figure 5. Cathodic DP voltammograms and calibration dependence for
2,4-DNP at BDDFE in BR buffer (pH 4); ¢(2.4-DNP): 0 (1), 2.10° (2).
4.10°(3), 6.10 (4), 8.10°(5), 10.10° (6) mol.L ™.
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Figure 6. Anodic DP voltammograms and calibration dependence for
4-NP at BDDFE in BR buffer (pH 11); ¢(4-NP): 0(1),2.10° (2),
4.10° (3), 6.10° (4), 8.10°(5), 10.10° (6) mol.L™".
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Figure 7. Anodical DP voltammograms and calibration dependence for
2,4-DNP at BDDFE in BR buffer (pH 10); ¢(2,4-DNP): 0 (1), 2. 107 (2),
4.10° (3), 6.10° (4), 8.10°(5), 10.10° (6) mol.L™.
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Conclusions

A differential pulse voltammetry method was developed for the determination of
2-NP, 4-NP and 2,4-DNP at BDDFE using electrochemical reduction and 4-NP and 2.4-DNP
using electrochemical oxidation. It can be expected that this approach can be used for the

detection of trace amounts of nitrated explosives.
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Abstract

A differential pulse voltammetric method was developed for the determination of 2-nitrophenol, 4-nitrophenol and
2 4-dinitrophenol at a boron-doped diamond film electrode using electrochemical reduction and of 4-nitrophenol
and 2 4-dinitrophenol using electrochemical oxidation. The method was successfully applied for the direct determi-
nation of these compounds in drinking and river water in the concentration range from 4x10~" to 2x10~> mol L™,
To improve the limit of quantification, a preconcentration by solid phase extraction from 100 mL and 1000 mL of
water samples was used with limit of determination around 2= 10 %and 2x 10~ mol L', respectively.

Keywords: Boron-doped diamond film electrode, Differential pulse voltammetry, Nitrophenols, Drinking water.

River water, Solid phase extraction

DOI: 10.1002/elan.201100016

1 Introduction

Boron doped diamond (BDD) is a versatile electrode ma-
terial, which has gained popularity in a variety of electro-
chemical applications [1-8]. BDD film electrodes
(BDDFE) possess excellent electrochemical properties,
such as extreme hardness, low and stable background cur-
rent over a wide potential range, microstructural stability
at extreme cathodic and anodic potentials, extreme elec-
trochemical stability in both alkaline and acidic media,
high current densities, good responsiveness for many
redox analytes without pretreatment, and resistance to
electrode fouling [9]. Because of the wide potential
window both in cathodic and in anodic region, BDDFE
can be used to determine a wide variety of inorganic and
organic compounds using electrochemical reduction and/
or oxidation. In our laboratory, BDDFE was successfully
used for voltammetric [10,11] and amperometric [12,13]
determination of both oxidizable and reducible com-
pounds, namely aminobiphenyls [10,13], 3-nitrofluoran-
thene and 3-aminofluoranthene [11] and phenols [12].
Nitrophenols coming from pesticide degradation, car
exhausts, and industrial wastes [14] are listed as priority
pollutants by the US Environmental Protection Agency
(US EPA). Pesticides based on simple nitrophenols are
used as growth stimulators in agriculture [15]. US EPA
has restricted the concentration of 2-nitrophenol (2-NP),
4-nitrophenol (4-NP) and 2 4-dinitrophenol (24-DNP) in

natural water to be less than 10pg L', that is 5x
1236 FWILEY i@
ONLINE LIBRARY

© 2011 Wiley-VCH Verag GmbH & Co. KGaA, Weinheim

10 *mol L' for 24-DNP and 7x 10 *mol L ! for 2-NP
and 4-NP [16]. Voltammetric determination of nitrophe-
nols has been already described at hanging mercury drop
electrode [17], silver solid amalgam electrode [18] and
silver amalgam paste electrode [19]. Determination of ni-
trophenols using simultaneously both electrochemical re-
duction and oxidation improves the reliability of the anal-
ysis. Therefore, the possibility to use BDDFE for voltam-
meltric determination of trace amounts of selected nitro-
phenols was investigated in this paper.

2 Experimental

2.1 Reagents

Stock solution of 2-NP, 4-NP (1x10 " mol L', 98%,
Sigma-Aldrich, Germany) and 2,4-DNP (1 x10"° mol L',
97 %, Reachim, Russia) were prepared by dissolving an
accurately weighed amount of the pure substance in
100 ml of deionized water using sonication. Solutions of
lower concentrations were prepared by exact dilution of
stock solution with deionized water. Sodium hydroxide,
glacial acetic acid, boric acid, phosphoric acid and potas-
sium hexacyanoferrate (all p.a. purity) were obtained
from Lachema Brno (Czech Republic). All solutions
were kept in glass vessels in dark at laboratory tempera-
ture. The drinking water was taken from public water line
in the chemistry building of Faculty of Science, Charles
University in Prague. The river water was taken in the
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river Vltava in the centre of the city of Prague and it was
analyzed within 3 days after sampling. Before the solid
phase extraction, the river water was filtered using S4 sin-
tered glass.

2.2 Apparatus

Voltammetric measurements were carried out using Eco-
Tribo Polarograph with software PolarPro version 5.1
(both Polaro-Sensors, Prague, Czech Republic) in a three-
electrode system — platinum wire electrode (Monokrysta-
ly, Czech Republic) as auxiliary electrode, Ag/AgCl refer-
ence electrode (type RAE 113, 3 mol L' KCI1, Monokrys-
taly, Czech Republic) and boron-doped diamond film
electrode (3mm diameter, Windsor Scientific, UK) as
working electrode. In differential pulse voltammetry
(DPV), the polarization rate 20 mV s ', the pulse ampli-
tude £50mV and the pulse width of 100 ms were used.
The solution pH was measured with digital Conductivity
& pH meter 4330 (Jenway Ltd., Essex, Great Britain)
using combined glass electrode (Jenway, type 924 005).

2.3 Procedures

Calibration measurements were carried out by measuring
5 mL of model sample of water spiked with an appropri-
ate amount of analyte from the stock solution into a
10mL volumetric flask, which was filled up to the mark
with a Britton—Robinson buffer (BR buffer) of appropri-
ate pH. Oxygen was removed from measured solutions
by bubbling with nitrogen for five minutes. Between indi-
vidual measurements, the measured solution was always
bubbled with nitrogen for 15s. All measurements were
carried out at laboratory temperature.

The calibration curves were measured in triplicate and
evaluated by the least squares linear regression method.
Repeatability of the determination was confirmed on
series of 20 consecutive measurements, replicate measure-
ments were carried out for the highest and lowest concen-
tration of the linear dynamic range. The limits of quantifi-

cation were calculated as the concentration of the ana-
Iyte, which gave the signal equal to ten times the standard
deviation estimated from the lowest measurable concen-
tration [20].

For solid phase extraction, polymeric SPE Lichrolut
EN cartridges purchased from (Merck, Darmstadt, Ger-
many) were used. These cartridges contain 200 mg of
sorbent based on ethylvinylbenzene-divinylbenzene copo-
lymer with a large specific area. Cartridge was condi-
tioned by 3mL methanol and 3 mL water and than the
model water sample spiked with different amounts of an-
alyte was sucked through the cartridge at the flow rate
1000 mL per hour. After washing the cartridge with 1 mL
of deionized water and drying by air for 10 minutes, ana-
lyte was eluted by 6 mL of methanol and filled by Brit-
ton—Robinson buffer of appropriate pH up to 10 mL.

Prior the first electrochemical measurement and also
for renewing electrode’s surface after observed passiva-
tion, BDDFE was activated by cycling the potential in
vigorously stirred aqueous 1 M HNO; between —2.5 and
+2.5V vs. SCE until a stable signal was detected (5-10
cycles with 0.1 V 7' scan rate). The good performance of
the electrode was regularly verified by measuring cyclic
voltammograms of 1x 10™*mol L' potassium hexacyano-
ferrate.

3 Results and Discussion

3.1 The Influence of pH on Voltammetric Behavior of
Nitrophenols

The influence of pH on both cathodic and anodic DPV
curves of tested nitrophenols (1x107* mol L") was inves-
tigated in BR buffer, pH 2-12. The presence of both elec-
trochemically oxidizable phenolic group and electrochem-
ically reducible nitro group offers the possibility to use
both anodic and cathodic voltammetry which can increase
the reliability of the determination. For electrochemical
reduction, well-developed peaks were obtained in acidic
media; the highest and most easily evaluated peaks have
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Cathodic (A) and anodic (B) differential pulse voltammograms of 4-NP (¢=1x 10" mol L") at BDDFE in Britton-Robinson

buffer pH 2-7 (A) and pH 7-12 (B), numbers above curves correspond to given pH.
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Fig.2. Cathodic DP voltammograms and calibration dependences for 2-NP (A, B), 4-NP (C, D) and 24-DNP (E, F) at BDDFE in
drinking water. Base electrolyte BR buffer pH 4 (for 2-NP and 24-DNP) and pH 6 (for 4-NP). ¢(2-NP, 4-NP and 2 4-DNP) in drinking

water (A, C, E): 0 (1), 4 (2), 8 (3), 12 (4), 16 (5), 20 (6) pmol L™"; ¢(2-NP, 4-NP and 24-DNP) in drinking water (B, D, F): 0 (1), 0.4
(2), 0.8 (3), 12 (4), 1.6 (5), 2 (6) pmol L.

been found at pH4 for 2-NP and 2,4-DNP and pH 6 for NP (Figure 1B) and pH 10 for 2,4-DNP. During electro-
4-NP (Figure 1A). On the other hand, for electrochemical  chemical oxidation of 2-NP, passivation of electrode’s sur-
oxidation, peaks were better developed in alkaline media  face became evident (peak currents decreased with re-
and optimum conditions have been found at pH 11 for 4  peating determination on the same electrode surface
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Fig.3. Anodic DP voltammograms and calibration dependences for 4-NP (A) and 24-DNP (B) at BDDFE in drinking water. Base
electrolyte BR buffer pH 11 (for 4-NP) and pH 10 (for 2.4-DNP). ¢(4-NP and 2.4-DNP) in drinking water: 0 (1), 4 (2), 8 (3). 12 (4).
16 (5),20 (6) pmol L.

Table 1. Parameters of the calibration straight lines for the determination of tested nitrophenols by DPV at BDDFE in deionized.
drinking and river water.

Analyte Matnix Mode LDR RSD RSD Slope Intercept Correlation L,
(mol L") (%)]e] (% 1] (nAmolL™") (nA) coefficient  (mol L™")
2-NP [a] Deionized red. 4x1077- 28 22 —4.71=10° 5.57 0.9918 3Ix1077
water 8x10°
Drinking water red. 4x107- 33 6.5 —3.72x10° —0.25 0.9991 2x 1077
2x107
River water red. 8x1077- 7.7 8.2 —045x10° 482 0.9983 1x1077
2x10~°
4-NP [b.c] Deionized red. 8x107- 38 1.0 —4.67x10° —1.65 0.9999 1x107
water 2x107*
Drinking water red. 8x10- 5.5 7.8 —238x10° —217 0.9999 1x1077
2x107
River water red. 4x107- 53 8.9 —2.87x10° —-1.29 0.9940 1x1077
2x1073
Deionized ox.  4x107"- 2.0 9.1 376x10°  —7.48 0.9955 5x1077
water 8x10~°
Drinking water, ox.  4x107%- 28 95 243x10° —1.75 0.9983 1x10°
4%107°
River water OX. 4% 1{3'ff— 4.6 8.0 1.07 % 10° 0.29 0.9962 1x107*°
2x107°
24-DNP Deionized red. 4x107- 15 1.7 —6.41x10° 0.12 0.9999 1x1077
[a.d] water 2x107°
Drinking water rted. 4x107 T— 3.0 7.6 —3.99x10° 0.71 0.9942 1x1077
2x10~°
River water red. 8x107- 45 54 —6.12x10° 3.72 0.9988 6x1077
2x107°
Deionized OX. 2x107°%- .5 | 34 8.05x10° 312 0.9980 3x107
water 2x107°
Drinking water ox. 8x1077- 4.3 25 459x10° 232 0.9980 5x1077
2x107°
River water ox. 2x107% 1.4 5.6 488 10° 6.02 0.9971 3Ix1077
2x107°

[a] Base electrolyte BR buffer pH 4 (for reduction). [b] Base electrolyte BR buffer pH6 (for reduction). [c] Base electrolyte BR
buffer pH 11 (for oxidation). [d] Base electrolyte BR buffer pH 10 (for oxidation). [e] Replicate measurements (n = 10) were carried
out for the lowest concentration of the linear dynamic range. [{] Replicate measurements (n=20) were carried out for the highest con-
centration of the linear dynamic range.
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Fig.4. Cathodic DP voltammograms and calibration dependences for 2-NP (A, B), 4-NP (C, D) and 24-DNP (E, F) at BDDFE in
river water. Base electrolyte BR buffer pH 4 (for 2-NP and 2.4-DNP) and pH 6 (for 4-NP). ¢(2-NP, 4-NP and 2.4-DNP) in river water
(A, C,E): 0 (1), 4 (2), 8 (3), 12 (4), 16 (5). 20 (6) pmol L™'; ¢(2-NP, 4-NP and 2.4-DNP) in river water (B, D, F): 0 (1), 0.4 (2), 0.8 (3),

1.2 (4), 1.6 (5), 2 (6) pmol L™,

without any pretreatment their peak potential being shift-
ed towards more positive values) and the calibration de-
pendences were not linear. Also, the position of the peak
near the end of the potential window caused the difficult
evaluation. Therefore, for 2-NP, voltammetric determina-
tion using electrochemical oxidation at BDDFE is not a
suitable method.

1240  www.electroanalysis.wiley-vch.de

3.2 Direct Determination of Nitrophenols in Drinking

and River Water

The above found optimum conditions were successfully
applied for the direct determination of these compounds
in drinking and river water. The parameters of calibration
curves are summarized in Table 1. The sensitivity of this
direct determination is comparable with the previous pre-

© 2011 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Fig.5. Anodic DP voltammograms and calibration dependences for 4-NP (A) and 24-DNP (B) at BDDFE in river water. Base elec-
trolyte BR buffer pH 11 (for 4-NP) and pH 10 (for 2.4-DNP). ¢(4-NP and 2,4-DNP) in river water: 0 (1), 4 (2), 8 (3), 12 (4), 16 (5), 20
(6) umol L7\,

EmV

Fig. 6. Cathodic DP voltammograms of 2-NP (A), 4-NP (B) and 2,4-DNP (C) at BDDFE after solid phase extraction from 100 mL
of drinking water (¢=1x10""mol L"). Base electrolyte BR buffer pH 4 (for 2-NP and 24-DNP) and pH 6 (for 4-NP). Blank sample
(1), extraction of 2-NP, 4-NP or 24-DNP from the water sample (2), direct addition of 2-NP, 4-NP or 24-DNP to the blank sample
(3).
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liminary DP voltammetric experiments carried out with
deionized water [21]. Also the limits of quantification lie
within the same concentration range. The linear dynamic
ranges are wider for the determination in deionized and
drinking water than in river water and the slope is some-
what different. Cathodic and anodic DP voltammograms
and calibration plots of the determination of 2-NP, 4-NP
and 2,4-DNP in drinking water are depicted in Figure 2
and 3 and in river water in Figure 4 and 5.

3.3 Determination of Nitrophenols in Drinking and
River Water after Preconcentration by Solid Phase
Extraction

To improve the limit of quantification, preconcentration
by solid phase extraction (SPE) from 100mL and
1000 mL water samples was used. Electrochemical reduc-
tion was more sensitive than oxidation, so preconcentra-
tion by SPE was combined with cathodic DPV at
BDDFE. Lichrolut EN cartridges containing polymeric
sorbent with large specific surface and the adsorption ca-

pacity for polar organic substances were used. Recovery
of SPE of nitrophenols was calculated from the ratio of
the peak height of the substance after SPE and peak
height of the standard solution at concentration corre-
sponding to expected concentration after extraction (see
Figure 6 for the sake of illustration). 100 mL and
1000 mL of deionized and drinking water samples and
100 mL of river water samples were used. Passing
1000 mL of river water through the SPE column was not
successful because of the decrease of the sample flow rate
(the flow rate for sucking 100 mL sample was 100 mL per
hour), and therefore unacceptable prolongation of analy-
sis time.

Parameters of calibration dependences for SPE-DPV
determination of 2 NP, 4-NP and 24-DNP in water sam-
ples are summarized in Table 2. Cathodic DP voltammo-
grams and calibration plots of the determination of 2-NP,
4-NP and 24-DNP after SPE from model water samples
in the concentration range (2-10)x 10" mol L™ are de-
picted in Figure 7.

-120 ‘|;,.m B 1

E, mV

Fig. 7.

Cathodic DP voltammograms of 2-NP (A), 4-NP (B) and 24-DNP (C) at BDDFE after solid phase extraction from 100 mL

of drinking water. Base electrolyte BR buffer pH 4 (for 2-NP and 2,4-DNP), BR buffer pH 6 (for 4-NP). ¢(2-NP, 4-NP. 24-DNP in
drinking water): 0 (1), 2x1077 (2), 4% 1077 (3), 6x 1077 (4), 821077 (5), 10% 1077 (6) mol L7\,
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Table 2. Parameters of the calibration straight lines for cathodic DP voltammetric determination of tested nitrophenols in deionized.

drinking and river water samples after solid phase extraction.

Model sample Sample volume  Analyte concentration  Slope Intercept  Correlation  Recoveryla] LOQ
(mL) (mol L7 (mAmol™' L) (nA) coefficient (mol L")
2.NP
Deionized water 100 (2-10)x 1077 —3.44 %107 —0.03 0.9970 100 2x10°7
1000 (2-10)x107* —3.77x10° ~-1.52 0.9942 99 2x107%
Drinking water 100 (2-10)x 1077 ~2.59x10° —1.53 0.9906 9 2%10°7
1000 (2-10)x 107* —5.26%10° —0.03 0.9952 99 2x107"
River water 100 (2-10)x 1077 —1.38% 107 —0.58 0.9945 9 2x1077
4-NP
Deionized water 100 (2-10)x 1077 —2.32%107 0.05 0.9920 87 2x1077
1000 (2-10)»10~% —1.04%10° 0.24 0.9915 81 3x10°F
Drinking water 100 (2-10)x 1077 —2.96 %10 0.32 0.9991 77 2x1077
1000 (2-10)x107* —2.32x107 1.03 0.9926 75 4x107%
River water 100 (2-10)x 1077 —2.08 %107 0.47 0.9996 80 2x10°7
24-DNP
Deionized water 100 (2-10)x 1077 —2.32x107 0.05 0.9920 &4 2x1077
1000 (2-10)x 107% —3.45x 107 0.93 0.9934 81 2x10°%
Drinking water 100 (2-10)x 1077 —2.08% 107 0.47 0.9996 80 2%1077
1000 (2-10)x 107* —2.28x107 0.87 0.9945 80 2x10°%
River water 100 (2-10)x 1077 —2.81 %107 0.08 0.9974 ) 2x1077

[a] For the highest concentration of the concentration range

The obtained results confirm that BDDFE is a suitable
sensor for determination of both electrochemically oxidiz-
able and reducible organic compounds in drinking and
river water. However, it should be pointed out that many
similar substances can have similar peak potentials at this
electrode thus leading to false positive results. In that
case a combination of electrochemical detection at
BDDFE with a preliminary separation using HPLC,
which is under investigation in our laboratory, can in-
crease the selectivity of these determinations.

4 Conclusions

A differential pulse voltammetric method was developed
for the determination of trace concentrations of 2-NP, 4-
NP and 2,4-DNP at BDDFE using electrochemical reduc-
tion and of 4-NP and 2.4-DNP using electrochemical oxi-
dation. The method was successfully applied for the
direct determination of these compounds in drinking and
river water in the concentration range of 4x107 to 2x
107" mol L' with limit of determination around 2x
107" mol L' for reduction and 8x 10" mol L' for oxida-
tion. To improve the limit of quantification and to in-
crease selectivity, a preliminary separation and precon-
centration by SPE from 100 mL and 1000 mL of drinking
water samples was used with limit of determination
around 3x10™* and from 100 mL of river water with limit
of determination 2x107 mol L', respectively. Because
electrochemical reduction was more sensitive than oxida-
tion, preconcentration by SPE was combined only with

cathodic DPV.
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@ 2011 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Acknowledgements

This work was financially supported by the Ministry of
Education, Youth and Sports of the Czech Republic (Proj-
ects LCO6035, MSM 0021620857, RP 14/63 and KON-
TAKT (AMVIS) ME 10004 (NEMVAD) and by the
Project SVV 2011-263204.

References

[1] A. Kraft, Int. J. Electrochem. Sci. 2007, 2, 355.
[2] O. Chailapakul, W. Siangproh, D. A. Tryk, Sens. Lett. 2006,
4,99

[3] Y. V. Pleskov, Russ. J. Electrochem. 2002, 38, 1275.

[4] R.G. Compton, 1. 8. Foord, F. Marken, Electroanalysis 2003,
15,1349.

[5] A. Fujishima, Y. Einaga, T. N. Rao, D. A. Tryk. Diamond
Electrochemistry, Elsevier, Amsterdam 2005.

[6] J. Musilova, J. Barek, K. Peckova, Chem. Listy 2009, 103,
469 (in czech).

[7] K. Peckova, J. Musilova, J. Barek, Crit. Rev. Anal. Chem.
2009, 39, 148,

[8] K. Peckovd, J. Musilovd. J. Barek. J. Zima. in Progress on
Drinking Water Research (Ed: M. H. Lefebvre, M. M.
Roux), Nova Science Publishers, New York 2008, ch.3.
p. 103-142.

[9] L.S. Xu. Q.Y. Chen. G.M. Swain, Anal. Chem. 1998, 70.
3146.

[10] 1. Barck, K. Jandova, K. Peckova, J. Zima, Talanta 2007, 74,
421.

[11] K. Cizek. J. Barek, J. Fischer, K. Peckova, I. Zima, Electro-
analysis 2007, 19, 1295.

[12] H. Deymkova, M. Scampicchio, J. Zima, J. Barek, S. Manni-
no, Electroanalysis 2009, 21, 1014.

1243

www.electroanalysis.wiley-veh.de

118



Apendix IV J. Musilova, J. Barek, K. Peckova, Electroanalysis 2011, 23, (5), 1236-1244

Full Paper

1. Musilova et al.

[13] K. Peckova, K. Jandova, L. Maixnerova, G. M. Swain, L
Barek, Electroanalysis 2009, 21, 316.

[14] M. A.J. Hamison, S. Barra, D. Borghesi. D. Vione, C.
Arsene, R. L. Olariu, Atmosph. Environ. 2005, 39, 231.

[15] SRS, List of the Registered Plant Protection Products, The
State Phytosanitary Administration of the Czech Republic,
Brno 2006.

[16] K. Jinadasa, C. H. Mun, M. A. Aziz, W. 1. Ng. Water Science
and Technology 2004, 50, 119.

[17] 1. Barek, H. Ebertova. V. Mejstrik, J. Zima, Coll. Czech.
Chem. Commun. 1994, 59, 1761.

1244

www.electroanalysis.wiley-veh.de

© 2011 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

[18] J. Fischer, L. Vanourkova, A. Danhel, V. Vyskocil, K.
Cizek, J. Barek, K. Peckova, B. Yosypchuk, T. Navratil, Jnt.
J. Electrochem. Sci. 2007, 2, 226.

[19] A. Niaz, 1. Fischer, J. Barek, B. Yosypchuk, Sirajuddin, M. L.
Bhanger. Electroanalysis 2009, 21, 1786.

[20] G. D. Christian, Analytical Chemistry, Willey, New York
2004.

[21] J. Musilovd, J. Barek, P. Drasar, K. Peckovd, in Sensing in
Electroanalysis, Vol. 4 (Ed: K. Vytras, K. Kalcher, I. Svan-
cara), University of Pardubice, Pardubice 2009, p. 135.

Electroanalysis 2011, 23, No. 5, 12361244

119



Apendix V' J. Karaova, J. Barek, K. Schwarzova-Peckova, Anal. Lett. 2016, 49, (1), 66-79

11. Appendix V

Oxidative and Reductive Detection Modes for Determination
of Nitrophenols by High-Performance Liquid Chromatography

with Amperometric Detection at a Boron Doped Diamond Electrode

Jana Karaova, Jifi Barek, and Karolina Schwarzova-Peckova

Analytical Letters

2016, 49, (1), 66-79

Impact Factor (2017): 1.206
Percentage of participation of Ing. J. Karaova (Musilova) ~ 75 %

120



Apendix V' J. Karaova, J. Barek, K. Schwarzova-Peckova, Anal. Lett. 2016, 49, (1), 66-79

ANALYTICAL LETTERS i
2016, VOL. 49, NO. 1, 66-79 e Taylor & Francis

http://dx.doi.org/10.1080/00032719.2014.1003424 R0 FANCIECIOWD

ELECTROCHEMISTRY
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ABSTRACT ARTICLE HISTORY

High performance liquid chromatography with electrochemical Received 31 October 2014
detection using a wall-jet arrangement with a working boron-doped Accepted 22 December 2014
diamond film electrode was used for the determination of 2- KEYWORDS
nitrophenol, 4-nitrophenol, and 24-dinitrophenol using reduction  yyparometric detection;
and oxidation modes. The optimal conditions for separation at a C18 boron-doped diamond
reverse phase column (125 x 4 millimeters, 5 micrometers) and electrode; high-performance
amperometric detection of these nitrophenols were determined. liquid chromatography;
Acetate buffer (0.05 mole per liter pH 4.7/methanol 58/42, v/v) was HPLC; nitrophenols; wall-jet
chosen as the mobile phase for cathodic detection at the potential of detector

—1.2 volts. The linear dynamic range was 2 x 10 ' to 1 x 10 *mole

per liter and the limits of detection were from 0.7 to 1.2 micromole per

liter. For anodic detection, the mobile phase was 0.05 mole per liter

phosphate buffer pH 6.75/methanol (65/35, v/v) at a detection

potential of +1.3 volts. The linear dynamic range was from 2 x 10 °

to 1x 10 *mole per liter with limits of detection from 0.6 to 1.5

micromoles per liter. The method was successfully employed for direct

determination of nitrophenols in drinking and river water with limits

of detection between 0.7 and 1.8 micromoles per liter.

Introduction

Boron-doped diamond (BDD) is a popular electrode material because of its commercial
availability and excellent mechanical and electrochemical properties (Fujishima et al.
2005; Luong, Male, and Glennon 2009; Peckova, Musilova, and Barek 2009). For
voltammetric techniques, a low and stable background current over a wide potential range,
microstructural stability at extreme cathodic and anodic potentials, extreme electro-
chemical stability in both alkaline and acidic media, good responsiveness for many analytes
without pretreatment, and resistance to electrode fouling are the most important proper-
ties. The mechanical durability substantiates the popularity of BDD film electrodes in
liquid flow methods including flow injection analysis (FIA) and high performance liquid

CONTACT Karolina Schwarzova-Peckova kpeckova@natur.cuni.cz @ Charles University Iin Prague, Faculty of Science,
University Research Center UNCE "Supramolecular Chemistry,” Department of Analytical Chemistry, UNESCO Laboratory of
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chromatography (HPLC) with electrochemical detection (ED). Because of the wide
potential window in the cathodic and anodic regions, BDD film electrodes can be used
to determine a wide variety of inorganic and organic compounds (such as drugs, pesticides,
environmental pollutants, and other biologically active compounds) using electrochemical
reduction and/or oxidation. In our laboratory, BDD film electrodes were successfully used
for voltammetric (Barek et al. 2007; Cizek et al. 2007; Yosypchuk, Peckova, and Barek 2010;
Dejmkova, Barek, and Zima 2011; Dejmkova et al. 2012; Yosypchuk, Barek, and Vyskocil
2012b; Zavazalova et al. 2013) and amperometric (Peckova et al. 2006; Dejmkova et al.
2009; Peckova, Jandova, et al. 2009; Maixnerova et al. 2010; Dejmkova, Barek, and Zima
2011; Dejmkova et al. 2012; Maixnerova, Barek, and Peckova 2012; Yosypchuk, Barek,
and Vyskocil 2012a; Zavazalova et al. 2013) determination of both oxidizable and reducible
compounds, including phenolics (Dejmkova et al. 2009) and aminonitrophenols
(Dejmkova, Barek, and Zima 2011).

An overview of organic analytes determined by means of BDD electrodes is available in
our recent reviews (Musilova, Barek, and Peckova 2009; Peckova, Musilova, and Barek
2009; Peckova and Barek 2011; Zavazalova, Barek, and Peckova 2014; Peckova, Zima,
and Barek In press). Reducible compounds are in minority; as most methods rely on the
reduction of the nitro group at the aromatic skeleton. Although the BDD is less sensitive
to oxygen reduction than other electrode materials, its presence in HPLC-ED or FIA-ED
causes an increase in the background current and also limits the useful working electrode
potential window for amperometric determination of reducible organic analytes (Danhel
et al. 2009; Peckova, Vrzalova, et al. 2009; Yosypchuk, Karasek, et al. 2012).

Nitrophenols are both reducible and oxidizable and thus are often used as model
compounds in electrochemistry. Together with substituted nitrophenols, they are
frequently used as reactants or intermediates in production of drugs and dyes. Further-
more, they are of great importance in agriculture, where pesticides based on simple nitro-
phenols are used as growth stimulators (Bynum et al. 2007). They are listed by the U.S.
Environmental Protection Agency (EPA) on the List of Priority Pollutants (US EPA
2014) and are frequently determined by various separation techniques (Ruana, Urbe,
and Borrull 1993; Cledera-Castro, Santos-Montes, and Izquierdo-Hornillos 2006; Fischer,
Barek, and Wang 2006; Hofmann, Hartmann, and Hermann 2008; Danhel et al. 2009;
Yang, Chen, and Jiang 2013). These compounds have also been determined by electro-
chemical detection using silver solid amalgam (AgSAE) (Danhel et al. 2009), glassy carbon
(GCE) (Ruana, Urbe, and Borrull 1993; Fischer, Barek, and Wang 2006), and solid
amalgam composite (Yosypchuk et al. 2007) electrodes. The characteristics and achieved
detection limits of selected amperometric determinations are listed in Table 1.

Voltammetric determination of 2-nitrophenol, 4-nitrophenol, and 2,4-dinitrophenol at
BDD film electrodes has been already described utilizing their oxidation (Pedrosa,
Codognoto, and Avaca 2003; Pedrosa et al. 2005; Lei et al. 2007; Zhao et al. 2007), reduction
(Lawrence et al. 2006), or comparing both detection modes (Pedrosa et al. 2004; Garbellini,
Salazar-Banda, and Avaca 2007; Musilova, Barek, and Peckova 2011). Determination of
nitrophenols using simultaneous electrochemical reduction and oxidation improves the sel-
ectivity and reliability of the analysis. Therefore, BDD film electrodes using both detection
modes for amperometric determination of trace amounts of nitrophenols after their HPLC
separation is reported here. For this purpose, a wall-jet arrangement was used because of
favorable analytical figures of merit compared with the thin-layer arrangement (Maixnerova,
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Table 1. Selected methods combining liquid flow techniques and amperometric detection for the
determination of 2-nitrophenol, 4-nitrophenol, and 2,4-dinitrophenol.

Analyte

Technigue/electrode
[Limit of detection,
micromole per liter]

Refarence

2-nitrophenol

4-nitrophenol

2 4-dinitrophenol

HPLC/GCE™ [0.009]
CE chip/GCE™ 171
HPLC/AQSAE™ 1o =
HPLC/BDD [1.277 oF
HPLC/GCE™ [0.011]
CE chip/GCE™ €01
HPLC/AgSAE™=d 1101
HPLC/BDD [0.87% =1
HPLC/GCE™ [0.023]
CE chip/GCE™ 0l
HPLC/AGSAE™ B ™
HPLC/BDD [0.777 (061

a, (5

Ruana, Urbe, and Borrull (1993)
Fischer, Barek, and Wang (2006)
Danhel et al. (2009)

this work

Ruana, Urbe, and Borrull {1993}
Fischer, Barek, and Wang (2006)
Danhel et al. (2009)

this work

Ruana, Urbe, and Borrull (1993)
Fischer, Barek, and Wang (2006)
Danhel et al. (2009)

this work

dRaductive detection mode; *Oxidative detection mode.
“Thin-layer arrangement.
bWaII-]el arrangement.

Barek, and Peckova 2012). The applicability of the developed HPLC-ED methods was
verified for the direct determination of micromolar concentrations of 2-nitrophenol,
4-nitrophenol, and 2,4-dinitrophenol in drinking and river water.

Experimental
Reagents

Stock solutions of 2-nitrophenol and 4-nitrophenol (1 x 10~ mole per liter, 98%, Sigma-
Aldrich, Germany) and 2,4-dinitrophenol (1 x 10~ mole per liter, 97%, Reachim, Russia)
were prepared by dissolving each substance in 100 milliliters of deionized water using soni-
cation. Solutions of lower concentrations were prepared by dilution of the stock with deio-
nized water (Millipore Q-plus System, Millipore, USA).

The mobile phase for HPLC of nitrophenols (oxidative detection mode) contained
methanol (HPLC grade, Merck, Prague, Czech Republic) and 0.05 mole per liter phosphate
buffer (pH 6.75), prepared from sodium hydrogen phosphate whose pH was adjusted with
concentrated phosphoric acid. For the reductive detection mode, the mobile phase con-
tained methanol and 0.05 mole per liter acetate buffer (pH 4.7), prepared from acetic acid
whose pH was adjusted with concentrated sodium hydroxide. All solutions were prepared
using deionized water. Sodium hydrogen phosphate, phosphoric acid, sodium hydroxide,
and acetic acid (all p.a. purity) were obtained from Lachema Brno (Czech Republic). All
solutions were kept in glass vessels in the dark at laboratory temperature.

Drinking water was taken immediately before sampling in the Chemistry Building of
Faculty of Science, Charles University in Prague. The river water was taken in the river
Vltava in the center of the city of Prague and it was analyzed within three days after sam-
pling. Before the measurement, the river water was filtered using S4 Simax (Kavalierglass,
Prague, Czech Republic) sintered glass with pores diameter 10 to 16 micrometers.

Oxygen was removed from mobile phase by ten minutes sonication and forty-five min-
utes bubbling with nitrogen 4.0 purity (Linde, Prague, Czech Republic) before filling to
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linear high-pressure pump and from measured solutions by five minutes bubbling before
measurements. All experiments and measurements were done at ambient temperature.

Apparatus

The HPLC system consisted of a high-pressure pump HPP 5001 (Laboratorni Pristroje
Praha, Czech Republic), a six-way valve D (Ecom, Prague, Czech Republic) fitted with a
20-microliter injection loop, an ultraviolet-visible spectrophotometric detector Sapphire
800 (Ecom, Czech Republic), an amperometric detector ADLC 2 (Laboratorni pristroje
Praha, Czech Republic) (with the detectors connected in series), a LiChroCART 125 x 4
millimeters, Purospher RP-18 (5 micrometers) column, and a pre-column RP-18 (Merck,
Germany). The system was controlled via Clarity 2.3 software (DataApex, Czech Republic)
working under Windows 98 (Microsoft).

The three-electrode wall-jet system (Figure 1) was used for electrochemical detection with
a platinum wire electrode (Monokrystaly Turnov, Czech Republic) as the auxiliary electrode,
a Ag/AgCl reference electrode (type RAE 113, 3 moles per liter KCl, Monokrystaly Turnov,
Czech Republic), and a BDD film electrode (3 millimeters diameter, Windsor Scientific, UK)
as the working electrode. The working BDD film electrode was adjusted against the capillary
outlet (18 micrometers diameter) at a controlled distance of 1 millimeter.

The BDD film electrode was activated once a day prior to measurement by cycling the
potential in vigorously stirred aqueous 1 mole per liter HNOj; between —2.5 and +2.5 volts
vs. Ag/AgCl until a stable signal was detected (five to ten cycles at the scan rate 0.1 volt per
second). The performance of the electrode was regularly verified by measuring cyclic vol-
tammograms of 1 x 10~ * mole per liter potassium hexacyanoferrate in 1 mole per liter KCL.
Voltammetric measurements were carried out using Eco-Tribo Polarograph with software
PolarPro version 5.1 (both Polaro-Sensors, Prague, Czech Republic).

Figure 1. Schematic of the amperometric wall-jet detector.: (1) Ag/AgCl reference electrode; (2) plati-
num wire electrode; (3) boron-doped diamond film working electrode; (4) outlet—overflow; (5) overflow
whole-glass vessel; (6) mobile phase; and (7) inlet Teflon tubing.
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Procedures

The calibration curves were measured in triplicate and evaluated by peak height using lin-
ear regression. The repeatability of the determination was confirmed by ten consecutive
measurements; replicate measurements were carried out for the lowest concentration of
the linear dynamic range and for 1 x 10™* mole per liter of the analytes. The limits of
detection were calculated as the concentration of the analyte that gave a signal three times
higher than the background noise.

For the direct determination of 2-nitrophenol, 4-nitrophenol, and 2,4-dinitrophenol in
drinking and river water, standard samples were prepared in deionized water.

Results and discussion
Reductive detection mode: optimization of separation and detection conditions

The separation and detection conditions for HPLC-ED determination using electrochemi-
cal reduction and oxidation were optimized. As the voltammetric behavior of nitrophenols
using the BDD film electrode was investigated in our previous study (Musilova, Barek, and
Peckova 2011) for reductive determination, the highest current response of nitrophenols
was obtained from pH 4.0 to 6.0, acetate buffer was chosen as the aqueous part of mobile
phase. Optimization of conditions for the separation of 2-nitrophenol, 4-nitrophenol, and
2,4-dinitrophenol included optimization of flow rate of the mobile phase (Figure 2), the pH
of acetate buffer (Figure 3), and the concentration of methanol in the mobile phase
(Figure 4). The detection potential was —1.2 volts where the hydrodynamic voltammo-
grams of the nitrophenols formed a plateau.

The reduction was problematic due to possible interference of 2,4-dinitrophenol and/or 4-
nitrophenol with oxygen. While oxygen dissolved in the mobile phases caused higher and less
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Figure 2. Chromatograms of nitrophenols: (a) 2,4-dinitrophenol; (b) 4-nitrophenol; (c} 2-nitrophenol;
and (ox) interfering oxygen as a function of flow rate (milliliter per minute): (1) 1, (2) 0.9, (3) 0.8, and
(4) 0.7 in 0.05mole per liter acetate buffer pH 4.75 — methanol (60:40; v/v) mobile phase; detection
potential —1.2 volts, injected volume 20 microliters.
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Figure 3. Chromatograms of nitrophenols: (a) 2,4-dinitrophenol; (b) 4-nitrophenol; (c) 2-nitrophencl;
and (ox) interfering oxygen as a function of pH in 0.05 mole per liter acetate buffer: (1) 4.50, (2) 4.70,
and (3) 4.75. Flow rate: 1 milliliter per minute, acetate buffer — methanol (60:40; v/v); detection potential
—1.2 volts, injected volume 20 microliters.

stable background current, oxygen in aerated injected samples provided wide and relatively
high peak characterized by capacity factors of 1.71 to 2.12 depending on the pH of the aqueous
part mobile phase. Procedures for the elimination of oxygen included ten minutes sonication
and bubbling of the mobile phase by nitrogen before filling it to the linear high-pressure pump,
maintaining the wall-jet overflow vessel under nitrogen atmosphere, and deaeration of samples
for five minutes by nitrogen prior to injection. Nevertheless, it was not possible to remove all
oxygen, as shown in Figures 2, 3, and 4 because of residual oxygen in the samples where it pene-
trates during the manipulation prior to the manual injection into the HPLC system. Attempts
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Figure 4. Chromatograms of nitrophenols: (a) 2,4-dinitrophenol; (b) 4-nitrophenol; (c) 2-nitrophenol;
and (ox) interfering oxygen as a function of the ratio of 0.05 mole per minute acetate buffer pH 4.7
— methanol (v/v): (1) 60:40, (2) 58:42, and (3) 55:45. Flow rate: 1 milliliter per minute; detection potential
—1.2 volts, injected volume 20 microliters.
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to use automatic injection failed due to low reproducibility of the oxygen signal, which was
substantially higher than using manual injection and thus resulted in unacceptable interference
with 2,4-dinitrophenol. The problems were caused by the autosampler, where the injection
procedure requires washing steps and the injected zone of analyte was separated by
microliter volumes of air. Thus, it was impossible to ensure complete or at least reproducible
oxygen removal. Manual injection was preferable as confirmed in our previous studies on
HPLC-ED determinations for reducible nitro-group containing aromatic compounds
(Danhel et al. 2009; Jiranek et al. 2009; Yosypchuk, Karasek, et al. 2012). The optimum
separation can be recognized in Figure 4, chromatogram 2 and was achieved in 0.05mole
per liter acetate buffer pH 4.7 — methanol (58:42, v/v) mobile phase at a flow rate of 1 milliliter
per minute. The capacity factors of 2,4-dinitrophenol, 4-nitrophenol, and 2-nitrophenol in this
system were (.88, 4.29, and 7.79, respectively, and the total separation time was ten minutes.

Oxidative detection mode: optimization of separation and detection conditions

For electrochemical oxidation, the highest response current of nitrophenols was obtained
at pH 10.0 — 11.0 in batch voltammetric studies (Musilova, Barek, and Peckova 2011).
However, basic media are not compatible with silica-based columns and the optimization
of pH of phosphate buffer revealed that the highest current response of nitrophenols was
obtained at pH 6.75 (Figure 5). At higher pH values, baseline drift was observed and at
lower pH undesirable prolongation of separation was observed. The detection of the firstly
eluting 2,4-dinitrophenol exhibited lower peak currents than 2-nitrophenol and 4-
nitrophenol. It was greatly influenced by the concentration of methanol in the mobile
phase, as shown in Figure 6. Phosphate buffer (0.05 mole per liter at pH 6.75— methanol,
65:35, v/v) as the mobile phase was deemed optimum at a potential of +1.3 volts, where
the signals were at a plateau, (Figure 5, curve 2, bold line style). The capacity factors
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Figure 5. Chromatograms of nitrophenols: (a) 2,4-dinitrophenol; (b) 4-nitrophenol; and (c) 2-nitrophe-
nol as a function of pH of 0.05mole per liter phosphate buffer: (1) 6.50, (2) 6.75, (3) 7.0, and (4) 7.25.
Phosphate buffer — methanol (60:40; v/v); detection potential +1.3 volts, injected sample volume 20
microliters, flow rate: 1 milliliter per minute.
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Figure 6. Chromatograms of nitrophenols: (a) 2,4-dinitrophenol; (b} 4-nitrophenol; and (c) 2-nitrophe-
nol as a function of the ratio of 0.05 mole per liter phosphate buffer at pH 6.75. Methanol (v/v): (1) 60:40
and (2) 65:35; detection potential +1.3 volts, injected volume 20 microliters, flow rate: 1 milliliter per
minute,

of 2,4-dinitrophenol, 4-nitrophenol, and 2-nitrophenol were 0.89, 2.42, and 5.37,
respectively, and the total separation time was ten minutes.

Determination of nitrophenols in standard water samples

The optimized chromatographic conditions for cathodic and anodic modes were
successfully applied for the direct determination of 2-nitrophenol, 4-nitrophenol, and

2 4 6 8 10
time, min

Figure 7. Chromatograms of 24-dinitrophenol (a); 4-nitrophenol (b); and 2-nitrophenol (c) using
reductive detection at the BDD film electrode. Concentration in drinking water (micromole per liter):
(1) 0, (2) 20, (3) 40, (4) 60, (5) 80, and (6) 100. Mobile phase 0.05 mole per liter acetate buffer pH 4.7
— methanol (58:42; v/v), detection potential —1.2 volts, flow rate 1 milliliter per minute, injected volume
20 microliters. Inset: calibration plots.
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Figure 8. Chromatograms of (a) 2,4-dinitrophenol; (b) 4-nitrophenol; and (c) 2-nitrophenol using
reductive detection at the BDD film electrode. Concentration in drinking water (micromole per liter):
(1) 0,(2) 2,(3) 4, (4) 6, (5) 8, and (6) 10. Mobile phase 0.05 mole per liter acetate buffer pH 4.7 — meth-
anol (58:42; w/Vv), detection potential —1.2 volts, flow rate 1 milliliter per minute, injected volume 20
microliters. Inset: calibration plots.

2,4-dinitrophenol in model samples of drinking and river water. After filtration through a
glass fiber filter, the sample was introduced into the HPLC column protected by a
precolumn. Figures 7 and 8 are examples of chromatograms of the nitrophenols for drink-
ing water using the reductive mode. Figures 9 and 10 are examples on chromatograms of
the nitrophenols for river water samples using the oxidative mode. Tables 2 and 3 show

time, min

Figure 9. Chromatograms of (a) 2,4-dinitrophenol; (b) 4-nitrophenol; and (c) 2-nitrophenol using oxi-
dative detection at the BDD film electrode. Concentration in river water (micromole per liter) (1) 0, (2) 20,
(3) 40, (4) 60, (5) 80, and (6) 100. Mobile phase 0.05 mole per liter phosphate buffer pH 6.75 — methanol
(65:35; w/v), detection potential +1.3 volts, flow rate 1 milliliter per minute, injected volume 20 micro-
liters. Inset: calibration plots.
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Figure 10. Chromatograms of (a) 2,4-dinitrophenol; (b) 4-nitrophenol; and (c) 2-nitrophenol using oxi-
dative detection at the BDD film electrode. Concentration in river water {(micromole per liter) (1) 0, (2) 2,
(3) 4, (4) 6, (5) 8, and (6) 10. Mobile phase 0.05mole per liter phosphate buffer pH 6.75 — methanol
(65:35; w/v), detection potential +1.3 volts, flow rate 1 milliliter per minute, injected volume 20 micro-
liters. Inset: calibration plots.

that the sensitivity of the direct determination in both drinking and river water is largely
comparable with the experiments carried out with deionized water. Amperometric detec-
tion based on oxidation exhibits comparable sensitivity for deionized and drinking water,
but lower for river water. Thus, the reductive mode is preferable for this matrix as it is less
affected by the sample composition. Furthermore, the sensitivity using reductive determi-
nation was markedly higher for 2,4-dinitrophenol than for the other nitrophenols because
of the presence of two nitro groups.

The limits of detection in the micromolar concentration range are comparable for both
detection schemes. The repeatabilities of the detector response, summarized in Tables 2
and 3, were satisfactory: At micromolar concentrations close to the limits of detection,

Table 2. Analytical figures of merit for HPLC-ED determination of nitrophenols at the BDD film elec-
trode using reductive detection mode evaluated by peaks height.

Relative standard Slope Limit of
Linear dynamic deviation [microampere detection
Matrix  range [micromole —  liter per Intercept [micromole
Analyte (water) per liter] 21" [l micromole]  [microampere] R per liter]
2-nitrophenal Deionized 2-80 8.6 56 0.290 —0.30 0.0084 T2
Drinking 2-100 9.5 49 0.119 —0.01 0.9990 15
River 4-100 86 1.9 0.133 —0.186 0.9989 1.8
4-nitrophenol Deionized 2-100 5.6 6.0 0.447 —046 0.9991 0.8
Drinking 1-100 0.6 6.0 0.225 -0.13 0.9990 13
River 1-100 9.5 21 0.222 0.00 0.9989 13
2 4-dinitrophenol Deionized 2-60 7.0 a5 1.004 —1.01 0.9987 0.7
Drinking 1-100 8.8 40 0.823 —0.64 0.99%9 0.7
River 1-100 8.2 3.0 0.854 —047 0.9960 0.7

Note: Mobile phase 0.05 mole per liter acetate buffer pH 4.7 — methanol (58:42; vw/v), detection potential — 1.2 valts, flow rate
1 milliliter per minute, injected volume 20 microliters.

“Replicate measurements (= 10) for the lowest concentration on the linear dynamic range.

bRelecate measurements (n—=10) for 1 = 10~ * mole per liter of each analyte.
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Table 3. Analytical figures of merit for the HPLC-ED determination of nitrophenols at the BDD film
electrode using oxidative detection mode evaluated from by peak height.
Relative standard Slope

Linear dynamic deviation [microampere
Matrix range [micromole™ _ liter per Intercept Limit of detection

Analyte (water) per liter] [%]? [%]b micromole] [microampere] £ [micromole per liter]
2-nitrophenol  Deionized 6-80 86 26 0.0857 —0.16 0.9916 1.0

Drinking 4-100 6.6 30 0.0827 —0.19 0.9982 29

River 4-100 75 50 0.0547 0.10 0.9892 5
4-nitrophenol  Deionized 2-80 28 28 0.0889 0.03 0.9983 1.5

Drinking 2-100 44 3.0 0.0818 0.04 0.9952 25

River 2-100 8.0 50 0.0624 0.15 0.9964 24
2 A-dinitrophenal Deionized 4-100 a1 16 0.0426 —0.06 0.9992 0.6

Drinking 2-100 8.9 1.0 0.0385 0.00 0.9990 15

River 4-100 6.1 22 0.0260 0.04 0.9994 1.2

Note: Mobile phase 0.05 mole per liter phosphate buffer pH 6.75 — methanol (65:35; v/v), detection potential + 1.3 volts, flow
rate 1 milliliter per minute, injected volume 20 microliters.

“Replicate measurements (n=10) for the lowest concentration on the linear dynamic range.

bRepIIcate measurements (n=10) for 1 10~ *mole per liter of each analyte.

the relative standard deviation values (RSD) of peak height were between 6.0 and 10.0 %.
For high concentrations of nitrophenols (1 x 10™* mole per liter of each analyte), the rela-
tive standard deviations were largely less than 3.0 % for the oxidative and less than 6.0 %
for the reductive mode. In the latter case, the higher values may be caused by peak height
fluctuations from oxygen influencing the background.

Conclusions

The use of BDD film electrodes for electrochemical detection in HPLC using a wall-jet
arrangement was verified for the determination of 2-nitrophenol, 4-nitrophenol, and
2,4-dinitrophenol by reduction and oxidation. Different separation conditions were
employed; nevertheless in both cases baseline separation of nitrophenols was achieved in
less than ten minutes. Relatively low limits of detection in the micromolar concentration
range were achieved for the analytes. Other electroanalytical methods based on connection
of liquid flow techniques with amperometric detection offer similar detection limits. The
robustness of the method was documented by the relatively low relative standard devia-
tions at micromolar concentrations. Problems were observed in the reductive detection
mode due to the presence of oxygen in the system. Manual injection was preferable and
oxygen did not interfere with the nitrophenols whose peaks are baseline separated, well-
developed, and sharp. The applicability of the developed methods was demonstrated by
the analysis of drinking and river water samples by their direct injection with the
HPLC-ED. Comparable sensitivities and limits of detection were achieved for both modes.
Nevertheless, reductive determination is recommendable as it more efficiently eliminates
matrix effects in river water. Thus, it can be concluded that BDD film electrode employed
as an amperometric sensor in wall-jet detector exhibited good performance with stable
background current and sensitive, reproducible, and stable responses for the nitrophenols
using reductive and oxidative detection. The method allows the rapid, reliable, sensitive,
and relatively inexpensive determination of nitrophenols. Our further research is focused
on interference studies as well as the determination of nitrophenols in more complex
matrices (wastewater, residues of nitrophenols in soils). For this purpose, preliminary
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preconcentration of studied analytes using solid phase or liquid-liquid extraction is
recommendable to increase the sensitivity and selectivity of the methods.
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