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Introduction



This dissertation 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 methods for determination of polycyclic aromatic hydrocarbons

(PAHs) and their nitro, amino, and hydroxy derivatives.

PAHs and their derivatives constitute a class of biologically active organic pollutants
generated in a variety of chemical processes. PAHs are ubiquitous in the environment, their
higher occurrence in urban and industrial areas is given by the fact that they are formed
during incomplete combustion, thus they are present in automobile exhausts and industrial
cxhalations. They arc releascd to atmosphere preferably associated with submicron-size
particles. When released into the atmosphere, PAHs are exposed to a variety of gaseous
compounds, including stable molecules and highly reactive intermediates as free radicals or
electronically excited species, originated from absorption of radiation. These interactions
result in an introduction of functional groups to the aromatic system of the parent molecule.
The polar fractions of the aecrosols were found to be highly complex, containing several
hundred PAH derivatives, including compounds with hydroxy, nitro, ketone, quinone,
aldehyde, and carboxylic acid substituents. These derivatives may have even higher
mutagenicity compared to nonsubstituted PAHs, thus the analysis of atmospheric aerosols and
other environmental samples is of great concern.

Naphthalene is the simplest and most volatile of all PAHs, worldwide present in
environmental sources (air, soil, water) and in a variety of critical workplaces. Since 2000,
naphthalene has posed a great problem for environmental and occupational medicine, because
significant carcinogenic effects have been associated with naphthalene exposure in animal
investigations. To evaluate the exposure of humans to naphthalene, the urinary concentrations
of its metabolites — hydroxynaphthalenes in the general population and in subjects
occupationally exposed to naphthalene are monitored. Nitronaphthalenes are the most
abundant nitroderivatives of PAHs (NPAHSs) in urban air, their health risk is causatively
connected to the generation of active species binding to DNA, which are responsible for their
mutagenicity. Aminonaphthalenes are possible metabolites of nitronaphthalenes and their
toxicity is well known for more than hundred of years, because there were extensively used as
intermediates in the production of azo dyes.

Owing to the extremely wide range of matrices, where PAHs and their derivatives can

be present, the often small amounts of individual compounds and a myriad of interfering



substances present in, analytical methods are required which are not only extremely sensitive,
but can also provide great selectivity.

Many chromatographic techniques have been brought to cope with the separation and
quantitation of solutes in such complex samples. Although gas chromatography with selective
detectors is widely used, it is rather limited to the low polarity and relatively high volatility
compounds. Reversed phase high-performance liquid chromatography with a wide range of
detection techniques becomes an option to be considered for its ability to resolve lower
volatile, thermally unstable, polar compounds with high sensitivity of detection. It offers
numerous combinations of custom-tailored stationary phases along with various organic
modificators of the cluent for the separation of complex mixtures. Electroanalytical methods
represent a useful alternative to morc frequent chromatographic methods, they meet the
stringent conditions on sensitivity, although the selectivity is often presented as a weak point
in analysis of complex matrices. However, the selectivity can be increased when applying
preliminary separation step or it is not required in case that electroanalytical methods are used
to estimate the sum of analytes or as cheap screening methods monitoring the presence of
derivatives of interest in a complex matrix. Moreover, the study of polarographic and
voltammetric behaviour of biologically active organic compounds can provide a great amount
of information about their electron-transfer reactions. This can be useful in elucidation of the
mechanism of their interaction with living cells, because both electrochemical and biological
reactions are essentially heterogenous processes occurring at the electrode-solution or
enzyme-solution interface.

With respect to above mentioned facts, the aim of the Thesis was the development of
sensitive  electroanalytical methods for the determination of 1-nitronaphthalene,
2-nitronaphthalene, 1-aminonaphthalene, 2-aminonaphthalene, 1-hydroxynaphthalene, and
2-hydroxynaphthalene. The Thesis presented consists of several chapters each of which is
dealing with a particular analytical issue in the electroanalytical determination of naphthalenc
derivatives. The applicability of different electroanalytical detection techniques was studied in
order to obtain low limits of determination for studied derivatives. The main attention was
paid to nitronaphthalenes, because these compounds are polarographicly reducible, thus a
variety of electroanalytical methods at classical electrode materials as mercury and non-
traditional materials as mercury amalgams can be compared for their determination.
Moreover, they are widely extended in the environment in a number of matrices, thus the

development of new methods for their sensitive determination is of great concern.



The introductory part of the Thesis is reviewing the origin, occurrence, biological
impact and metabolic activity of nitro, amino, and hydroxy derivatives of PAHs, with main
focus on the nitroderivatives of PAHs. Also the current state of the analytical methods being
used for the analysis of studied compounds is summarized (Chapter 2). The following
Chapters 3 and 4 are devoted to the study of electrochemical behaviour of 1-nitronaphthalene
and 2-nitronaphthalene with the purpose to develop sensitive methods for their determination.
Two electrode materials were tested: In Chapter 3, the electroanalytical behaviour of studied
analytes using DC tast polarography and differential pulse polarographic at classical dropping
mercury electrode is compared to the voltammetric methods (differential pulse voltammetry
and adsorptive stripping voltammetry) at hanging mercury drop electrode. Chapter 4 presents
the results on voltammetry using meniscus modified silver solid amalgam electrode and
comparison of the electrochemical behavior of studied analytes using this electrode and
mercury electrodes. The newly developed methods were used in Chapter 5 to analyze the
model matrices — drinking and river water. Liquid-liquid extraction and solid-phase extraction
of 1-nitronaphthalene and 2-nitronaphthalene were used for their preliminary separation and
preconcentration. In Chapter 6, the developed electroanalytical methods at mercury electrodes
were applied for the monitoring of the efficiency of safe destruction procedure of
nitronaphthalenes as laboratory waste contaminants. An attempt to identify the products of
their photolytical degradation was made. The research carried out in Chapter 7 turns to
electrochemical detection after HPLC separation of selected analytes. Oxidizable naphthalene
and nitronaphthalene metabolites — 1-aminonaphthalene and 2-aminonaphthalene, and
1-hydroxynaphthalene and 2-hydroxynaphthalene — were determined using a new type of
laboratory-made miniaturized amperometric detector, based on a platinum microwire working

electrode.
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2.1 General characterization

The compounds studied in the thesis are mainly selected derivatives of naphthalenc.
Six of its monoderivatives were studied, namely 1- and 2- nitro, 1- and 2-amino, and 1- and
2-hydroxynaphthalene. These compounds belong to important environmental pollutants and
may exhibit serious genotoxic and/or carcinogenic effects. In following chapters, their origin
and occurrence in the environment, fate in organism, toxicological properties and analytical
methods for their determination will be discussed. As special concern in the thesis i1s on
mononitronaphthalenes, the typical representatives of nitrated polycyclic aromatic
hydrocarbons (NPAHs), this class of compounds togethier with the precursors of all studied
compounds, the polycyclic aromatic hydrocarbons (PAHs) is accentuated in following
overvievy,

Some of physico-chemical and biological properties of studied analytes arc
summarized in Table 2.1. For all the compounds, CAS name and registry number,
abbreviation used in this thesis, structural and chemical formula, appearance and
monoisotopic molecular weight are listed below. It also includes dissociation constants ', and
specification of pure substances used in this project. Toxicological data are presented
according to the International Agency for Research on Cancer (IARC) classification 2. Group
1: The agent (mixture) is carcinogenic to humans. The exposure circumstance entails
exposures that are carcinogenic to humans; Group 2A: The agent (mixture) is probably
carcinogenic to humans. The exposure circumstance entails exposures that are probably
carcinogenic to humans; Group 2B: The agent (mixture) is possibly carcinogenic to humans.
The exposure circumstance entails exposures that are possibly carcinogenic to humans; Group
3: The agent (mixture, or exposure circumstance) is not classifiable as to carcinogenicity in
humans; Group 4: The agent (mixture, or exposure circumstance) is probably not carcinogenic

to humans.



Table 2.1  Physico-chemical and  biological  properties of I-nitronaphthalene,
2-nitronaphthalene, [-aminonaphthalene, 2-aminonaphthalene, -hydroxynaphthalene, and

1-hydroxynaphthalene.

1-NITRONAPHTHALENE Abbreviation: 1-NN
CAS name: Naphthalene, 1-nitro- Structural Formula
CAS registry number: 86-57-7 NO,
Chemical formula: C;oH;NO, AN XN
Relative molecular mass: 173.17

/ /
Appearance: Yellow crystals e
IARC Group: 3 Producer: Fluka Purity: 99%
2-NITRONAPHTHALENE Abbreviation: 2-NN

CAS name: Naphthalene,2-nitro- Structural Formula
CAS regist ber: 581-89-5

registry number N02
Chemical formula: C,oH;NO;
Relative molecular mass: 173.17

Appearance: Colourless to yellow crystals

JIARC Group: 3 Producer: Fluka Purity: > 85%

1-AMINONAPHTHALENE Abbreviation: 1-AN

CAS name: Naphthalene,1-amino-
Structural Formula

CAS registry number: 134-32-7

NH,
Chemical formula: C;oHoN
Relative molecular mass: 143.19
Appearance: White crystals
pKa: 3.92
IARC Group: 3 Producer: Fluka Purity: 99%



2-AMINONAPHTHALENE

Abbreviation: 2-AN

CAS name: Naphthalene,2-amino-
CAS registry number: 91-59-8
Chemical formula: C;gHoN

Relative molecular mass: 143.19
Appearance: White to reddish crystals

pKa: 4.16
IARC Group: 1

1-HYDROXYNAPHTHAL ENE

Structural Formula

Producer; Aldrich

NH,

Purity: 95%

Abbreviation: 1-OHN

" CAS name: Naphthalene, 1-hydroxy-
CAS registry number: 90-15-3
Chemical formula: C;oHgO
Relative molecular mass: 144.18
Appcarance: White, grey or tan crystals
pKa: 9.34
IARC Group: not classified

2-HYDROXYNAPHTHALENE

Structural Formula

Producer: Aldrich

OH

Purity: 99%

Abbreviation: 2-OHN

CAS name: Naphthalene,1-hydroxy-
CAS registry number: 135-19-3
Chemical formula: C,oHgO

Relative molecular mass: 144.18
Appearance: White or yellowish crystals
pKa: 9.51

IARC Group: not classified

Structural Formula

Producer: Aldrich

OH

Purity: 99%



2.2 Sources, formation, occurrence and biological effects of
polycyclic aromatic hydrocarbons and their derivatives

2.2.1 Polycyclic aromatic hydrocarbons

PAHs represent an extensively studied group of chemical contaminants, because they
are ubiquitous in the nature and have been shown to be positive in different genotoxicity tests
as well carcinogenic in various animal species. These compounds can be formed by thermal
decomposition of any organic material containing carbon and hydrogen resulting in at least
two condensed ring system. The formation is based on two major mechanisms: (i) pyrolysis
or incomplete combustion, (ii) carbonization process. The latter process leads to PAHS
formation of non-anthropogenic origin in fossil fuels formed at low temperature over millions
of years >. During incompiste combustion or pyrolysis, PAHs are supposed tc be generated
from small fragments via radical pathways. Once formed, they may undergo further pyrolytic
reactions to form larger PAHs by intermolecular condensation or cyclization. The amount of
PAHs formed depends on both the type of organic material and the temperature. In addition,
PAHs arc released from forest fires and volcanic eruptions *. Nevertheless, most of the PAHs
are of anthropogenic origin generated mainly by incomplete combustion of petroleum derived
products. These activities include i.e. processing of coal, crude oil and natural gas, including
coal coking, coal conversion, petroleum refining and production of carbon blacks, creosote,
coal tar and bitumen. Other human activities contributing to PAHs production are: (1)
aluminum, iron and steel production in plants and foundrics, (ii) heating in power plants and
residences, open fires and cooking, (iii) combustion of refuse in incinerators, (iv) motor
vehicle traffic, and (v) tobacco smoke **°. Approximately 1000 tons of PAHs are released
annually into the atmosphere through human activities. The concentrations of PAHs can be
10 000 times higher in industrial areas than in residential areas . Their further distribution in
environment is determined by physico-chemical properties. As PAHs are hydrophobic with
low solubility in water, their affinity for the aquatic phase is lower than for the organic one.
Therefore, they concentrate in organic fractions of aerosols, soil, sediments, and biota.

Naphthalene (N) is the simplest and most volatile from PAHs, therefore it prevails in
gaseous phase of aerosols while other PAHs are present mainly in the particulate portion. In
investigations of different gaseous and particulate extracts from air the following PAHs (in
order of abundance) were detected: Naphthalene > fluorene > phenanthrene > fluoranthene >

pyrene > benzo[a]pyrene "**°. The high occurrence of N is given by its presence in both



natural and anthropogenic sources. It is a natural constituent of coal tar and crude oil. Major
anthropogenic sources of N are exhausts from motor vehicles and jets, residential heating with
fossil fuels, gasoline burning and industrial plants. The worldwide industrial production of
this substance is in the order of hundred thousand tons, EU producing about 200 000 tons 10
and USA about 215000 tons annually ''. It is mainly produced as a feedstock in the
manufacture of phthalic anhydride for the synthesis of phthalate plasticizers and resins.
Furthermore, it is used in the production of azo-dyes, 2-hydroxynaphthalene (an important
intermediate in chemical industry) and naphthalene sulphonates, which are often used as
plasticizers for concrete, dispersants and tanning agents in rubber and leather industry.
Consumers can come across with naphthalene in products such as moth repellents, toilet-bowl
dcodorants and shaving brushes. A significant source of direct exposure is cigarette smoke !

The fate of PAHs in organisms is still subject of wide rescarch. They enter thic
organisin typicaliy by ingcstion, inhalation, or adsorption through the skin. The adverse
effects of N in humans include nausea, vomiting, liver necrosis, convulsions, fever, anemia,
and coma . For many ycars, N had been considered as a non-carcinogen. Since 2000, when
the US National Toxicology Program revealed clear evidence of its carcinogenic activity in
rats, international agencies have reclassified N as a potential human carcinogen'?"?. The
JARC has concluded that there is sufficient evidence in experimental animals, but
inadequate evidence in humans for the carcinogenicity of N, which was classified as
possibly carcinogenic to humans, group 2B B,

The substance itself does not seem to induce cancer in contrast to PAHs of higher
molecular weight such as benzo[a]pyrene or dibenzo[a,l]pyrene. Their carcinogenicity is
predominantly associated with the formation of diol-epoxides, which are largely resistant to
the enzymatic hydrolysis, and so reach the DNA and form corresponding DNA adducts 1014,
On the other hand, the N diol-epoxides are hydrolyzed to tetrahydroxynaphthalenes having no
mutagenic properties. The main metabolic pathways of N in mammals are depicted at
Fig. 2.1. From listed intermediates, the naphthoquinones (7, 10) were mentioned recently to
be suspicious from cancer genesis. These electrophilic agents may lead to increased formation
of reactive oxygen species inducing oxidative DNA damage or to increased covalent adducts
formation with nucleophilic groups of the DNA bases. Both ways open possibilities to
pathological modifications of healthy cells with subsequent carcinogenic processes ' .
Although studies concerning the mechanism of N cancer initiation are still on the hypothesis
level, there is no hesitance of its carcinogenicity. Despite this fact, the exposure limits of N

have not been lowered yet and are typically 50 mg m> for the workplaces atmosphere 10,
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Figure 2.1  Main metabolic pathways of naphthalene in mammals 10

Naphthalene is metabolized first to naphthalene 1,2-oxide (1). This reactive intermediate can
subsequently undergo several reactions that lead to different hydroxylated polar metabolites,
which are predominantly eliminated via the kidney. If the epoxides are not directly conjugated
and excreted in the urine, they can undergo a spontaneous rearrangement to form
1-hydroxynaphthalene (2) and 2-hydroxynaphthalene (3). Both naphthols can be sulfated or
glucuronidated and directly eliminated as conjugates (4) and (5). Additionally,
1-hydroxynaphthalene can be oxidized to form 1,4-dihydroxynaphthalene (6), which becomes
further oxidized to form 1,4-naphthoquinone (7). Furthermore, the epoxide (1) can be
hydrolysed by epoxide hydrolyse activity to form trans-1,2-dihydro-1,2-dihydroxynaphthalene
(8). This dihydrodiol can be metabolized by three different pathways: (i) it becomes
dehydrated to 2-naphthol (3), or (ii) it is oxidized to 1,2-naphthalenediol (9). This
1,2-naphthalenediol is the precursor either of 1,2-naphthoquinone (10) or of the
corresponding glucuronide/sulphate conjugate (11). The third pathway (iii) for the
dihydrodiol (8) is the glucuronic acid/sulphate conjugation (12) with potential subsequent
dehydration (4). The formation of premercapturic and mercapturic acids, resulting from the
glutathione conjugation, is another (13) pathway in the metabolism of naphthalene. Overall,
30 different naphthalene metabolites have been identified in the urine of mammals so far.

11




2.2.2 Nitro derivatives of polycyclic aromatic hydrocarbons

2.2.2.1 Sources and formation

Three main sources of NPAHs are believed to contribute significantly to the NPAHs
occurrence in environment '>'°: (i) the industrial production; (ii) NPAHs originating as direct
or indirect products of incomplete combustion; (iit1) NPAHs formed in the atmosphere from
the gas-phase reactions of PAHs (generally adsorbed on particulate matter and themselves
products of incomplete combustion) with four rings or iess.

Ad (i): Only a few NPAHs including 1- and 2-NN are produced industrially. The
treatment of naphthalene with mixed sulfuric/nitric acids at 60 °C yields 95% 1-NN and 5%
2-NN, together with traces of dinitronaphthalencs and dinaphthois '’. From these products,
1-NN is used almost exclusively for catalytic reduction to 1-aminonaphthalene. Further uses,
such as use as a dcblooming agent for petroleum and cils and as a component in the
formulation of explosives, are of historical interest only. 1,5- and 1,8-dinitronaphthalenc
formed at higher temperatures (80-100 °C) during the rcaction are used as intermediates in the
production of sensitizing agents for ammonium nitrate explosives or colorant intermediates
for naphthoperinones synthesis '’. Nevertheless, the industrial production of NPAHs is
negligible in comparison with the total volume of chemicals produced worldwide and may
contribute more significantly only to local pollution.

Ad (i1): During combustion processes, NPAHs are formed by the reactions of PAHs
with nitrating species that are provided by the conversion of nitrogen and oxygen at high
temperatures '*. According to their volatility and polarity, NPAHs are distributed between the
particle and vapor phase of combustion gases. Usually, 1-nitropyrene, 2-nitrofluorene, and
3-nitrofluoranthene are the dominating substances in the particulate phase and 1-nitropyrenc
1s therefore used as a marker of NPAHs formation by combustions processes.

Ad (ii1): The gas-phase formation of NPAHs from their parent PAHs with four rings or
less in the atmosphere is thought to produce the majority of ambient NPAHs ¥ 1t was first
independently proposed by Pitts et al. ° and Jiger *' in 1978. Pitts used his results seven years
later to explain the unexpected presence of 2-nitrofluoranthene and 2-nitropyrene in
particulate organic matter sampled in the Los Angeles basin in California 22 These two
NPAHSs have not been identified in any combustion products, but later were found in different

2324 26, . .
A 25,2627 a5 well as in forest and remote areas of America and

24,29,30

locations of US , Europe

Asia *®. Further studies showing differences in daytime/nighttime and seasonal '’
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concentrations of certain NPAHs provided further support for the gas-phase formation of
NPAHSs. As result, three mechanisms for formation of NPAHs in the atmosphere from PAHs
were proposed:

. Daytime gas-phase reaction: Hydroxyl radical addition to the PAH followed by
reaction with nitrogen dioxide and loss of a water molecule (formation of 2-nitrofluoranthene,
2-nitropyrene, and 3-nitrofluorene);

. Nighttime gas-phase reaction: Nitrate radical addition to the PAH followed by reaction
with nitregen dioxide and loss of nitric acid (formation of high yields of 2-nitrofluoranthenc,
nitronaphthalenes and methylnitronaphthalenes);

. Heterogeneous gas-particle interaction of parent PAHs adsorbed onto particles with
nitrating agents (would be expected to produce clectrophilic nitration products). This has been
show:i to occu: in the laboratory under conditions of very high concentrations of nitrogen
dioxide. Recent ambient ineasurements suggest thai soriie 9-nitroanthracenc :nay be formed
by heterogencous reactions during transport *'.

In Fig. 2.2, the main proposed pathway for formation of nitronaphthalenes, the
nighttime reaction of naphthalene (1) with nitrate radical NO; is depicted. It occurs by the
initial addition of the nitrate radical to the aromatic ring to form a nitratocyclohexadienyl-type
radical (2), which then decomposes back to reactants, reacts with nitrogen dioxide forming
nitronaphthalenes (3), or decomposes forming naphthols (4) and nitronaphthols (5) (ref. ),
In ambient atmosphere, the radical is formed by the reaction of nitrogen dioxide with ozone
(Eq. 2.1). The concentration of the NOj radical is low during daylight hours because of its
rapid photolysis (photolysis lifetime at solar noon of approximately 5 s) (Eq. 2.2) and the
rapid reactions of nitrate with nitric oxide (Eq. 2.3) and nitric oxide with ozone (Eq. 2.4) H,
During nighttime hours the average NOj concentrations in the lower troposphere over

continental areas have been estimated as 510°® molecules/cm® (~20 ppt) .

NO, +0, <& NO, + 0, (2.1)
NO, <> NO, +0 2.2)
NO, + NO — 2NO, (2.3)
NO +0, - NO, +O0, (2.4)

The reaction yields of 1-NN and 2-NN were estimated to be 3-24.4% for each
compound when simulating in laboratory nighttime reactions in N;Os - NO; - NO; - air
mixtures '**, Nevertheless, it was proved the smaller amounts of both compounds are formed

also during the daytime reaction with hydroxyl radical *°.
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Figure 2.2 Proposed pathway for formation of nitronaphthalenes in N,Os - NO; - NO,; -

air mixtures 33.

To identify the source of pollution, the NPAHs profile, or the relative quantities of
certain "marker" PAHs, is a pointer to the source of formation of the NPAH. The most
abundant nitro isomers of pyrene, fluorene and fluoranthene observed in diesel exhaust are
3-nitrofluoranthene, 2-nitrofluorene, and 1-nitropyrene, whereas the isomers formed from the
hydroxyl radical reactions of these PAHs in atmospherc are 2-nitrofluoranthene,
3-nitrofluorene, and 2-nitropyrene. Other less important pathways of NPAHs production are
endogenous formation of NPAHs in the body due to reaction of PAHs ingested in food or

inhaled in ambient air with nitrogen dioxide from, for example, cigarette smoke ****

2.2.2.2 Occurrence and concentration levels of NPAHs in the environment

As mentioned above, one of the main primary sources of NPAHs include combustion
gases. Thus, NPAHs have been observed in vehicle exhaust (particularly diesel), industrial
emissions and emissions from domestic residential heating/cooking and wood burning
together with hundreds of other organic compounds. The concentration of NPAHs differs
substantially from sample to sample, e.g. concentrations of 7-165 pgg' of the marker
1-nitropyrene have been reported in diesel particulate phase *’. 1-NN and 2-NN as the most

volatile NPAHs are typically found exclusively in the vapor phase of combustion gases.
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The highest levels of NPAHs in the environment have been reported in urban air as a
result of traffic and domestic heating. The secondary source of NPAHs in ambient air is the
gas phase formation from parent PAHs discussed in previous chapter. Nitronaphthalenes have
been reported many times to be the most abundant NPAHs in traffic impacted and industrial
arcas, mostly in the gas-phase of air, 2-nitrofluoranthene, 9-nitrophenanthrene and
9-nitroanthracene being usually the most abundant NPAHs observed in ambient particulate
organic matter extracts. However, in the ambient air samples where vapor-phase as well as
particulatc phase NPAHs have been mcasured, the more volatile nitronaphthalenes and
methylnitronaphthalenes prevailed *~**. Interestingly, nitronaphthalenes have been identified
as the most present NPAHs also in Antarctica (1-200 fg m™ range) . The concentration
levels of 1- and 2-NN in ambicnt air found in heavy polluted areas are listed in Table 2.2. In
urban and subuiban sites tiie conceniiations of NPAHs dupend, for c<ample, un the clin:atic
condiuons (the concentrations of nost NPAHs are several times higher in summer and
autumn than in winter and spring), the dayphase, the number and regulation of traffic vehicles
and the type of heating used. In cities, the levels of most abundant NPAHs mentioned above
can reach values about 4 ng m™, however, in urban areas of developed countries they arc
usually lower, below 1 ng m>.

Other typical sources of NPAHs include photocopier toners, carbon black, foodstuffs

and soil sediments %!

, in Table 2.3 concentrations of nitronaphthalenes in selected matrices
are given. In food, the highest concentrations have been found in spices and smoked food, but
also in vegetables and fruits, probably due to atmospheric pollution. Surveys of NPAHs levels
in beverages by Schlemitz and Pfannhauser showed that substantial concentrations of NPAHs
were present in tea and coffee ****. They have investigated six NPAHs including 1-NN and
2-NN and found very high concentrations of NPAHs (128 pngkg') and PAHs (7536 pg kg
in Mate tea, which is roasted with combustion fumes to gain its unique aroma. Other teas had
NPAHs concentrations of around 20 pgkg' with 1- and 2-NN concentration < 1 pug kg
Although NPAHSs are usually not very soluble in water, the authors found that up to 25% of
the NPAH concentration could be measured in the tea water. It is possible that other
components of the tea act as co-solvents and increase the solubility of NPAHSs in the tea
water. The presence of NPAHs and PAHs in tea probably originates from several sources,
including technological processes used during the preparation of tea, such as roasting and
drying, and atmospheric pollution.

The other often mentioned source of NPAHs — cigarette smoke — is still questionable,

although parent PAHs have been detected in tobacco smoke **, there are no reports of NPAHs
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in cigarette smoke condensate. 1-NN, I1-nitropyrene and others were not detected at a
detection level of <10 ng/cigarette * or <50 pg *°. Nevertheless, mutagenic effect can be
induced by the presence of even a single molecule, therefore sources of direct exposure, such

as cigarette smoke are counted as highly hazardous.

Table 2.2  The concentrations of I-NN and 2-NN in gas particulate (P) and vapor (V)

phase of ambient air in selected heavily polluted areas (adapted from ref. 19),

Concentration [ng m‘3]

Location; type of sample Phase Total Ref.
1-NN 2-NN NPAHSs

Glendora, California, USA; daytime
(nighttime) composite samplc
Concord, California, USA;

VIP  27(57)  26@3.1)  S58(I1L.1) 47

. : V+P 0.1 0.17 0.59 47
daytime composite saraple B
Rcdlan_ds, (.,allforma, USA; v 47 723 3 48
nighttime sample
Fresng, California, USA; daytime V4P 0.39 0.55 L4 9
composite sample, December-January
Sapporo, Japan P 0.9 0.55 2.22 49
Houston, Texas, USA; annual average V+P 0.35 0.07 0.6 38
Florence, Italy; 48 hours average, p 091 023 15 50

January-February

Table 2.3  The occurrence and concentration levels of [-NN and 2-NN in human

. 16
environment (adapted from ref. ™).

Concentration [pug kg™'|

Matrix 1NN > NN Ref.
river water, Japan 13107 11.7-10° 51
incinerator ash (1.59-2.86)-10° (1.06-3.46)-10° 52
lettuce, parsley - <0.2 43
spices (paprika / marjoram / caraway) - 7.8/3.6/3.1 43
smoked cheese 0.6 - 53
smoked meat / grilled meat - 10.2/0.1 43
smoked fish / grilled fish 0.2/0.3 — 53
smoked sausage / grilled sausage - 8.2/<0.2 43
Earl Grey tea 0.90 1.38 42
mate tea: roasted / green 0.47/nd 4.09/1.52 42
Formosa Sencha (green tea) nd 1.05 42
peppermint tea 0.46 0.85 42
fruit tea (instant) 0.82 0.22 42
coffee (ground beans) 4.0 30.1 53

- no data available; nd - not detected
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2.2.2.3 Metabolism, mutagenicity and carcinogenicity of NPAHs

NPAHs constitute a group of chemicals with a wide spectrum of genotoxic, mutagenic
and/or carcinogenic propertics. The toxic effects are extensively studied since 1977, when it
was discovered that organic extracts of collected particles from several places exhibit direct
mutagenicity when tested in the Ames Salmonella typhimurium bacterial assay >*. Non-
substitued PAHSs, also abundant in such samples, are mutagenic only after metabolic
activation. The knowledge of metabolism of NPAHs is indispensable when elucidating
mutagenic and carcinogenic effects of NPAHs. Due to the large amount of compounds, the
metabolism in vivo of only a few substances, including 1-nitropyrene and 2-nitrofluorene, has
been studied in detail. However, from the results on studied compounds, it seems that there
arc at least five metabolic activation pathways through which mutations can be induced by
NPAH:s in bactc.ial and mammaliar. systems and/or through whici: DNA biiding occurs.
Thesc are (sec Figure 2.3) %"
1) nitroreduction;
2) nitroreduction followed by esterification (in particular acetylation)
3) ring oxidation;
4) ring oxidation and nitroreduction;
5) ring oxidation and nitroreduction followed by esterification.
In bacteria, nitroreduction seems to be the major metabolic pathway whereas the fungus
Cunninghamella elegans is an example of where NPAHs are metabolized by ring oxidation ¥
The studies of mammalian metabolism proved that enzymes involved in metabolic pathways
— 1in particular those of cytochrome P450 — may be different in metabolism of a specific
NPAH * and may vary from species to species and in different target organs °°'. The
nitroreduction of NPAHs in vivo probably occurs mainly by bacteria in the intestinal tract.
Both bacterial and mammalian enzymatic systems are capable of reductively metabolizing
NPAHs under anaerobic and aerobic conditions, as depicted in Fig. 2.4. The nitroreduction of
a NPAH (I) may involve one- and/or two-electron transfers and results in the formation of the
corresponding nitrosoPAH (III), further reduction to the N-hydroxyaminoPAH (IV) and final
reduction to the aminoPAH (V), which are excreted in the urine after acetylation. The reaction
proceeds via one nitro radical (II) and two non radical intermediates (III and IV). In
mammalian cells, nitroreduction is catalyzed by a variety of enzymes, including NADPH
cytochrome P450 reductase ®. In oxidative metabolism on the aromatic ring, the first step is
transformation to phase I primary metabolites, such as epoxides, phenols and dihydrodiols,

and then to secondary metabolites, such as diol epoxides, tetrahydrotetrols and phenol
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epoxides. In mammalian systems, the phase I metabolites are then conjugated with
glutathione, sulfate or glucuronic acid to form phase II metabolites, which are more polar and
water soluble than the parent hydrocarbons. On reaching the intestine, the conjugated
metabolites can be deconjugated by the intestinal microflora and absorbed, entering the
enterohepatic recirculation. Further nitroreduction and N-acetylation can occur, resulting in
the excretion in urine and faeces.

The toxic effects of NPAHs are attributed to the formation of free reactive
nitroaromatic anion radicals and with conjugation reactions of metabolism intermediates with
the cellular macromolecules such as proteins and DNA. The key place for the mutagenic
activation is the nitrogroup after reduction to hydroxylamine, which is instable and readily
forms electrophilic nitrenium ion (-N"), which binds to DNA 5363 This reaction can occur
also after deacctylation {to arylhvdroxyamines) or ¢-acetylation (e.g., 1,8- ard
1,6-dinitropyrenc). Some NIPPAHs {c.g., 6-nitrobenizo[a]pyrene) may bc muiagenic only after
activation by oxidation to reactive epoxides or dihydrodiol epoxides, nevertheless this
activation is less common. The main DNA adducts detected with NPAHs in vivo and in vitro
are N-(deoxyguanosin-8-yl) (C8-substituted deoxyguanosine [dG]) derivatives. The DNA
adducts resulting from the nitroreduction of NPAHs are better characterized than those arising
from oxidative metabolism, although the latter may be of more importance in mammalian
metabolism. There is recent evidence for oxidative metabolism, e.g., in the genotoxicity of 2-

NN in human lymphoblastoid cell lines .

H OH OR
NO ' Py

Nitroredusction Esterification
: o

N/

0, Mutagenesis

' /N

OH He. LOR
NO. ANYS N7

Nitroreduction - Esterification

OH OH H
Ring-Oxidized
Metabolite

Figure 2.3  Metabolic activation pathways of NPAHs leading to mutation 3
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Figure 2.4  Aerobic and anaerobic meiabolism of NPAHs.

The toxicological effects of NPAHs are subjects of ongoing swudies. Sume NPAHs are
known carcinogens (e.g. l-nitropyrene, O-nitrochrysene, 2-nitrofluorene), and almost all
NPAHs are proved mutagens in vitro. Mutagenicity screening studies are of big importance
because about half of all carcinogenic chemicals tested in animals are mutagens that damage
DNA in microbial short-term tests ®. Elucidation of the relationships between the structural
and electronic features of NPAHs (i.e. the first half-wave reduction potential, the orientation
and number of the nitro group, the molecular dimensions, degree of aromaticity,
hydrophobicity and the number of electrons involved in the first step of the nitroreduction)
and their biological activities, including mutagenicity, may prove useful in predicting the
human health risks posed by these compounds. For example, the mutagenic potency of
dinitroderivatives in Salmonella typhimurium was revealed to be higher for several NPAHs
including dinitronaphthalenes than that of mononitroderivatives and increasing tendency
towards higher mutagenic potency with increasing number of rings (two to four), not followed
for NPAHs with five rings, was revealed ®. These two trends are in concordance with high
mutagenicity of dinitropyrene derivatives. The orientation of the nitro group is another
important structural factor in determining the mutagenic activity of NPAHs - it is suggested
that NPAHs with their nitro group oriented perpendicular or nearly perpendicular to the plane

of the aromatic rings generally exhibit weak or no mutagenicity *"**%

, probably because of
the inability of the aromatic system to fit into the active site of the bacterial nitroreductases
due to steric interactions ®’. From the electrochemical point of view, interesting are studies
showing positive correlation between reduction potential and direct mutagenicity of

structurally similar NPAHs 5. For nitrated naphthalenes including 1-NN and 2-NN a good
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correlation was reported between the cytosolic nitroreductase activities from rat liver and
single electron reduction potential measured by cyclic voltammetry "°.

1-NN and 2-NN have been examinated on genotoxicity in vitro on bacteria, fungi,
plants and mammalian or human cells and in vivo studies on Drosophila megalomanster and
rodents. 1-NN induced no sex-linked recessive lethal mutations, but did induce somatic
mutation/recombinations in Drosophila. In vitro results on bacteria and mammalian cells
further indicated DNA damage and gene mutations. Studies on 2-NN revealed inconclusive
results on genotoxicity in vivo on Drosophila megalomanster and rodents. On the other hand,
in vitro results on gene mutation in bacteria and human cells revealed clearly positive results.
However, there are littlc data from studies on experimental animals and no data available
from studies in humans on the carcinogenicity of 1- and 2-NN. Therefore, the IARC overall
evaluation: for botk compounds is that thcy are not classifiable as to their carcinogenicity t-

humans, group 3 (ref. %).

2.2.3 Amino derivatives of polycyclic aromatic hydrocarbons

Amino derivatives of polycylic aromatic hydrocarbons (APAHs) are together with
PAHs and NPAHs well known chemical mutagens and/or carcinogens. In comparison to the
latter mentioned classes of compounds, APAHs are mainly of anthropogenic origin, becausc
they are very useful chemicals from an industrial point of view. They have been extensively
used in manufacturing of dyes, as additives to polymer and rubber compounds, or as
intermediates in the manufacturing of other industrial chemicals, e.g. pesticides, medicines,
and surfactants 7"7>7’_ Thus, they are rarely intended to be present in the final product, but
can be found as residuals from incomplete reactions, as by-products, or as degradation

71374 Therefore, they can be

products either from intermediate chemicals or final products
found in a variety of workplaces and also in the industrial effluents. APAHs including
aminonaphthalenes have been further identified in crude oil and oil distillation products, as
well as in cigarette smoke and river water °. Further, APAHs are metabolites of their parent
NPAHs and can be formed in small amounts in radical atmospheric reactions. The most
important issue is their toxicological effect.

Many APAHs are toxic compounds and/or suspected human carcinogens ">, The
combination of a potentially high exposure and high toxicity explains why the use of these

chemicals is monitored and regulated 777®7*%°_ A correlation between aromatic amine exposure

and human cancer was first reported already in 1895, as bladder cancer was observed among
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workers in dye industry ®'. 2-AN was probably one of causative agents in this case, becausc
other studies conducted independently in the 1950s and 1960s showed that occupational
exposure to 2-AN, either alone or as an impurity in other compounds, is causally associated
with the occurrence of bladder cancer in humans *. The latent period between exposure and
development of bladder cancer is lengthy *°, but for longer exposure than 5 years the cancer
developes in more than 95 % of cases ®*. The carcinogenicity of 2-AN was confirmed also by
oral administration in many animal species (hamsters, dogs and nonhuman primates).
Mutagenic effect was confirmed in yeast, plants and bacteria . These results substantiated
the classification of 2-AN as carcinogenic to humans (IARC, Group 1). On the other hand,
the carcinogenicity of 1-AN is equivocal — an excess occurrence of bladder cancer was
observed in workers who had been exposed to commercial 1-AN for five or more years who
had nat also becn engaged in the production of 2-AN. However, commercial -AN mad:> at
that time may have contained 4-10% of 2-AN*. No carcinogenic effects of 1-AN were
observed following oral administration to mice, hamsters and dogs *>. No data are available
on the genctic and rclated cffects of 1-AN in humans, nevertheless it is mutagenic to
bacteria . Novadays, the overall evaluation of IARC categorizes 1-AN as not classifiable as
to its carcinogenicity to humans (Group 3).

The different biological effects of both compounds are probably caused by different
metabolic pathway in the organism. Metabolic activation of the carcinogenic aromatic amines
proceceds by pathways involving either an initial hydroxylation of the amine group
(N-hydroxylation) followed by further enzyme-mediated reactions or ring-hydroxylation in
ortho position to the amine. N-hydroxylation is the primary stage in the conversion of
aromatic amines to their ultimate carcinogenic forms. Many of these activated aromatic
amines or their more stable conjugates are transported to the bladder. The acidic conditions of
the urine facilitate the formation of reactive electrophile, nitrenium ion Ar-N"-R (Ar aryl
group, R alkyl, aryl or hydrogen atom) that interacts with the tissue. 2-AN is N-hydroxylated
to the reactive product N-hydroxy-2-naphthylamine, that is transported to the bladder as the
N-glucuronide, which is unstable at low pH values *'. This product reacts with variety of
macromolecules under mildly acidic conditions. Nucleoside adducts 1-(N-deoxyguanosinyl)-
2-naphthylamine, 2-(N-deoxyguanosinyl)-2-naphthylamine and purine ring-opened derivative
1,5-(2,6-diamino-4-oxo)pyrimidinyl-N-deoxyriboside-3-(2-naphthylurea) have been identified
in vitro after enzymatic hydrolysis of DNA. On the other hand, 1-AN appears to be non-
carcinogenic, most likely because the ring hydroxylation occurs at the expense of

N-hydroxylation. If, however, N-hydroxy-1-naphthylamine is synthesized, it acts as
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N-hydroxy-2-naphthylamine. Even though 2-aminonaphthalene used to be very important in
the manufacture of the so-called tar or aniline dyes, it is no longer produced because of its

adverse effects to humans and can still be found only as a by product of technical processes *°.

2.2.4 Hydroxy derivatives of polycyclic aromatic hydrocarbons

Hydroxy derivatives of PAHs (OHPAHs) are of big importance mainly in monitoring
of human exposure to PAHs, because following inhalative, oral or dermal resorption PAHs
are converted to epoxy and hydroxy derivatives by various enzymes, as described in chapter
2.2.1. Thus, measuring of PAHs mctabolites in urine represent a direct approach to assess
working and living conditions. 1-hvdroxypyrene, the only urinary metabolite of pyrenc, i.s
preferentially used as a biomarker for PAH exposure at workplaces, because pyrene is present

87.8£,89,90
. " y . Ap -

in most of PAHs mixtures art from 1-hydroxypyrene, the determinaticn of various

phenanthrene mctabolites 821 as well as selected isomeric hydroxybenzo[a]pyrenes 2092 10
urine has been described. 1-OHN and 2-OHN as major metabolites of naphthalene ' were
used for the assessment of human occupational and environmental exposure to PAHs, at
naphthalene producing plant >, plant processing naphthalene oil **, iron foundries 93,96
creosote impregnation facilities °7, and for workers employed in road bituminization * In an
extended study conducted in Germany on 277 volunteers, the highest 1-OHN and 2-OHN
levels were found in urine of converter bricklayers (120.1 pug L), coal-tar distillation workers
(56.0 ug L™, and coking plant workers (29.5 ug L™"). A good correlation was found between
naphthalene in air and urinary naphthols concentrations. Biological monitoring revealed
concentrations of the sum of both metabolites in smokers to be increased by a factor 1.6-6.4
compared to that in non-smokers at the same workplaces *°. Elevated levels of naphthols for

cigarette smokers were reported also in other studies °®'%-'!

. Further, naphthols are
degradation products ' and also metabolites ' of several widely used pesticides such as
carbaryl (1-naphthyl-methylcarbamate), a broad-spectrum industrial insecticide registered for
use in USA, Canada and many european countries '°*. 1-OHN is the major degradation
product of this pesticide. Moreover, both 1-OHN and 2-OHN have been used as a raw
materials for many purposes in the pharmaceutical industry '. Therefore, determination of

1-OHN in the presence of 2-OHN is also important in these applications. The toxicological
data for 1- and 2-OHN are inconsistent. Both are not classified by the IARC.
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2.3 Analytical methods for determination of PAHs and their

derivatives

Chemical properties of PAHs and their nitro, amino, and hydroxy derivatives offer a
variety of determination modes. The UV-spectrophotometric dctection is universal for all
mentioned classes of compounds after HPLC separation, similarly the flame ionisation
detector (FID) can be employed in connection with gas chromatography (GC). Nevertheless,
other methods may provide higher sensitivity and sclectivity for determination in complex
matrices and arc often preferred. The determination requires usually an extraction and
purification step depending on the matrix. In following chapter the common methods for the
determination of PAHs and their nitro, amino, and hydroxy and derivatives are summarized.
The electrochemical methods have been used less frequentl; so far, some examples
concerning the use of HPLC with electrochemical detection (HPLC-ED) methods are

specified in Table 2.4, enclosed at the end of this chapter.

2.3.1 Polycyclic aromatic hydrocarbons

The ubiquity of PAHs in the environment requires ambient monitoring especially of
air, water and soils by certified national institutions using validated methods. PAHs are
extracted from samples with a Soxhlet apparatus or ultrasonically (from filters loaded with
particulate matter, vehicle exhausts, sediments), by liquid-liquid partition or solid phase
extraction (watcr samples), after sample dissolution (fats, vegetable, mineral oil) or alkaline
digestion with a selective solvent (meat products). Extracted samples are usually further
purified by column chromatography, particularly on alumina, silica gel, or Sephadex LH-20,
but also by thin-layer chromatography. Identification and quantitation of PAHs is routinely
performed by GC-MS and GC-FID or by HPLC with ultraviolet, fluorescence and more
recently mass spectrometric detection, generally in series. In gas chromatography, fused silica
capillary columns are used, with polysiloxanes as stationary phases; silica-Cig columns are
commonly used in HPLC *. As the efficiency of separation that can be achieved with HPLC
columns is much lower than that with capillary gas chromatography, HPLC is generally less
suitable for analysis of samples containing complex PAH mixtures. The advantages of HPLC
derive from the possible choise of column packing materials, enabling separation of various
isomers that cannot be separated efficiently on the usual capillary GC columns and the

capabilities of the detectors with which it is used. Beside the selective and sensitive
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fluorescence detection, the electrochemical activity of higher PAHs also allows determination
by amperometric methods using normal-sized electrodes or microelectrodes as working
electrodes %', Amperometric detection should be universally applicable, since all PAHs
can be determined by electrooxidation giving radical cations 1% and can be used for the
determination of non-fluorescent PAHs. The merits of amperometric detection, such as
sensitivity, limits of detection and linear range are comparable or slightly better than those of
UV detectors %', The applicability of HPLC-ED was demonstrated e.g. on the analysis of
selected PAHs listed in the German drinking water standard in water samples '%°. The

analytical methods for PAHs determination are regularly reviewed *''%''!,

2.3.2 Nitro derivatives of polycyclic aromatic hydrocarbons

‘The determination of NAPHs in environmental samples is of particular interest
because of their possible mutagenic and carcinogenic effects. Not only their quantitation, but
also isomer-specific identification is often requested, as the biological activity depends on the
position of the nitro substituent. The problems in the analysis are presented by a variety of
environmental matrices, where NPAHs occur. As they are very complex, the samples often
contain thousands of compounds, including parent PAHs and other closely related derivatives
(in particular oxygenated PAHs such as aldehydes, ketones and carboxylic acids), which tend
to coelute with NPAHs under a variety of liquid and gas chromatographic conditions and are
present at concentrations 1 or 2 orders of magnitude higher than those of the nitro substituted
compounds ''**'"* A direct analysis of NPAHs is therefore often not possible and the
analytical methods must include an extensive sample cleanup and preliminary extraction and
prefractionation step.

Some methods for NPAHs determination are more of historical importance, e.g. thin
layer chromatography (TLC), which is rather simple and inexpensive technique. The detection
and characterization of seven NPAHSs by fluorescence quenching after TLC was described
already by Jiger in 1978 %' - NPAHs were reduced with potassium borohydride solution to
the corresponding APAHs, which are intensely fluorescent. Limit of detection for 1-NN was
500 ng. UV illumination before and after application of potassium borohydride solution was
used also by TLC at plates coated with a silica gel layer for determination of PAHs and their
amino and nitro derivatives; dichloromethane pure, and in mixture with n-hexane and

methanol was used as mobile phases ''*. TLC has been used for a preliminary separation of

NPAH as well 2'.
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reviews

The more frequently used methods for NPAHs determination were subject of several

41,115,116,117 . 6
SHEHT ahd include '

19,120,1
D 118,119,120,121

gas chromatography combined with a FI , the thermionic (TID) or nitrogen-

phosphorus  selective '22°'% detector (NPD), electron capture detector (ECD) 20 or
chemiluminiscence-based thermal energy analyzer (TEA) 124125126 The last one is very
selective, because only compounds containing NO, and NO functional groups can bc
detected, therefore the detector has been employed for analysis of complex mixtures with
detection limits as low as 8 and 7 pg for 1-NN and 2-NN, respectively 124 The ECD gives
strong signal to other electronegative species such as oxygenated PAHs, but is usually
more sensitive. Detection limit of 1 pg was reported for 1-NN '**. GC-NPD analysis has
ocen shown to be a valuable screening technique for NPAHs in complex samples such as
diescl praticulate followiny, a prefraciionation using anoilicr instruiiiental techinique 122
The universal FID is morc frequently used for measuring of retention characteristics of
NPAHs "™ "its use in practical analysis is very confined due to low sensitivity and
sclectivity 120,121

HPLC combined with fluorescence '*”'?*'*(FD), chemiluminiscence (CHLD) 130,131,132
or electrochemical '*13*13*%135 detector. The FD works only after reduction of NPAHs to
APAHSs, becausc NPAHs produce very low yield of fluorescence after irradiation by the
UV light, as a result of the strong electron withdrawing effect of a nitro group. Several
methods were developed to reduce NPAHs to APAHSs, e.g. by using on-line zinc '*>"*' or
Pt/Rh reduction %% In the above methods, an extra-column was required for packing
the zinc powder or Pt/Rh-coated alumina. The detection limits for CHLD can be about

132,136

two orders lower than those with fluorescence For l-nitropyrene, limit of

determination (LOD) of 410" mol L™ using CHLD was achieved, for dinitroderivatives
of pyrene it was even one order of magnitude lower 136 Another alternative is the usc of

the electrochemical method for NPAHs reduction prior fluorescence or

127 Moreover, electrochemical detection in itself has been

applied as a simple, sensitive, and reproducible method for the reducible NPAHs 133,

chemiluminiscence detection

Some examples of HPLC-ED determinations are characterized in Table 2.4.

gas chromatography-mass spectrometry (GC-MS) in electron impact (EI) 120,124,137, 138

139,140141,142

positive ion chemical ionization or negative ion chemical ionization (NICI)

electron capture (EC) 2%1714!

mode. GC-MS provides information on the actual structure
of molecules and therefore can allow identification of compounds when no standard is

available. GC-NICI-MS is a very powerful technique for analysis of air and diesel
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particulates '**'*!. The detection limit can be as low as 0.3 pg for 1-NN per injection .

The LODs achieved by EI ionisation are usually higher '¥’, i.e. Sekyra '8 has analyzed
NPAHSs in air particulate matter with LOD 5 pg for both 1-NN and 2-NN.

e EC-MS, which also provides adequate sensitivity and selectivity for the analysis of
NPAHs in most matrices ''*; however, there is still difficulty due to interference from
oxyPAHs 13,

o tandem mass spectrometry (MS/MS) '*2. Combining this technique with GC-EC gives
four ,,separation” stages: a chromatographic separation, a selective ionization method and
two mass spectrometric analyses ',

More reccnt developments in this field include (i) selective detection of several

NPAHSs by using time-of-flight MS '**'%%; (ii) a method using supereritical fluid extraction

ana on-line multidimensional cliromatographic methiods (nor:unal-phase high-perfurmance

27147
S and

liquid chromatography coupled tv a high-resolution GC) and ion trap detector M
(iii) particle beam liquid chromatography-MS with NICI mode '**. Using this method, the
detection limits for several NPAHs were at the picogram level. However, the most volatile
1-NN and 2-NN were not detectable even at microgram levels, which was explained by their
loss in the momentum separator. Alternative separation methods, e.g. micellar electrokinetic
chromatography, succeeded in separation of mononitro-naphthalenes and biphenyls, however,
no application to real matrix was presented M,

It follows from this overview that the analysis of NPAHs in real samples requires a
complex approach and can be hindered by a lack of adequate instrumental sensitivity or
selectivity and limited availability of native and isotope-labelled standards. The full
identification and quantification of sample composition requires often a combination of
several analytical techniques. The electrochemical methods of detection, which will be
discussed in next chapter, offer the possibility of inexpensive and fast screening of
environmental matrices as alternative to the time consuming and expensive separation
approaches. Moreover, the studies on electrochemistry of NPAHs are unevitable when
developing new electrochemical detectors, which enable relatively selective and sensitive
detection of NPAHs after their chromatographic separation. This detection is based on the
electrochemical reaction of analytes at the electrode surface, which requires electrically
conductive, and oxygen free mobile phase and samples. Oxygen reduction current causes an
increase in the background current and also limits the useful working electrode potential
window. To avoid the presence of oxygen, connecting tubing in the HPLC system

impermeable to oxygen has to be used and mobile phase must be degassed. Typical detectors
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B30I o wall-jet '*? type using three electrode system with working,

133,152

are of the thin-layer

reference and auxiliary electrode. Largely, a glassy carbon 130151

or a gold/mercury
working electrodes have been used. Most electrochemical detectors were operating in the
constant reductive amperometric mode. Attempts to use the detector in the difterential-pulse

1
1%

mode were not very successfu Some examples for HPLC-ED determination of

nitronaphthalenes are listed in Table 2.4.

2.3.3 Amino derivatives of polycyclic aromatic hydrocarbons

Aromatic amines are another class of environmental pollutants, introduced in chapter
2.2.3. The analytical methods for their identification in environment depend on the matriﬁ
similarly to PAHs. Low cost and simple direct spectrometric and electrochemical methods
could by used for :nalysis of more simple matrices, e.g. urine, where APAHs are present as
biological markers, in assessing human exposure to their parent NPAHs . The spectrometric
methods for the determination of APAH are performed directly or after derivatization >,
which is based on the formation of azodyes. The electrochemical methods take the advantage
of anodic oxidation of the amino group, therefore voltammetric methods as DC and
differential pulse voltammetry on suitable solid or carbon paste electrodes have been applied
to determination of APAHs "°°>''*°. The electrochemical behaviour of 1-AN, 2-AN, and
2-aminobiphenyl has been studied at carbon paste electrode (CPE), screen printed carbon
electrode (SPE), and on both electrodes modified with a-, B- and y-cyclodextrin. The values
of LODs were approximately one order of magnitude lower for the modified SPE than those
for modified CPE and reached the levels as low as 10 mol dm™ (ref. ). Rotating glassy
carbon electrode was also used for the determination of 4-aminobiphenyl in acetic acid
(0.1 mol L™")/methanol media with detection limit of 5107 mol L™ when using differential
pulse voltammetry'>®. Spectrophotometric and voltammetric determination of trace amounts
of 2-AN in waste waters was published by Stara et al. °’. They used a graphite electrode
modified by corund in NaClO4/methanol media.

The selectivity of both named techniques is low, therefore, the attention has to be paid
to the sample preparation before analysis. For complex matrices, it is inevitable to use one of
the separation techniques. Mostly chromatographic techniques have been used, i.e. TLC, GC
and HPLC. Novadays, TLC is not often used for the determination of APAHs due to limited

selectivity, somewhat improvement can be achieved by application of two-dimensional
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technique. 1-AN and 2-AN were successfully separated by TLC at aluminium oxide ',
silicagel '®', and silicagel impregnated with cadmium sulphate '*%.

Gas chromatography has been often used for the analysis of APAH in complex
matrices for its high separation efficiency, short analysis time and sensitivity of selected
detectors. However, GC analysis of free amines generally has some inherent problems related
to the difficulty in handling low-molecular mass amines because of their high water solubility
and the tendency to be adsorbed and decompose on the column. A common method of
overcoming thesc problems is the conversion of APAHSs to relatively non-polar derivatives,
such as acyl, silyl, dinitrophenyl, permecthyl, Shiff base, carbamate, sulfonamide and
phosphoamide compounds '®* . Furthermore, introducing of halogen and pho_sphorué
containing groups in molecules enables the use of clectron capture dctector (ECD) and flame
pliotometric detector (FPD). For derivatized and non-derivatize APAHs, a wide va:iety of
other detectors, such as flame tnermiionic (FTD), and nion-flame thermiionic specific detector
(TSD), alkali flame ionisation (AFID), and chemiluminiscence (CHLD) detector can be

164,165

used '*°. Besides these techniques, MS detection has been often employed to provide

structure information for unequivocal APAHs identification.
HPLC is considered as more suitable in comparison to GC, as direct determination of

APAHs is possible. The separations have been employed almost entirely in RP mode on Ciy

166,167,168 169,170,171

phase with several types of detectors, i.e. spectrophotometric , amperometric ,

172,173

. . 173 . ..
fluorescence , and chemiluminescence °. The lowest detection limits are usually

achieved using chemiluminiscence and fluorescence detectors and can reach the values about

10° mol L (ref. 171’173), the LODs achievable with amperometric detection are about one

172 171,172

. Different sample matrices were analyzed including urine ,
173

order of magnitude higher

168

- 169 . 167 . -
river '® and seawater ', rat skin '®’ and waste gas ', crude oil and derived products '™, and

food '"*. Selected HPLC-ED methods for determination of 1- and 2-AN with their detection
limits and electrode chracterization are listed in Table 2.4. Extended reviews on GC and
HPLC analysis of APAHs are given in ref. '®. As an alternative to these methods,
conventional capillary electrophoresis with UV and electrochemical detection has been

75

recently applied to the analysis of aromatic amines '’ . Microchip CE devices with

amperometric detection at boron-doped diamond microelectrodes was recently emloyed for

. . . . . . 176
the detection of aromatic amines in spiked river water .
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2.3.4 Hydroxy derivatives of polycyclic aromatic hydrocarbons

The development of analytical methods for determination of OHPAHs is focused on
their presence in biological matrices, particularly urine, where they occur as metabolites of
parent PAHs. HPLC with fluorescence detection is the most commonly employed technique
due to its sensitivity and selectivity and 1-hydroxypyrene as biomarker of PAHs exposure is
usually included as one of the analytes of interest in the studies '"”'"®!”®. Spectrophotometric,
amperometric ', and mass spectrometric detectors '** were used only in a few cases. Interest
has existed also in the application of gas chromatography with clectron capture '8! flame
ionization **, and mass spectrometric detector °’. Some of the most extensive GC-MS work
has been performed by Grimmer and co-workers ”. Overviews of investigations of PAPI
metabolites using HPLC and GC-MS can be found in summaries by Jongeneelenlsz. Other
biologic:zl matrices containing OHPAHs are rarely investigated, e.g. cap:lary zornc
electrophoresis  with laser induced fluorescence detection was used for analysis of
hydroxypyrene derivatives in hepatopancreas samples from the terrestrial isopods and flatfish
bile samples from individuals exposed to polluted sediments or crude oil '*’. Several methods
were developed for the analysis of aerosol samples, e.g. Galceran and Moyano detected
OHPAHs at pg m” level when using HPLC-ED setup with flow-through large-surface porous
graphite clectrode '*. The HPLC-ED methods, where 1-OHN was determined, is specified in
Table 2.4.
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3.1 Introduction

Because of the presence of reducible nitro moiety, trace amounts of NPAH can be
determined using polarographic and voltammetric techniques. The long history of
investigations on the electrochemistry of nitro-group containing compounds was started by
Shikata in 1925 ' with nitrobenzene as the first organic compounds studied by polarography.
After that, the polarographic behavior of numerous dinitroderivatives of benzene has been
investigated 2, but very little has been done with nitro compounds in the naphthalene serics.
The first publication dealing with polarography of 1-NN appeared in the late forties and
other papers concerning its reduction in acidic medium were published shortly after *°. Later
the polarographic reduction of nitronaphthalenes and their substituted derivatives in buffers

d *7®. These and other studies are listed in a

containing 50 % - 80 % of ethanol was investigate
historical overview in Table 3.1. The purpose of the studies span from analytical
determinations over toxicological applications to studies of reduction mechanism. These
studies confirmed that mononitronaphthalenes are reduced similarly to most nitroaromatics
(ArNO;) 1n a diffusion-controlled four-electron irreversible wave to the hydroxylamino
derivative (ArNHOH) (Eq. 3.1). In acidic medium the protonated form of this hydroxylamine

1s further reduced in a two-clectron process to the aminoderivative (ArNH,) (Eq. 3.2).

ArNO, +4¢™ +4H* — ArNHOH +H ,0 (3.1)

ArNHOH +2¢” +2H' — ArNH, +H,0 3.2)

The apparent four electron reduction of aromatic nitrocompound to the hydroxylamine,
summarized in Eq. (3.1), takes place via the dihydroxylamine ArN(OH),, which dehydrates to
yield the nitrosocompound (ArNO) (Eq. 3.3). The further reduction of ArNO, which occurs at
potentials more positive than that of ArNO,, thus appears as one step of the whole reduction

process.
AINO, « 22" 5 ArN(OH), —:2 5 ArNO 225 ArNHOH (3.3)

The detailed mechanism of these processes was studied with nitrobenzene and its
derivatives bearing an electron attracting substituent (e.g. 4-nitrobenzophenon, which has
stable ArN(OH); derivative) >'® and nitrosobenzene ''. It was demonstrated by Laviron et al.
that the reaction sequence (order of addition of electrons (e’) and protons (H")) is independent
of the potential '%, however is strongly dependent on the pH. These authors proposed a general

reaction scheme for the reduction of nitroaromatics, composed of two 9-member square
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schemes (see Fig. 3.1A), linked by the dchydration of the intermediate ArN(OH),. Each
member of the scheme represents the possible intermediate during reduction, the reductions
are written horizontally from the left to the right and the protonations downwards. The real
pathway for a particular nitrocompound depends on pH of the supporting electrolyte, as the
pKa values characterizing the protonations (downwards reactions) are somewhat different for
each derivative. However, the trends of the succession when passing from acidic to basic
media can be generalized and are highlighted in the Fig. 3.1B. In the common pH range
(0-14), the first step of the reduction is the electron uptake forming the nitroradical (ArNO;")
(Eq. 3.4):
AINO, +e” <> ArNO; (3.4)

This hypothesis is novadays generally accepted, although in the past it was suggested
that in acidi< media the protonation of nitro group precedes the first eleciron uptake " The
formation of the nitroradical is well documented in alkaline medium, in the presencc of
surfactants, and in aprotic media '*. Its increased stability in these cases can be interpreted as
due to an inhibition of the rate of subsequent protonation of the ArNO,", which is the rate
determining step of the reduction. As most of NPAHs have limited solubility in aqueous
media, their electrochemical behaviour is frequently studied in mixed media of appropriate
organic solvent mixible with water, which may also effect the reduction mechanism.

In following chapters, modern electroanalytical techniques such as DC tast
polarography (DCTP) and differential pulse polarography (DPP) at a classical dropping
mercury clectrode (DME), or differential pulse voltammetry (DPV) and adsorptive stripping
voltammetry (AdSV) at a hanging mercury drop electrode (HMDE) for the determination of
trace amounts 1-NN and 2-NN in mixed aqueous-methanol media will be compared in terms of
optimum conditions for the determination, sensitivity and limits of determination. The
mechanism of reduction and characters of cathodic currents will be investigated by DC
polarography and cyclic voltammetry (CV). The theory of mentioned polarographic and

voltammetric techniques is well described in monographs 1161718
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ArNO, <> ArNO;

) )
ArNO,H"* <> ArNO,H"* <> AtNO,H"
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ArN(OH)(OH,)" 0 0
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Figure 3.1 A —The general reaction scheme for the reduction of an aromatic

nitrocompound (ArNQ;) to the corresponding phenylhydroxylamine (ArNHOH).

B — Schematic representation of the reaction path on Fig. 3.1A4 in pH regions indicated on the

graph (adapted from ref. 12
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3.2 Experimental

3.2.1 Reagents

The stock solutions of 1- and 2-NN (¢ = 1-10" mol L") were prepared by dissolving
0.0173 g of the substance in 100 mL of mecthanol or dimethylformamide (DMF). The purity
of the substances was controlled by HPLC **. More diluted solutions were prepared by exact
dilution of the stock solution with methanol or DMF. All the solutions were stored
refrigerated in the dark. Methanol, DMF, sodium hydroxide and lithium hydroxide were of
analytical grade purity (Lachema, Czech Republic). Britton-Robinson buffers (BR buffers)
were prepared in a usual way, i.e. by mixing a soiution of 0.04 mol L' in phosphoric acid,
0.04 mol L' in acetic acid and 0.04 mol L in boric acid with the appropriate amount of
0.2 mol L' sedium hydroxide solation **. >hemicals for the preparation of the Britton-
Robinson buffers were obtained from Lachema. De-ionised water was produced by Milli-Qpyys

system (Millipore, USA).

3.2.2 Apparatus

Measurements were carried out using a computer driven EcoTriboPolarograph with
PolarPro software, version 4.0 (both EcoTrend, Prague, Czech Republic) in combination with
a classical DME or HMDE, type UMLE (EcoTrend), a platinum wire auxiliary electrode and
silver/silver chloride (1 mol L™ KCI) reference electrode, to which all the potential values arc
referred. The parameters of the classical DME used in DC tast and DP polarography were as
follows: At a mercury reservoir height of 2 = 81 cm, the flow rate was m = 0.48 mg s and
the drop time was 7= 5.8 s (at an applied voltage of 0 V in 0.1 mol L' KCI). The mercury
flow rate was measured by dipping the tip of the capillary to a previously weighed beaker
with a small amount of mercury for 300 s at constant height of the reservoir. Work with the

DME was carried out at a polarization rate of 4 mV s™

and controlled drop time of 1 s. For
DPV and AdSV at HMDE, the maximum drop size attainable obtained by opening the valve
for 100 ms, with a surface of 0.864 mm®, and polarization rate of 20 mV s were used. The
modulation amplitude in pulse methods (DPP at DME, DPV and AdSV at HMDE) of -50 mV
with pulse duration of 80 ms was used. Spectra were measured in quartz cuvettes (Hellma,
Germany, optical path lengths 0.1 cm) vs. methanol in spectrophotometer Pye Unicam
SP-400 UV/VIS (Cambridge, UK), the spectra in electronic format (Fig. 3.2) were obtained

using diode array spectrophotometer HP 8453 (Hewlett Packard, Netherlands). The solution
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pH was measured using Conductivity & pH meter Jenway 4330 (Jenway, England). pH
values refer to those of the buffer, pH values refer to those of the resulting pH of the mixtures

of the buffer with the organic component.

3.2.3 Procedures

The general procedure to obtain polarograms or voltammograms was as follows:
A required amount of the stock solution of the test substance in methanol was placed in a
10 mL volumetric flask, an appropriate volume of methanol was added and the system was
diluted to volume with a Britton-Robinson buffer of the required pH. Oxygen was removed
from the measured solutions by bubbling with nitrogen for five minutes. A prebubhlér
containing a watcr-methanol mixture in the same ratio as in the polarographed solution was
placed prior to the poiarographic vessel. The calibration curves were measured in triplicate,
the height ot the peaks used for cvaluation was measured from the straight iine connecting the
minima before and after the peak, if not stated otherwise. The statistical parameters of
calibration dependences (i.e. slope, intercept, limit of determination) were calculated
according to Oppenhelmer », Schwartz %°, and Ebel >’ using statistic software ADSTAT
version 2.0 (Trilobyte, Czech Republic). This software uses confidence bands (a0 = 0.05) for
calculation of the limit of determination (LOD). It corresponds to the lowest signal for what
relative standard deviation is equal 0.1 (ref. *®). The ADSTAT software was also used to test
the significance of the intercepts of linear calibration dependences. As these were basically
non significant, the intercept values are not listed in tables summarizing parameters of

calibration dependences (Table 3.3, 3.4, and 3.5). Exemptions are mentioned in the text.

3.2.4 Stability of stock solutions of 1- and 2-nitronaphthalene

The stability of the stock solutions of 1-NN and 2-NN (c¢= 1-10° mol L") in
methanol was monitored for 6 months, corresponding spectra are depicted in Fig. 3.2. The
absorbance of the stock solution was measured at 4 = 326 nm (1-NN) and 4 = 303 nm
(2-NN), where the absorption maxima appeared. The results of these measurements are
summarized in Table 3.2. The calculated value of molar absorbance coefficient (g at this
wavelength is 3.96:10° dm® mol” cm™ and 8.01-10° dm® mol™ ecm™ for 1-NN and 2-NN,
respectively.

It follows from Table 3.2 that the stock solutions of 1-NN and 2-NN in methanol are

stable for at least six months, because no observable decrease of concentration was observed.
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Table 3.2 Spectrophotometric stability studies of stock solutions of 1- and 2-NN
(c=110° molL") in methanol. The relative concentration ¢ in % compared to the

concentration of a fresh prepared solution is given.

Days 0 1 3 5 10 26 87 215
¢c(I.-NN)[%] 100 996  99.6 997 995 994 992 994
c(2NN)[%] 100 998 998 996 995 992 993 992

absorbance
[A.U] A
3
Al
1k
0 -
200 300 400 500
A[nm]
absorbance B
[A.U.]
0 " 1 "
200 300 400 500
A[nm]

Figure 3.2 UV spectrum of 1-NN (4) and 2-NN (B) in methanol (c = 1-10° mol L of each

analyte). Measured in 0.1 cm quartz cuvettes vs. methanol.
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3.3 Results and discussion

3.3.1 Polarographic determination of 1- and 2-nitronaphthalene at a
dropping mercury electrode — DC tast polarography and differential
pulse polarography
The influence of pH on DC tast polarograms of 1- and 2-NN was investigated in a

mixed BR buffer - methanol (1:1) medium, obtained polarograms are depicted in Fig. 3.3. It
can be seen that under these conditions the DC tast polarogram exhibits one, well developed
irreversible wave in the whole investigated pH range. Thie dependence of the half wave
potential (£;,) on the pr of the basc electrolyte (Fig. 3.4) suggests equal number of
exchanged electrons and protons in the range of pH' 2.7-10.3. This wave corresponds to the
reduction of 1- or 2-nitronaphthalenc to corresponding hydroxylaminonaphthalere, according
to Eq. (3.1). The half-wave potential of this first wave shifts to more negative values with
increasing pH'. This shift can be described in the range of pr 2.7-10.3 by following
relationships:

I-NN: £, [V] =-0.069 pH'+ 0.010 (R =-0.9981) (3.5)

2-NN: £, [V]=-0.062 pH' - 0.042 (R =-0.9976) (3.0)

In the range oprf 11.2-12.2, the £, values for both compounds do not change significantly.
At pHr 2.7-5.9, a second, much lower, poorly developed irreversible wave can be seen,

obviously  corresponding to  the  further irreversible reduction of the

hydroxylaminonaphthalene to 1- or 2-aminonaphthalene, according to Eq.(3.2). The half
wave potential of this wave is also pH' dependent for studied analytes:

1-NN: £, [V]=-0.142 pH - 0.023 (R =-0.9931) (3.7)

2-NN: E;,, [V]=-0.167 pH + 0.037 (R =-0.9865) (3.8)

The height of this wave is not easy to evaluate and therefore it is not suited for analytical

purposes.

The height of the first wave is more or less constant for 1-NN in the whole pH range
measured, nevertheless, the best developed and steepest waves were obtained in a mixed
medium of BR buffer (pH 12.0) - methanol (1:1) (resulting pr of the mixture 12.2). Because
the buffer capacity around this pH is already limited and the prevailing component of the
buffer is NaOH, only 0.01 mol L' NaOH was used for measuring calibration dependences.

The height of the wave is a linear function of 1-NN concentration within the concentration
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range of 0.8:107 -1-10* mol L™ (see Table 3.3). In Fig. 3.5, the polarograms obtained in the
lowest concentration range attainable are depicted.

For 2-NN, slight differences in wave-heights are observable, the highest limiting
currents were obtained in a mixed medium of BR buffer (pH 8.0) - methanol (1:1) (resulting
pH' of the mixture 8.8), where calibration dependence was measured. The calibration curve is
linear within the concentration range of 2:10°® -1:10* mol L, the LOD is 2:10® mol L™,
Further, 0.01 mol L' NaOH - methanol (1:1, pr 12.2) as for 1-NN was also tested as
supporting clectrolyte, nevertheless the slope of calibration dependence was lower and the
LOD (410 mol L") higher than for mixed BR buffer - methanol (pr 8.8) medium.

The electrochemical behaviour ot 1-NN and 2-NN using DPP at DME was studied
analogically under thc same conditions as above. It reflects the bchaviour in DC tast
polarography, thus both compounds give in the pr range of 2.7-12.2 one, well develoned
pcak, which shifts towards more ncgative potentiais with increasing pIIf. At pH" 2.7-29 a
second, much lower and poorly developed peak appears. Obtained polarograms are depicted
in Fig. 3.6. The best developed and most easily evaluable peaks were obtained again in a
mixed Britton-Robinson buffer - methanol (1:1) medium, pr 12.2 (1-NN) and pH" 8.8
(2-NN). The parameters of calibration curves are summarized for both polarographic

techniques in Table 3.3.
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tigure 3.3 Selected DC tast polarograms of 1-NN wnd 2-NIN (¢ = 1 16 mol L) in BR
buffer - methanol (1:1) mixture, resulting pr.' 2.7(1), 4.9 (2), 7.0 (3), 8.8 (4), 10.3 (5), and

12.2 (6).
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Figure 3.4 The dependence of the half-wave potential E;;; of I-NN and 2-NN (c = I-1 0
mol L) on pr measured by DC tast polarography at DME. Base electrolyte: BR buffer -

methanol (1:1) mixture.

1 —the first wave; 2 — the second wave
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Figure 3.5 DC tast polarograms of 1-NN in 0.0] mol L NaOH - methanol mixture (1:1,
pH 12.2), ¢ (I-NN) = 0 mol L (1), 8:107 mol L (2), 1-10° mol L' (3), 2:10° mol L' (4),
410 mol L' (5), 6:10% mol L' (6), 8:10° mol L (7), 10-10° mol L™ (8).
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Figure 3.6 Selected DP polarograms of 1-NN and 2-NN (c = 1-10* mol L’ ) in a BR buffer -
methanol (1:1) mixture, resultinngf: 2.7(1),4.9(2),7.0(3),88(4), 10.3 (5), and 12.2 (6).
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Table 3.3

Parameters of the calibration straight lines for the polarographic determination
of I-NN and 2-NN. Base electrolyte: 1-NN: 0.01 mol L NaOH - methanol (1:1, pr 12.0)
mixture; 2-NN: BR buffer - methanol (1:1, pr 8.8 ) mixture.

f

Analyte pH® pH' Concentration Slope Correlation LOD
[mol L] [mA mol® L] coefficient [mol L'1]
DC tast polarography
120 122 (2-10)107 3.245+0.187  0.9950 --
I-\N 120 122  (0.8-10)010° 2970+ 0.076  0.9987 1-10°
8.C 8.7 (2-10y°107 3.97+0325  0.990! -
2-NN
8.0 8.7 (2-10)-10°° 3.69+£0.195  0.9958 2:10°
' DP polarography B
120 122 (2-10)'10°  4.863+0.146  0.9987 --
1-NN 120 122  (2-10)10°  5121+£0.178  0.9982 --
120 122 (2-10)-107 5217+0.115  0.9993 1-10”
8.0 88 (2-10)-10°  4951+£0.192  0.9980 -
2-NN 80 88 (2-10)-10°  4.794+0.246  0.9967 -
8.0 8.8 (2-10)-107 4280+0.201  0.9923 2:107

* pH of the Britton - Robinson buffer or 0.01 mol-L™! sodium hydroxide
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3.3.2 Voltammetric determination of 1- and 2-nitronaphthalene at
a hanging mercury drop electrode — differential pulse voltammetry

and adsorptive stripping voltammetry

Also for DPV at HMDE, the influence of pH' on recorded voltammograms was
investigated in mixtures of BR buffer pH 2.0-12.0 with methanol (1:1). As in previous cases,
the substances give one or two (at pr 2.7-5.9) peaks. The dependence of the peak potential of
the first peak (£,/) on the pHr in the range of 2.7-11.2 can be described by following

equations:
I-NN: E,, [V] = -0.065 pH' + 0,022 (R =-0.9984) (3.9)
2-NN: E,; [V] =-0.063 pH + 0.011 (R =-0.9967) (3.10)

The highest peaks were obtained in a mixed medium BR buffer (pH 12.0) - methanol
(1:1) (resulting pH" of the mixture 12.2) for both compounds (Fig. 3.7). In order to decrease
the content of possible impurities in the supporting electrolyte, for the measurement of
calibration curves, the buffer was replaced by 0.01 mol L' NaOH. Calibration curves were at
first measured in a medium containing 50 % of methanol, after that the content of methanol
was dccreased to 10 %. The limit of determination in the medium containing lower
concentration of methanol is about ten fold lower than for the medium with a higher content
of methanol (see Tab. 3.4), due to presumably better adsorption of studied analytes at the
clectrode surface in the medium containing lower content of methanol. The calibration curves
deviate from the linear course at concentrations higher than 5-10° mol L. This is presumably
due to adsorption and following fouling of the electrode surface by reduction products. The
DP voltammograms obtained for the lowest attainable concentration range of 1-NN are
depicted in Fig. 3.8. A small peak in the base electrolyte curve, which coincides with the peak
of 1-NN, is observable at the potential of 630 mV. This impurity is contained in the NaOH
used, because its peak height decreases when diluting the base electrolyte with deionized
water. Therefore, the calibration straight line was evaluated as shown in Fig. 3.9. Due to the
presence of the impurity, the calibration curve for this concentration range does not come
through the coordinate origin (Fig. 3.9, curve 1), which results in a statistically significant
intercept. After the subtraction of the impurity peak height from peak heights of 1-NN,
corrected values were obtained, giving practically zero, statistically non significant intercept
(Fig. 3.9, curve 2).

To lower the detection limits obtained by DP voltammetry, the accumulation of 1-NN

and 2-NN on the electrode surface was carried out. Supporting electrolyte without methanol
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was used for the accumulation, due to presumptive better adsorption of studied analytes at the
electrode surface. With 0.01 mol L' NaOH, the electrolyte base line was complicated by
peaks of accumulated impurities observable also after its ten fold dilution. Therefore, 0.001
mol L' LiOH was used as supporting electrolyte for further measurements. At first, influence
of the accumulation potential (F,.) and time (¢, on the peak heights was investigated
(Fig. 3.10) for the concentration of 1:10® mol L. For both compounds, the best developed
and repeatable peaks were obtained at £, = 400 mV. 300s and 120 s were chosen as
optimum accumulation times for 1-NN and 2-NN, respectively. The difference in #,.. may be
subscribed to differences in the structure of both compounds, further discussed in chapter
4.3.3. Calibration curve measured under optimized conditions (E,. = —400mV and
fue = 300s for 1-NN; Fue = -400mV and fue = 120's for 2-NN) are linear in the
cencentration range of 2:107-1-10® mol L {Tab. 3.5), voltammecgrams co:responding to this

lcwest attainable concentration range are depicted in Fig. 3.11.
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Figure 3.7 Selected DP voltammograms of I-NN and 2-NN (c = [-1 0 mol L'l) in a Britton-
Robinson buffer - methanol (1:1) mixture, resulting pr: 2.7 (1), 4.9 (2), 7.0 (3), 8.8 (4), 10.3

(5), and 12.2 (6).

Table 3.4  Parameters of the calibration straight lines for the DP voltammetric

determination of I-NN and 2-NN in a mixed 0.0] mol L' NaOH - methanol (9:1 and 1:1

medium.

Analyte pH® pr Concentration Slope Correlation LOD
[mol L] [mA mol™ L] coefficient [mol L]
120 122°  (2-10y107  1491+1.15  0.9915 2107
NN 120 12.0¢  (2-10)10°  42.58+1.01  0.9991 --
120 12.0°  (2-10)107  38.49+0.62  0.9989 -
120 12.0°  (2-10)10®  38.74+2.17  0.9952 3-10°8
120 122°  (2-100107  1620+125  0.9938 3-107
120 12.0°  (2-10)10°  39.15+1.56  0.9982 -
2-NN
120 12.0°  (2-10)107  40.19+0.75  0.9999 -
120 120 (2-10)10°  41.87+1.05  0.9963 1-10°*

2 pH of the sodium hydroxide; ° mixed 0.01 mol L™ NaOH - methanol (1:1) medium;

° mixed 0.01 mol L' NaOH - methanol (9:1) medium
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Figure 3.8 DP voitammograms of 1-NN in 0.01 mol L' NaOH - methanol mixture (9:1,
pH 12.0), ¢ (I-NN) = 0 mol L (1), 2210 mol L (2), 4-10° mol L' (3), 6:10° mol L"" (4),
810 mol L (5), 10-10°® mol L (6).
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Figure 3.9 The dependence of the peak height I, of I-NN on its concentration in the range
of 2:10%-1-107 mol L. Measured by DPV at HMDE in 0.01 mol L' NaOH - methanol

mixture (9:1, pr 12.0).
The dependence without (1) and after (2) the subtraction of the peak height of the

coincideting peak in the base electrolyte.
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Figure 3.10 Dependence of the height of the AdSV peak (I,) of 1-NN (full symbols) and 2-NN
(hollow symbols) on potential of accumulation E,.. (A) and the time of accumulation ta.. (B)
in 0.001 mol L' LiOH.
Conditions: 1-NN (c = 1-10% mol L’l) —Fig. (A) taee = 300 s, Fig. (B) Eqec =—400 mV

2-NN (c = 1-'10® mol L") — Fig. (4) taec = 120 s; Fig. (B) Eqecc = —400 mV
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Figure 3.11 Adsorptive stripping voltammograms of 2-NN in 0.001 mol L LiOH, t4e =
1205, Eqee = —400 mV, ¢ (2-NN) = 0 mol L" (1), 2210° mol L' (2), 4-10° mol L (3), 6:10°
mol L' (4), 8:10° mol L' (5), 1-10° mol L (6).

Table 3.5  Parameters of the calibration straight lines for the AdS voltammetric
determination of 1-NN and 2-NN.

1-NN: AdSV at HMDE in 0.001 mol L LiOH, tyec = 300 s, Eor = —400 mV

2-NN: AdSV at HMDE in 0.001 mol L' LiOH, toee = 120 s, Egec = ~400 mV

Analyte pH  Concentration Slope Correlation LOD
[mol L] [mA mol” L] coefficient [mol L]

1-NN  10.6 (2-10)10° 197.1+ 8.3 0.9925 2:107°

2-NN 106 (2-10)-107 247.6 £6.2 0.9991 2:107
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3.3.3 Cyclic voltammetry

Cyclic voltammetry is in the forefront of the study of the electron transfer and its
consequences. The cyclic voltammetric response curve provides information about electron
transfer kinetics and thermodynamics as well as the consequences of electron transfer. Hence,
cyclic voltammetry experiments in mixed methanol — aqueous media, ratio 1:1 and 9:1, and
nonaqueous media of dimethylformamide (DMF) with 0.1 mol L™ tetrabutylammoniumiodide
(TBAI) were carried out to investigate the mechanism of reduction. Britton-Robinson buffer
was used as aqueous phase and various scan rates (20, 40, 80, 100, 160, 320, 640, 1280, 2560,
and 5120 mV s™') were applied.

The neaks and trends at the recorded CV< were similar for the media containin‘g
aqueous piase - methanol in the ratio 9:1 and 1:1, for the latter the CVs of 1-NN and 2-NN
(c::]wO'4 mol L") at HMDE in mcrhanol - Brtton-Robinson bufter, pH 2.6, 7.0, and 12.0
(1:1, pHf 2.7, 8.0, and 12.2, respectively) arc depicted in Fig. 3.12. The first, the second, and
the twelfth cycle recorded at the scan rates of 100 mV s™ are presented. The CVs were
recorded from positive to negative potentials, the scan was reversed at the end of the potential
window. The first cycle features the cathodic peak p' in all studied media, corresponding to
the reduction of the nitro compound to the hydroxylamino derivative according to Eq. (3.1).
In acidic media, this peak is accompanied by the second peak p°* of consecutive reduction of
the hydroxylamine to the amino derivative (Eq. 3.2). Neither of the peaks corresponds to a
reversible process, as scen from the reversed scan. The anodic peak p™ at the potential of
400-450 mV less positive than p°' in this reversed scan corresponds to the two electron
reversible oxidation of the hydroxylamine (ArNHOH) to a nitroso (ArNO) derivative; the

reverse reaction produces cathodic p® in the second cycle:

ArNHOH <> ArNO +2¢™ +2H" (3.11)
There is a decrease of p°', probably because of fouling of the electrode surface by
reaction products, and slight increase of p* and p® current in neutral and alkali media
observable upon repetitive cycling. These peaks are only insinuated in acidic media when
cycling behind p® (reduction to ArNH,), but are obvious when reversing the scan
immediately after p°', as the produced ArtNHOH can be readily oxidized (Fig. 3.12A).
In alkaline medium (Fig. 3.12C), the peak p°' appears in the first cathodic scan,
however, this peak splits to two peaks p'® and p°'® from the second scan. This peak-splitting,
usually observable already in the first cycle, was reported for many analogical aromatic nitro

compounds, e.g., nitrobenzene and its derivatives in 80% dioxane 2% and aprotic solvents like
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acctonitrile and DMF at classical DME *° or for mixed DMF - alkaline aqueous media at
HMDE . The same phenomenon was observed also in aqueous solutions containing organic
surfactants >"**?****° Nitronaphthalenes were investigated in DMF containing 0.2 mol L
NaNO; *** or tetracthylammonium perchlorate ** as supporting electrolyte at mercury
electrodes producing the same two peaks. The reduction pathway for all this cases was

attributed to the following mechanism in two separate steps:
AINO, +e” <> ArNO;, (3.4)

ArNO; +3e” +4H" <> ArNHOH + H,0 (3.12)

The first step includes a fast reversible uptake of one electron forming a radical anion
(Eq. 3.4), the second step 1s a slow three electron irreversible reduction summarized in
Eq. (3.12). The rate determining step in Eq.(3.12) is the uptake of the second electron,
forming a niwosoanion, either directly or preceded by a protonization of the radical anion.
Therefore, the sequence of the electron and proton uptakes in both steps depends strongly on
the supporting clectrolyte as well as on the structure of the nitrocompound. The stability of
the nitro radical anion produced in Eq. (3.4) is obviously increased in media with lack of free
protons necessary for the completion of Eq. (3.12), as is the case of aprotic solvents or
strongly alkaline aqueous media. It was documented for mononitronaphthalene radical anions

F 36.37,39

after their electrochemical generation in DM or for benzene nitro radical anions in

alkalinc aqueous solutions by ESR measurements * and electrochemical methods ' The

* and p'® observed in Fig. 3.12C is the proof of a certain inhibition of the

splitting of p°'
electrode kinetic due to the presence of reaction products from the first cycle around the
HMDE surface. However, the consecutive reaction steps noted in Eq. (3.4) and (3.12) are not
fully isolated, because when cycling only behind the p® (ArNO;), the p~/p"
(ArNO/ArNHOH) pair is still present although its peak heights decrease (Figure 3.12C).

% and p°'® can be observed in the cathodic scan in Fig. 3.13,

The full isolation of p
obtained in DMF with 0.1 mol L' TBAI as supporting electrolyte. The expected stability of
the nitroradical in this nonaqeous media was confirmed by the existence of the anodic peak
pala, corresponding to the oxidation of the nitroradical to the nitro derivative, according to
Eq. (3.4). When the cathodic sweep was reversed after the p“a has been traversed, the
ArNO/ArNHOH (p°3/p83 ) couple can not be identified at the CVs, as the reduction to the
ArNHOH is not completed (highlighted full line in Fig. 3.13). The potential difference in this
case A(Ep°'® — Ep®'®) is ~85 mV for both studied analytes, indicating rather quasi-reversibility

of studied redox systems.
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The last interesting feature at CVs in methanol containing media is the presence of the
reversible p/p* couple. The height of these peaks is increasing under repetitive cycling,
however they are produced only when performing the scan in the potential range including
p~/p* to p°' reactions. When starting the cycling at more negative potentials than the
ArNO/ArNHOH (p®/p™®) pair can be recognized, neither of p©* and p** peaks is observable, as
clearly demonstrated in neutral media at Figure 3.12B. Moreover, these peaks were not
obtained under any conditions in the nonaqueous media. These results indicate that the
existence p/p** pair is causatively connected to the nitrogroup reduction finished to
ArNHOH, the completion of ArNO/ArNHOH redox reactions and the methanol - aqueous
media. As the p*/p** couple appears also when the cycle is reversed after the p° (ArNO,")
genesis and p** appears as first of p/p** in the second anodic scan, thus some nitroradical
iniciated reaction may be responsible for the formation of oxidizable product showing p‘“/pC4

.. . . . .41
pair of peaks. Similar pcaks were also observed for dinttronaphthalenes in the same media ™,

however, their exact identification would require a more extended mechanistic study.
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Figure 3.12 Cyclic voltammograms of 1-NN and 2-NN (c = 1-1 0* mol L ) at HMDE in BR
buffer - methanol mixture (1:1), pr 2.7 (4), 8.0 (B), and 12.2 (C). The I* (), the 2 (we-)

and the 24™ (—) scan, scan rate 100 mV s”. For the shortcut curves, the 24" (—) scan

presented. Peak description see in text.
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Figure 3.13 Cyclic voltammograms of 1-NN and 2-NN (c = 1107 mol L) in DMF +
0.1 mol L' TBAI in the whole potential range (the I*' (), the 2" (~--) and the 12" (—-)

scan) and reversed after the first cathodic peak (the | 2 (— ) scan), scan rate 100 m Vs

3.3.4 Characterization of the limiting current

Cyclic voltammetry and DC polarography was used to confirm that limiting current is
diffusion controlled. DC polarograms of 1- and 2-NN (¢ = 1-10™ mol L") were measured in
0.01 mol L' NaOH - methanol mixture (1:1, pH' 12.2) at different height of mercury reservoir
(h). It can be seen from Fig. 3.14 that the dependence of limiting current of the main reduction
wave corresponding with Eq. (3.1) on A" is linear and passes through coordinate origin, thus
the limiting currents of 1-NN and 2-NN are diffusion controlled.

The cyclic voltammograms of 1-NN and 2-NN (¢ = 1-10™ mol L") at HMDE were
measured in BR buffer pH 2.0, 7.0 and 12.0 media (1:1 and 9:1) and nonaqueous media of
DMF with 0.1 mol L' TBALI at various scan rates (20, 40, 80, 160, 320, 640, 1280, 2560, and
5120 mV s™). An example showing the CVs of 1-NN in methanol - BR buffer (1:1), pr 12.2
and its evaluation is depicted in Fig. 3.15, corresponding dependences of the cathodic peak
currents Ip°’, Ip”* and Ip®"® on the square root of scan rates follows in Fig. 3.16. These
dependences are linear as well as all other dependences of the cathodic peaks currents on the
square root of scan rate in media mentioned above, their parameters are summarized in
Table 3.6. The linearity and high correlations coefficients (R>0.9900) suggest that these

processes corresponding to reduction of the nitro group are diffusion controlled.
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Figure 3.14 The dependence of the limiting current (1ji) of 1-NN (0) and 2-NN (4) (c= 110”7
mol L'l) on h'?. Measured by DC polarography at DME in Britton-Robinson buffer -

methanol (1:1, pr 12.2) medium.
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Figure 3.15 Cyclic voltammograms of I-NN (¢ = 1-10* mol L") at HMDE in BR buffer -
methanol mixture (1:1), pH 12.2. The I°(—) and the 2" (----) cycle measured at the scan
rate of 40 (1), 160 (2), 640 (3) and 2560 (4) mV s, Peak descriptions see in text. The vertical

black lines indicate the way of peak current evaluation.
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Figure 3.16 Dependence of the cathodic peak current Ip°' (o), IpCl“ (), and Ipdb (m) of
I-NN (c = 110 mol L") on the square root of scan rate vy.. Measured by cyclic voltammetry

at HMDE in methanol - 0.01 mol L™ NaOH (1:1, pH' 12.2) medium.
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Table 3.6  Parameters of the linear dependence of the cathodic peaks heights of 1-NN and

2-NN on the square root of scan rate. Peak identity refers to Fig. 3.12.

Supporting electrolyte: Britton-Robinson buffer - methanol mixture (BRB-MeOH) or
0.1 mol L' TBAI in DMF.

Supporting | Peak Slope Intercept Correl. Slope Intercept Correl.
electrolyte |identity|[nA mV 25" [nA] coeff. |[nA mV 25" [nA] coeff.
1-nitronaphthalene 2- nitronaphthalene
BRB-MeOH| Ip°' -229.9 -142.4  0.9975 -192.8 -519.9  0.9958
pH 2.0 (1:1)| Ip° -125.1 -297.0  0.9986 -136.0 -104.1  0.9999
BRB-McOH| Ip*' -235.8 -252.2  (.9967 -263.6 -376.3  0.9970
pH'2.0 (9:1) | Ip® -149.5 -69.4  0.9996 -155.0 -252  0.9999
"BKB-McOH | B
OH'8.0 (1:1) Ip -244 .4 250.9  0.9999 -287.0 242.1  0.999%4
BRB-MeOH o
oH7.2 (9:1) Ip -233.7 49.3  0.9991 -338.1 -296.4  0.9982
BRB-MeOH| Ip* -112.8 -305.1  0.9992 -116.4 -117.1  0.9998
pH'12.2 Ipch -09.5 -103.0  0.9965 -89.8 -57.2  0.9952
(1:1) Ipe' -47.9 -405.5  0.9937 -48.6 -80.1  0.9993
BRB-McOH | Ip -302.9 -599.1  0.9987 -115.8 -123.1  0.9987
pH'12.0 Ipe' -165.4 52.1  0.9968 -100.72 111.9  0.9981
:1) Ipe' -77.0 -139.3  0.9928 -47.0 -104.8  0.9982
DMF + Ipc'® -61.3 -4.8  0.9997 -88.4 -171.6 ~ 0.9993
TBAI Ipe'® -120.1 2347 0.9934 -141.4 -680.11  0.9971
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3.4 Conclusions

New electrochemical methods for the determination of 1- and 2-nitronaphthalene were
developed applying DC tast polarography and differential pulse polarography at a classical
dropping mercury electrode and differential pulse voltammetry and adsorptive stripping
voltammetry at a hanging mercury drop electrode. The optimum conditions and achieved
limits of determination are summarized in Table 3.7. Nanomolar limits of detection werc
achieved for AdSV in base media of 0.001 mol L™ LiOH, pH 10.6.

Cyclic voltammetry was used to characterize the reduction mechanism. In mixed
methano! - aqucous media it follows the typical pathway of one nitro group containing
aromatics, 1.e. four clectron reduction of the nitro group to the hydroxylamino group (Eq. 3.1)
foilowed by its two electron reduction to amino group in acidic media (Eq.3.2). In
nonaqucous media, the initial one electron reduction of the nitro group to the nitro radical
(Eq. 3.4) occurs at more positive potential than the consecutive reductive processes leading to
hydroxylamine, thus two peaks are observable at the voltammograms. It was proved by DC

polarography and cyclic voltammetry that described processes are diffusion controlled.

Table 3.7  Optimum conditions and achieved limits of determination (LOD) for

polarographic and voltammetric determination of 1- and 2-nitronaphthalene.

Technique - LOD
Optimum conditions 1
electrode [mol L7]

1-nitronaphthalene

DCTP - DME 0.01 mol L' NaOH - MeOH (1:1, pH"12.2) 1-10°
DPP - DME 0.01 mol L™ NaOH - MeOH (1:1, pH" 12.2) 1-107
DPV - HMDE 0.01 mol L' NaOH - MeOH (9:1, pH"12.0) 310

AdSV - HMDE 0.001 mol L' LiOH, t,cc = 300 s, E e = —400 mV 2:10”

2-nitronaphthalene

DCTP - DME BR buffer - MeOH (1:1, pH' 8.7) 2:10°
DPP - DME BR buffer - MeOH (1:1, pH' 8.7) 2107
DPV - HMDE 0.01 mol L NaOH - MeOH (9:1, pH' 12.0) 1-10°

AdSV -HMDE  0.001 mol L LiOH, tzee = 120's, Epee = 400 mV ~ 2:107
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4.1 Introduction

The investigation on electrochemical performance of various electrode materials over
tens of years has confirmed that mercury is the best electrode material for electroanalytical
determination of studied NPAHs. However, with respect to strict ecological and safety rules
as well as popular prejudices and fears essentially complicating the use of mercury, there is a
tendency to substitute it with other non-toxic materials. In the framework of this research,
several years ago new types of clectrodes based on amalgam materials were introduced. They
were designed as follow-ups of previously described electrodes, where the metal surface was
covered by mercury 2. The carrier metals included Pt, Au, Ir, Cu or Ag in the form of a wire
or a disc. Thesc electrodes proved satisfactory especially thanks to their relatively high
hydrogen overvoltage and simplc regeneration, including electrochemical pretreatment of
their surface. On the other hand, the gradual amalgamation of the metallic support, formation
of intermetallic product and some technical difficulties, e.g., with fixing the solid metal in an
insulator body caused problems leading to further development of amalgam based electrodes.
As a result, the non-toxic solid amalgam electrodes based on amalgamation of soft metal
powder (MeSAE) were designed by Prague rescarch group °. In the same time, the Trondheim
research group developed a solid dental amalgam electrode, which was prepared simply by
placing the dental amalgam paste, containing Hg and Ag in weight 1:1 ratio, in a cavity of the
electrode holder. So far, this group focuses on the detection of heavy metals #3607 The
electrodes prepared by thc Prague group feature a variety of metals used for amalgam
preparation (e.g., silver, copper, gold, and thallium). They can be used either as mercury-free
electrodes after polishing of solid amalgam disc (p-MeSAE) or after modification of their
surfaces by mercury film (MF-MeSAE) or mercury meniscus (m-MeSAE). The last two
named posses a liquid, ideally smooth and isotropic surface of mercury, exposed to a slow
gradual amalgamation process. Among all the metals used, silver seems to perform best of all
MeSAE. It was shown that in the absence of specific interactions between the analyte and
silver from silver solid amalgam, the DPV peak potentials on m-AgSAE and HMDE are
nearly the same "*. Although the solid amalgam electrodes do not reach the quality of HMDE,
in many cases they approach it. It was proved by a variety of analytical applications, including
the voltammetric determination of heavy metals cations (Cu®, PbZ*, Cd*, Zn**, Fe’", NiZ¥,
TI*, In**, Cr’*) and some inorganic anions (NOs , 105, I, Br, SCN) 189 Moreover, m-

AgSAE and m-CuSAE were employed for the determination of organic compounds like

70



nucleic acids ', cysteine ®, azoaromatics ', and very low amounts of DNA 213 including the
detection of its possible damage '*. Preliminary experiments were done regarding the use of
m-AgSAE and m-AuSAE for the analysis of 1-NN, 2-NN, 2-, 3-, and 4- nitrobiphenyl '°,
nitro- and m-dinitrobenzene . Recently, a DP voltammetric method was proposed for
determination of 2-methyl-4,6-dinitrophenol at m-AgSAE with limit of determination 2:107
mol L™ (ref. ').

After an extended study on the use of modern electroanalytical methods for the
determination of 1- and 2-NN on mercury electrodes (chapter 3), this chapter is devoted to
study of voltammetric behaviour of studied analytes using m-AgSAE as the most reliable
amalgam electrode. Differential pulse voltammetry, cyclic voltammetry anda elimination
voltamimetry with linear scan were used for this purpose. The reduction mec.hanism,
sensitivity and reproducibility were investigated and compared with the situation at mercury

electrodes.

4.2 Experimental

4.2.1 Reagents

The stock solution of 1-NN and 2-NN (c = 1-10” mol L'') was prepared by dissolving
0.0173 g of the substance in 100 mL of methanol or dimethylformamide (DMF). More diluted
solutions were prepared by exact dilution of the stock solution with methanol or DMF. All the
solutions were stored in the dark. Methanol, DMF, and tetrabutylammoniumiodide (TBAI)
were of analytical grade purity (Lachema, Brmo, Czech Republic). Britton-Robinson bufters
were prepared in a usual way, t.e., by mixing a solution of 0.04 mol L' in phosphoric acid,
0.04 mol L' in acetic acid and 0.04 mol L' in boric acid with the appropriate amount of
0.2 mol L™ sodium hydroxide solution. Chemicals for the preparation of the Britton-Robinson
buffers were also obtained from Lachema, Brno, Czech Republic. De-ionized water was

produced by Milli-Qplus system (Millipore, USA).

4.2.2 Apparatus

Measurements were carried out using computer controlled Eco-Tribo-Polarograph
with Polar Pro software, version 5.1 for Windows 95/98/Me/2000/XP (both Eco-Trend Plus,
Prague, Czech Republic) in combination with a three electrode arrangement with a platinum

wire auxiliary electrode and silver/silver chloride (1 mol L™ KCI) reference electrode, to
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which all the potential values are referred. The working electrode was m-AgSAE with the disc
diameter 0.70 mm (area 0.385 mm?, calculated as the area of a hemisphere with the diameter
equal to the disc diameter). The electrode was supplied from Dr. Bogdan Yosypchuk, Institute
of Physical Chemistry, Academy of Science, Prague, Czech Republic and consisted of a
drawn-out glass tube, the bore of which near the tip was filled with a fine silver powder,
amalgamated by liquid mercury and connected to an electric contact : (Fig. 4.1 (A)).
Afterwards, it was immersed into a small volume of liquid mercury and agitated for
15 seconds to build up the mercury meniscus, which is clearly visible in Fig. 4.1 (B). The m-
AgSAE could be used for several weeks without major changes, only its regeneration through
mechanical contact with mercury is recommended to be repeated every week. The solution
»H was mcasured with PHM 62 digital pH meter (Radiometcr, Copenhagen, Denmark) using
combined glass clectrode. pH values refer to those of the buffer, pr values refer to these of

the resulting ph of the mixtures of the buffer with the orgenic component.

4.2.3 Procedures

Before starting the work, as well as after every pause longer than one hour, the
electrochemical activation of m-AgSAE was carried out in 0.2 mol L' KCI at —2200 mV
under stirring of the solution for 300 seconds and then rinsed with distilled water. For DPV
measurements, the work with m-AgSAE was carried out at a scan rate of 20 mV s, the pulse
amplitude of —50 mV, pulse duration of 100 ms, sampling time of 20 ms beginning 80 ms
after the onset of the pulse and interval between pulses of 100 ms.

The general procedure to obtain voltammograms was as follows: A required amount of
the stock solution of the test substance in methanol or DMF was placed in a 10 mL volumetric
flask, an appropriate volume of methanol or DMF was added and the system was diluted to
volume with a Britton-Robinson buffer of the required pH. Oxygen was removed from the
measured solutions by purging with nitrogen for five minutes under stirring. A prebubbler
containing a water-methanol (or DMF) mixture in the same ratio as in the tested solution was
placed prior to the polarographic vessel. Regeneration of m-AgSAE lasting about 30s
preceded each measurement; this included the application of 300 polarizing cycles,
representing the switching the working potential from E; to E; for 50 ms. E; was selected
about 50-100 mV more negative than the potential of the anodic dissolution of the electrode
material, £, was selected about 50-100 mV more positive than the potential of the hydrogen

evolution in the given base electrolyte. Under these conditions, eventual oxides of mercury or
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silver are reduced and adsorbed molecules are desorbed. For CV measurements, the
regeneration procedure was applied before the first cycle. The appropriate values of the
potential and the time of regeneration were inset and modified in the program of the used
computer-controlled instrument and regeneration of m-AgSAE could thus be carried out
automatically.

The calibration curves were measured in triplicate, the height of the peaks used for
evaluation was measured from the straight line connecting the minima before and after the
peak, as not stated otherwise. The statistical parameters (i.e. slope, intercept, limit of
determination) were calculated according to Oppenhelmer ', Schwartz '* and Ebel ° using
statistic software ADSTAT ver. 2.0 (1rilobyte, Czech Republic). The ADSTAT software was
also uscd to test the significance of the intercepts of linear calibration dependences. As thesc
were basically non significant, the intercept values are not listed in Table 4.1 summarizing
parameters of calibration dependences.

All the measurements were carried out at laboratory temperature.

4.2.4 Elimination voltammetry with linear scan

The elimination voltammetry with linear scan (EVLS) was used for the elucidation
and confirmation of the suggested mechanism on the m-AgSAE and HMDE. This method
belongs to the group of methods based on elimination of some particular currents from the
registered scans of linear scan voltammetry (DC voltammetry) **?'?***** The EVLS is bascd
on the assumption that the total registered current is composed from various contributions and
the EVLS eliminates or conserves its particular contributions or their combinations.
It is assumed that:
1) The registered current is the mathematical sum of particular currents:

[=3L= 1+ 1+ Lt L+ .. (4.1)
where the /; are the particular currents (/; — diffusion, /. — capacity, /; — kinetic and /;, — so
called irreversible currents).

2) All particular currents [; are expressible in form:

[j= Wi(%:0). Y{(E) 42)
where the Yj(E) functions are specific for each current type and are independent on scan
rate vsc and Wj(v,) functions are dependent on the scan rate v, and are totally independent on
E (ref. 2Y).

L= Ve Y W(E); 1= vse "YK(EY; L= s 'Y(EY; Ii= vse YA E) (43)
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The current function is then constructed and set of m equations for m scan rates is solved. By
this way simultaneously some currents can be conserved and some can be eliminated ****. For
each EVLS measurement, set of DC voltammograms with different rates of polarization (v,
Vi, Vi, 2v) were recorded and digital set of corresponding current values (e 112, 114, 1)
was used for calculation.

For the calculation of the following four current functions, one current was conserved
and the others were climinated (the equations are identical with equations (23), (25), (27), and

(29) in ref. *'):

SU) =0; fUle) =0, fL,) = I,
AU =+17.485-1— 11.6571,,, — 5.8284-1, (4.4)

SUI) =05 fley =9, ) = i«
fU) =-8.2426-1 + 6.8284-1;,, + 2.4142-1, (4.5)

S =0; fily) = 0; file) = 1
fU) =-8.2426-1 + 4.8284-1,,, + 3.4142-1, (4.6)

Sy =0; 161y =05 f(7)) =1,
f([) = 6,82851* 1 1,657‘11/2 + 4,8285‘[1/4 (47)

In the case, when the registered current is not a simple sum of particular currents and when
we cannot suppose the validity of eq. (4.1) and/or (4.2), it is possible to perform the same
calculations using the theoretical simulations of the processes and thus, on the basis of their
comparison, it can be distinguished whether the transported species are before reduction
adsorbed or not, or whether the diffusion controlled reaction is preceded by a kinetically
controlled reaction. In case of adsorption, characteristic peak - counterpeak form is obtained

24,25

for a simplified f{/;) function (according to ) and counterpeak-peak form for f{/;) and f{/%)

2627y, Using the above given equations (4.4)-(4.7), similar

current functions (according to
behavior of those functions were obtained (i.e., peak-counterpeak form for f{/;) and
counterpeak-peak form for f{/;) and f{/.)) and the shape of f{/;,) function (see Eq. (4.7)) was
similar to f{/;) function. The forms of elimination voltammograms of diffusion controlled
reduction preceded by a kinetically controlled reaction are opposite, i.e., counterpeak-peak for

SfU4), f;r) functions and peak-counterpeak for f{/.) and f{/) functions.
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Figure 4.1 Mercury meniscus modified silver solid amalgam electrode (m-AgSAE):
A — Scheme of the electrode body: 1 — electric contact, 2 — glass capillary, 3 — silver powder
(amalgam), 4 — mercury meniscus,

B — The tip of m-AgSAE with observable mercury meniscus.

4.3 Results and discussion

4.3.1 Cyclic voltammetry

Similarly to HMDE, cyclic voltammetric experiments were used to characterize the
electrochemical behaviour of 1-NN and 2-NN at m-AgSAE in mixed aqueous (Britton
Robinson buffer) — nonaqueous (methanol or DMF) media and nonaqueous media of DMF
with 0.1 mol L' TBAL The CVs of 1-NN and 2-NN in methanol - Britton-Robinson buffer
(1:1) media at pH' 2.7 and 8.0 are depicted in Fig. 4.2, the first, the second and the twelfth
cycles are presented. They were recorded from positive to negative potentials, the scan was
reversed just before the onset of the background electrolyte decomposition current. On basis
of the similarity of the cyclic voltammograms of studied analytes at HMDE (chapter 3.3.3),

the mechanism proposed previously for the mercury electrode in Eq. (3.1) - (3.2), chapter 3.1
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is assumed: In the first cathodic scan, the cathodic peak p°' can be assigned to the four-

electron reduction of the nitro species (ArNO) to the hydroxylaminoderivative (ArNHOH):
AINO, +4e” +4H" - ArNHOH + H, O (4.8)

In acidic media, this peak is accompanied by an indistinctive peak p* corresponding to

the two electron reduction of the hydroxylaminoderivative to the amino compound (ArNH,):
ArNHOH +2e” +2H" - ArNH, +H,0 (4.9)

Both these processes are irreversible, as seen from the reverse scan. The anodic peak
p* in this reversed scan reveals the two electron reversible oxidation of the hydroxylaminc to

a nitroso derivative; the reverse reaction produces p® in the second cycle:

ArNHOH <> ArNO +2¢™ + 2H" - (4.10)

Similarly to HMDE, there is a decrease of p¢' and p™ and increase of p® and p*

current obscivable upon repetitive cycling, ilowever the changes are not that distinctive. The

peak heights at m-AgSAE and calculated current densities are at least seven times lower for
the first scan than for HMDE.

In alkaline medium (Fig. 4.3A), in contrast to HMDE, two peaks appear already in the

first cathodic scan, presumably corresponding to the one electron reduction to nitro radical

cla clb

anion (p~ °) and its further reduction to hydroxylamine (p“°) — the same processes assumed

cla clb

for the cathodic peak pair p observable from the second cycle of CVs recorded at

tp
HMDE (chapter 3.3.3, Eq. (3.4) and (3.12)):

ArNO, + e~ < ArNO;, 4.11)

ArNO; +3e” +4H" <> ArNHOH + H,0 (4.12)

The reversible AtNHOH/AINO (p©/p™) couple can be recognized again in the reverse
anodic and second cathodic scan. In addition, an indistinctive peak p*'* is insinuated in the
reverse anodic scan, forming a pair with the p** peak and corresponding to the reversed
oxidation of the nitro radical anion to nitro derivative (Eq. 4.11).

In order to proof the stability of the nitroradical anion and the potential reversibility of
the redox system nitroradical anion/nitroderivative (Eq. 4.11), the cathodic sweep was
reversed after the first peak p'* has been traversed. Although the full isolation of
ArNOy/ArNO;™ (p©'*/p*'®) couple was not observed, a slight increase in the peak current of the
nitro radical anion is obvious in Fig. 4.3A. The substantial decrease of the currents of the
ArNHOH/ArNO (p°3/pa3) pair gives also evidence about not completed reduction to
ArNHOH. Due to the presumably higher stability of the nitro radical anion in an aprotic
solvent, the methanol was replaced by DMF. Due to this change the ArNO,/ArNO;”

76



(p°'*/p°'®) couple is more pronounced at the voltammograms (see Fig. 4.3B). It is a proof of
decreasing proton availability during the reduction. The full isolation of the ArNO,/ArNO;"
pair was achieved in DMF containing 0.1 mol L™ TBAI (Fig. 4.3C) with the current ratio

cla

Ip*"*/Ip°"® about one. In this solvent the reduction potential Ep”'® is shifted toward more
negative values and A(Ep"® — Ep°'®) increases from about 200 mV (2-NN) and 250 mV
(1-NN) in Fig. 4.3A to 670 mV. On the other hand A(Ep'® — Ep®’®) of the ArNO,/AINO,"
couple decreases from 102 mV (1-NN) and 116 mV (2-NN) to about 59 mV for both -- a
theoretical value for a one-electron diffusion controlled reversible process. Finally, the
constant values of the peak potentials in the scan rate range of 20-640 mV s™ suggest that the

redox behaviour tends to become reversible.

cla - - . .
“ is known also ior other solid electrodes, it was

The peak splitting of p°' to p*'* and p
observed e.g. i alkaline (0.1 mol L' NaOH) solutions containing 15% meihanol at gold,
silver and platinum clecirode *®. At gold and glassy carbon electrodes, the effect of the
electrode pretreatment on the reduction mechanism was in addition studied ¥ because the
condition of the electrode surface plays an important role in the reduction mechanism of
nitroaromatics. It may inhibit the protonation steps as well as the electron transfer, due to
competitive adsorption at the solid surface or sterically lowered availability of the species for
the reaction, both leading to the stabilization of the radical anions and separation of the onc
electrone reduction step (Eq. 4.11). Although a detailed mechanistic model for m-AgSAE
cannot be suggested on the basis of these results alone, the reduction of nitronaphthalcnes
follows the pattern known for solid electrodes, despite the presence of mercury at the surface
of m-AgSAE. It is a proof of a certain inhibition of the electrode kinetic due to the solid,
silver containing amalgam surface. The observed linear dependence of peak currents of p°!,
p°%, and p°'® on the square root of the scan rate confirms the diffusion control of the observed

Processes.
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Figure 4.2 Cyclic voltammograms of 1-NN and 2-NN (c = 1-10* mol L) at m-AgSAE in
BR buffer - methanol mixture (1:1), pHf 2.7 (A) and 8.0 (B). The I*' (—), the 2" (——--) and the

12" () scan, scan rate 100 mV s,
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Figure 4.3 Cyclic voltammograms of 1-NN and 2-NN (¢ = 1-10™ mol L) at m-AgSAE in the
whole potential range (—) and reversed after the first cathodic peak p*'® (----).

Base electrolyte: A — mixture of methanol - 0.01 mol L NaOH (1:1, pr 12.2), B — mixture of
DMF - 0.01 mol L' NaOH (6:4, pH 10.8), C = DMF + 0.1 mol L TBAI The 12" scan, scan

rate 100 mV s, Peak description in text.
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4.3.2 Electroanalytical performance of m-AgSAE

4.3.2.1 The influence of pH

The procedures for the detection of possible lowest concentrations of 1-NN and 2-NN
at m-AgSAE were optimized using differential pulse voltammetry due to its expected higher
sensitivity in comparison to other electroanalytical methods. First, the influence of pH on the
DP voltammograms of 1-NN and 2-NN (¢ =1:10* mol L") was investigated in a mixed
Britton-Robinson buffer - methanol (1:1) medium. For 1-NN (2-NN), the voltammograms are
depicted in Fig. 4.4A (B) and the dependence of the peak potential on the pH' for both
compounds 1s shown in Fig. 4.5. The voltammograms exhibit two well developed peaks in
acidic, one peak in neutral, and two peaks again in alkaline medium. This electrochemical
behaviour iir acidic and neutral medium corresponds with our previous studies of 1-WN and
2-NN using differental pulse techniques at DME and HMDE (chapter 3.3.1, 3.3.2 and

30,31

ref. ) and the well known reduction pathway of analogical nitroaromatics at mercury

2333435 . . . 1 :
32333433 giscussed in previous chapter. Therefore, the first peak p°’ can be assigned

clectrodes
to the irreversible four electron reduction of the nitro group to the hydroxylamino group
(Eq. (4.8)). The method of linear regression yielded following relationships for the

dependence of the p¢! peak potential [, on pH' over the region oprf 4.1-9.3:

1-NN: £, [V] =-0.048 pH' - 0.231 (R =-0.9959) (4.13)
2-NN: E, [V] =-0.058 pH' -~ 0.106 (R =-0.9993) (4.14)

The second peak p* observable for 1-NN in acidic solutions, at pr 2.7-4.9 and for
2-NN at pH' 2.7, corresponds to the two electron reduction of the hydroxylaminoderivative
(ArNHOH) to the amino derivative (Eq. (4.9)):

Different reduction behaviour was observed in alkaline medium at pr> 8.7. At
mercury electrodes, 1-NN and 2-NN yield a well-defined reductive peak corresponding to
Eq. (4.13) (Fig. 3.7). At m-AgSAE, two new peaks p'"* and p°'® are produced, in agreement
with the CVs recorded at m-AgSAE at pr 12.2 (Fig. 4.3A), and presumably corresponding to
the one electron reduction of nitronaphthalene to nitro radical anion according to Eq. (4.11)
and its consecutive reduction to hydroxylaminonaphthalene (Eq. (4.12)). The peak potential
Ep°'® is rather pH-independent above pH' 10, as the one electron reduction of ArNO; to

ArNO; " does not require protons for completion.
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4.3.2.2 Calibration dependences, the influence of methanol — buffer ratio

From the analytical point of view, the highest, best developed and most easily
evaluable peaks were obtained in neutral or weak alkaline media, where the number of peaks
corresponds to the number ot nitro groups in the studied compound. Therefore, pH 7.0 of the
BR buffer was chosen for further measurements.

From our previous work it follows that the sensitivity of the determination of studied
analytes using DPV at HMDE increases about 2.5 times when changing the aqueous phase -
methanol ratio from 1:1 to 9:1 (chapter 3.3.2, table 3.4). In this range the ratio of the mixture
methanol - BR buffer (pH 7.0) was varied while DP voltammograms at m-AgSAE were
recorded. Simultaneously, the pr of the methano! - buffer mixture was measured. Fig. 4.6
presents the dependence of the peak potential and peak current of 1-NN on the methano!
content. The peak potentizal shifts towards mere positive values and the peak height increases
with decreasing content of methanol. For 2-NN, the dependence is similar wiili the peak
potential shift from —590 to —515 mV and peak height increase from —245 to =330 nA. This
can be attributed to the decrease of pH' value from 8.4 to 7.3 and slightly better adsorption of
the compounds on the electrode surface in the medium with lower methanol content, as
confirmed in next chapter by EVLS. For both extremes, the repeatability was tested by 15
measurements repeated at the concentration of 1-10° mol L. The values of relative standard
deviation obtained for media containing 10 % of methanol (3.8 % for 1-NN, 3.4 % for 2-NN)
arc higher then those for media containing 50 % of methanol (2.0 %, 1.4 %), nevertheless
they are satisfactory for a solid electrode material.

Concentration dependences measured in the range of 2107 (4:107) - 1-10% mol L™ for
1-NN (2-NN) in the mixture of Britton-Robinson buffer, pH 7.0 and methanol (9:1, pr 7.2)
are linear (sce table 4.1). Fig. 4.7 represents the DP voltammograms of 1-NN at m-AgSAE in
the lowest concentration range measured. The height of the peak in this case was evaluated
after subtraction of the background current. The limits of determination are 3-10” mol L' and
510" mol L' for 1-NN and 2-NN. In contrast to HMDE, further attempts to decrease these
limits by adsorptive accumulation of studied compounds on the electrode surface were not

successful even in media containing less than 0.1 % of methanol.
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Figure 4.4 Selected DP voltammograms of I-NN (A) and 2-NN (B) (c = 1107 mol L) at
m-AgSAE in a BR buffer - methanol mixture at pH (1) 2.7, (2) 4.9, (3) 7.0, (4) 8.7, (5) 10.3,

(6) 12.2.
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Figure 4.5 The dependence of peak potential E, of 1-NN (A) and 2-NN (B) (c = 1'1 0"
mol L") on pH measured by DPV at m-AgSAE. Base electrolyte BR buffer - methanol mixture

(1:1).

pd (A) — the first peak in acidic and neutral media, pcz (A) — the second peak in acidic media,

p°'% (0) and p*'® (e) — the first and second peak in alkaline media
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Figure 4.6 The dependence of peak potential E, (0) and peak current 1, (®) of I-NN
(c=1-10% mol L") on methanol content in BR buffer (pH 7.0) - methanol mixture. Measured

by DPV at m-AgSAE.
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Figure 4.7 Differential pulse voltammograms of 1-NN at m-AgSAE in a mixture BR buffer -
methanol (9:1, pH 7.2). Concentration of 1-NN [umol L] : (1) supporting electrolyte, (2) 0.2,

(3) 0.4, (4) 0.6, (5) 0.8, (6) 1.0.

83



Table 4.1

Parameters of the calibration straight lines for the determination of 1-NN and

2-NN using DPV at m-AgSAE in a BR buffer - methanol mixture (9:1, pr 7.2).

Analyte Concentration Slope Correlation LOD
[mol L] [mA mol' L]  coefficient [mol L™

(2-10)10°  3.24+0.07 0.9991

1-NN (2-10)10°  3.01+0.08 0.9982
(2-10)107  322+0.07 0.9994 3-107

(2-10)10" 3.19+0.09 0.9982

2-NN (2-10)10°  3.23+0.07 0.9999
(4 -10)107 2.78 +0.10 0.9950 5167

4.3.3 Comparison of electrochemical behaviour of 1- and

2-nitronaphthalene at HMDE and m-AgSAE

The pH study and the cyclic voltammetric experiments described in chapters 3.3.3
(HMDE) and 4.3.1 (m-AgSAE) revealed that the reduction mechanism is similar in acidic and
neutral media involving four electron reduction of the nitro group to the hydroxylamine group
(Eq. (3.1), p¢") with its consecutive two electron reduction to the amine (Eq. (3.2), p™) in
acidic media. In alkaline media the reduction proceeds as an integral four electron reduction
step at lower pH values at HMDE, however, at m-AgSAE it is separated into one electron

cla

reduction to the nitro radical (Eq.(4.11), p**) and further three electrone reduction to

hydroxylamino derivative (Eq. (4.12), p°'®

). These reduction peaks are observable in
nonaqueous media of DMF with 0.1 mol L' TBAI at both electrodes. In comparison to
mercury electrodes in methanol - buffer mixtures (1:1), both compounds are at m-AgSAE
reduced at more negative potentials, as documented in Fig. 4.8. This difference is about
130 mV for acidic and 70 mV for necutral media, in alkaline media a slight difference can be
observed only for 1-NN, when comparing the four electron reduction peak p*' at HMDE
(Eq.3.1) and one electrone reduction peak p? at m-AgSAE (Eq.4.11). This potential
difference is responsible for the slightly lower slope of the linear dependence of reduction
potential of p*' on pH' obtained for m-AgSAE (Eq. (4.13) and (4.14)) in comparison with
HMDE (Eq. (3.5) and (3.6)). In the nonaqueous media (considering peak potentials estimated

from the first scan of cyclic voltammograms depicted at Fig 3.13 (HMDE) and Fig 4.3C
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(m-AgSAE)) the peak maximum corresponding to the one electron reduction of nitro group to
the nitro radical (p°'*) occurs around the potential of 1010 mV at both electrodes, the
consecutive reduction to hydroxylamine (p”b) occurs at 40 mV (1-NN) and —80 mV (2-NN)
more negative potential at m-AgSAE than HMDE. These results indicate that the potential of
the first fast electron uptake (Eq.(4.11), p°'®) is independent on the electrode material,
however, the consecutive three electron reduction (Eq. 4.12) including the rate determining
step of the reduction (the uptake of the second electron, forming a nitrosoanion) is hindered at
the solid amalgam surface in comparison to the smooth liquid mercury surface of HMDE,
thus more negative potential is required to complete the reduction at m-AgSAE.

Further, it follows from Fig. 4.8 that slightly lower potential for reduction of 2-NN
than 1-NN is demanded. It can be attributed to different electronic and steric effcct‘s in the
structures of both derivatives. While the electron density on the N-atom of the nitro greup is
jower for 1-NN than 2-NN°*° favoring easier reduction of the first one, the fact that
nitronaphthalenes are reduced in the opposite order indicates that the steric effect plays a
more important role. From the literature it follows that 2-NN is a planar molecule while the
nitro group of 1-NN on C1 is forced out of the aromatic plane by the peri-hydrogen *"**°.
Therefore it seems that the reduction of 1-NN requires higher energy due to partially aliphatic
character of its nitro group. This is in agreement with the fact that the aliphatic
nitrocompounds are reduced at potentials about 400-600 mV more negative than aromatic
ones. For 1-NN and 2-NN at m-AgSAE the difference is only about 20-50 mV in the wholc
pH range measured, which can be attributed to the opposite effect of the electronic densities
and steric effect described above. Also the tendency of the electrode surface to bring the
stericly hindered derivatives into coplanarity lowers the reduction potentials of non-planar
nitroderivatives. For chemical reductions in bulk solution without this effect, the doubled
value of the rate constant for reduction with titanous chloride was reported for 2-NN in
comparison to 1-NN *°. The planar design of 2-NN facilitates presumably also its adsorption
at the electrode surface, which results in shorter accumulation time ¢,.. compared to 1-NN
using AdSV (chapter 3.3.2).

When comparing the electroanalytical performance of both electrodes, the limits of
determination reached by DPV at m-AgSAE (LOD =3-10" for 1-NN, 5-107 mol L' for
2-NN) are at least one order of magnitude higher than limits reached by DPV at HMDE
(LOD =310 and 1-10® mol L for 1-NN and 2-NN, respectively), nevertheless they are
only slightly higher than for DPP at DME (LOD = 110" and 2-107 mol L™ for 1-NN and
2-NN), and lower in comparison to DC tast polarography at DME (LOD = 1-10° and
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2:10° mol L"). Unfortunately, m-AgSAE does not enable the accumulation of the studied

compounds on the electrode surface to enhance the sensitivity.

E [mV]
[ —&— 1-NN at HMDE
- O 2-NN at HMDE
600+ —4&— 1.NN at m-AgSAE
®  2.NN at m-AgSAE
-400
-200 +
0 1 1 1 1 1 1
2 4 6 8 10 12 ‘
pH

Figure 4.8 The dependence of peak potential E, of I-NN (triangles) and 2-NN (circles)
(c=110% mol L") on pr measured by DPV at HMDE (hollow symbols) and m-AgSAE (full
symbols). Base electrolyte BR buffer - methanol mixture (1:1).

4.3.4 Elimination voltammetry with linear scan

Elimination voltammetry with linear scan (EVLS) was used for further
characterization of processes on the electrode surface of HMDE and m-AgSAE and to the
calculation of the coefficient am >'. Symbol a represents charge transfer coefficient and » is a
number of exchanged clectrons during the reduction. This calculation is based on the
difference between the peak potential, which was measured at the reference scan rate (80
mV s™ for the first, 160 mV s for the second set of scan rates) and of the peak potential,
which was obtained after the elimination of the individual currents measured by DC
voltammetry. Two sets of scan rates (20, 40, 80, 160 mV s and 40, 80, 160, 320 mV s'l)
were used and elimination curves were calculated from equations 4.4, 4.5, and 4.6 (equal with
equations (23), (25) and (27) in ref. 2'). The analyzed solutions contained 1-110* mol L™ of
1-NN or 2-NN in methanol - BR buffer mixture (pH 2.0 or 6.0) or 0.01 mol L' NaOH, ratio
1:1 and 1:9.
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It follows from the elimination curves that both compounds offer three elimination
peaks at HMDE for the main 4e” reduction of the nitrogroup, summarized in Eq. (3.1) (see
Fig. 4.9A1 and B1). A kinetically controlled reaction, (e.g., protonisation of the nitroradical
anion) precedes its diffusion controlled reduction at adsorbed state. It is derived from the
presence of a characteristic peak - counterpeak pair in voltammograms calculated accordingly
to Eq. (4.4) and counterpeak - peak pair obtained using Eq. (4.5) and (4.6) following (proof of
an adsorption), and opposite counterpeak-peak positions for the same equations (proof of
kinetically controlled reaction) preceding the reference DC peak ***°. The adsorption trend
increases with decreasing pH and content of methanol in solutions, the strongest adsorption
was revealed at pH' 2.2, BR buffer - methanol ratio 9:1 (Fig. 4.9A1). It is a difference to
elimination voltammograms calculated for m-AgSAE (Fig. 4.9A2 and B2). They‘ exhibit
mainly one peak, 1.2, the reduction is diffusion controlled; a weak adsorption could be
recognizea only in colutions with lower conteni ¢f methanol (sec Fig. 4.9A2). This fact
suggests that the competitive adsorption of methanol proceeds faster at the surface of m-
AgSAE than at HMDE and so impedes the adsorption of analyte. The difference in reduction
potentials of studied compounds at both electrodes mentioned above can be attributed to this
fact.

The an coefficient was calculated for reductions at m-AgSAE in methanol -
0.01 mol L' NaOH, ratio 1:1. For the first, one electron reduction step (Eq. (4.11)), the results
arc ambiguous, probably because of partially overlapping of the one electron reduction
(Eq. (4.11)) with the subsequent three electron reduction (Eq. (4.12)) in this media. For this
second step, the an coefficient is 0.52 (1-NN) and 0.61 (2-NN). It leads to conclusion that in
this step a one electron, rate determining reduction of the nitroradical anion to the
nitrosoanion occurs with ¢=0.52 (0.61). Further two electron reduction of nitrosoanion to

ArNHOH is a fast process which can not be monitored by EVLS.
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Figure 4.9 DC and elimination voltammograms of 2-NN (¢ = 1-10” mol L) at HMDE (1)
and m-AgSAE (2) in a mixture of Britton-Robinson buffer - methanol (4) (9:1, pH{ 2.2) and
0.01 mol L' NaOH buffer - methanol (B) (1:1, pr 12.2). DC voltammograms at reference
scan rate 80mVs' (I (—)), elimination voltammograms calculated according to

Eq. 4.4 (—), 4.5 (), and 4.6 ().
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4.4 Conclusions

It has been shown that m-AgSAE in combination with modern voltammetric
techniques is a suitable sensor for the determination of submicromolar concentrations of
1-NN and 2-NN. The reduction mechanism in acidic and neutral media corresponds to the
well known mechanism of nitro-group containing aromatics at mercury electrodes with the
main signal corresponding to the four-electron reduction of the nitro to the hydroxylamino
group. In alkaline media this reduction occurs in two separated steps with the first one being a
one electron reduction of the nitro group to the nitro anion radical — a mechanism recognized
earlier at silver and other sclid electrodes. A DP voltammetric method for the determiration
of studied compounds with LOD 3-107 and 5-107 mol L for 1-NN and 2-NN, respectively,
was developed, which is about one order of magnitude higher than limits reached by DPV at
HMDE. Thus, it can be conciuded that the m-AgSAE with regard to the electrochemical
behavior of 1-NN and 2-NN combines some properties of the solid silver and liquid mercury
electrodes. It shows a good reproducibility and sensitivity and therefore represents an

effective and simple alternative to mercury electrodes.

89



»
n

References

WO NN -

._.
o

—_—
—

12.

13.

14.

15.

16.
17.

18.
19.
20.
21.
22.
23.
24.
25.
26.
27.
28.
29.
30.
31.

Yosypchuk B., Novotny L.: Electroanalysis 14, 1733-1738 (2002).
Yosypchuk B., Novotny L.: Crit. Rev. Anal. Chem. 32, 141-151 (2002).
Yosypchuk B., Novotny L.: Chem. Listy 94, 1118-1120 (2000).
Mikkelsen @., Schreder K. H.: Anal. Lett. 33, 3253-3269 (2000).
Mikkelsen @., Schrader K. H.: Anal. Chim. Acta 458, 249-256 (2002).
Mikkelsen @., Schrader K. H.: Electroanalysis 15, 679-687 (2003).
Mikkelsen @., Schrader K. H.: Electroanalysis 16, 386-390 (2004).
Yosypchuk B., Novotny L.: Electroanalysis 14, 1138-1142 (2002).
Yosypchuk B., Novotny L.: Electroanalysis 15, 121-125 (2003).
Yosypchuk B., Heyrovsky M., Paleéek E., Novotny L.: Electroanalysis 14, 1488-1493
(2002).

Barek J., Dodova E., Navratil T., Yosypchuk B., Novotny L., Zima J.: Electroanalysis

15, 1778-1781 (2003).

Jelen F., Yosypchuk B., Koufilova A., Novotny L., Palecek E., Anal. Chem. 74, 4788-

4793 (2002).

Yosypchuk B., Fojta M., Havran L., Heyrovsky M., Pale¢ek E.: Electroanalysis 18,
186-194 (2000).

Kucharikova K., Novotny L., Yosypchuk B., Fojta M.: Electroanalysis 16, 410-414
(2004).

Peckova K., Barek J., Dfevinek M., Navratil T., Novotny L., Yosypchuk B.,
Vaingatova S., Zima J., in: Book of abstracts, US-CZ Workshop on electrochemical
sensors (eds. Barek J., Drasar P.), Prague, Czech Republic, June 19-22, 2001, p. 32.
Czech Chemical Society 2001.

Fischer J., Barek J., Yosypchuk B., Navratil T.: Electroanalysis 18, 127-130 (20006).
Oppenhelmer L., Cappizi T. P., Weppelmann R. M., Metha H.: Anal. Chem. 55,
638-643 (1983).

Schwartz L. M.: Anal. Chem. 55, 1424-1426 (1983).

Ebel S., Kamm U.: Fresenius J. Anal. Chem. 318, 293-294 (1984).

Trnkova L., Dracka O.: J. Electroanal. Chem. 413, 123-129 (1996).

Dracka O.: J. Electroanal. Chem. 402, 19-28 (1996).

Sestakova 1., Navratil T.: Bioinorg. Chem. Appl. 3, 43-53 (2005).

Sander S., Navratil T., Novotny L.: Electroanalysis 15, 1513-1521 (2003).
Trnkova L., Dracka O.: J. Electroanal. Chem. 348, 265-271 (1993).

Trnkova L., Kizek R., Dracka O.: Electroanalysis 12, 905-911, (2000).

Trnkova L., Talanta 56, 887-894 (2002).

Brdicka R., Wiesner K., Collect. Czech. Chem. Commun. 12, 138-149 (1947).
Holleck L., Kastening B., Vogt H.: Electrochim. Acta 8, 255-263 (1963).
Rubinstein L.: J. Electroanal. Chem. 183, 379-386 (1985).

Peckova K., Barek J., Zima J.: Chem. Listy 95, 709-712 (2001).

Peckova K., Barek J., Moreira J. C., Zima J.: Anal. Bioanal. Chem. 381, 520-525

90



32.

33.

34.

35.

36.

37.

38.
39.

(2005).

Kemula W., Krygowski T. M., in: Encyclopedia of the Electrochemistry of the
Elements - Organic Section, vol. 13, p. 77 (eds. Bard A. J., Lund H.). Marcel Dekker,
New York 1979.

Kolthoff I. M., Elving P. J., in: Treatise on Analytical Chemistry, Part 11, Vol.16,
p. 188. Wiley, New York 1980.

Fry A. J., in: Chemistry of Amino, Nitroso and Nitro Compounds and Their
Derivatives, p. 319 (ed. Patai S.). Wiley, Chichester 1982.

Zuman P., Fijalek Z., Dumanovi¢ D., Suznjevi€ D.: Electroanalysis 4, 783-794
(1992).

Zahradnik R., Bo¢ek K.: Collect. Czech. Chem. Commun. 26, 1733-1748 (1961).
Miller D. W, Evans F. F., Fu P. P.: Spectrosc. Int. J. 4, 91-94 (1985). '
Lin S.-T., Jih Y.-F., Fu P. P.: J. Org. Chem. 61, 5271-5273 (1996).
Balakrishnan P., Boykin D. W.: J. Org. Chem. 50, 3661-3663 (1985).

91



5.1
5.2

5.3

5.4

5.5

Extraction-voltammetric determination of 1- and

2-nitronaphthalene

Introduction. . . . .. ...
Experimental. . . . ... ... ...
5.2.1 Reagents. . . . ..o e
5.2.2 Apparatus. . . . ... e e

5.23 Procedures. . . ... e

Results and discussion. . . . .. .. ... .. . e

5.3.1 Direct DP voltammetric determination of 1- and 2- nitronaphthalene in

water samples. . . . ...

5.3.2 Liquid-liquid extraction - DP voltammetric determination of 1- and

2-nitronaphthalene in water samples. . . .. ......... ... ... ... ...

5.3.2 Solid phase extraction - DP voltammetric determination of 1- and

2-nitronaphthalene in water samples. . . ... ....... ... ... ......

Conclusions. . . . . ... . . e

References. . . . ... . . e e

92



5.1 Introduction

Both studied nitronaphthalenes are partially soluble in water, which is a unique
property among others NPAHs. For 1-NN and 2-NN, the solubility in water (20°C) is
34 mg L (2.0-10'4 mol L'l) and 26 mg L (1.5-10'4 mol L'l) g respectively. Thus, these
compounds may potentially pass over from aerosol particulate and gaseous phase through
river sediments into water >. They were found together with 1,3- and 1,5-dinitronaphthalene
e.g. in river water close to a plant producing dinitronaphthalenes in Japan * (see Table 2.3). To
the relatively high water solubility of 1-NN and 2-NN was also ascribed the fact that these
compounds (as the only NPAHs) were found in the edible interior part after several NPAHs
were applied on the apple peel . Other possible sources of NPAHs include wastewater 2,
nitronaphthalencs wcre found in wastcwater from oil/water separating tanks of gasolinc
stations and in used crankcase oil °. More often, NPAHs are found in complex matrix
samples, therefore preliminary separation and preconcentration is often used to achieve low
detection limits for target analytes "*°. This sample preparation step is often accomplished by
extraction techniques, based on enrichment of the analyte of interest on liquid (liquid-liquid
extraction) or solid (solid phase extraction) phases °. Therefore, an extraction-voltammetric
determination of 1-NN and 2-NN in water samples may represents a useful tool for the
detection of their low concentrations or may serve as a cheap screening method of their
presence.

In this chapter, the voltammetric methods at HMDE optimized in chapter 3 were used
for determination of 1-NN and 2-NN in model samples of drinking and river water. These
analytes were detected either directly in water samples or liquid-liquid extraction (LLE) and
solid phase extraction (SPE) were used for preliminary extraction and preconcentration of
studied analytes. DP voltammetry at HMDE was chosen as analytical ending, because it is
sufficiently sensitive, fast and the adsorption of impurities contained in matrix does not

influence the determination as in the case of AdSV.

5.2 Experimental

5.2.1 Reagents
Stock solutions of 1-NN and 2-NN (¢ =1-10" mol L) in methanol were prepared.

More diluted solutions were prepared by exact dilution of the stock solution with methanol.
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All the solutions were refrigerated and stored in the dark. Methanol, sodium hydroxide,
hexane and dichloromethane were of analytical grade purity (Lachema, Czech Republic). The
river water, used for extraction, was taken in the river Vltava in the centre of the city Prague,
filtered using S4 sintered glass and used within one week after sampling. The drinking water
(pH ~ 5) was taken immediately before the use in the chemistry building of Faculty of

Science, Charles University in Prague, Hlavova 8, Prague 2.

5.2.2 Apparatus

Measurements were carried out using a computer driven EcoTribo Polarograph with
PolarPro software, version 2.0 (both EcoTrend, Prague, Czech Republic) in combination with
a HMDE type UMupE (EcoTrend), a platinum wirc auxiliary electrode and silver/silver
chloride (1 mol L KCl) reference electrode, to which all the potential values are referred. For
DPV at HMDE, the maximum drop size attainable obtained by opening the valve for 100 ms,
with a surface of 0.864 mm?, a polarization rate of 20 mV s, and the modulation amplitude
of —=50 mV were used. All spectra were measured in quartz cuvettes (optical path length 1 cm)
vs. hexane in diode array spectrophotometer HP 8453 (Hewlett Packard, Netherlands) giving
the spectra in electronic format. Rotating vacuum evaporator Rotavapor R-114 equipped with
water bath B-480 (both Biichi, Flawil, Schwitzerland), an universal automatic shaker type 327
(Premed, Poland) and vacuum manifold (Burdick & Jackson, USA) were used. An SPE
column LiChrolut RP-select B (catalog number K90154159, Merck, Darmstadt, Germany),
which is a SPE column filled with 500 mg of RP-18 phases bonded on silica gel, was used for
SPE. The solution pH was measured using Conductivity & pH meter Jenway 4330 (Jenway,
England). pH values refer to those of the buffer, pr values refer to those of the resulting pH

of the mixtures of the buffer with the organic component.

5.2.3 Procedures

For the direct determination of 1-NN and 2-NN in water, the water sample was spiked
with appropriate amounts of the studied analyte solution in methanol, 9 mL of the sample was
placed in a 10 mL volumetric flask and it was diluted to volume by 0.1 mol L' NaOH. A fter
deaeration with N (5 min) DP voltammograms were recorded immediately.

For the extraction methods, distilled water was used for preliminary experiments as a
model matrix. With exclusion of the distilled water samples for LLE described below, the

extraction efficiencies (Table 5.2 and 5.3) and reproducibility were calculated for model water
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samples containing 1:10”7 mol L™ of 1-NN or 2-NN. The final volume of measured solution
was always 10 mL, thus tenfold and hundredfold preconcentration of the studied analyte was
achieved when starting with 100 and 1000 mL of the sample, respectively. The recoveries
were calculated from the ratio ,/1,°, where I, is the height of the peak of the analyte of interest
after extraction with hexane or solid phase extraction and /,° is the height of peak in a
reference solution prepared by the addition of the standard solution of studied analyte to the
blank solution. All recoveries and reproducibility were calculated from four repetitive
extractions.

For the DP voltammetric determination of 1-NN and 2-NN in distilled water samples
after LLE with hexane the procedure was as follows: 10 mL of the model sample of distilled
water containing 1-10° mol L' of added 1-NN or 2-NN was extracted for 10 minutes with
? mL of hexane using an automatic shaker, the organic phase was evaporated using a rotating
vacuum =vaporator or other methods to dryness, the residue was dissolved in S mL vr 1 mL of
methanol using automatic Vortex shaker and sonication, 9 mL of 0.01 mol L' NaOH was
added and after deaeration the DP voltammogram at HMDE was recorded. The drinking or
river water samples were spiked with an appropriate amount of studied analyte, extracted with
10 mL of hexane and the above described procedure was applied.

The procedure for DP voltammetric determination of 1-NN or 2-NN in model samples
of distilled, drinking or river water after SPE was as follows: An SPE column was connected
to a vacuum manifold and activated by washing with 3 mL of methanol and 3 mL of de-
ionized water, which was allowed to pass through the cartridge without the use of vacuum.
Afterwards, the model water sample spiked with different amounts of 1-NN or 2-NN was
sucked through the column using volumetric flasks as sample reservoirs and PTFE tubing as
connector of the reservoirs and SPE columns (Figure 5.1). Adsorbed analyte was then eluted
with 5 or I mL of methanol, the solution was made-up to 10.0 mL with 0.01 mol L' NaOH
and after deaeration DP voltammogram was recorded. The blank samples were handled
according to the above described procedures. Following the sample application, the cartridges
were washed with 3 mL of methanol and distilled water and dried under the vacuum for 5
min. The cartridges were re-used three times when working with distilled and drinking water
samples.

Calibration curves were measured in triplicate, the height of the peaks used for
evaluation was measured from the straight line connecting the minima before and after the
peak. The statistical parameters (e.g. slope, intercept, limit of determination) were calculated

according to Oppenhelmer ’, Schwartz ® and Ebel ° using statistic software ADSTAT ver. 2.0
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(Trilobyte, Czech Republic). The significance of the intercepts of linear calibration
dependences was tested by ADSTAT, the non-significant intercepts are omitted in Table 5.1,

5.2 and 5.4 summarizing parameters of calibration dependences.

Figure 5.1 Setup for simultaneous application of six samples on SPE columns using PTFE

tubing adapters for connecting the sample reservoirs and extraction columns on a vacuum

manifold.
5.3 Results and discussion

5.3.1 Direct DP voltammetric determination of 1- and 2-nitronaphthalene
in water samples
With respect to the time consuming extraction procedures, we tried to determine
1-NN and 2-NN directly in the drinking and river water. As 1 mL of 0.1 mol L NaOH was
used to dilute 9 mL of the sample, the final pH of the investigated solutions was near to 12.0—
the optimum pH for their DP voltammetric determination. As seen from Table 5.1, where the
parameters of calibration curves are given, the sensitivity of this direct determination is

comparable with the previous DP voltammetric experiments carried out with de-ionized water
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(chapter 3.3.2, Table 3.4). Also the limits of determination lie within the same concentration
range and are ~3:10°® mol L. The DP voltammograms for the lowest attainable concentration
range for 1-NN determination in drinking water are depicted in Fig. 5.2. It is obvious, that the
curve of the blank sample (1) is complicated by peaks of present interferents. They
accumulated at the electrode surface at great extent when applying accumulation potential of
—400 mV, thus these attempts to determine lower amounts of target analytes by AdSV failed.
To lower the determinable amount of 1-NN and 2-NN, preconcentration using liquid-liquid or

solid phase extraction was necessary.

I[nA]

-500 I -600 | -700

Figure 5.2 DP voltammograms of I-NN of direct determination in drinking water. Base
electrolyte 0.01 mol L' NaOH in drinking water, pH 11.9. Concentration of 1-NN in drinking
water: 0 mol L (1), 2105 mol L' (2), 4108 mol L' (3), 6:10° mol L (4), 8 10° mol L (5),
1107 mol L (6).
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Table 5.1  Parameters of the calibration straight lines for the direct DP voltammetric

determination of 1- and 2-nitronaphthalene in drinking and river water.

Model Concentration Slope Correlation LOD

sample [mol L) [mAmol' L]  coefficient  [mol L]

1-nitronaphthalene

Drinking water (2-10)-10°® 40.87 £ 0.53 0.9998 210

River water (2-10)-10°® 38.75+ 1.52 0.9934 3-10°
2-nitronaphthalene

Drinking water ~ (2-10)10° 38.89 + 0.92 0.9988 2:10%

River water (2-10)-10°® 41.31+2.94 0.9925 4-10°®

5.3.2 Liquid-liquid extraction - DP voltammetric determination of 1- and

2-nitronaphthalene in water samples

The procedures for extraction of 1-NN and 2-NN to hexane were optimized with
model samples in distilled water. The results for 1-NN were rather ambiguous, as seen from
Fig. 5.3. First, 10 mL of distilled water sample with 1-NN concentration of 1-10° mol L' was
extracted with 2 mL of hexane. The maximum recovery of four times repeated extraction was
58.2 %. When hexane was replaced with dichloromethane, even lower and unrepeatable
recoveries with the maximum of 34.3 % were achieved. These lower values in comparison to
hexane may be due to difficult separation of dichloromethane from water phase. Three
hypotheses were tested to explain the low extraction yields. First, the decrease of 1-NN signal
can not be ascribed to compounds present in the residue after the evaporation of the extract, as
documented in Fig. 5.3: The height of the DPV peak of 1-NN obtained after direct addition of
1-NN to the blank sample (curve 2) is only slightly lower than the DPV peak of 1-NN in base
electrolyte not containing the hexane residue (curve 3). Second, it was confirmed by UV-VIS
spectrophotometry that the extraction of 1-NN to hexane proceeds quantitatively, as
documented in Fig. 5.4. The absorbance of the curve maximum (4 = 326 nm) of the 1-NN
spectrum measured after its extraction to hexane is about 97 % of the absorbance value of the
spectrum measured after 1-NN was added to the hexane, which was shaked with water before

(blank sample). Third, the attention was paid to the possible loss of 1-NN during the

98



evaporation step. Therefore, the spectrum of 1-NN (¢ = 5-107 mol L) in hexane was
recorded, after the hexane was blowed away by nitrogen directly from the spectrophotometric
cuvctte, the residuc was dissolved 1n 2 ml of hexanc and a new spectrum was recorded.
Resuiting spectra are depicted in Fig. 5.5. It follows from the comparison of the curves (1)
and (3) that I-NN molecules pass over partially into the gascous phase, becausc the
absorbance of the 1-NN solution obtained after hexane evaporation and its re-addition is only
as high as 10 % of the absorbance value before evaporation. Other methods were used for
hexane evaporation, 1.c. the water bath or the Kuderna-Danish evaporator, which cnables the
cvaporation of the organic phasc while the residuc is continuously preconcentrated in the tip
of the special vessel used. It guarantees casier dissolution of the residuc. The lowest loss of
I-NN was observed when using vacuum rotating evaporator (Fig. 5.5, curve 2} nevertheless,
the maximum absorbance was only 40% in comparison with the absorbance of the not
cvaporated sample (curve 1) and satisfactory repeatability was not achieved for the whole
extraction procedure even when the evaporation was conducted at constant temperature of the
water bath (25°C) at constant time. Thus, LLE could not be used for the determination of
1-NN i water samplcs.

Surprisingly, for 2-NN the recoveries for the same test extraction as for 1-NN (i.c.
extraction of the studied analyte (¢ - 1-10° mol L) from 10 mL of distilled water sample
with 2 mL of hexance) was 88.1 % with relative standard deviation of 7.2 %. It was confirmed
by the UV-VIS spectrophotometry that 2-NN molecules do not cvaporate using rotating
vacuum cvaporator at that greet extent as 1-NN - the absorbance at 4 = 303 nm of the 2-NN
solution (¢ == 5-107 mol L") obtained after hexane evaporation and re-addition is 85.0 %
(RSD 5.4 %, n -- 3) of the absorbance valuc before evaporation. Thus, LLE was applied on
model drinking water samples spiked with 2-NN. Conditions specified in Table 5.2 werc
uscd. The recovery was found to be 90 % (58 %) with RSD 6.1 % (8.9 %) for the extraction
with 10 ml. of hexane from 100 mL (1000 mL) of the drinking water and it can not be
increased cither by multiple extractions or by the increase of the solvent volume. The lower
recoveries for the extraction from 1000 mL 1n concentration range of (4-10)10"" mol L™ can
be ascribed to the loss of 2-NN during the extraction and evaporation step due to relative low
amount in the solution. Morcover, the recovery of the extraction-voltammetric determination
of 1:10® mol L™ 2-NN in 100 mL river water was even lower (maximum about 40%) and the
results were not repeatable, because in addition to the evaporation, interactions between the
compound and impuritics in the polluted river water affect the whole procedure. Therefore,

calibration dependences were measured only for the determination of 2-NN in the drinking

99



water (parameters in Table 5.2) and LODs as low as 410" mol L' for extraction from 1000
ml. of drinking water were achicved.

The fact that LLE including the cvaporation step is not applicable for 1-NN shows that
when developing determination methods for NPAHs in real matrices, a special attention
should be paid to the cvaporation step, which is usually included in the methods. The
analogical cxtraction procedurc to our onc succeeded e.g. in an extraction-voltammetric
determination of 9-nitroanthracene ' and 4-nitrobiphenyl ' in river water samples. In
agreement with our results, low recoveries (56 % 1-NN, 51 % 2-NN) and poor reproducibility
were reported by Mocko ' for the determination of 1-NN and 2-NN in drinking water
samples using LLE to cyclohexanc:diisopropylether (9:1, v/v) mixture followed by
evaporation and HPLC with flusrescence detection. On the other hand, Sckyra et al. M
published 2 GC-MS method for analysis of polluted ambient 2ir samples from Teplice, Czech
Republic, collcctee on combined quarts. and polyurcthane foam filters. The exiraction and
purification steps included three times the evaporation with rotating vacuum evaporator and
reported recoveries are 79.9 % (RSD 10.7 %) and 80.5 % (RSD 17.8 %) for 1- and 2-NN,
respectively. This high yields can be duce to the fact that the extracts were evaporated for short
time, as no cvaporation to dryness was nceded. Moreover, the authors report higher recoverics
for other NPALs mcluding 9-nitroanthracene (91.0 %, RSD 22.4 %). These ambiguous
results show that precise and sometimes time-consuming work is necessary when developing

analytical mcthods for NPAHs determination in complex matrices.
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Figure 5.3 DP ~oltammograms of [-NN (¢ =1 10 mol 1) after extraction from 10 ml. of
distilled water to 2 ml. of hexane (dichlormethane): Blank sample (1), direct addition of 1-NN
to the blank sample (2), [-NN in base electrolyvte (0.01 mol L NaOH - methanol, 1:1,

/)//f 12.2) not containing the hexane residue (3); the curves obtained after extraction to

hexane (4) and dichloromethane (3).
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Figure 5.4  Spectrophotometric control of the extraction of I-NN from distilled water to
hexane. Spectra measured against hexane in 1.0 cm cuvettes. Spectrum of hexane (1); I-NN in
hexane after addition of 10 ul stock solution of 1-NN (c = 1107 mol L) to 2 mL of hexane
(2); 1-NN in hexane after its extraction from 10 mL of distilled water (c (1-NN) = 1:107 mol
L)) to2mL of hexane (3).
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Figure 5.5  Spectrophotometric monitoring of the evaporation of 1-NN in hexane. Spectra
measured against hexane in 1.0 c¢m cuvettes. Spectrum of the stock solution of [-NN
(¢ = 5107 mol L") in hexane (1); spectrum of I-NN after evaporation of 2 mL 5107 mol 1.
solution of 1-NN in hexane and re-dissolution of the residue in 2 ml of hexane, the

evaporation realized with rotating vacuum evaporator (2) and blowing of nitrogen (3);

spectrum of hexane (4).

Table 5.2 Parameters of calibration straight lines for DP voltammetric determination of

2-nitronaphthalene after its extraction from model samples of drinking water to 10 ml of
. . : : ‘ -1

hexane. The residue was dissolved in 1 mlL of methanol — base electrolyte 0.01 mol L™ NaOIl

- methanol, 9:1, ptf 12.0.

Samp_l_e' Recovery
Concentration Slope Correlation L.OD
volume | (RSD?) \ |
[mol L.7'] [mA mol ™ L] coefficient [mol L]
[ml.] [Yo]
100 (2-10)10°  90.5(6.1) 258.0+243  0.9870 5107
1000 (4-10)10"  583(8.9) 2004 + 95 0.9977 410"

? Relative standard deviation
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5.3.3 Solid-phase extraction - DP voltammetric determination of 1- and

2-nitronaphthalene in water samples

Further, the possibility to determine trace amounts of 1-NN and 2-NN in spiked
drinking and river water using DP voltammetry in combination with solid phase extraction
was investigated. Based on the literature survey °, the SPE was carried out on the octadecyl
bonded silica as sorbent material. The procedures were optimized with distilled water
samples, conditions specificd in Table 5.3 were used. It follows from this table that achieved
recoveries are n general higher for 2-NN than for liquid-liquid cxtraction and the method 1s
applicable also for extraction of 1-NN. The reproducibility of the developed method is
satisfactory, with relative standard deviation below 5.8 % for all samples.

For the clution of model samples of 1-NN and 2-NN in distilled water first S mL of the
cluent (methanol) were used and further diluted to 10 mL with 9.01 mol L' NaOH. Under
these conditions, the expected 1ODs for the measured solution for DPV determination arc
around 3-107 mol L' (comparce Table 3.4, chapter 3.3.2), i.c. two orders of magnitude lower
when starting with 1000 ml. of the sample assuming 100% recoveries. When using 1 mL of
cluent and further dilution with 0.01 mol L' NaOH to 10 mL, optimum conditions for DPV
determination of 1-NN and 2-NN arc achieved and about ten times lower 1.ODs than for
clution with S ml, arc expected. It follows from Table 5.3, that resulting recoveries for both
clution volumes arc comparable, higher than 87 9, thus clution with 1 mL was used for
samples of drinking and river water. It was found that the height of the DPV peak is also
dependent on the volume of the water sample passed through the column, as depicted at
Figure 5.6. There 1s observable decrcase of the DPV peak of 1-NN | if it is added to the blank
solution after passing 1000 ml (Fig. 5.6B) of drinking water in comparison 100 mL (Fig.
5.6A) samplces. This is probably due the increased presence of the surface active impuritics
when passing higher volumes of sample. This effect was even more obvious when working
with high volumes of distilled water, which was prepared by water purification using active
carbon cartridges, rich on organic matcrial. Presumably, there are still some neutral organic
contaminants present in the water affecting the peak heights. These impurities are probably
preconcentrated at SPE column as well. Nevertheless, the recoveries for drinking water
samples were > 95 % for 1-NN and slightly lower (> 72 %) for 2-NN, which has potentially
more exposed nitro group and may have been less retained on the RP-18 phase of the SPE
column than 1-NN having more compact structure. The DP voltammograms corresponding to

10

the lowest attainable concentration range (2-10)-10"” mol L™ for drinking water samples of
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2-NN arc depicted in Fig. 5.7, the parameters of calibration curves for SPE-DPV
determination of 1-NN and 2-NN in water samples are summarized in Table 5.4. The
inconsistency in the slope values of the calibration straight lines for different volumes of
samples extracted 1s in agrcement with the peak decrcase for higher sample volumcs
described above.

For river water samples, the recoveries are slightly lower than in the case of drinking
water. Possible explanation is again the presence of surface active substances decreasing the
height of DPV pcak which are not completely removed by SPE. Nevertheless, the dependence
of the height of the DPV peak of studied analytes on its concentration in river water is lincar
in the concentration range of (2-10)10” mol L (scc Table 5.4). Attempt to lower the
deterinination Iimits by passing 1000 ml river water through the SPE column was not
successful, because 1t resulted i an increase of the peaks of electrochemical active impuritics
on recorded voltammograms and in substantial decrease of the sample flow rate, and therefore

unacceptable prolongation of analysis time.

I[nA] 1[nA]

1
-700 -500 -800
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Figure 5.6 DP voltummograms of 1-NN (¢ = 1107 mol L) in 0.0 NaOH — methanol
medium (9:1, pl' 12.0) after solid phase extraction of 1-NN from 100 mL (A) and 1000 ml.
(B) of drinking water.

Blank sample (1), direct addition of 1-NN to the blank sample (2), extraction of 1-NN from the

water sample (3).

104



Table 5.3 Fxtraction conditions, recovery and repeatability for solid phase extraction -
DP voltammetric determination of 1-nitronaphthalene (1-NN) and 2-nitronaphthalene (2-NN)

in distilled, drinking and river water samples.

Analyte Samplew Eluent Sample Recovery Recovery
Model
concentration volume volume  flow rate  (RSD") [%] (RSD") [%)]
sample
[mol 1.7 [ml.] [mL]  [mL min™] 1-NN 2-NN
o 1w’ s s 2 98.1 (1.8) 94.2 (2‘8)“
Distilled ¢
1-10" 500 h) 5 94.3 (3.9) 87.1(4.9)
water 7
110 100 1 2 95.8 (2.4) 93.7 (3.1)
*Dfmkixi’g' o0t 0 1 2 95.5(2.0) 94.2 (2.8}
water 1-10” 1000 ! 95.7(4.0) 714 (5.8)
~ River . - S
110" 100 I 2 93.0(3.2) 83.1 (4.1)
water

* Relative standard deviation
Table 5.4 Parameters of the calibration  straight  lines  for the DP  voltammetric
determination of [-nitronaphthalene and 2-nitronaphthalene in drinking and river water afier

solid phase extraction.

“Sample  Analyte
Model Slope Correlation  LOD
volume concentration | |
sample | [mA mol " 1.] coefficient [mol L.”]
[ml.] [mol 1.7]
- 7 l—hitronaphthalene
Drinking water 100 (2-10)10" 295.6 £ 19.1 0.9938 2:107
1000 (2-10)10"  881.1 +60.6 0.9930 2:107"°
River water 100 (2-10010"  189.0+9.8 0.9960 2:10”
i 2-nitronaphthalene
Drinking water 100 (2-10)10” 2945+9.6 0.9984 3107
1000 (2-10)10"" 1377 +47 0.9983 3-10™°
River water 100 (2-10)10" 152.8 £ 8.1 0.9963 3-107
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Figure 5.7  Differential pulse voltammograms of 2-NN after solid phase extraction from
1000 ml. of drinking water containing 0 (1), 210" mol L (2), 410" mol L (3), 610"
mol L (4), 8:10"" mol 1./ (5), 1-10” mol L" (6) of the analyte.

5.4 Conclusions

A mecthod for determination of trace amounts of 1-NN and 2-NN in drinking and river
water samples was developed. The direct determination of studied analytes by DP
voltammetry at HMDE is possible after addition of 0.1 mol L™ NaOH to the water samples in
the same concentration range as when using DPV under the optimized condititions. Limits of
determination as low as ~ 2:10™ mol ! and ~ 4:10® mol L™ were achieved for drinking and
river water samples, respectively. For further decrease of determination limits in drinking
water a preliminary scparation and preconcentration of studied analytes is necessary. Liquid-
liquid extraction is applicable only on drinking water samples of 2-NN, 1-NN passes over
partially into the gascous phase during the evaporation step, resulting in low and unrepeatable
recoverics. On the other hand, DP voltammetric determination after solid phase extraction
using LiChrolut RP-Select B columns for analyte preconcentration and 1 mL of methanol for
its elution is a reliable method for the determination of both analytes, characterized by high
recoveries and reproducibility. For drinking water samples, recoveries higher than 95 % for

1-NN and 71.4 % 2-NN were obtained with maximum relative standard deviation of 5.8 % for
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the determination of 2-NN, when starting with 1000 mL of the sample. The limits of
determination (2:10"” mol L™ (1-NN) and 3:10"° mol L™ (2-NN)) arc ncarly onc order of
magnitude lower than when using HPLC-UV detection after SPE on the same cartridges "
For river water samples, the preconcentration could be carried out from maximum 100 ml. of
the sample and determination limits 2:10” mol L (1-NN) and 3:10” mol L™ were achicved.
Further possibilitics to decrcase the LODs, e.g. by eluate evaporation and decrcasc of the
volume of voltammographed solution, were not tested, as evaporation step would have to be

included.
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6.1 Introduction

Nitro derivatives of polycyclic aromatic hydrocarbons constitute onc of the largest
groups of chemical carcinogens and mutagens " as highlighted in chapter 2.2.2. Even
extremely low concentration of carcinogens can incrcase the occurrence of cancer °. The
monitoring of these contaminants in the environment and cvaluation of their biological
impacts on humans and other organisms increases the number of laboratorics working with
these hazardous substances. Thercefore, the development of methods suitable for their
destruction and decontamination of laboratorics is strongly recommended by International
Ageney for Research on Cancer . Stmuttancously, the ultra sensitive methods  for
destruction monitoring are needed.

Several methods have proved to be effective tor the destruction. ological ireatment
uses microorganism o metabolize the pollutants, however, it 1s applicable only 1in aqucous
solutions and a large number of compounds arc not biodegradable or cannot be destroyed by
biological treatment duc to their toxicity *. Other possibility of destruction includes addition
of a chemical like oxidants (-0 or O3) Tor catalyst (Ti0,) to the decontaminated solution *
A powerful technique for oxidizable PAH derivatives involves oxidation with potassium
permanganate in sulphuric acid medium ”, the procedure protocol for NPAHs requires
preliminary reduction of the analyte, ¢.g by zinc powder. For 4-nitrobiphenyl solution in
acctic acid, this method revealed destruction efficiency higher than 99.8 % ” and the
degradation products were found to be non-mutagenic 1NN, 2-NN, I-AN and 2-AN
decomposcd with efficiencies higher than 99.5 %, which was confirmed by HPLC-UV uscd
for destruction monitoring "' However, the method is unsuitable for wastes containing
oxidizable solvents, ¢.g. methanol and cthanol.

The rescarch on alternative methods has led in last two decades to the development of
photochemical methods for the oxidative degradation of pollutants. In general, the use of
UV/visible radiation can lead to the degradation by two main processcs "2 (i) excitation of the
substratc and its subscquent decomposition (photolysis) and (i) generation of highly
oxidizing specics able to attack the substrate. The latter is primarily based on the gencration
of hydroxyl radicals (Advanced Oxidation Proccdures (AOP)) and include substrate trecatment
with UV/H,0, """ Uv/TiO, ', UV/H,0,/0: ', and UV/H,0,/Fe*" or Fe’* (photo
assisted Fenton reaction '), among others. Compared to chemical methods of destruction,

photochemical methods based on degradation of aromatic PAH skeletons by UV light provide
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casicer operation proccdures, less complicated sample handling, result in smaller amount of
waste mixtures and could therefore replace chemical degradation methods.

Chromatographic analysis 1s usually cmployed for the study of the course of
destruction and cstimation of destruction efficiency. However, UV/VIS spectroscopy and
differential pulse voltammetry at HMDE succeeded as a fast and cheap alternative to HPLC
and GC mcthods in the destruction monitoring of sclected antineoplastic drugs, nitrogen
containing heterocyeles '™, and aromatic amines. Muck used differential pulse polarography at
DME for monitoring of mcthanolic 1-nitropyrene solution after UV irradiation in a laboratory
made reactor ', The same system has been used in this study in order to develop a safe and
cfficient destruction procedure for 1-NN and 2-NN, based on the UV irradiation of their
solutions in mcthanol. For the monitoring of destruction cfficiency, UV/VIS spectroscopy and
different:al pulse voltammetry at HMDE were used. An attempt was also made te characterr e

the destruction products by clectrochemn:ical methods and GC-MS.

6.2 Experimental

6.2.1 Reagents
The stock solutions of 1-NN and 2-NN (¢ = 1-10™ mol L") were prepared in methanol
(Merck, gradient grade purity). More diluted solutions were prepared by exact dilution of the
stock solution with methanol. The chemicals involved in identification of destruction products
1,5-dinitronaphthalene (98 %),  I-nitropyrene (97 %),  9-nitroanthracene (98 %),
I, 4-naphthoquinone (97 %), t-aminonaphthalene (99 %), 2-aminonaphthalenc (95 %),
I-hydroxynaphthalene (99 %), 2-hydroxynaphthalenc (99 %), and naphthalene (99 %) - were
purchascd from Sigma-Aldrich and their stock solutions (¢ = 1-107 mol L™y were prepared in
methanol. All the solutions were stored refrigerated in the dark. Methanol, sodium hydroxide
and hydrogen peroxide were of analytical grade purity (Lachema, Czech Republic). De-

ionised water was produced by Milli-Qyus system (Millipore, USA).

6.2.2 Apparatus

For UV irradiation, a laboratory madc photochemical reactor was used with a 300 W
Hg mid-pressure lamp emitting full UV spectrum (Fig. 6.1). For electrochemical monitoring
experiments, a computer driven EcoTriboPolarograph with PolarPro software, version 4.0

(both EcoTrend, Prague, Czech Republic) in combination with a hanging mercury drop
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clectrode (HMDE) of the type UMPE (EcoTrend), or classical dropping mercury electrode
(DME), a platinum wire auxiliary clectrode and silver/silver chloride (1 mol L' KCl)
reference clectrode was used. The paramcters of the classical DME used in DC tast
polarography were as follows: At a mercury reservoir height of 7 =49 cm, the flow ratc was
m=0.76 mg 5" and the drop time was 7= 9.5 s. Work with the DME was carried out at a
polarization ratc of 4mV s and controlled drop time of 1s. For DPV at HMDE, the
maximum drop size attainable obtained by opening the valve for 100 ms, with a surface of
0.864 mm”, a polarization rate of 20 mV s, and the modulation amplitude of 50 mV were
used. The oxygen was removed from solutions by purging with nitrogen for 10 minutes. A
pre-bubbler with a methanolic solution of the same water - methanol ratios as in the analyzed
solutions were placed prior the voltammetric vessel. The electrochemical curves were
.ccorded tiree times. Spectra vore measured 1in quait. cuvettes (optical paih length .1 ecm) n
spectrophotometer ye Unicam  SP-4060 UV/VIS (Cambiidge, UK). Rotating vacuun:
cvaporator Rotavapor R-114 cquipped with water bath B-480 (both Biichi, Flawil,
Schwitzerland) was used. pll of the solutions was mcasured by Conductivity and pH meter
4330 (Jenway, Great Britain) with a combined glass electrode. All experiments were carried
out at laboratory temperature. pll values refer to those of the buffer, pr values refer to those
of the resulting pl of the mixtures of the buffer with the organic component.

GC-MS analyses were carried out on a Shimadzu 17 A gas chromatograph with
30mx 0.25 mm capillary column (35 % phenyl and 65 % polydimethyl siloxanc) and
mterfaced with Shimadzu QP 5050 A MS-cngine. The GC conditions were as follows: carrier
gas helium; column head pressure 60 kPa; injector temperature 310 °C; oven isothermal
250 °C temperature and interface temperature 270 “C. All samples were run in triplicate. Data
acquisition was delayed until 4 min after injection; samples were monitored in scan mode
under the control of GC-MS solution version 1.02D. The MS spectra of degradation products

. \ : (
were compared to spectra recorded in NIST MS library 2.

6.2.3 Procedures

The procedure for monitoring of photodegradation of 1-NN and 2-NN by UV-VIS
spectroscopy was as follows: 5-107 mol L™ solutions of 1-NN and 2-NN were prepared in
methanol. 100 mL of this solution was transferred to the inner glass shell of the reactor. The
mercury lamp was placed in the center of the reactor and the solution was irradiated either in

presence of oxygen (air saturated) or oxygen was removed by purging nitrogen for 10 minutes
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and further the solution was kept under nitrogen atmosphere during irradiation. A water
cooler was used and an aluminum foil covered the glass body of the reactor for eye protection
from UV light. Blank mecthanolic solution was irradiated in the same way. In one hour
intervals, 1 mL of the irradiated sample was transferred in quartz cuvettes (optical path length
0.1 cm) and UV-VIS spectrum versus methanol between 500 and 200 nm was recorded.

The procedure for clectrochemical monitoring of photodegradation of 1-NN and 2-NN
by DPV at HMDE was as follows: 50 mL of 510" mol L™ solutions of 1-NN and 2-NN in
methanol was placed to the mner glass shell of the reactor and the solution was irradiated. In
given time intervals, 1 ml. of the irradiated solution was made up with 0.01 mol L' NaOH in
a 10 mL volumctric flask. The mixture was transferred into an electrochemical vessel,
dearcated by passing nitrogen (& min) and DP voltammograms were recorded. Blank
methanclic solution was handled in the same way, the DP voltammograms were recorded alse
for the siandard 5-107 met £ ' solution of 1-NN and 2-NN without the irradiation. Methanotic
solutions of 1,5-dmitronaphthalene, I-nitropyrene, 9-nitroanthracene, and 1,4-naphthoquinonce
used for comparison during destruction products characterizations were treated identically.

Standard addition method has been used for the cvaluation of the efficiency of the
destruction. To the 10 ml. solution in the polarographic vessel prepared by the addition of
0.01 mol ! NaOIl to T ml. of the irradiated sample of 1-NN (2-NN) were subsequently
added 2, 5 and 10 pl. of 1-10 "mol L' solutions of 1-NN (2-NN) in methanol. These standard
additions corresponded to the 0.04 %, 0.1 %, and 0.2 % of the originally present amount of
[-NN (2-NN)

For GC-MS analysis, the irradiated solution was ten times preconcentrated by
cvaporation (vacuum rotating cvaporator) of 10 ml. of the solution and re-dissolution of the
residuec in 1 mbL  of water followed by injection using SPME fiber (100 pm

polydimethylsiloxance fiber, Supceleo). Direct injection of irradiated solution was also used.
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Figure 6.1 UV irradiation reactor: | outer glass shell, 2 - inner glass shell, 3 — silica
glass tube with g lamp, 4 - water cooler, 5 — pressure equilibrating, inlet of nitrogen,

6 photolysed solution, 7 high voltage supply.

6.3 Results and discussion

6.3.1 Monitoring of photolytical degradation of 1- and 2-nitronaphthalene
by UV-VIS spectroscopy

The absorption spectrum of 1-NN is characterized by three well resolved vibrational
absorption bands in the UV-VIS region: ~326, ~ 245 and ~210 nm. Similarly, 2-NN shows
maximum absorbancce at ~348, ~303, ~260, ~209 nm (Fig. 3.2 chapter 3.2.4). The bands with
maximum at 326 nm and 348 nm for 1-NN and 2-NN, respectively, were chosen to monitor
the photolytical degradation, because they are well resolved and lie within the ncar VIS
region.

The course of the photolytical degradation of 1-NN and 2-NN in methanol 1s
documented in Fig. 6.2A and 6.3A. It shows the UV-VIS spectra of irradiated solution of
510" mol L' 1-NN and 2-NN in methanol in one hour intervals. The distinct absorbance
maxima of studied compounds fade alrcady during the first hour of irradiation, nevertheless a
new broadband spectrum of increasing absorbance in direction of the decreasing wavelength

is formed. This spectrum is the results of residual absorbance of the studied analyte and its
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degradation products. The destruction efficiency was calculated as the quotient of absorbance
valuc of the irradiated solution and the absorbance of the solution before irradiation, measured
at the absorbance maximum. After six hours of irradiation, the destruction efficiency was
lower than 80 % (1-NN) and 71 % (2-NN), as obvious from Figure 6.4. To accelerate the
photodegradation, 0.5 mL of 30% H>O, was added to 100 mL of the studied solution before
irradiation. The final H,O, concentration was 48.7 mmol L. The accelerating cffect of
hydrogen peroxide consists in photolytic formation of reactive hydroxyl radicals, which attack
the naphthalene nucleus. The degradation proceeds faster and leads to lower absorbance of the
broad band spcctrum, as obvious from Fig. 6.2B and Fig. 6.3B, thus the destruction efficiency

decrecases on -~ 95.5 % ior both analytes, as summarized in Fig. 6.4.
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Figure 6.2

UV-VIS spectra for monitoring of the UV photolysis of [-nitronaphthalene

(initial concentration 5107 mol 1. /, solution volume 100 ml.) in methanol (A) and in
methanol with additton of 0.5 ml. 30 %5

>0 (B). Spectra measured in 0.1 cm quartz cuvettes
versus methanol. The suffix by ¢

indicates hours of irradiation, t) corresponds to the
spectrum of 1-nitronaphthalene before irradiation.
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Figure 6.3  UV-VIS spectra for monitoring of the UV photolysis of 2-nitronaphthalene
(initial concentration 510" mol 1", solution volume 100 ml) in methanol (A) and in
methanol with addition of 0.5 ml. 30 25 110 (B). Spectra measured in 0.1 cm quartz cuvettes
versus methanol. The suffix by .t" indicates hours of irradiation. ty corresponds to the

spectrum of 2-nitronaphthalene before irradiation.
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Figure 6.4  7he dependence of the relative absorbance of the solution of 1-nitronaphthalene
(¢ = 5107 mol 1.') and 2-nitronaphthalene (¢ = 5107 mol L) in methanol (full symbols) and
in methanol with addition of 0.5 ml. 302 H,0; (hollow symbols) on the time of its irradiation.
Spectra measured in 0.1 cm quartz cuvettes versus methanol. Relative absorbance calculated
as quotient of absorbance value of the ivradiated solution and the absorbance of the solution
before irradiation, measured at the absorbance maximum (326 nm for [-NN, 348 nm for

2-NNJ.

6.3.2 Electrochemical monitoring of photolytical degradation of 1- and
2-nitronaphthalene by differential pulse voltammetry at hanging

mercury drop electrode

The clectrochemical behaviour of 1-NN and 2-NN at mercury clectrodes has been in
detail described elsewhere (chapter 3). For DPV at HMDE, quantitative experiments showed
lincar signal responsc over more than three concentration orders of magnitude with LODs ~
2:10"" mol 1. This method was sclected for monitoring of the photochemical degradation of
I-NN and 2-NN. I mL of the irradiated solution was diluted to 10 mL with 0.01 mol I"
NaOH for the DP voltammetric scan, so that the optimum conditions for determination of
both studicd compounds (compare Table3.4) were achieved. In Fig. 6.5, the DP
voltammograms recorded during the irradiation of 510" mol L' solution of 1-NN in
methanol arc depicted. While the peak of 1-NN at -610 mV is decreasing, a new pcak Is

growing at its expense at —-130 mV. This belongs to a destruction product, because no pcaks
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were observed at the curves of irradiated blank methanol solution. The same trend was
obscrved for 2-NN, the dependence of the peak heights of both nitronaphthalenes and their
degradation product on the time of irradiation is depicted in Fig. 6.6. No pcak of 1-NN
(2-NN) was observed after 120 minutes (150 min) of irradiation. The faster degradation of
1-NN 1s in agreement with experiments simulating direct photolysis of gaseous phasc
nitronaphthalencs. It was realized that the rate constant of photolysis Ay, for the reaction:

. - ~ . . 21
ATNO, + hv —> products, can be estimated from following cquation

1rNO,
" [// ). ]IO 1 — /{,7/1!:1 ([ '"[u) (61)

l4rvo, ] |
where [ArNO/ 4, 1s the concentation of the nitro aromatics at time ty and [ArNO,/, the
corresponding concentration at time ¢. Thus, plots of (In{/ArNO,/ /[ArNO,/} ) against (¢ - )

should ¢ straight iines with: a slope of &, and @ zero intereept. Reported rate constants £,

22.2

of 1-NN photolysis in gas phase arce four times *' or one order of magnitude “>** higher than
for 2-NN, when modcel experiments were carried out under sunlight. Moreover, 2-NN was
stablc towards photolysis in a different experiment using an artificial blacklight irradiation in
an indoor Teflon chamber, while 1-NN decomposed fast 2.

In aqucous phase, studies were carried out with solutions of selected nitroaromatics
including 1-NN and 2-NN in acctonitrile, which were irradiated with incandescent sunlamp
and after 480 minutes of irradiation, 42 % of 1-NN and more than 95 % of 2-NN were present
in the solution =, For this Thesis, the calculation of kpnor using data presented in Fig. 6.0
results in Ay (1-NN) - 0.0602 1 0.0050 min”' (R = 0.9875) and k,p(2-NN)
0.0521 + 0.0024 min™ (R =0.9958), representative plot of Eq. (6.1) is shown in Fig. 6.7. The
lower difference between pp, value for 2-NN and 1-NN photodegradation in this case in
comparison with the gascous phasc is probably duc massive attack of oxygen containing
radicals present in methanolic solution. In gascous phasc, the noncquivalent stability of
nitronaphthalencs towards photodegradation was subscribed to the differences in the planarity
of nitronaphthalenes, discussed carlier in chapter 4.3.2. While 2-NN is a planar molecule, the
nitro group of 1-NN is forced out of the molecular plane duc to the steric interaction with the
peri proton. In this arrangement, in the excited state the interaction of the nitro group with the

1 20,27,28

aromatic 7 system 1s mcreasec . This favors intramolecular nitro to nitrite rearrangement

of the excited state, to which the photochemistry of nitroaromatics has been attributed 2940
In order to evaluate the cfficiency of the destruction method, standard addition method

has been used. Standard additions corresponding to 0.04 %, 0.1 % and 0.2 % of 1-NN
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originally present are shown in Figure 0.8, the curve recorded after 120 min of irradiation
exhibits no 1-NN peak. Thus, it can be concluded that more than 99.96 % of 1-NN were
successfully removed by UV photolysis. For Z-NN, standard addition corresponding to 0.2 %
of originally present amount was obvious after 180 min of irradiation, thus the destruction

efficiency was at lcast 99.8 % for this compound.
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Figure 6.5 DP voltammograms for monitoring of the UV photolysis of [-NN in methanol.
Supporting electrolvte 0.01 mol L. NaOll - methanol (irradiated solution) 9:1, pFF 12.0 The
1-NN solution (¢ = 510" mol L) before irradiation (1) and after 15 min (2), 30 min (3), 60

min (4), 90 min (5) and 120 min (6) of UV irradiation in the reactor.
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Figure 6.6  Dcependence of the peak height [, of 1-NN (e) and its destruction product (0) and
of 2-NN (&) and its destruction products (A) on the time of UV irradiation. Measured by DPV
at HIMDE in 0.01 mol " NaOH - methanol (irradiated solution) 9:1, pf/ 12.0), initial

concentration of 1-NN and 2-NN was 5107 mol L™,
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Figure 6.7  Plot of Fq. (6.7) for I-NN (4,8) wnii 2-NN (BB.A) photolvtical degradation. Tie
coefficient cy/c, was  calculated as 1,1, ratio, where 1y is the height of the DPV peak of
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Figure 6.8  DP voltummograms for monitoring of the UV photolysis of I-NN in methanol,
recorded in a mixture of irradiated solution with 0.01 mol L NaOH (1.9, pH/ 12.0).
5107 mol L' 1-NN after 120 min irradiation in the reactor (1) and the same irradiated

solution with standard addition of 1-NN corresponding to 0.04 % (2), 0.1 % (3) and 0.2 %5 (4)

originally present.
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6.3.3 Products of photodegradation

This chapter 1s inspired by the presence of a peak of a destruction product with peak
potential about - 130 mV obvious after DP voltammetric analysis of irradiated solutions of
I-NN and 2-NN (Figure 6.5). The identification of degradation products is always a difficult
task duc to their number and variety. It is uscful tool for understanding the mechanism of
NPAHs photolytic degradation. This process 1s in particular important in understanding the
fatc of NPAlls in the atmosphere. While for most of relatively volatile NPAHs (formed from
two ring PAlls), including 1-NN, the dominant atmospheric loss process 1s the gas-phasc
photolysis, for 2-NN other pathways, i.c. the OH-attack may be also important 25 As the
experiments conducted with NPAHs in gascous phasc prevail, the experiments in solution or
adsorbed to solid surface are casier to conduct and can bring uscful information according the
photodegidation niechanism and relat:onship besween the nitro gi--up orieniation anc
photodegtadation ™.

To understand at feast partially the structure of degradation products, several other
experiments were conducted with rradiated solutions using electrochemical methods and GC-
MS. In a previous study of Muck ', T-nitropyrene (1-NP) in methanol was irradiated and
HPLC-MS was uscd to analyze the nrradiated solution. Three methoxypyrene isomers,
hydroxymethylpyrene, nitrosopyrene and 1-hvdroxypyrene were identified as degradation
products when low energy UV irradiation was applicd on 1-NP methanolic solution purged by
oxygen. After massive irradiation (6 hours) using the same experimental sctup as in this
study, the aromatic pyrence system was destroyed to polar fragments and no other peak except
I-NP was obscrvable at DP voltammetric curves recorded in a mixture of Britton-Robinson
buffer pl 12 with irradiated solution (1:9). Thesce curves were recorded in a potential window
starting at 200 mV, if the wradiation was repeated in our experimental setup, DP
voltammetric peak increasing with the time of irradiation appeared at =140 mV. Non from the
above mentioned I-nitropyrene destruction products matches with this redox potential.
because nitrosopyrenc is reducible at more negative and monohydroxyderivatives of pyrenc
arc oxidizable at more positive potentials than the mentioned 140 mV. A new peak appearcd
also when irradiating methanolic solutions of 1,5-dinitronaphthalene (peak potential of the
degradation product ££p)p = 145 mV), 9-nitroanthracene (£pp = —115 mV) and 1-nitrobenzence
(Epp =50 mV) in our experimental sctup. In Figure 6.9 and 6.10 the DC tast polarograms
and cyclic voltammogram rccorded during the UV irradiation of methanolic solution of 2-NN

arc depicted. The anodic current of the destruction product at the first figure indicates an
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oxidation process, the logarithmic analysis of the best developed wave with £, =-155 mV
(curve 7) revealed that 1.94 clectrons are exchanged. The cyclic voltammograms reveal the
reversibility of the redox systems with potential difference of ~55 mV between the cathodic
and anodic pcak maximum. These cyclic voltammograms matches with CVs of
1,4-napthoquinonc recorded in the same supporting clectrolyte — a mixture of 0.01 mol L
NaOH with methanol (9:1). The oxidation process recognized by DC tast polarography
indicates the presence of a diol moicty rather than the quinone structure, c.g. the presence of
1,4-dihydroxynaphthalene. The redox couple 1,4-naphthalenediol - 1,4-naphthoquinone
exchanges 2 clectrons, which is in a good agrecement with results of logarithmic analysis for
the unknown destruction product reported above. Substances with quinone structure arc
common products of NPALs photolysis’”‘zs, c.g. | 4-naphthoquinone was together with
2-nitro-" -hydroxynaphthalene identified as a gas-phase photolysis relatively stable product of
1-NN after outdoor sunlight and indoor blackiamp irvadiation
2-methyl-1,4-  naphthoquinonc  was found a degradation product when irradiating
2-methyl-1-nitronaphthalene in acctonitrile with a sunlamp 2% The possible mechanism of the
photo induced quinone formation from NPAHs was explained first for 9-nitroanthracenc in
acctone - after UV irradiation, the nitro group of the excited NPAHs rearranges to nitrite,
which dissociates to nitrogen(lhoxide and 9-anthryloxyradical. Further reactions lcad to
antraquinonc with higher yiclds in presence of oxygen in comparison to when it was absent )
However, in an alcoholic solvent, the quinone group can suffer hydrogen donation from the
solvent, 1,4-naphthalenediol was reported as product of 1,4-naphtoquinone photoredution in
25% methanol 7, 2-propanol or cthanol * under nitrogen atmosphere, in presence of oxygen
the quinone decayed to  phthalic  acid and its  derivatives  (dimethylphthalate,
cthylmethylphthalate). When we repeated the UV irradiation under nitrogen (oxygen
absence), the degradation of 1-NN and 2-NN was substantially slower and the DPV peak
height of the destruction product gave the maximum of =37 nA (2-NN) and -20 nA (1-NN).
The dihydroxyl moicty oxidizable to quinonc structures could be present between the
destruction products of all tested nitroaromatics and in view of reported results on
photodegradation of 1-NN in gascous phase, 1,4-naphthalenediol is the most probable onc for
this compound.

GC-MS was further used for characterization of degradation product, howcver,
dinaphtols can not be detected using this technique until they are derivatized 333 The
solutions irradiated in presence and absence of oxygen were analyzed, corresponding GC-MS

spectra are depicted in Fig. 6.11A and B. A large number of products were found in the first
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casce, which confirms the greater cfficiency of photodegradation in the presence of oxygen
containing radicals. However, the large number of products in absence of oxygen confirms the
complexity of photodegradation mechanism consisting of various radical reactions. Based on
the MS spectra recorded after GC separation and injection of several standards (naphthalenc,
1- and 2- amionaphthalene, 1- and 2- hydroxynaphthalene), thc compounds summarized in
Table 0.1 arc presumably present in irradiated soiutions. Some of the naphthalene derivatives
found after irradiation under nitrogen arc analogous to pyrene derivatives obtained by low
cnergy UV irradiation of I-nitropyrenc mentioned earlier in this chapter. All identified
products contain the naphthalenc aromatic ring, which confirms the low cfficiency of
degradation. On the other hand, the products obtained in air saturated samples arc
characterized by decay of the nitro group bearing benzene ring. Typically, its fragments are
nhoto oxtdized forming an acid and possibly further methylated. Some of the destruction
nroduct r.c. phthabic acid (or its anhydride, these nroduct were dominant in solutions when
using dircct injection  of irradiated  solutions to GC  (chromatograms not shown),
3H(1)isobenzofuranon, dimethylphthalate) were carlier identified after naphthalene mrradiation

6,37.38 . . .
30 or in photodegradation of 1.,4-

in a smog chamber containing NO and OH radicals
. . . 33 .

naphthoquinone in 2-propanol as mentioned above ™. There are many other reaction products

of 1-NN and 2-NN photodegradation, their identification would be of benefit to infer a

detatled conversion pathway.
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Figure 6.9  DC 1ust polarograms recorded during UV photolysis of 2-NN in methanol.
Supporting electrolyte 0.01 mol 1" NaOI  irradiated solution 9:1, pH' 12.0. Blank methanol
(1), and 2-NN solution (¢ = 510" mol ") before irradiation (2) and after 30 min (3), 60 min
(4), 90 min (5), 120 min (6) and 180 min (7) of UV irradiation in the reactor (lower radiation

intensity of the g lamp than Iig. 6.5).
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Figure 6.10 Chyclic voltammograms recorded after 60 min UV photolvsis of 2-NN in
methanol in 0.01 mol L' NaOIl  irradiated solution 9:1, [)H/ 12.0 (black curves) and cvclic
voltammograms of 1,4-naphthoquinone (¢ =510 mol L'y in 0.01 mol L NaOH - methanol
9:1, plf' 12.0 (red curves). The first (1, full lines) and the second (2, dashed lines) cvele

presented. scan rate SO0 mb s’
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Table 6.1  Identified products of 1-NN and 2-NN photolytical degradation.

Ml-nitronaphthalené

iQnitl'onzlplltllalene

Product Retention | Product Retention

time [min| ! time [min]

Presence of oxygen

Naphthaicne 14.3 Naphthalene 14.6
Phthalic acid (anhydride) 10.1 Phthalic acid (anhydride) 16.1
1(3H) Isobenzofuranon 18.4 1(3H) Isobenzofuranon 18.5
Dimcthylphthalate 19.2 Dimecthylphthalate 19.1
I-nitronaphthalene 22.4 2-nitronaphthalenc 229
- o ~ Absence of oxygen o
Naphthalenc 14.6 Naphthalene 14.5
Mcthoxynaphthalenc * 19.1 Methoxynaphthalene * 19.0
Hydroxynaphthalene * 20.4 I Aminonaphthalence © 21.5
Aminonaplithalene 21.4 ' 2-nitronaphthalene 229
I -nitronaphthalenc 225 Mecthoxynaphthalencamine * 23.6

a ST T )
1somers not distinguishable

6.4 Conclusions

The cfficiency of the photolytical degradation for safe destruction of 1-NN and 2-NN
in mcthanol was cvaluated. Mcthods based on spectrophotometry and DPV at HMDE were
used for monitoring of the UV degradation process. Lower valucs (80 % 1-NN, 71 % 2-NN)
were obtained for UV spectrophotometry due to the increasing absorbance of the destruction
residuals in the range of 400-200 nm. However, after addition of hydrogen peroxide and water
the decomposition proceeds with cfficiency higher than ~ 95 %. More suitable for the
monitoring is the DPV at HMDIE, no peak of 1-NN and 2-NN is observable after 120 min and
150 min of irradiation in air saturated solutions, respectively. The standard addition method
revealed more than 99.8 % efficiency of the photolysis of both analytes. However, many
destruction products are formed as demonstrated by GC-MS. In general, the UV irradiation of
oxygen containing solutions procceds faster than in absence of it, the naphthalene nucleus 1s
destroyed and more polar compounds containing benzene ring are formed. By electrochemical
mcthods, a compound containing probably diol moiety was identified. The irradiation under
nitrogen leads mainly to changes in the substitution of the naphthalene nucleus. However, the

toxicity of the resulting solutions should be subject to further mutagenicity experiments.
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7.1 Introduction

Over the past three decades, the development of electrochemical detection for HPLC
has represented onc of the most active and successful movements in electroanalytical
chemistry. During this period, amperometry has become the most commonly employed
clectrochemical detection method thanks to its sensitivity, versatility and relative selectivity.
A number of vartous construction arrangements of amperometric detectors appear every year
in the literature "' 1t is generally aceepted that they should be designed to meet two basic
requirements *:

a) From the chromatographic por:it of view the detector effective volume should be
sufficiently low so as not to contribute to the additional peak broadening.

b) From the clectrochemical point of view the clectrode system sheuld have gcometry
permitting the cexistence of & homogenous clectrie ficld between the indicator and counter
clectrode and also permitting closc position of the reference clectrode, which is necessary for
the potential stability. Morcover, the counter clectrode should be sceparated from the detection
space so that the reaction products formed at its surface cannot interfere with the detection.

It 1s practically impossible to fabricate a detector that fully meets both these
requirements, becausce the considerably large detection space for proper arrangement of all the
clectrodes 1s unacceptable due to the additional peak broadening. In high performancce
scparation mecthods the  chromatographic  demands are often preferred over the
clectrochemical oncs, as the low detection volume is more important. Nevertheless the cffort
to fulfill also the clectrochemical demands leads often to complicatedly designed detectors
with numerous specially machined components.

In this chapter an amperometric detector based on a microwire electrode is described
and tested. Its construction is similar to that of an platinum amperometric tubular detector
(TD) constructed carlier in our laboratory *. They consist from a working electrode placed
directly into the Teflon tube joined to the column outlet, the reference and auxiliary clectrode
arc placed close to it in an overflow vessel without any further special fixing. In such a simplc
configuration, the clectrochemical demands mentioned above are almost 1ignored nevertheless.
a rcliable detection is possible. For the tubular mode of detection it was confirmed on the
detection of scveral genotoxic derivatives of polycyclic aromatic hydrocarbons (PAHs) (c.g.
amino and hydroxydcrivatives of biphenyl, hydroxyphenanthrenes and aminoquinolines) 207,

It this work, we focused on the new arrangement with platinum microwire working
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clectrode. The constructed platinum microcylindrical detector (Pt-uCD) was employed for the
HPLC-ED determination of amino and hydroxy derivatives of naphthalene, namcly
I-aminonaphthalene, 2-aminonaphthalene, 1-hydroxynaphthalene, and 2-hydroxynaphthalenc.
The optimized separation conditions of studied derivatives were taken from Mocko . In this
work and in the work of Cvacka® the previously mentioned platinum tubular detector was
cmployed for their detection, so in this work we focused on the comparison of analytical

parameters of both types of detectors.

7.2  Experimental

7.2.1 Fabrication of the detector

I'he workiag clectrodce was made by fixine of a thin platinum wire in the Teflon tubing
(1/16" o.d., 0.010" 1.d., Alitech) across to the flow of mobile phase. For its casier placement,
the tubing was first picrced with a sharp ncedle and the wire was then cautiously draught
through the resulting aperture. The part of the wire, which is cxposed to the clectrolyte
solution, 1s a cylinder and its arca is given by the diameter of the wire used and by its length,
which corresponds to the inner diameter of the Teflon tube. Hot gun glue was used for further
fixing of the wire inside the Teflon tubing and a heat shrinkable plastic tube was drawn over it
to ensure the full isolation of the wire contact. The tube was immersed in an overflow vessel
containing an clectrolyte solution (mobile phase) in which an Ag/AgCl (1 mol LTKCD
reference clectrode and platinum auxiliary electrode have been placed. The experimental
arrangement of all clectrodes is depicted in Fig. 7.1, the detailed scheme focuses on the
Teflon tube with the working clectrode. The photo of the tip of this part (Fig. 7.2) shows that
the wire was placed near to the outlet.

The newly prepared  platinum  microcylindrical  clectrode  was activated  in
5107 mol L H,SO; by switching ten times between the potential 0.3 and +1.4 V, applying
the potential always for 10 scconds.

The clectrode arca is 0.08 mm” and was calculated as the arca of a cylinder jacket with

length of 1.d.0.010" (= 0.254 mm) and diameter corresponding to the wirc diameter

(d =0.1 mm).



Figure 7.1  Scheme of the detector with microcvlindrical electrode (the individual parts are
not depicted on the same scale). | - column outlet; 2 - detector, integral part of the tube:
a - Teflon tube, b - detection wire, ¢ - hot gun glue; 3, 4 - reference and auxiliary electrode;

5 - potentiostat and amperometer; 6 — electrolyvte solution (mobile phase),; 7 - waste.

Figure 7.2 Photo of the integral part of the Teflon tube with microcyvlindrical electrode

(copper wire depicted).



7.2.2 Apparatus and reagents

The conventional HPLC system LaChrom (Hitachi, Merck, Germany) consisted of the
high pressure pump L-7100, D-7000 Interface, L-7400 spectrophotometric detector and
[.-7200 autosampler controlled by HPLC System Manager (HSM) version 4.0 software. A
three clectrode arrangement with ADLC2 potentiostat (Laboratorni pfistroje, Praguc, Czech
Republic) was used throughout.

The LiChrospher 100 RP-18, 125x4 mm, 5 pm (Merck, Germany) column was used
throughout. Mobile phases were always degassed by passage of helium. The pH values werce
measurcd with pl meter 4330 (Jenway, Great Britain) with combined glass clectrode. The plHi
meter was calibrated with standard pH! buffers (Sevac, Prague, Czezh Republic). Dc—ioni/.t?d
water was produced by Milli-Qplus system (Millipore, USA). If not stated otherwise, the
chemicals were obtarned from fachema 3ino, Crzecti Republic, and were of analytical grade
purity. ‘The Iimit of determination was determined as the concentration that gives ihe signal
cqual to three times the noise level. All measurements were carried out at laboratory
temperature.

The stock  solutions (¢ 1107 mol Ijl) of  l-ammonaphthalenc  (1-AN),
2-aminonaphthalene (2-AN), 1-hydroxynaphthalenc (1-OHN), and 2-hydroxynaphthalenc
(2-OHN) were prepared in acctonitrile (Merck: gradient grade purity) and kept in dark at
laboratory temperature. Solutions of lower concentrations were prepared by dilution of stock
solutions with mobile phase. For scparation of these compounds, 0.01 mol L' phosphate
buffer pH 2.3 - acctonitrile (Merck; gradient grade purity) mixture (60:40, v/v) was used as
mobile phase. The phosphate buffer was prepared from disodium hydrogen phosphate, the
buffer pH was adjusted by addition of concentrated phosphoric acid. 20 pL. of the sample
were injected, the flow rate was set at [, = 0.5 mL min™. For testing of Pt-puCD in HPL.C, a
mixture of aqucous solution of 0.01 mol L™ imidazole and 0.1 mol L' KCI at pH 7.5 with
acctonitrile (1:1, v/v) was used as mobile phase. 5 pl. of 1-107 mol L' 1-AN were injected,

the flow rate was set at 0.5 mL s™ and the detection potential used was +0.9 V.
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7.3 Results and discussion

7.3.1 Detector parameters

The detector parameters were determined using 1-AN (¢ = 5-10° mol L") in mobilc
phasc containing imidazole - acetonitrile mixture, according to ref. *. The retention time of
1-AN in the scparation system used was 6.9 min. The effect on the peak width, asymmetry,
height and arca was cvaluated from ten consccutive injections of 1-AN. The results arce
summarized in Table 7.1 together with corresponding values for Pt-TD *. While the values for
pcak width and plate number, peak height and arca repeatability arc comparable, there 1s a
substantial difference i current densitics. The current density is about five times lower for
Pt-pCD than for Pt-TD, as cffect of different clectrode arrangement. In comparison to
Pt-pCD. where the time of <ontact of the analyte with the werking electrode 1s given basicaily
by the width of the analyte vone, in the case of the tubular arrangement the analyte zonc
passcs along the platinum walls for longer time. As result, the current density is higher for
Pt-TD, but the peaks are more tailing. It is obvious from peak asymmetry values in Table 7.1
and 1s clearly demonstrated in Fig. 7.3 depicting the separation of the mixture of 1-AN, 2-AN.,
1-OHN and 2-OFHN in phosphate bufter mobile phase. The tailing peaks obtained with Pt-1TD
for ¢-=1-10° mol L' arc about the same height as the peaks obtained for Pt-pCD
(¢ = 1107 mol L"), The noise calculated from ten measurements in one-minute intervals was
105 + 14 pA for Pt-TD and 25 + 3 pA for Pt-uCD, which reflects the difference in their arca.

The resulting signal/noisc ratio favours the tubular detector.



Table 7.1  Comparison of an amperometric detector with platinum microcylindrical and

tubular electrode. Peak parameters for 1-AN (injection 5 ul., ¢ = 5-1 0% mol L'l), mobile phase

KCL(0.1 mol 1), imidazole (1-107 mol 1), pll 7.5 - acetonitrile (1:1, v/v) at the flow rate
0.5 mL min” Egy =+ 0.9V,

7 Pt-microcylindrical s o
Pt-tubular detector

Parameter

detector
~ Peak width, vy [min] ©0.236+0.003 0.247 £0.002

Plate number N 4785 + 108 4720 + 80

Pecak asymmetry 1.23+0.2 1.57 % 0.3
RSD ™ - peak height %] 0.44 0.45
RSD ™ peak arca [%] 0.85 0.94
Llectrode arca [mmzl 0.08 0.6
Current density [nA mm”] 18.3 93.3

Noise [pA] 25+3 105+ 14

Signal/noisc ratio 58.5 533

Y relative standard deviation

I[nA]l

2-AN

2
t [min]
Figure 7.3  Separation  of «

mixture of l-aminonaphthalene, 2-aminonaphthalenc,

I-hydroxynaphthalene and 2-hydroxynaphthalene in acetonitrile - 0.01 mol L phosphate
buffer, pIl 2.3 (40:60, v/v) mobile phase, flow rate 0.5 mL min ! Detection at Pt-uCD (—),

concentration ¢ = 1-10° mol L' of each analyte; detection at Pt-TD (--), concentration
¢ =110 mol L of each analyte.
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7.3.2 Detection of amino and hydroxy naphthalenes using platinum

microcylindrical detector

The detector was further employed for detection of 1-AN, 2-AN, 1-OHN, 2-OHN in
phosphate buffer (pll 2.3) - acctonitrile (60:40, v/v) mobile phase after their chromatographic
scparation. The total analysis time using isocratic clution was 14 minutes. First, the dctection
potential was optimized to detect the analytes of interest with the highest sensitivity. The
dependence of peak height and arca on the potential applied on the working electrode was
mvestigated i the range of +0.3 to +1.5 V. Corresponding hydrodynamic voltammograms of
all compounds arc depicted in Fig. 7.4, It 1s apparent that the oxidation ofaminonaphthalcnqs
beging  at somewhat  lower detection  potentials  (+0.7 V) than  the oxidation  of
hydroxynaphthalenes (+0.8 V). The derivatives substituted in position one of the aromatic
skeleton are oxidizable at shightly lewer potentials than these substituted in ;rosition tvwo.
These results are in concordance with findings at other types of platinum and glassy carbon
clectrodes *. The signal-to-noise ratios reach their maxima at potentials about +1.3 to +1.4 V,
nevertheless, the dcetection potential for further applications was set at +1.2V duc to
substantial bascline drift at higher potential values.

The cahibration  dependences  were measured  in the  concentration  range  of
1107 mol 1" to 1-10 mol 17", they are lincar to the concentration of 6:107 mol 1! for cach
analyte. At higher concentrations the detector response decrcases in the series of repeated
injections, probably duc to formation of polymer films as products of oxidation at platinum

10
. However, at lower

clectrode, which 1s a known featurc for many aminoaromatics o
concentrations  the repeatability 1s satisfactory, as confirmed in previous chapter. The
detection figures of merit arc summarized in Table 7.2 with the evaluation from both the peak
heights and peak arcas; attained correlation coefficients arc higher for the latter casc.
Achicved Timits of detection for Pt-pCD arc higher than those for the Pt-TD, which arc
210  mol 1, 210" mol 1, 5:10% mol 1! and 5:10% mol L' for 1-AN, 2-AN, 1-OHN and
2-OHN, respectively *. The achieved LODs prove the applicability of Pt-uCD in trace

analysis of clectroactive oxidizable substances.
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Figure 7.4 [lydrodyvnamic voltammograms for a mixture of [-aminonaphthalene,
‘ -5 q
2-aminonaphthalene, I-hydroxynaphthalene and 2-hydroxynaphthalene (¢ = 1-107 mol I." of

cach) in acetonitrile - 0.01 mol L' phosphate buffer, pH 2.3 (40:60, v/v) mobile phase, flow

- .
rate 0.5 ml, min .
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Table 7.2 Detection figures of merit for IHPLC - Pt-uCD determination of amino and
hydroxy derivatives of naphthalene, injection 20 pl., Egy = +1.2 V, mobile phase 0.01 mol L'

phosphate buffer pIf 2.3 - acetonitrile (60:40, v/v), flow rate 0.5 mL min .

(A) Evaluation from peak heights.

Linear dynamic

Analyte C;:paci.ty Fange Slopfil Intercept Correl. LODJ
actor [mol "] [mA mol™ L] [nA] Coef. [mol 1.7]
2-AN 2.02 11107 - 6:107 0.962 0.22 0.9987 810"
I-AN 2.75 1107 - 6107 0.671 0.61 0.9987 11107
2-OHN  10.62 2:107 - 6107 0.295 0.16 0.9986 3107
[-OHN  12.52 2107 - 6107 0.271 0.24 0.9974 3107
(3) Eveoination from peak areas.
Analvte l‘incarl;l:]l;:amic SIOPCJ Intercept  Correl.
- [mol 1| [mAsmol” I.] [nAs] Coef.
AN 11076107 1548 056 0.9995
1-AN 1107 - 6107 1.184 1.03 0.9983
2-0lIN  2:107 - 6107 7.189 0.17 0.9995
[-OHN  2:107-6:107 7.561 1.12 0.9984

139



7.4 Conclusions

This chapter was devoted to the characterization of a simple, laboratory-made
amperometric detector based on a microwire working electrode for application in HPLC. The
Pt-nCD was employed for the detection of selected hydroxy and aminoderivatives of PAHSs. It
was shown, that in comparison with the previously described tubular detector with
analogically positioned working, reference and auxiliary electrode, it has the advantage of
lower peak tailing, which would be covetable for analysis of more complicated mixtures. The
reproducibility of the detector response is satisfactory. The lower sensitivity of the Pt-uCD in
comparison to P=TD does not have to be iis Iimiting factor, because for analysis of
cnvironmental  and  biological materials  an  extraction  step  facilitating  simultancous
preconceriration is asually nccessary.

The simple construction of the detector cnables variation of the working electrode
material, simply by changing of the metal detection wire. A copper microcylindrical detector
has been alrcady used for the detection of some amino acids ''. Interesting possibility is
clectrode mercurization for the analysis of polarographicaly active substances, including
nitroderivatives of PAHs. Morcover, the detector design opens wide possibilities for scarch on
compatible HPLC, flow injection analysis, and capillary electrophoresis systems coupled with

ampcrometric detection.
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The presented Thesis describes development of new clectroanalytical methods for the
determination of toxic derivatives of naphthalene. This compound and its nitro, amino, and
hydroxy derivatives arc drawing attention as highly hazardous substances. This trend is on
raisc In last ycars, because it was proved in 2000 that naphthalene is a possible human
carcinogen, despite this fact it is still used in chemical industry as intermediate for the
production of a wide spectrum of products. Naphthalene and other PAHs arc emitted to the
cnvironment as a result of incomplete combustion of organic materials, during industrial
processes, and other human activitics and may undergo further photochemical atmospheric
reactions when a number of other more polar products arc formed. Between them, NPAls
represent - a - considerable  health sk to humans duc to their genotoxicity and/or
carcinogenicity. Mononitronaphthalenes are the most prevalent nitro derivatives of PAls in
polluted urban air Amino and hydroxy derivatives of PAHs are other extensively studied
compounds. They are mainty of anthropogenic origin because of iheir widespread use as
intermediates in chemical industry. Morcover, OHPAHs are metabolites of PAHs and thus are
used as biomarkers of exposure.

Taking these facts into account, large scale monitoring of environmental pollutants has
become more and more important together with the studies of their biological impact on
humans and other organisms. ‘This requires development of independent, sensitive and
sclective detection techniques.

This Thests represents a contribution to the search on new analytical methods
applicable on environmental and biological samples. The current state-of-art concerning the
formation, occurrence, and biological activity of PAHs and their nitro, amino, and hydroxy
derivatives was summarized in Chapter 2. Further experimental work was focused on
asscssment of new approaches in the detection of the studied compounds. Attention was paid
mainly to nitronaphthalenes, namely I-nitronaphthalenc and 2-nitronaphthalene and the
possibilitics of their determination using clectroanalytical methods.

It has been shown in Chapter 3 that mercury electrodes in combination with modern
polarographic and voltammetric techniques are suitable sensors for the determination of
submicromolar and nanomolar concentrations of 1- and 2-nitronaphthalene.  New
clectrochemical methods were developed applying DC tast polarography and DPP at DME 1n
0.01 mol L' NaOH - methanol (1:1, pr 12.2 (1-NN)) and BR buffer - methanol (1:1, pr 8.7
(2-NN)), achicved determination limits are 1-10° mol L' and 2:10° mol L' for DCTP and
1-107 mol L' and 2:107 mol L' for DPP for 1-NN and 2-NN, respectively. For DPV at
HMDE, determination limits were 3-10° mol L' (1-NN) and 1:10® mol L' (2-NN) in mixed
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0.01 mol L' NaOH - methanol (9:1, pH" 12.2) media. The most sensitive method 1s AdSV,
using optimized conditions, the limit of determination reached in 0.001 mol L LiOH, pH
10.6, by this method is 2-10” mol L™ for both studied analytes. The reduction mechanism
studied by cyclic voltammetry in acidic, ncutral and alkaline media corresponds to the well
known mechanism of nitro group containing aromatics at mercury clectrodes with the main
signal corresponding to the four-clectron reduction of the nitro to the hydroxylamino group
followed by two clectron reduction of the hydroxylamine to amine in acidic media.

In Chapter 4, the clectrochemical reduction processes of 1-NN and 2-NN were studied
on rccently developed amalgam clectrode material, which is a promising nontoxic material
fully compatible with the concept of green analytical chemistry. The reduction mechanism in
acidic and ncutral media of studied analytes corresponds to mercury clectrodes with the mam
cignal corresponding to the four-clectron reduction i the nitro to the hydroxylamino group.
[n alkalinc media this reduction occurs in two scparated steps with the iirst one being a onc
clectron reduction of the nitro group to the nitro anion radical - a mechamsm recognized
carlicr at silver and other solid electrodes. Another difference in comparison to HMDE is that
1t 1s not possible to accumulate studicd compounds on the electrode surface to enhance the
scnsitivity, as confirmed by ELVS. The meniscus modified silver solid amalgam electrode
proved satisfactory for the determination of submicromolar concentrations of studied analytes,
using DPV the LODs were 3-107 and 5107 mol L™ for 1-NN and 2-NN, respectively, in 0.01
mol L' NaOH - methanol (9:1, pH' 12.2) media.

Carcful and scnsitive monitoring of the presence NPAHs as the pollutants in the
environment is a matter of great interest due to their toxicity even in very low concentrations.
For I-nitronaphthalene  and  2-nitronaphthalene the nced on  sensitive methods  for
determination in water is given by their relatively high water solubility. Hence, the
clectroanalytical methods suitable for the determination of 1-NN and 2-NN in model drinking
and water samples were developed in Chapter 5. The direct determination of studied analytes
by DPV at HMDE is possible after addition of 0.1 mol L' NaOH to the water samples, LODs
as low as ~ 3-10™ mol L' were achiceved for drinking and river water samples, respectively.
For further decreasc of LODs preliminary separation and preconcentration of studied analytes
1s necessary. Liquid-lquid extraction is applicable only on drinking water samples of 2-NN,
I-NN pass over partially into gaseous phase during the evaporation step. On the other hand,
DP voltammetric determination after solid phase extraction using LiChrolut RP-Select B
columns for analyte preconcentration is a reliable method for the determination of both

analytes, characterized by high recoveries and reproducibility. For drinking water samples,
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recoverics higher than 95 % for 1-NN and 71.4 % for 2-NN were obtained with maximum
relative standard deviation of 5.8 %. Subnanomolar LODs (2:10" mol L™ (1-NN) and 310"
mol L' (2-NN)) were achicved for SPE from 1000mL of drinking water samples, for river
water samples, the preconcentration could be realized from maximum 100 mL of the sample
and determination limits 2-10” mol L™ (1-NN) and 3:10” mol L were achieved.

DPV at HMDE and UV-VIS spectrophotometry were further applied in Chapter 6 for
the monitoring of UV photolytical degradation of sclected NPAHs as laboratory wastce
contaminants. Mcthanolic solutions were irradiated in a laboratory madc reactor. Lower
cefficiencies (80 % 1-NN, 71 % 2-NN) were obtained for UV spectrophotometry duc to the
increasing absorbance of the degradation products in the range of 400-200 nm. However, after
addition of hydrogen peroxide the decomposition proceeded with efficiency higher than -
95 %. Morc suitable for the monitoring is the DPV at HMDE, no peak of 1-NN and 2-NN s
observeble aiter 120 min end 150 nua of irradiation in air saturated solutions. The standard
addition mecthod revealed more than 99.8 % cfficiency of the photolysis of both analytes.
However, many destruction products arc formed as demonstrated by GC-MS. In general, the
UV irradiation of oxygen containing solutions proceeds faster than in absence of it, the
naphthalene nucleus s destroyed and more polar compounds containing benzene ring arce
formed. By clectrochemical methods, a compound containing probably diol moicty was
identified. The mrradiation under nitrogen leads mainly to changes in the substitution of the
naphthalene nucleus. However, the toxicity of the resulting solutions should be subject to
further mutagenicity experiments.

Last part of the Thests was devoted to the characterization of a simple, laboratory-
made amperometric detector based on a microwire working clectrode for application in
HPLC. The Pt-pCD was employed for the detection of a mixture of 1-aminonaphthalenc,
2-aminonaphthalene, 1-hydroxynaphthalene, and 2-hydroxynaphthalene. It was shown, that in
comparison to the previously described tubular detector with analogically positioned working,
reference and auxiliary clectrode, the Pt-pCD has the advantage of lower peak tailing, which
would be covetable for analysis of more complicated mixtures. The reproducibility of the
detector responsc is satisfactory ecven for aminonaphthalenes that are known to form
polymerizing films as products of oxidation at platinum or carbon clectrodes leading to
electrode fouling. The lower sensitivity of the Pt-uCD does not have to be its limiting factor,
because for analysis of environmental and biological materials an extraction step facilitating

simultancous preconcentration is usually necessary.



Finally, it can be concluded that:

e Modcern polarographic and voltammetric mcthods at mercury clectrodes developed for
determination of trace amounts of 1-NN and 2-NN and other NPAHSs offer a sensitive,
cheap, independent, and rcliable alternative to more frequently uscd chromatographic

methods.

e Solid phasc extraction can be successfully used for the preliminary separation and
preconcentration of 1-NN and 2-NN from water samples with over 71 % extraction
cfticiency, hiquid-liquid extraction and other procedures requiring an evaporation step are
not rccommendable as nitronaphthalencs, cspecially 1-nitronaphthalene pass over casily

into the gascous phasc.

e m-AgSALE in combination with modern voltammetric techniques is a suitable sensor for
the deivrminatios. of submicromolar concentrations of 1-NN and 2-NN. It providcs high
stability and reproducibility, although the achicved LODs are about onc order of
magnitude higher compared to DPV at HMDE. However, amalgam clectrodes can replace
mercury clectrodes 1in cases where higher robustness and casy operation 1s required or

unsubstantial fear of “toxic™ mercury disables its usc as electrode material.

e UV-light initiated photochemical reactions lead to quantitative degradation of 1-NN and
2-NN in methanol, DPV at HMDE is more suitable for monitoring of their photolysis than
UV-VIS spectrophotometry. Based on GC-MS and voltammetric analysis of irradiated
solutions, the degradation is more cffective in solutions containing oxygen when the
aromatic naphthalene skeleton 1s broken and mainly lower molecular compounds arc

formed.
e Ampcrometry employed at positive detection potentials i1s sensitive technique for casily
oxidizable hydroxy and amino derivatives of naphthalene. The amperometric platinum

detector based on a wire microelectrode is suitable for the sensitive and selective detection

of mentioned analytes after their chromatographic separation.
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