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Abstrakt

Tato disertacni prace se zabyva vyvojem novych analytickych metodologii zalozenych
na atomové fluorescencni spektrometrii — detekéni metodé€, kterd nabizi precizni a citlivé
stanoveni ultrastopovych prvkii, mezi néz patii naptiklad bismut, kadmium a nikl. Spole¢nym
jmenovatelem této prace je pouziti nekomeréniho nedisperzniho atomového fluorescencniho
spektrometru (AFS) vyvinutého v laboratofi.

Prvni Cast této prace se vénuje vyvoji vysoce citlivé metody pro stanoveni bismutu
pomoci generovani hydridi (HG) ve spojeni s AFS. Bismutan byl generovan reakci s NaBH4 v
prostiedi HCI1 v usporadani pritokové injek¢ni analyzy a pomoci proudu nosného plynu argonu
a vodiku byl unaSen do atomizatoru. Byla provedena detailni optimalizace optické cesty
spektrometru (pozice bezelektrodové vybojky, ¢ocek a interferencniho filtru) a atomizacnich
podminek ve dvou plamenovych atomizatorech — miniaturnim difuznim plamenu (MDF) a tzv.
flame-in-gas-shield atomizatoru (FIGS). Bylo dosaZeno vyborné opakovatelnosti a extrémné
nizkych mezi detekce, jmenovité 1,8 ng 1! s vyuzitim MDF a 0,9 ng 1! s FIGS.

Nasledné byl AFS spojen s fotochemickym generatorem tékavych specii (PVG), opét
v uspofadani injekéni pritokové analyzy. Pouzity fotoreaktor se skladal ze standardni rtutové
nizkotlaké UV vybojky ovinuté teflonovou trubi¢kou. Optimalni podminky pro PVG bismutu
odpovidaly priitoku reakéniho média 3 ml min~! (doba ozafovani 90 s) a reakénimu médiu
slozeného ze smési kyseliny octové a mravenéi s pridavkem Co** iontii jako modifikatoru.
Atomizacni podminky ve FIGS atomizatoru byly zoptimalizovany a nijak vyznamné se nelisily
od optimalnich podminek pro HG-AFS, s vyjimkou vyznamné vyssiho pratoku kysliku. Mez
detekce dosazend s PVG-AFS byla 12 ng 1.

Také byla vyvinuta metoda pro stanoveni kadmia pomoci chemického generovani
tékavych specii (CVG) spojeného s AFS s vyuzitim bezelektrodové vybojky jako excitaéniho
zdroje. T€kavé specie kadmia byly generovany ve Ctyfkandlovém pritokovém injekénim
usporadani generatoru reakci s NaBH4 v prostiedi HCI za ptitomnosti Cr**/KCN modifikatort,
jez zvysuji ucinnost generovani. Atomizacni podminky v obou plamenovych atomizatorech
byly zoptimalizovany a citlivost dosazena s FIGS atomizatorem byla pfiblizn€ dvakrat vyssi
nez s MDF, coz vytstilo i v niz$i mez detekce 0,42 ng 1!

Upravou spektrometru a za¢lenénim zdroje napajeni pro vybojky s dutou katodou s
vysokou zafi, tzv. Superlampy, byla rozSifena pouzitelnost AFS na véEtsi pocet analyti.
Provozni parametry Superlampy byly optimalizovany s pouZzitim bismutu jako modelového

analytu se zfetelem na intenzitu emitovaného a vysledného fluorescenéniho zareni. Ziskané
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analytické charakteristiky byly porovnany pro oba zdroje zaieni — bezelektrodovou vybojku a
Superlampu.

Posledni Cast této prace je vénovana vyvoji metody pro stanoveni niklu pomoci
PVG-AFS s pouzitim Superlampy jako excitaéniho zdroje. Byl vyuzit vysokoucinny pratokovy
fotoreaktor s vnitinim reak¢nim kanadlkem a tékavé specie niklu byly generovany z média
obsahujiciho kyselinu mravenéi pfi priitoku 1,5 ml min™' odpovidajici dob& ozafovani 29 s.
Atomizacni podminky byly zoptimalizovany pro MDF i FIGS atomizétory a s pouzitim FIGS
atomizatoru bylo dosazeno meze detekce 5,3 ng 1!

Vsechny vyvinuté metodologie byly ovéieny stanovenim Bi, Cd a Ni v certifikovanych

referen¢nich materialech vody, vlasii a krve (Bi) a autentickych vzorcich vody (Ni) a ryze (Cd).



Abstract

This thesis encompasses a development of innovative methodologies based on atomic
fluorescence spectrometry, offering precise and sensitive determination of ultra-trace elements,
such as bismuth, cadmium, and nickel. The common denominator of all parts of this work is
the use of a research-grade non-dispersive atomic fluorescence spectrometer (AFS).

First part of this work is dedicated to the development of a highly sensitive methodology
for bismuth determination based on hydride generation (HG) coupled with AFS. Bismuthane
was generated by the reaction with NaBH4 in HCI medium in a flow injection arrangement and
directed by a stream of carrier argon and hydrogen to an atomizer. A detailed optimization of
the optical path of the spectrometer (electrodeless discharge lamp, lenses and interference filter)
and atomization parameters in two flame atomizers — miniature diffusion flame (MDF) and
flame-in-gas-shield atomizer (FIGS) — was performed. An excellent repeatability and extremely
low limits of detection were achieved, namely 1.8 ng L™! with the MDF and 0.9 ng L ™! with the
FIGS.

Subsequently, a photochemical vapour generation (PVG) of bismuth was coupled to
AFS, employing a flow injection arrangement of the generator, a standard mercury low-pressure

UV lamp and a coiled Teflon reactor. A flow rate of 3 mL min !

, corresponding to an irradiation
time of 90 s, and a combination of acetic acid and formic acid as the photochemical medium in
the presence of Co®" as a sensitizer were found optimal for PVG. The atomization conditions
using FIGS atomizer were optimized and they did not differ significantly from HG-AFS, except
for the significantly higher flow rate of oxygen. A limit of detection of 12 ng L™ was achieved.

A methodology for cadmium determination based on chemical vapour generation
(CVG) coupled with AFS using an electrodeless discharge lamp as the excitation source was
also developed. Cd volatile species were generated in a four-channel flow injection CVG
system by the reaction of the analyte with NaBH4 in a HCI medium in the presence of Cr**/KCN
as modifiers enhancing the CVG efficiency. The atomization conditions were optimized for
both MDF and FIGS atomizers. The sensitivity obtained with the FIGS atomizer was
approximately twofold higher compared to that with the MDF atomizer; therefore, the FIGS
atomizer was selected for further analytical applications, providing an excellent limit of
detection of 0.42 ng L.

To expand the applicability in terms of number of analyte elements, the spectrometer
was modified to be operated with boosted discharge hollow cathode lamps also called

Superlamps. The operational parameters of the Superlamp were optimized using bismuth as the
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model analyte with respect to the intensity of the emitted radiation and the resulting
fluorescence radiation. The achieved analytical characteristics were compared for both
excitation sources - electrodeless discharge lamp and Superlamp.

Last part of this thesis is dedicated to the development of a method for nickel
determination based on PVG and AFS using the Superlamp as the excitation source. The PVG
was conducted with a high-efficiency flow-through photoreactor from the photochemical
medium containing formic acid at the flow rate of 1.5 mL min ™! through the photoreactor, which
corresponds to an irradiation time of 29 s. The atomization conditions in both MDF and FIGS
atomizers were optimized and a limit of detection of 5.3 ng L™! was achieved with the FIGS
atomizer.

Last but not least, all the developed methodologies were verified by the determination
of Bi, Cd and Ni in certified reference materials of water, hair, and blood (Bi) and real samples

of water (Ni) and rice samples (Cd).
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List of abbreviations

AAS atomic absorption spectrometer/spectrometry
ABC analyte-borane complex

AF atomic fluorescence

AFS atomic fluorescence spectrometer/spectrometry
CD capillary distance

CRM certified reference material

CVG chemical vapour generation

EDL electrodeless discharge lamp

FA formic acid

FI flow injection

FIGS flame-in-gas-shield

FWHM full width at half maximum

HCL hollow cathode lamp

HG hydride generation

ICPAES inductively coupled plasma atomic emission spectrometer/spectrometry
ICPMS inductively coupled plasma mass spectrometer/spectrometry
LOD limit of detection

LOQ limit of quantification

MDF miniature diffusion flame

MS mass spectrometer/spectrometry

OH observation height

PEEK polyetheretherketone

PMT photomultiplier tube

PP peristaltic pump

PTFE polytetrafluoroethylene

PVG photochemical vapour generation

RC reaction coil

RM reference material

SD standard deviation

SNR signal-to-noise ratio

SRM standard reference material

THB tetrahydridoborate
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Aims of the thesis

The presented thesis summarizes the results from four research papers published in
international impacted scientific journals with the addition of one yet unpublished study. The
introduction briefly describes the theoretical aspects of this work and is focused mainly on
various vapour generation techniques, flame atomizers used for the atomization of volatile
species and atomic fluorescence spectrometry used for the detection. The experimental part lists
the employed instrumentation including the measurement procedure and data treatment. The
detailed description of the used reagents, instrumentation, sample preparation, etc., can be
found in corresponding appendices. The individual sections in the results chapter are focused
on the most important results that were especially related to the optimization of AFS and flame
atomizers, the determination of analytical figures of merit and method validation, wherein some
specific details can be found in the attached appendices.

The main aims of this thesis were to contribute to the development of the method of
AFS coupled to chemical or photochemical vapour generation techniques and expand this

methodology for the determination of transition metals. The individual sub-aims were:

a) to develop analytical methodologies for Bi determination using a research-grade
atomic fluorescence spectrometer by the coupling with different vapour generation

techniques and employing different excitation sources

- the determination of Bi by hydride generation (HG) coupled with AFS using an
electrodeless discharge lamp (EDL) as the excitation source (Appendix I)

- the coupling of photochemical vapour generation (PVG) of Bi to AFS (Appendix II)

- the development and testing of a power source for high intensity hollow cathode
lamps (Superlamps) in the research-grade AFS in order to expand the applicability
of the spectrometer to other than only hydride forming elements (Appendix III)

b) to develop a sensitive methodology for Cd determination based on chemical vapour
generation (CVG) coupled with AFS using EDL and the excitation source
(Appendix 1V)

c) to develop a sensitive methodology for Ni determination by coupling the PVG of Ni

to AFS using the Superlamp as the excitation source (unpublished results).
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1 Introduction

1.1  Trace element analysis

Many elements occur in various matrices at very low concentration levels, which, for
a long period of time, made their determination virtually impossible. Their presence became
known and the levels at which they can be found became detectable with the development of
analytical instrumentation and hence the term “trace element” began to be used for their
description. “Trace element”, as defined by IUPAC [1], is any element having an average
concentration of less than 100 mg kg™'. Another term - “ultra-trace elements” - was established
with further improvements of analytical techniques and the effort to lower their limit of
detection (LOD) for elements occurring at lower levels than 1 ppm, even though it is not a rigid
definition [1-3]. Such low concentrations of various elements might be either hazardous or
essential to human health or the environment, depending on their character [4-6]. Regarding the
analytes studied in this thesis, cadmium is a representative of thoroughly studied and monitored
elements that are considered serious hazardous toxic pollutants [7, 8]. Cadmium is accumulated
and therefore its concentrations in the environment are steadily increasing, mostly coming from
battery production, alloys or fertilizers [9, 10]. Bismuth and nickel are less toxic than Cd,
however, with an ongoing technological development and an increasing manufacturing
capacities of various electronic devices, their level might be increasing in the future, potentially
causing harm to the biosphere [11, 12]. Therefore, it is crucial to continue improving the
performance of different analytical methodologies and especially try to stay ahead of the

demand by predicting the global trends in element analysis.

Nowadays, methods of analytical atomic spectrometry are the methods of choice for
trace or ultra-trace element analysis, which include atomic absorption spectrometry (AAS),
AFS, inductively coupled plasma with atomic emission spectrometry (ICPAES) or inductively
coupled plasma with mass spectrometry (ICPMS). Sample introduction has been always
considered as the Achilles” heel of all these methods [13], typically relying on nebulization of
liquid samples with a limited introduction efficiency (<5%). It is possible to employ alternative
sample introduction techniques, e.g., vapour generation (VG) [14] or laser ablation [15], to
augment the analytical performance of the aforementioned methods. VG techniques can
introduce the analyte into the detector with much higher efficiency than nebulization, in
principle even up to 100%. They include chemical vapour generation (CVG), photochemical

vapour generation (PVG), electrochemical hydride generation, plasma-assisted vapour

15



generation, sono- and thermochemical vapour generation. Hydride generation (HG) is
technically a part of CVG when tetrahydroborate (THB) is used for the formation of volatile
hydrides [14].

The VG techniques further discussed in this thesis include namely HG, CVG, and PVG.
All of the VG techniques are based on the formation of volatile species of the analyte, which
requires an appropriate atomizer to convert volatile species to free atoms prior to detection. The
atomizers further discussed thus include two types of flame atomizers - the miniature diffusion
flame (MDF) and the flame-in-gas-shield atomizer (FIGS), both designed specifically to be
employed in AFS.

1.2 Vapour generation techniques

VG techniques coupled with various atomic spectrometric methods were introduced more
than 50 years ago [16, 17]. The increase in their popularity over the years may be attributed to
simple and affordable instrumentation and the corresponding analytical characteristics, especially
very low LODs, going hand in hand with high analyte introduction efficiency to the
atomizer/detection unit. Another advantage lies in the separation of the analyte from the sample

matrix, which minimizes interferences during spectrometric detection.

Generally speaking, VG is a process during which analytes, originally bound in the form
of non-volatile compounds, are converted to volatile species, by means of chemical or physical
processes, then released from the liquid phase to the gas phase [18] and transported to the
atomizer/detector. VG techniques can be virtually described by two stages: the formation of
volatile species of the analyte in a reactor (generator) and the subsequent atomization/detection,
accomplished by an atomizer integrated within an atomic spectrometer. The overall generation
efficiency is influenced by three consecutive processes: the conversion to the volatile species, the
liquid-gas phase transfer of the volatile species and the transport of the volatile species to the
atomizer/detection unit. Various approaches can be used for the conversion of the analyte to its
volatile form, such as chemically by suitable chemical reagents (CVG), electrochemical
derivatization, or radical-mediated derivatization that is applied in PVG or plasma-assisted

VG [14].
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1.2.1 Chemical vapour generation

CVG by the reaction with aqueous boranes used as derivative reagents (tetrahydroborate
- THB, usually NaBH4 or KBH4) is one of the most popular and mature VG techniques [14, 18,
19]. Volatile species formed during the derivatization can be either hydrides of the so-called
hydride-forming elements (As, Bi, Ge, Pb, Sb, Se, Sn, Te) [19] and/or free atoms in the case of Hg
and Cd 20, 21].

Robbins and Caruso [22] were the first authors who proposed a reaction mechanism for

HG. They postulated a simple reaction scheme for the THB/acid system (equation 1 and 2):

BHs +H' + 3 HoO — H:BO; + 8 H' (1)

The resultant atomic hydrogen subsequently reacts with aqueous ions of the element (E™")

and form the volatile hydride:

E™ 4+ (m +n)H — EH, + mH" 2)

This theory has been generally adopted and it became known as the “nascent hydrogen”
mechanism [19, 23]. This hypothesis has been discussed thoroughly within the analytical
community and it was later concluded by Dédina [24] that, in fact, there was no definite evidence
that would either support or refute the “nascent hydrogen” hypothesis. Since then, a thorough
review of borane complex chemistry literature, along with focused experiments using deuterium-
labelled reagents, has helped clarify some controversial aspects of CVG mechanisms [25-27]. This
resulted in definitively rejecting the "nascent hydrogen" theory and adopting a model based on the
direct transfer of hydrogen from boron to the element through formation of analyte-borane

complex intermediates (ABCs) [25, 28-30].

Study of the processes and mechanisms governing CVG by aqueous boranes is a very
complex task in a real reaction system with many influencing parameters to be considered [31,
32]. The mechanistic studies can be divided into several steps: (a) studies on the hydrolysis of
aqueous boranes and (b) studies on the mechanism of hydrogen transfer from the reaction

environment to the analyte. Further parameters to consider while studying the HG mechanism
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include interferences from foreign elements and the action of possible additives. In the case of
THB, the single step reaction of hydrolysis (equation 1) is stoichiometrically correct yet it does
not accurately depict the complex mechanism and kinetics involved in the hydrolysis of THB

through reaction intermediates (equation 3).

BH4 + 3 H,0 + H" — intermediates — H3BO;3 + 4 H; 3)

The hydrolysis of THB in acidic reaction media is a stepwise reaction that can be more

accurately represented by the equations 4-7:

BH4™ + H30" — BH3(H20) + Ha 4)
BH3(H20) + H,O — (H>,O)BH>OH + H» (%)
(H20)BH20OH + H>O — (H.O)BH(OH), + H» (6)
(H2O0)BH(OH), — B(OH); + Hz (7)

The BH4 ™ anion and all the hydridoboron species formed during hydrolysis containing at
least one B—H bond can be potentially active in CVG. Volatile hydrides are formed by direct
transfer of hydrogen from boron to analyte atoms. The hydrogen transfer and hydride formation
are stepwise processes, wherein the hydrogen atoms come from different borane molecules. The
formation of intermediate hydrido-metal complexes, in which the ligands are replaced stepwise by

hydrogen atoms (equation 8), and the hydrogen transfer take place through ABCs.

ELn — EHLn—l — EH2Ln—2 el d EHm (8)

To summarize, the results from References [23, 29-32] refute definitively the “nascent
hydrogen” theory and support the hypothesis based on the direct transfer of hydrogen from boron
to the analyte following the formation of ABC, in which different hydrogen atoms come from

different borane molecules [14, 23].
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It is worth mentioning that the reaction with THB is also used for generation of volatile
species of transition and noble metals, such as Au, Ag, Co, Cu, Ni, Pd, Zn and other. However, the
yielded generation efficiency is usually much lower despite the use of various reaction modifiers

and modified generator designs [33-36].

The types of reactors used for both CVG and HG include the batch system and the flow
systems - the continuous flow and the flow injection (FI) setups [37-40]. They all consist of the
chemical manifold and the gas-liquid separator (GLS) used for the separation of generated volatile
species of the analyte from the liquid matrix. In the batch reactor, the reaction is carried out by
mixing all the reagents in one vessel that also serves as the GLS (the chemical manifold is not
necessarily required), from which the volatile species is then transported by a carrier gas to the
atomizer. Continuous flow reactors work with a constant supply of all the reagents propelled by
peristaltic pumps [14]. In FI reactors, the sample is injected into the flow of a carrier liquid and

mixed with other reagents including THB, which results in a peak shaped signal [38].

1.2.1.1 Hydride generation of bismuth

Bismuth is one of the classical hydride-forming elements and inorganic Bi** reacts with
aqueous THB forming BiH3 — bismuthane [25, 38, 40-42]. The generation efficiency of BiH3 using
analytical conditions was estimated to be above 95% and it tends to decrease as the mass
concentration approaches a few mg L' due to the formation of non-volatile solid species and
nanoparticles, assumed to be elemental bismuth, which can lead to a curvature of the calibration
function at higher concentrations [40]. BiH3 can be generated over a very broad acidity range with
dilute solutions being more convenient from the viewpoint of blank levels and sensitivity since
there is no critical effect of the HCI concentration on analytical signals [19, 38]. Bi*" is reactive
towards all products of THB hydrolysis and the concentration of THB used for the reduction is
usually quite low compared to the other hydride-forming elements, in the range 0.1-1%

(depending on the generator system) [43, 44].

1.2.1.2 Chemical vapour generation of cadmium

Cadmium has not been commonly listed among the classical hydride-forming elements
and Hg that are amenable to HG. Nevertheless, since the CVG of Cd has been a subject of an
extensive research in recent years, utilizing various approaches [21, 45-51], it appears now that

a combination of atomic (Cd®) and molecular (presumably CdH,) volatile species is generated
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during the CVG process [21, 45, 46, 52]. The proportion of these species and also the overall
CVG efficiency depend profoundly on the experimental conditions, particularly the ratio of
BHy /acid (pH), and also the presence of dissolved oxygen in the reagents. However, the use of
modifiers has been identified as crucial to substantially improve the CVG efficiency. In a recent
study, Sagapova et al. [53] compared the performance of CVG of Cd using different modifiers,
including Co?" ions/ascorbic acid/thiourea, Ti** or Ti*/KCN, and Cr**/KCN. The most
favourable outcomes in terms of CVG efficiency (55-66%), inter-day repeatability, and
robustness were achieved with a four-channel system employing Cr**/KCN as modifiers,

achieving LOD of 60 ng L' when using AAS and a quartz tube atomizer [53].

The exact mechanism by which this combination of modifiers enhances the CVG of Cd
has not been fully elucidated. However, Yilmaz et al. [47] proposed in their pioneering work
that in a slightly acidic medium, a [Cr(CN)s]>~ complex is generated online from Cr(OH); in an
excess of KCN before mixing with BH4 . This complex subsequently interacts with BH4™ to
produce reactive borane complex intermediates that can efficiently react with Cd*>* and convert

it into volatile species with high efficiency [47].

1.2.2  Photochemical vapour generation

In contrast to other VG techniques, PVG is based on the photolytic generation of free
radicals and solvated electrons in sample solutions containing photochemical medium exposed to
ultraviolet (UV) radiation [54]. Historically, PVG is a rather new technique. It was first introduced
in 2000 by Kikuchi and Sakamoto [55], who reported efficient reduction of Se(VI) in formic acid
based medium in the presence of TiO2 photocatalyst to yield SeH,. This was followed by a
publication by Guo et al. [56] that described an analytical perspective. PVG has been rapidly
evolving over the past two decades and it nowadays provides successful analytical applications for
around 25 elements (As, Sb, Bi, Ge, Se, Sn, Tl, Te, Fe, Co, Ni, Hg, Pb, Cd, Cu, Mo, W, Os, 1, Br,
Cl, Rh, Re, Ru, and Ir) [14, 57-60]. A typical experimental setup is very similar to CVG or HG
except the chemical manifold is here replaced by a photoreactor comprising a UV source. PVG
can be conducted in a batch generator but the flow setups are more common. In addition to the
photoreactor, essential components include a peristaltic pump for the supply of the liquid sample
and a GLS. Simple photoreactors typically consist of a low-pressure Hg discharge lamp and a
conduit of UV transmissible material placed in close proximity to the source to permit irradiation
of sample solutions primarily by 254 nm radiation [58]. Advanced thin-film flow-through
photoreactors employ a modified low-pressure Hg discharge lamp wherein the sample is irradiated
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in a synthetic quartz channel directly immersed in the discharge [61]. Since UV photons have only
to pass the thin synthetic quartz wall of the inner channel, this photoreactor permits ready access

to intense 185 nm radiation in addition to 254 nm.

The PVG mechanism is based on the photochemical decomposition of low-molecular-
weight organic acids (formic, acetic, or propionic) contained in the photochemical medium by UV
radiation, leading to the formation of highly reducing H’", R’, and COO" radicals and solvated
electrons [56, 59]. These radicals interact with the target elements to form volatile species, which
can be free atoms, hydrides, carbonyls, or alkylated compounds depending on the reaction medium
used [54]. The generated volatile species are subsequently separated from the liquid sample matrix

and transported with high efficiency to a suitable detector.

1.2.2.1 Photochemical vapour generation of bismuth

The feasibility of PVG of Bi was firstly demonstrated by Guo et al. in 2004 [56] within a
20 element study using a batch style UV reactor, followed by a more in-depth study by Zheng et
al. in 2010 [62] who employed a more conventional PVG reactor consisting of a quartz tube
wrapped around a 125 W high-pressure Hg UV lamp. A significant step forward was made by
Gao’s group [63-65] who found Fe*" ions to enhance the PVG efficiency substantially in a system
based on a thin-film flow-through UV reactor. The authors also identified the dominant product of
PVG as Bi(CH3)3 when acetic acid was used as the photochemical medium. A further enhancement

of the PVG efficiency was demonstrated using Co?* ions as the sensitizer [66].

1.2.2.2 Photochemical vapour generation of nickel

Nickel was the second analyte (after Se) to which PVG was successfully applied. Guo et
al. [67] used a PTFE tube wrapped around a Hg germicidal lamp and low-molecular-weight
organic acids to generate volatile Ni(CO)4. Significant enhancement was reported when the pH
of the photochemical medium containing formic acid was adjusted by an addition of hydroxides
or sodium formate [67-69]. Employing a thin-film flow-through photoreactor, Soukal and
Musil [70] achieved the PVG efficiency of 42% when PVG was conducted from 30% (m/v)
formic acid while the PVG efficiency of around 75% was reported when pH of this
photochemical medium was adjusted by an addition of 1.5 mol L™! ammonium formate (pH

increased to the value 2.6). However, these conditions did not provide any significant benefit to
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analytical performance, especially due to increased analyte contamination and dilution of

samples inherent to preparation in the photochemical medium [70].

1.3  Atomization of volatile species

In principle, VG techniques can be easily coupled to all methods of analytical atomic
spectrometry, including AAS, AFS, ICPAES, and ICPMS, and the resulting sensitivity (in terms
of LODs) is strongly related to the employed detector. VG has always been closely linked to AAS
and with the emergence of other analytical atomic spectroscopy methods, VG applications
followed suit. VG coupled to AFS has demonstrated its advantages over AAS in terms of LOD
and linear dynamic range and its potential can be especially exploited when using mild atomization
conditions. Therefore, AFS is primarily associated with VG nowadays and it has become a well-

established technique and a strong competitor to AAS [71-73].

An ideal atomizer should ensure complete conversion of analyte volatile species into free
atoms without any side reactions. Simultaneously, it should allow for a long residence time of free
atoms in the observation volume to enhance sensitivity and for minimum atomization interference.
The ideal atomizer should also be robust, avoid significantly contributing to the measurement noise
and be fairly affordable [74]. The complete conversion of hydrides to free atoms can be explained
by the radical theory, which is based on formation of an excess of H® (compared to the
concentration of volatile species) [75-77]. The analyte, in its volatile form, is then atomized by
interactions with H radicals formed by reactions between H: (in an excess) and O,. Once the free
atoms are transported beyond the cloud of H radicals, they begin to decay. The optimization
process consists of establishing how the relevant operational parameters influence the H radical
distribution. However, it cannot be easily determined and therefore the crucial parameter is the
concentration of free atoms of the analyte. The atomizers most often used in AFS include various
types of flame atomizers, such as the miniature diffusion flame (MDF) and the flame-in-gas-shield

atomizer (FIGS) [19, 74].

1.3.1 Miniature diffusion flame

The MDF is a conventional hydride atomizer for AFS in both commercially available [78]
and laboratory-made [71, 72, 79] spectrometers. Its construction is quite simple, comprising a

vertical support tube through which a mixture of Ar and Hz, containing the analyte volatile species,
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is introduced [79]. Hydrogen burns in the ambient atmosphere forming the diffusion flame at the
top of this tube. Hydrogen radicals are formed in the outer zone of the flame by reactions between
H; and ambient O> and diffuse into the inner volume of the flame where the analyte volatile species
is fully atomized. The outer hot shell of the flame acts as an efficient shield preventing the decay
of H radicals and free atoms of the analyte in the inner volume of the flame by reactions with
components from the ambient atmosphere. The sensitivity of MDF is mainly controlled by the
total flow rate of flame gases and the composition of the Ar/H> mixture [74]. It is worth noting
that some MDF applications do not use cylinder-supplied H» but rely only on H> generated from
the hydride generator [78]. The total gas flow rate has two contradictory effects: it enhances the
shielding of free atoms from chemical reactions but also causes dilution of the free atoms in the
observed volume, which reduces sensitivity. Thus, the optimum total gas flow rate is a compromise
between the shielding and the dilution. Additionally, the observation height, defined as the distance
of the radiation beam axis above the support tube top is an important experimental parameter that

has to be optimized.

In summary, the MDF atomizer offers highly efficient atomization of analytes with
minimal free atom reactions within the observation volume, resulting in very low atomization
interferences. The MDF is exceptionally user-friendly, providing excellent long-term signal

stability, and is cost-effective in terms of both investment and operational expenses [74].

1.3.2  Flame-in-gas-shield atomizer

An advanced flame atomizer developed to be applied in AFS is a flame-in-gas-shield
atomizer (FIGS) [74, 80], which has so far been used only in research grade AFS instruments [71,
72, 80-84]. It involves the same vertical tube (with the inlet of Ar, H, and analyte hydride) but
there is also a centred capillary for Oz delivery. At the top of this capillary, oxygen burns in the
presence of excess Ha, creating a highly fuel-rich O2/H2 microflame. Within and in the close
vicinity of this microflame, an inhomogeneous cloud of H radicals is formed, effectively atomizing
the analyte hydride. To protect the H radicals and free analyte atoms from reacting with
atmospheric O; and to prevent the ignition of a diffusion flame at the top of the support tube, high
flow rates of shielding Ar are employed [72, 74].

The fundamental processes, i.e., production of H radicals, protection of free atoms from
the ambient atmosphere and dilution of analyte in the observation volume of the flame, are all

controlled by the composition and the flow rate of the Ar/H> mixture when MDF is employed. In
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the FIGS atomizer, each of these processes can be independently controlled, which is its most
significant advantage. Because there is always an excess of Hz over O, the production of H
radicals and temperature are both controlled mainly by the O> flow rate, while the flow rate of
shielding Ar controls the isolation of free atoms from molecular O; in the ambient atmosphere.

The dilution of the analyte is then regulated by the total gas flow rate of the flame gases [74, 80].

1.4  Atomic fluorescence spectrometry

AFS coupled to a VG technique has a potential to reach extremely low LODs at very low
purchase and operating cost and therefore provides an attractive alternative even to ICPMS
detection. Its use dates back to 1964, when Winefordner and Vickers [85] introduced it as a new

analytical method.

Atomic fluorescence (AF) is a radiational deactivation process which occurs after the
excitation of free atoms by the absorption of radiation of characteristic wavelength from an
appropriate excitation source. The emitted fluorescence radiation can be of the same, longer or
(rarely) shorter wavelength. When the excited atoms absorb and re-emit the same wavelength
radiation, it is a resonance fluorescence. Non-resonance fluorescence occurs when the exciting and
the observed lines are of different wavelengths, and the main categories are direct-line fluorescence
(a common upper level of the exciting and the fluorescence lines) and stepwise-line fluorescence
(upper levels of the exciting and the fluorescence lines differ), both of which exhibit longer
wavelength of the emitted radiation. Another type of non-resonance fluorescence, anti-Stokes

fluorescence, occurs when the wavelength of the fluorescence line is shorter [86].

The measured signal is determined as the value of the observed fluorescence radiant flux.
Free atoms in the gas phase get excited by absorbing a portion of the radiant flux from the
excitation source. Subsequently, a fraction of the absorbed energy is lost by collisions with other
particles (fluorescence quenching) and a fraction is emitted when the atoms return to their lower
energy state by fluorescence. The fluorescence radiation is emitted in all directions at an angle 4n
and the signal is measured in the employed angle Q. The fraction of re-emitted photons from the
total number of absorbed photons is called the fluorescence quantum yield and is expressed as the
ratio of the fluorescence radiant flux to the absorbed radiant flux. A simplified equation (equation

9) for the measured fluorescence flux is:

24



0
q’F“E‘PF‘PoXlN )

, where @ is the quantum fluorescent yield, y is atomic absorption coefficient, / is the path length
and N is proportional to the concentration of ground state atoms in the sample. It can be concluded
that the measured fluorescence signal is linearly proportional to the radiant flux of the excitation
source ¢, and, at very low concentration levels, when the radiant flux is not significantly

attenuated by absorption of free atoms, to the concentration of free atoms [86].

The experimental setup of an AFS is very simple, it always consists of three components:
the excitation source, the atomizer, and the detector. The main atomizers employed in AFS were
individually treated in subsections 1.3.1 and 1.3.2. A photomultiplier tube is most often used as
the detector [86], wherein non-dispersive instruments may employ an interference filter for the
selection of detected wavelength [71, 78, 87-89] while dispersive spectrometers typically employ
a monochromator to select the appropriate detection wavelength. Since the transmission of the
light through the filter is significantly higher (>10%) compared to a monochromator, non-

dispersive instruments provide higher sensitivity.

Since the introduction of AFS as an analytical method, mainly two types of line excitation
sources have been used - the hollow cathode lamp [90], as well as its high intensity version, i.e.,
boosted discharge hollow cathode lamp [91], and the electrodeless discharge lamps (EDL) [92,
93], both of which were already regularly used in AAS [91, 94-96]. Nowadays, the EDLs contain
a small amount of the target element or its volatile salt sealed in a quartz bulb, which is filled with
an inert gas and placed within a radiofrequency generator. The principle of the emission of a
characteristic line spectrum from the lamp lies in the ionization of the inert gas by a radiofrequency
field and subsequent vaporization, atomization, and excitation of the element [97]. The boosted
discharge hollow cathode lamp (Superlamp, as called by the Photron manufacturer) consists of an
anode, a cylindrical cathode made of the element of interest and a second “hot” cathode. The
normal sputtering discharge operates between the anode and the cylindrical cathode. The
secondary discharge, facilitated by the secondary cathode, significantly enhances the excitation
efficiency of the sputtered atoms. Notably, one of the key advantages of the Superlamp is its broad
availability for various analytes and relatively rapid stabilization of its radiation intensity [98].
Conversely, EDLs are known for potentially providing higher radiation intensities but necessitate
considerably longer stabilization times. Moreover, their utility is now limited to elements that form

volatile hydrides, Hg, Cd, Cs, Rb and P [97].
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2 Experimental

All the details about used reagents, manufacturers of instrumentation, sample preparation,
etc., are provided in corresponding papers — Appendices I-IV. Only the information necessary for

the understanding of the achieved results is given in the following sections.

2.1 Instrumentation

2.1.1 Atomic fluorescence spectrometer

An in-house assembled non-dispersive AFS was used as a detector throughout this
work [71]. This spectrometer consists of three main components - excitation source, atomizer, and

photomultiplier tube (PMT), a schematic is depicted in Fig. 1.
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lamp
control
unit
lenses
- " interference filter
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photomultiplier tube
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Fig. 1 Experimental setup of the research grade atomic fluorescence spectrometer.

An EDL of Bi and Cd (System 2, PerkinElmer, USA) and a Superlamp of Bi and Ni
(Photron, Australia) were employed as the excitation sources. A commercial dual channel power
supply source incorporating a radiofrequency lamp driver was used for operating the EDL. A
power supply source for the operation and modulation of the primary current for the Superlamp
was constructed by DIRAM company (Prague, Czech Republic). A commercial Superlamp power
supply source (P200, 3 V, Photron, Australia) was used to add an arbitrary boost current on the

Superlamp. This device allows only to transmit a boost current at the same modulation rate as used
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for the primary current. The feeding current was square-wave modulated at frequency of 40 Hz for
all the lamps and analytes. The duty cycle and the feeding current were the optimized parameters;
the optimum settings are summarized in Tab. 1. Moreover, the optical path was optimized,
separately for each element and lamp type. It included the choice of lenses to focus the radiation
from the source and tuning mutual distances between the lamp and the atomizer and the atomizer
and the PMT. The radiation from the EDLs was focused onto the volume of the flame using a
combination of two UV fused silica lenses: a planoconvex lens (d = 25 mm, focal length 40 mm)
and a biconvex lens (d = 22 mm, focal length 45 mm). The Superlamps were placed in a plastic
tube of the same dimensions as the EDLs and a UV fused silica planoconvex lens (d = 25 mm,
focal length 40 mm), in a circular holder, was attached to the rim of this tube. A solar blind PMT
(165-320 nm, MH 1922, PerkinElmer, Germany) was placed perpendicularly to the excitation
source and the produced fluorescence radiation was focused onto the interference filter using two
positive meniscus lenses. The interference filters used for the selection of the desired wavelengths

are given in Tab. 1. The full width at half maximum (FWHM) was 10 nm for all the filters.

Tab. 1 Optimal operational parameters of the excitation sources used in AFS and interference filters used

Excitation source Interference filter
Feeding current ~ Boost current Duty cycle  Central wavelength
Lamp type
(mA) (mA) (o) (nm)
EDL 400 - 52 222.6;307.1
Bi
Superlamp 18 12 28 222.6; 307.1
Cd EDL 240 - 52 228.0
Ni Superlamp 19 26 52 232.0

2.1.2 Atomizers

Fig. 2a and 2b show the MDF and FIGS atomizers, respectively, used throughout this
work. MDF consisted of a vertical quartz support tube (i.d. 6 mm) with a side inlet arm (2 mm
1.d.) for the introduction of the volatile species of the analyte and the flame gases (Ar and Hb).

The observation height (OH) was defined as the distance between the top of the support tube
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and the centre of the radiation beam. FIGS consisted of the same support tube with a side inlet
arm and, moreover, a quartz capillary (i.d. 0.53 mm) was added in the axis of the support tube
for the introduction of O.. The capillary distance, defined as the distance from the top of the
capillary to the top of the support tube, was set as 3 mm, as depicted in Fig. 2b. A two-channel
brass shielding unit [71] was fitted around the support tube and served to introduce the shielding
(laminar) flows of Ar (inner Arshield 1 and outer Arshield ). In this case, OH corresponded to the

distance between the top of the capillary and the centre of the radiation beam.
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Fig. 2 MDF (a) and FIGS (b) atomizers, OH — observation height, CD — capillary distance.

2.1.3 Hydride generator for Bi

The same FI hydride generator as described previously [99], with only minor
modifications, was employed for the generation of bismuthane (see Fig. 3). The chemifold was
constructed using PTFE tubing (1 mm i.d.) with the exception of Tygon pump tubing. The
continuous flows of the reductant (0.5% (m/v) NaBHa in 0.4% KOH, 1.2 mL min') and the
carrier (1 mol L™! HCI, 4 mL min™') were maintained by a peristaltic pump (PP1). The sample
(1 mL) was manually injected via an injection valve into the flow of the carrier and it was then
mixed with the reductant. A glass GLS with forced outlet (5 mL volume) was used for
separation of the gas phase containing the volatile species and the liquid phase, which was

pumped by a peristaltic pump (PP2) to the waste. A 5 cm long PEEK capillary (0.25 mm i.d.)
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was used for the introduction of the carrier gas - 80 mL min~! of Ar (Atcarier) - in order to reduce
the gas flow rate fluctuations caused by the formation of H» inside the reaction coil (11 cm).
The flow rate of the H> evolving from the reaction inside the reaction coil corresponded to
approximately 15 mL min~! (measured under optimum HG conditions). The gas phase
containing the analyte was supplied with an additional flow of Ar as well as H» in order to

maintain a stable flame of the atomizer.
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i)
V]
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Fig. 3 Experimental setup of the hydride generator used for Bi; PP1,2 — peristaltic pumps.

2.1.4 Chemical vapour generator for Cd

A four-channel FI chemical vapour generator (Fig. 4) was used for the generation of Cd
volatiles species, the design was taken over from the previous study by Sagapova et al. [53] and
the conditions were slightly modified for the purpose of coupling this CVG to AFS. The carrier
(0.2 mol L' HCI, 1 mL min™"), the reductant (5% NaBH4 in 0.4% KOH, 1 mL min™') and the
solutions of modifier 1 and modifier 2 (0.6 mmol L' Cr** and 10 mmol L' KCN, both at 0.5
mL min') were pumped using a peristaltic pump (PP1). The manifold was constructed from
PTFE tubing and Tygon pump tubing. The standard/sample (prepared in 0.2 mol L™! HCI) was
injected through a 0.15 mL sample loop into the flow of the carrier and subsequently merged
with the modifiers and the reductant in particular reaction coils (RC) as can be seen in Fig. 4.
The volume of RC 1 and RC 2 (1 mm 1i.d.) corresponded to 63 pL. The volume of RC 3 was
932 pL (1.58 mm 1.d.). A glass GLS (the same as described in subsection 2.1.3 for Bi) was
employed for the separation of the Cd volatile species from the liquid waste. The flow rate of

carrier Ar was 80 mL min!

while the amount of Hz evolving from the CVG reaction
corresponded to ca. 20 mL min~!. The gas phase leaving the GLS was supplied with an
additional flow of Ar and Ho.
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Fig. 4 Experimental setup of the four-channel chemical vapour generator used for Cd; PP1,2 — peristaltic

pumps; RC 1, 2, and 3 — reaction coils.

2.1.5 Photochemical vapour generator for Bi

The FI photochemical vapour generator employed for Bi is shown in Fig. 5. The
manifold was constructed using PTFE tubing (1 mm i.d.) and Tygon pump tubing. The
photoreactor consisted of a 15W low-pressure Hg germicidal lamp whose circumference was
wrapped around with 6 m length of PTFE tubing (irradiated volume 4.7 mL) through which the
solution of the photochemical medium, a mixture of 40% (v/v) acetic acid and 1.25% (v/v)
formic acid, was delivered by a peristaltic pump at the flow rate of 3 mL min!. The
sample/standard (containing Co’?" as a sensitizer) was introduced into the stream of the
carrier/medium through a 0.56 mL sample loop via an injection valve. The effluent from the
photoreactor was carried by carrier Ar (100 mL min!) to a plastic GLS with forced outlet (15
mL volume), where the volatile species were separated from the liquid waste. The GLS was
immersed in an ice bath in order to reduce the release of vapours from organic acids into the
flame atomizer. For measurements with AFS, the gas phase leaving the GLS was supplied with

an additional flow of Ar and H» in the same way as depicted in Fig. 3 and 4.
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Fig. 5 Experimental setup of the photochemical vapour generator used for Bi; GLS — gas-liquid separator, PP —

peristaltic pump.

2.1.6  Photochemical vapour generator for Ni

The FI photochemical vapour generator employed for Ni, taken over from
Reference [70], is shown in Fig. 6. A thin-film flow-through photoreactor (Jitian Instruments
Co., Beijing, China) was used. It comprises three lengths of synthetic quartz tubing (total
volume 720 pL) inside the low-pressure Hg UV lamp (19 W) as well as two short quartz
segments on either end of the photoreactor (250 puL) connecting the photoreactor to the
chemifold. These quartz segments are not efficiently irradiated as the inner tubes immersed in
the discharge. The photochemical medium, 30% (m/v) formic acid (purified by sub-boiling
distillation), was being delivered by a peristaltic pump at the flow rate of 1.5 mL min~'. The
sample/standard solution (2 pg L' Ni; diluted from a 1000 mg L' stock solution, Analytika)
was injected into the photochemical medium through a 0.51 mL sample loop via an injection
valve. The effluent was mixed with a 200 mL min™' flow rate of Arcarier and carried to a plastic
GLS with forced outlet (15 mL volume). The GLS was immersed in an ice bath in order to
reduce the release of formic acid vapour into the flame atomizer. For measurements with AFS,
the gas phase leaving the GLS was supplied with an additional flow of Ar and H; in the same
way as depicted in Fig. 3 and 4.
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Fig. 6 Experimental setup of the photochemical vapour generator used for Ni; GLS — gas-liquid separator; PP —

peristaltic pump.

2.1.7 Measurement procedure, data treatment and conventions

At the beginning of the measurement cycle, the recording of the signal from the PMT
was initiated and followed by manual injection of the sample/standard into the flow of carrier.
The recording of the signal time was stopped after the transient signal returned to the baseline.
The recorded signals from the PMT were treated the same way as described previously [71,
72]. Basically, there are several factors contributing to the PMT response: the analyte
fluorescence, the flame emission, the scattered radiation from the lamp, the parasitic radiation
and the PMT dark current. The latter is so low for the particular PMT that it can be considered
negligible especially when compared to the other factors mentioned. Furthermore, the
spectrometer was placed inside a fume hood covered with a black curtain and thanks to that the
contribution of the parasitic radiation was proven to be negligible. The feeding current of the
excitation source was square-wave modulated at 40 Hz for all analytes, which allows for the
detector to register the response in two channels - one registered when the lamp was on
(channel 0; the analyte fluorescence, the flame emission, and the scattered radiation were
detected) and the other when the lamp was off (channel 1; only the flame emission was
detected). The resulting signal (in uV) reflects mainly the analyte fluorescence (and possibly

the scattered radiation) and is obtained by subtracting the response from channel 1 from the
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response from channel 0. Moreover, the influence of the scattered radiation is eliminated when

peak area or peak height, both corrected to the baseline, are used for the evaluation.

The parameters used for data evaluation were the peak area (in pV s) or peak area
sensitivity (in pV s L ng™") and specifically for HG of Bi also the peak height (in pV).
Uncertainties are presented as + standard deviation (SD) or combined SD where results are
relative. Signal-to-noise ratio (SNR) was estimated by dividing the peak area, or peak height,
by an uncertainty of the background level. The uncertainty of the background level was
determined as an average of SDs of the background intensity (calculated from a certain number
of values, details in the corresponding papers). LOD and LOQ was calculated as 3 x SD and 10
x SD, respectively, of peak area of blank (n > 10) divided by the slope of the calibration

function.

In order to simplify the description of various gas supplies to the atomizer, the following
conventions were established. The total flow rate of H» consists of the H flow rate formed from
the decomposition of NaBH4 (H2 generator) and H» flow rate introduced downstream the GLS (H»
flame). The total flow rate of Ar consists of Arcarmier, introduced upstream the GLS, and Arfame,
introduced downstream the GLS. The total gas flow rate equals the sum of all of the above. The

H; fraction is then the ratio of the total H> flow rate to the total gas flow rate.

3 Results

3.1 Atomic fluorescence spectrometry for ultra-sensitive determination of
bismuth based on hydride and photochemical vapour generation (Appendices I—-

I1I)

The initial setup of a research-grade non-dispersive AFS was employed for As
determination and its speciation analysis using HG as the sample introduction technique and
the EDL as the excitation source [71, 72, 81-83]. The overall aim of this part of the thesis was
to modify the arrangement and setting of this spectrometer and verify the feasibility of potential
broadening of its applicability to a wider range of analytes.

Firstly, the spectrometer was configured for the determination of Bi employing HG and
the EDL as the excitation source (Appendix I). Secondly, the AFS was coupled to alternative
VG technique, i.e., PVG, that is capable of generating volatile species from a broader range of

elements (Appendix II). Bi was employed as a model analyte again. In general, the paper
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denoted as Appendix II deals with several couplings of PVG to sensitive analytical detectors
(AAS, AFS, and ICPMS). The results dealing with optimization of PVG conditions for Bi using
AAS and ICPMS as detectors are not discussed here because they were not the subject of the
research in this thesis. Briefly, the optimum conditions for PVG of Bi were as follows: a mixture
of 40% (v/v) acetic acid and 1.25% (v/v) formic acid and addition of 50 mg L' Co*" as the
sensitizer at a flow rate of 3 mL min! (irradiation time of 90 s) was found optimal, resulting in
the overall PVG efficiency of 54 + 2%. In both papers (Appendix I and II), the atomization
conditions in two flame atomizers — MDF and FIGS were optimized, the analytical figures of
merit were determined and the methodology was verified by the determination of Bi in several
(certified) reference materials.

The spectrometer was further adjusted so that it could employ the Superlamp as the
excitation source (Appendix III). This step was important as the market-availability of EDLs
for various elements is limited and so by employing the Superlamp as the excitation source, the

applicability of AFS may spread to, e.g., transition metals, when coupled with PVG.

3.1.1 AFS instrument

Commercially available AFS instruments usually employ the Superlamp as the
excitation source. In contrast, the use of commercially available EDLs has appeared to be
advantageous for laboratory-assembled instruments, thanks to their high radiation intensity,
resulting in very low LODs as demonstrated in previous studies [71, 72]. The emission spectrum
of the employed EDL obtained with a fibre optics UV-vis spectrometer revealed prominent
bismuth emission lines (Fig. 7), specifically corresponding to the strong bismuth fluorescence
lines that have been reported [86]. The corresponding emission lines were identified at 206.16,

222.82,223.06, 302.46, and 306.77 nm.
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Fig. 7 Emission spectrum of Bi EDL (System 2; feeding current 400 mA) obtained with a fibre optics UV-vis
spectrometer. Transmission bandwidth (FWHM 10 nm) of 202, 223 and 307 nm filters shown in colour for
clarity.

Significant attention was directed towards the selection of an appropriate interference
filter. Interference filters with central wavelengths at 193 (FWHM 20 nm), 202, 223, and 307
nm (FWHM 10 nm) were employed to cover the most intensive Bi fluorescence lines stated
above, see Fig. 7 for a visual representation of transmission bandwidths of 202, 223, and 307
nm interference filters against the emission spectrum of the EDL. Generally, the transmittance
profile of a filter influences both the sensitivity and the baseline noise. The sensitivity achieved
when using a filter depends on the overlap of filter transmittance profile and the absorption
profile of the electron transition associated with the excitation of a fluorescence line. It is
important to note that the intensity of different Bi fluorescence lines varies and also the PMT
response is not constant in its spectral interval of 165-320 nm. The maximum response is
observed at ca. 200 nm and the response of the PMT then decreases at wavelengths both higher
and lower than this point [100]. The sensitivities obtained with HG-AFS with various
combinations of filter/atomizer are summarized in Tab. 2. The highest sensitivity was reached
without the use of any filter (for both atomizers). However, this setup was not pursued any
further since the determination would be then susceptible to interferences (no selection of
detected wavelengths whatsoever). Another disadvantage of not using a filter is the need to
perfectly isolate the spectrometer from the parasitic radiation from the laboratory environment.

Naturally, the use of any filter reduced the achieved sensitivity. Filters 307 nm and 223 nm
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provided sensitivity approximately one order of magnitude higher than 193 nm and 202 nm

filters.

Tab. 2 Sensitivities (in mV s L ug™) for Bi determination obtained with HG-AFS with various interference filters

and atomizers®

193 nm 202 nm 223 nm 307 nm No filter
filter filter filter filter
MDF 0.014 0.011 0.13 0.17 23
FIGS 0.038 0.033 0.29 0.42 4.8

& experiment carried out under optimum conditions for both atomizers (Tab. 3)

While the sensitivity is certainly a relevant parameter, the SNR is the key factor for data
evaluation in AFS. SNR is influenced by both sensitivity and baseline noise. The baseline noise
depends on the overlap of the filter transmittance profile with the emission spectrum of the
atomizer flame. Even though the flame emission is compensated for in the resulting signal (see
subsection 2.1.7), its noise still contributes to the noise of the baseline. The OH radicals are
responsible for the flame emission that is the most prominent in the wavelength range between
305 and 320 nm [84, 88]. When the two flame atomizers are compared, MDF produces
significantly more OH radicals than FIGS, which results in approximately 1.9 times higher SNR
achieved with the 223 nm filter compared to the 307 nm filter. On the other hand, SNRs of the
two filters do not differ significantly using either the 223 or the 307 nm filter when FIGS is
used due to lower amount of the OH radicals formed in the microflame. The other two filters
(193 nm and 202 nm) provide approximately 6 times lower SNR than the two filters mentioned
above. It is worth mentioning that Sb and Hg impurities were identified inside the EDL (see
Fig. 7). These impurities result in serious positive interference from Sb on Bi determination
with 202 nm and 223 nm filters, all details provided in Appendix I. However, this can be
overcome by using the 307 nm filter as no Sb line is present in this region. In the end, FIGS as
the atomizer and the 307 nm filter were finally chosen to be suitable for Bi determination in

real samples.

It was important to optimize the optical path in order to gain the highest sensitivity

and/or SNR by adjusting the mutual distances among the main components - the excitation
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source, the atomizer and the PMT. The distance from the lens mounted on the rim of the EDL
and of the PMT entrance lens to the centre of the support tube of the atomizer was set to 13 and
12 mm, respectively, which resulted in the radius of the radiation beam vertical cross-section
above the vertical axis of the atomizer of approximately 5 mm. The lamp was operated at
frequency of 40 Hz and 52% duty cycle [71, 72]. The feeding current of the EDL was optimized,
the sensitivity increased with higher feeding current up to 425 mA, which was also the
maximum value tested. However, the highest SNR was reached at 400 mA, which is also the

recommended value of the manufacturer for this EDL for the modulated mode of operation.

3.1.2 Optimization of atomization conditions
3.1.2.1 Hydride generation of Bi

For the coupling of HG of Bi to AFS, the optimized atomization conditions included the
H; fraction, the total gas flow rate, and the observation height for both atomizers. Another two
parameters, the O> flow rate and the shielding Ar flow rate, were also optimized for FIGS. The
223 nm interference filter was used in all the optimizations, if not stated otherwise, in order to
facilitate the experiments as it delivered sufficiently high SNR and sensitivity for both flame

atomizers.

Generally speaking, decreasing the H» fraction in both atomizers positively influenced
both the sensitivity and SNR (Fig. 8). This experiment was carried out at a constant flow rate
of 600 mL min ™!, thus the change of sensitivity was driven solely by H, fraction. The sensitivity
decrease at higher H> fraction may be explained by the Lorentz broadening of the absorption
line as described for Se [101]. A broader absorption line results in a less effective excitation of
free analyte atoms, leading to a reduced fluorescence signal. Furthermore, elevated
temperatures associated with higher H> fractions inevitably decrease the fluorescence signal
due to thermal expansion, although this effect can be partially counteracted by the Lorentz
broadening decreasing at higher temperatures. Another mechanism possibly responsible for the
decline in sensitivity with increasing H» fraction could be the quenching of the excited state of

free bismuth atoms, either by H» or by produced water molecules in the flame. At a total gas
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flow rate of 600 mL min!, the lowest feasible H> fraction in the MDF and FIGS setups

corresponded to 14% and 9%, respectively, as flames exhibited instability at lower H» fractions.
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Fig. 8 Dependence of peak area (full circle) and SNR (empty circle) on H, fraction in MDF (square) and FIGS
(circle),; conditions for both MDF and FIGS: 1 ug L™ Bi taken for HG, 600 mL min™ total gas flow rate; for
MDF: observation height of 7 mm; for FIGS: observation height of 6 mm, 7 mL min™' oxygen flow rate,

1.5 (Arshieia 1) and 2 L min™ (A¥shieta 1) of shielding Ar.

The influence of the total gas flow rate and the observation height in MDF and FIGS at
selected constant optimum hydrogen fractions of 17% and 13%, respectively, was investigated

and is presented in Fig. 9 and Fig 10.
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Fig. 9 Dependence of (a) peak area (in uV s) and (b) SNR on total gas flow rate and observation height in MDF;
conditions: 1 ug L™ Bi taken for HG, H, fraction 17%. The observation height points measured were in the
range of 5—12 mm, by 1 mm. The total flow rate points measured were in the range of 500—1000 mL min~', by
100 mL min™'.
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Fig. 10 Dependence of (a) peak area (in uV s) and (b) SNR on total gas flow rate and observation height in
FIGS; conditions: 1 ug L™ Bi taken for HG, H. fraction 13%, 7 mL min~' oxygen flow rate, 1.5 (Arspeiar) and 2 L
min (Arshiela 11) of shielding Ar. The observation height points measured were in the range of 5-8 mm, by 1 mm.

The total flow rate points measured were in the range of 500-900 mL min™", by 100 mL min™".

It was not possible to use flow rates lower than 500 mL min! due to flame instability
under the specified conditions. The minimum feasible observation height corresponded to 5 mm
since at lower observation height values, the radiation from the EDL was considerably scattered
on the top of the atomizer causing an undesirable increase of the background level. In both
MDF and FIGS, the sensitivity decreases with an increase of the total gas flow rate and the
observation height from the feasible minimums (Fig. 9 and 10). This trend can be explained by
the dilution of free Bi atoms within the observation volume of the flame. The SNR in both
atomizers is similar and it is negatively influenced by the background level increase, as well as
baseline uncertainty increase, at observation heights below 7 mm for MDF and below 6 mm for
FIGS. The optimized values for the total gas flow rate and the observation height are
600 mL min~! and 7 mm for MDF, and 500 mL min™' and 6 mm for FIGS (Tab. 3). Other
parameters needed to be optimized for FIGS because of its more complex arrangement: O; flow
rate and two shielding flows of Ar. The maximum sensitivity and SNR are achieved for 5—
7 mL min! of O, being introduced through the capillary, as evident in Fig. 11. Lower flow
rates are probably insufficient for an efficient atomization and higher flow rates cause greater
water vapour formation, which can lead to fluorescence quenching and lower signal. Similar

influence of Oz flow rate was also observed when the 307 nm interference filter was used, the
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highest sensitivity and SNR were reached at 7 mL min~!, which was selected as optimum for
further experiments. This finding confirms that the emission of OH bands in FIGS in the

employed range of O flow rate of 4-10 mL min! does not pose any problems.
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Fig. 11 Dependence of peak area (full circle) and SNR (empty circle) on O; flow rate in FIGS, conditions:
1 ug L™ Bi taken for HG, 500 mL min™ total gas flow rate, H; fraction 13%, 1.5 (A¥snieias) and 2 L min™'
(Arshicia 11) of shielding Ar, observation height of 6 mm.

Last but not least, the two shielding Ar flow rates were optimized. The sensitivity and
the highest SNR were achieved with 1.5 L min™! in both inner and outer channels, and therefore,
they were selected as optimal. The flow rate in the inner channel had a significantly greater
impact on the resulting sensitivity than the flow rate in the outer channel, which can be
documented by high relative sensitivities of 76%, 93%, and 96% reached using only the inner
channel supplied with flow rates of 1, 1.5, and 2 L min™!, respectively, compared to employing
1.5 L min! in both channels. The relative sensitivities achieved with only the outer channel
were significantly lower, ranging 14—17%. The overall optimum conditions of atomization for

both atomizers are summarized in Tab. 3.
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Tab. 3 Optimum conditions of atomization of Bi in MDF and FIGS for HG-AFS

Ar H: 02 Arshield 15 Arshieann ~ Observation

(mL min™) (mL min™") (mL min™) (L min™) height (mm)
MDF 500 100 - - 7
FIGS 440 60 7 1.5;1.5 6

3.1.2.2 Photochemical vapour generation of Bi

PVG of Bi was coupled to AFS and both MDF and FIGS atomizers were tested for
atomization of generated volatile species. The same parameters (SNR and sensitivity) were used
for the data evaluation. The previous experiments with HG-AFS of Bi described in the
subsubsection 3.1.2.1 demonstrated that overall better analytical characteristics were achieved
with FIGS, however, MDF is generally considered to be more robust towards various
interferences. This might be advantageous when, e.g., an organic acid based medium is used
for PVG. The optimal conditions summarized in Tab. 3 were used as the default atomization
conditions. Nevertheless, it was assumed that optimal atomization conditions might differ for
HG and PVG approach, especially because of the different volatile species generated (BiH3 for
HG vs. (CH3)3Bi for PVG [63, 64, 66]) and high concentration of organic acids (40% (v/v)
acetic acid and 1.25% (v/v) formic acid) necessary for an efficient PVG of Bi. Despite only a
little warming up of the medium occurring inside the coiled reactor (temperature rose up to 28
°C), vapours of the acids are continuously purged from the GLS by a stream of Arcarier.
Karadjova et al. [102] proved a serious interference from organic solvents during atomization
of AsHj3 in the MDF. Even the presence of low concentration of methanol, ethanol, or propanol
in the HCI solution used for HG exhibited a serious suppression of sensitivity caused by the
decrease of the atomization efficiency. This effect was attributed to the formation of carbon
radicals and carbon particles causing a decay of the analyte free atoms and/or a reduction in the

population of H radicals responsible for the atomization [102].

It was found out that the optimum atomization conditions using PVG with the MDF and
223 nm interference filter do not differ significantly from the optimum conditions using HG.

Optimum total gas flow rate was 600 mL min~! with H; fraction of 17% and observation height
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of 6 mm. If the sensitivities (in uV s ng™!) obtained with HG and PVG are to be compared for
the evaluation of atomization efficiency, it is important to take into account different generation
efficiencies of HG (above 90% expected) and PVG (=54%). The presence of organic acids
vapours from the PVG showed relatively low suppression of the atomization efficiency in the
MDF, ca. by 15%. On the other hand, the same comparison drawn for FIGS and the two
generation techniques revealed decrease in atomization efficiency by 25% for PVG compared
to HG. Karadjova et al. [102] used a similar type of atomizer as the FIGS atomizer and they
reported that higher flow rate of added O suppressed the extent of “carbon” interference.
Subsequently, the effect of the H» fraction (Fig. 12a) and the O flow rate through the capillary
(Fig. 12b) were investigated in addition to the total gas flow rate and the observation height
(Fig. 13). It was evident that the optimum conditions employing FIGS for PVG-AFS were
different from HG-AFS. The most noticeable difference was that the optimum O, flow rate (see
Fig. 12b) corresponded to 20 mL min ! as opposed to 7 mL min ! in the case of HG.
Furthermore, the observation height then had to be elevated from 6 to 9 mm. Higher optimum
O, flow rate corresponds to the findings of Karadjova et al. [102] and it provides better
resistance towards the “carbon” interference. Lastly, the total gas flow rate had to be slightly

adjusted - from 500 to 600 mL min ™! (Fig. 13) but the H; fraction remained the same (12%).
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Fig. 12 Dependence of peak area (full circle) and SNR (empty circle) on H fraction (a) and O; flow rate (b) in
FIGS; conditions: 1 ug L™ Bi taken for PVG, 500 mL min™' total gas flow rate, H, fraction 12% (if not
optimized), O flow rate 20 mL min™" (if not optimized), 1.5 (A¥shieia 1) and 1.5 L min™ (Ariera 1) of shielding Ar,

observation height of 6 mm.
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Fig. 13 Dependence of (a) peak area (in uV's) and (b) SNR (in s) on total gas flow rate and observation height in
FIGS; conditions: 1 ug L™ Bi taken for PVG, H; fraction 12%, 20 mL min™' oxygen flow rate, 1.5 (A¥spieia ;) and
2 L min™ (Arshieia 1) of shielding Ar. The observation height points measured were in the range of 610 mm, by 1

mm. The total flow rate points measured were in the range of 500-800 mL min™!, by 100 mL min™".

It seems that both MDF and FIGS are negligibly or just partly impaired by the presence
of organic acid vapour released from the generator and the atomization efficiency still remains
sufficiently high. Furthermore, it appears that it is not important which volatile species is
introduced into the atomizer, whether BiH3 in the case of HG or (CH3)3Bi in the case of PVG
[63, 64, 66]. The SNR achieved with FIGS was approximately 1.8 times higher than with MDF
and therefore, FIGS was further used for the evaluation of the developed methodology using

PVG-AFS and its application to the real samples. All the optimum atomization conditions are

summarized in Tab. 4.
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Tab. 4 Optimum conditions of atomization of Bi in MDF and FIGS for PVG-AFS

Ar H> 02 Afshield 15 Alshield 1 Qbservation

(mL min') (mL min™) (mL min™) (L min™) height (mm)
MDF 500 100 - - 6
FIGS 528 72 20 1.5;1.5 9

3.1.3 Optimization of the excitation sources - introducing the Superlamp

The general aim of this part was to adjust the laboratory-made AFS instrument so that
it could employ the Superlamp as the excitation source, thus it could be employed for

determination of other than only hydride forming elements, such as transition metals.

A significant part of this study was devoted to an examination and optimization of the
operation of the Superlamp and its use for Bi determination by HG-AFS. The optimum
atomization conditions from Tab. 3 were adopted, the Superlamp operation parameters were
optimized and the resulting analytical performance was compared to that achieved with the
EDL. It should be noted that the MDF atomizer was used throughout all the experiments with
the Superlamp. As evident in Fig. 14, Bi Superlamp provides different emission spectra than Bi
EDL (the green dashed line in Fig. 14). There are more emission lines present in the EDL
spectrum and it has been proven that the Bi EDL contains especially Sb impurities responsible
for emission lines at 206.8, 217.6, 217.9, 228.9, 231.2, 252.9, 259.8 and 261.2 nm and also Hg
impurities responsible for the emission line at 253.7 nm. Firstly, the optical path was optimized
in the same way as in subsection 3.1.1. Because of the different geometry of the Superlamp and
the EDL, only one lens is needed for the focusing of the emitted radiation from the Superlamp,
whereas a combination of two lenses (one inserted inside and one mounted on the rim of the
exit orifice) are used for the EDL. The mutual distances among the Superlamp, the atomizer,
and the PMT were set as follows: 20 mm distance between the lens mounted on the rim of the
Superlamp and the axis of the vertical support tube of the atomizer and from there 12 mm
distance to the lens of the PMT. This setup resulted in a circular vertical cross-section of the
radiation beam above the atomizer of approximately 2 mm (as opposed to 5 mm in the case of

EDL).
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Fig. 14 Emission spectra of Bi Superlamp (blue line). Intensities shown are related to that of the most intensive

line at 307 nm, the arrows indicate the most intense Bi lines of the Superlamp (here operated as HCL - primary

current 12 mA). Emission spectrum of Bi EDL (green dashed line; 400 mA) is added for comparison (displayed
also in Fig. 7). Note: the intensities of emitted radiation of both lamps were not recorded with the same

geomeltry.

As mentioned in subsection 3.1.1, the optimal parameters for the EDL were as follows:
the feeding current of 400 mA and 52% duty cycle (13 ms lamp on, 12 ms lamp off) at the
frequency of 40 Hz. The parameters optimized for the Superlamp included the duty cycle, the
primary current and the boost current. Firstly, it was found that for zero boost current, which
means the Superlamp being operated as a standard HCL, the optimum primary current was
18 mA and the duty cycle was 28% (the lamp is on for 7 ms in a period of 25 ms). Primary
current of 18 mA and boost current of 12 mA were selected as optimum resulting in a 4 times
greater SNR than when zero boost current was employed. It was observed that the optimum
boost current was higher at lower primary current values used. For example, when a primary
current of 10 mA was used, the highest sensitivity and SNR were achieved with a boost current
of 18 mA. Nevertheless, such parameters did not lead to any improvement. In subsection 3.1.1,
the operating parameters of the EDL were optimized, which led to optimal performance being

achieved with a 52% duty cycle along with a 400 mA power supply. Unlike the Superlamp,
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a 28% duty cycle was not beneficial in any way for the EDL. The 52% duty cycle consistently
provided higher sensitivity and more stable intensity of the emitted radiation. At 28% duty
cycle, the baseline that represents the intensity of the emitted radiation (due to light scattering)
kept drifting, requiring longer time to stabilize. The optimum conditions of operation the
Superlamp are summarized in Tab. 5 together with the optimum conditions of the EDL. Note:
the typical stabilization time required for the EDL at 52% and 400 mA was ca. 90 min. It should
be highlighted that it is not just the highest SNR that needs to be considered for the choice of
the optimum conditions but it is equally important to observe the day-to-day behaviour of the
lamps, i.e., repeatability of their emission intensity. Therefore, the final optimum conditions are

a compromise of their performance during each experiment and also of their overall endurance.

Tab. 5 Optimum operating conditions of the excitation sources employed in AFS

EDL Superlamp
Frequency (Hz) 40 40
Duty cycle (%) 52 28
Feeding current (mA) 400 18
Boost current (mA) - 12

Furthermore, the intensity of the radiation emitted from the lamps was assessed using
an optical power metre with a photodiode sensor at 307 nm lines (details in Appendix III). A
comparison of the radiation intensities of the lamps operated under optimum conditions is given
in Tab. 6. The line “Intensity” shows the time averaged radiation intensity whereas the line
“Effective intensity” stands for the effective radiation intensity, i.e., the intensity during the
time interval of the modulation period when the lamp is on. Tab. 6 also includes relevant
parameters for both lamps such as sensitivity, peak height, SDpjank and SDpaseline. For a
comprehensive comparison, relevant parameters were determined for the Superlamp with a duty
cycle of 52%, matching EDL's optimal duty cycle. Primary and boost currents were optimized
for this duty cycle using the same procedure as described above for the 28% duty cycle, refer
to Tab. 6 for results. Notably, the data in Tab. 6 show that SDplank 1s close to the same in all

columns suggesting that blanks are not controlled either by contamination or by individual
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sensitivities. Further, the reasonably good correlation between SDpjank and SDpaseline indicates
that the above discussed approach to optimization based on SNR is well grounded. However,
the proportionality between the effective lamp radiation intensity and measured sensitivity is
not absolutely direct, which may be caused by the fact that the sensitivities and the lamp
radiation intensities were measured at different wavelengths, i.e., at 223 nm and 307 nm,

respectively.

Tab. 6 Analytical parameters of Bi determination by HG-AFS with atomization in MDF atomizer using EDL and

Superlamp and their radiation intensities

EDL Superlamp
Duty cycle (%) 52 28 52
Feeding current (mA) 400 18% 12° 12% 10°
Intensity® (uW) 590+1.1 1.1+£0.2 0.88+0.18
Effective intensity® (uW) 11.3+2.1 3.9+0.7 1.7+ 0.3
Sensitivity (uV s ng™) 160 +23 15+4 9.9+£0.2
Peak height (uV ng™) 9.7+0.8 0.8+0.2 0.5+0.1
SDbiank (1V §) 0.079 £ 0.005 0.05 £ 0.01 0.06 £0.01
SDbaseline (LV) 0.055 +0.008 0.049 +0.005 0.04 £0.01
SNR4 175+ 30 17+4 13+4
LOD (pg) 1.5 11 18

aprimary current, ® boost current, ¢ measured with 307.1 nm interference filter, ¢ related to 1 ng

of Bi

3.1.4 Analytical characteristics of different approaches to Bi determination with AFS

detection

Analytical figures of merit of Bi determination were evaluated for the two
methodologies - HG-AFS and PVG-AFS. In the case of HG-AFS, the best results were achieved
using the EDL (Tab. 6) and FIGS as the atomizer that was also chosen for atomization using

PVG-AFS, typically providing around 1.7—1.8 higher sensitivity and SNR than MDF.
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For HG-AFS using FIGS atomizer, the calibration functions constructed with 0, 0.04,
0.1, 0.25 and 1 pg L' Bi standard solutions were linear (R? > 0.9999) in the studied range.
Furthermore, an outstanding repeatability <1% was achieved, expressed as the relative standard
deviation (n = 10), at 1 pg L' Bi level. An extremely low LOD (36, n = 10) of 0.9 ng L™!
(0.9 pg absolute) was achieved.

For PVG-AFS using FIGS atomizer, the calibration function constructed with 0, 0.1,
0.25, 0.5, 1 and 2 pug L' Bi standard solutions was linear (R?> = 0.9998). The repeatability,
expressed as the relative standard deviation (n = 10), was 4% at 1 pg L'. The LODs achieved
with PVG-AFS were found to be impaired by Bi contamination in the reaction medium and/or
in the sensitizer. A distinctive peak shaped blank appeared over the recorded baseline. This
phenomenon occurred due to the formation of Bi(CH3)3 vapours, which could only be produced
within the injected sample/blank zone where Co?" is present as the sensitizer as PVG cannot be
accomplished from the photochemical medium without the sensitizer. Using FI-PVG-ICPMS,
Bi concentration corresponding to this peak was estimated to be approximately 20 ng L~! when
the reaction medium was prepared from non-distilled acids and deionized water and it was then
lowered to less than 10 ng L' when the acids, as well as deionized water, were purified by
a sub-boiling distillation. Hence, a significant portion of the blank may originate from the added
Co(II) acetate. Changing the supplier of Co(Il) acetate did not further reduce Bi contamination.
The lowest relative and absolute LOD (30, n = 10) achieved with PVG-AFS using purified
acids and deionized water (DIW) corresponded to 12 ng L ™! and 6.7 pg, respectively.

The absolute LOD achieved with PVG-AFS is thus ca. 8 times higher than with HG-
AFS, which can be attributed to several aspects. Firstly, the generation efficiency for PVG was
estimated to be approximately 54% while more than 90% is expected for HG. Next, the
measured peaks exhibited a FWHM approximately twice as large, which required extended
integration times for evaluation. Lastly, the SDynk was affected by contamination, as

mentioned above.

3.1.5 Validation and application to real samples

To verify the accuracy and the practical feasibility, the proposed methodologies were
applied to Bi determination in SRM of water 1643f (Trace Elements in Water). Furthermore,
the HG-AFS methodology was further verified by Bi determination in seawater, blood, and hair
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RMs. The determination was performed under optimum conditions of atomization in FIGS

atomizer (Tab. 3 and 4) and with the 307 nm filter.

3.1.5.1 HG-AFS

The Bi content was quantified using the external calibration curve and recovery values
were calculated from the slopes obtained with the standard addition technique (two spiked
concentrations of standard to one replicate of each sample) related to the slope of the external
calibration. Employing HG-AFS, the SRM 1643f was diluted approximately 80-fold with
1 mol L' HCI and analysed. The result 12.8 + 0.1 ug L™! is in a good agreement with the
certified value, as can be seen in Tab. 7. The practical feasibility of the developed ultra-sensitive
HG-AFS methodology was demonstrated on the analysis of seawater CASS-6 and NASS-7
materials, for which there weren’t any certified/informative values available nor have there
been any data provided in the literature yet. Bismuth concentration in seawater is typically very
low (although there is a significant dispersion in the published data [11]), approximately 10-20
ng L' [103-105]. Minimal dilution of seawater CRMs is thus advised. The determined
concentrations of 22 and 24 ng L™! Bi (Tab. 7) are in accordance with the expected range and
the spiked recovery in the range 89—100% further proved the suitability of the developed HG-
AFS methodology for samples with matrices as complex as seawater without the necessity of a

significant dilution.

The methodology was also verified using blood (Seronorm 1406264 Whole Blood L-2)
and hair (GBW07601a Human hair) samples that required microwave digestion with nitric acid
prior to the determination. The potential impact of residual nitric acid on the determination was
examined and no interference was observed within the concentration range of 0.1-4 mol L.
The results of Bi determination by HG-AFS in the abovementioned samples are summarized in
Tab. 7, showing excellent agreement with the certified value for the human hair material while

the result for the blood RM falls within the certified concentration range.
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Tab. 7 The determined content of Bi in certified reference materials, presented as median value (n = 3) = SD, and

spiked recoveries measured with HG-AF'S

CRM Certified value Value obtained Recovery?®
(ng L™ (ng L™ (“o)
Fresh water 1643f 12.62+0.11 12.8 £0.1 102+1
Nearshore seawater CASS-6 - 0.024 £ 0.003 89+3
Seawater NASS-7 - 0.022 +0.001 100 £3
Seronorm Whole Blood L-2 5+1.01 6.2+0.2 105+ 1
GBW07601a Human hair 21 +£2 20.1 £0.6 99 +1

4 Spiked recovery = slope of standard additions (no addition and two spiked concentrations to a

sample)/slope of external calibration

3.1.5.2 PVG-AFS

In order to validate the PVG-AFS methodology, Bi content was determined in SRM
1643f as well. The SRM 1643f Trace Elements in Water is stabilized in 0.32 mol L' HNOs3,
which represents a huge obstacle to the determination by PVG-AFS since a severe interference
from nitric acid occurs at >1 mmol L™! (Appendix II). Unfortunately, there is no universal and
always effective solution that would negate these interferences [106, 107] and appropriate
sample dilution or evaporation to dryness with subsequent re-dissolving in the photochemical
medium is usually employed.

In this study, an evaporation to dryness and subsequent dissolving with the
photochemical medium (containing Co?* as the sensitizer) was applied to SRM 1643f prior to
analysis. The Bi content was quantified using the standard addition technique calibration curve
and recovery values were calculated from the slopes obtained with the standard addition
technique (two spiked concentrations of Bi standard to a sample) related to the slope of the
external calibration curve. The determined content of 12.1 = 0.9 pg L™! is in good agreement

with the certified value 12.62 + 0.11 ug L' and the recovery of 97 £ 5% suggests efficient
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removal of HNO3 by evaporation, thus enabling fit-for-purpose quantification even using

external calibration.

3.1.6 Conclusion

Different methodologies for Bi determination were successfully developed using the
non-dispersive AFS: two based on HG-AFS, but using different excitation sources (EDL and
Superlamp) and one based on PVG-AFS.

Firstly, HG was coupled with AFS and the atomization in MDF and FIGS atomizers
was investigated in great detail. The FIGS atomizer offers a distinct advantage by enabling the
Bi fluorescence measurement at lines around 307 nm that are typically overlapped by OH
emission bands associated with the standard MDF atomizer. The remarkably low LOD at the
ng L! level achieved with HG-AFS without any preconcentration step is primarily attributed
to the high-intensity of the EDL used for excitation. The subsequent experiments dealing with
the coupling of PVG to AFS suggest that the performance of MDF is independent of the
generation technique (HG vs. PVQG), however, the conditions of atomization in FIGS need to
be adapted for PVG (increase of the O> supply) due to the presence of organic acid vapours
released from the generator. The AFS instrument was also modified to enable the operation of
the Superlamp as the excitation source in addition to the EDL. The radiation intensity of the
EDL was proven to be significantly higher and proportionally reflected in the higher
fluorescence intensity measured, thus also in higher sensitivity and lower LOD.

The developed methodologies were successfully validated for Bi determination in
various sample matrices. It is especially worth mentioning that the HG-AFS methodology was
found suitable for Bi determination in samples with matrices as complex as seawater. Normally,
such a high concentration of salts in seawater is known to be an obstacle and a significant

dilution is required prior to analysis by solution nebulization ICPMS.

3.2 Chemical vapour generation of Cd coupled to atomic fluorescence
spectrometry for ultra-sensitive determination (Appendix IV)

The following section follows the paper by Sagapova et al. [53], where the authors
compared the performances of CVG systems of Cd employing various modifiers (Co*"
ions/ascorbic acid/thiourea, Ti** or Ti*"/KCN, and Cr**/KCN). The best results in terms of CVG

efficiency, inter-day repeatability, and robustness were obtained with a four-channel system
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employing Cr**/KCN as modifiers. In this work, this generator was coupled to AFS, the
atomization in two flame atomizers was optimized, the analytical figures of merit assessed, and

the methodology was validated by Cd determination in CRMs and rice samples.

3.2.1 Initial assessment

The AFS instrument developed at our laboratory excels in sensitivity thanks to the use
of an intensive excitation source, the EDL, which results in extremely low LODs achieved for
total As recently [71, 72] and also for Bi determination as demonstrated in subsection 3.1.4.
Cadmium has even more potential when compared to the analytes mentioned above thanks to
the special suitability of Cd for AFS detection [86, 108]. The resulting analytical performance
might be limited by the CVG efficiency and background intensity. The former can be ruled out
as the CVG efficiency was quantified in the range of 55—-66% by Sagapova et al. [53]. The latter
depends on several factors: the contamination of reagents by Cd, the scattered radiation from
the EDL on the top of the atomizer and the flame emission. The flame emission in the employed
wavelength range of 228 + 10 nm was proven negligible for both MDF and FIGS by measuring
signals with and without an ignited flame. In fact, preliminary experiments with FI-CVG-AFS
revealed that there was a severe Cd contamination in the reagents, especially the deionized
water and the modifier solutions of Cr’* and KCN, which contributed to the increased
background level. The concentrations of the modifiers used for the CVG were re-optimized and
subsequently it was found that a decrease in the concentration of KCN in the modifier 2 (see
Fig. 4) from 0.1 mol L' to 0.01 mol L' resulted in ca. 4 times lower background level.
Importantly, the sensitivity and thus CVG efficiency remained unchanged. Moreover, this
represents a great improvement compared to other papers in which 10—16 times higher
concentrations of this highly toxic compound were necessary for efficient CVG of Cd [47-49,
53]. The concentrations of other reagents remained unchanged from the ones found optimal in

Reference [53].

The optical path of the spectrometer (mutual distances of the three main components)
was optimized so as to reach the highest peak area sensitivity and SNR, the same way as
described in subsection 3.1.1. The optimal setting resulted in the radius of the radiation beam
(circular) above the atomizer unit of approximately 5 mm. The power supply of the EDL was
optimized in the range of 220-260 mA, the optimum was selected as 240 mA, which is also the

recommended value.
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3.2.2 Optimization of atomization conditions

The atomization conditions in the MDF and FIGS atomizers were optimized and the
parameters were the total gas flow rate, the H> fraction, and observation height for both
atomizers. In addition, the O flow rate through the capillary was also optimized for the FIGS

atomizer.

Firstly, the H> fraction of the gas phase entering the atomizer was optimized at
a constant total gas flow rate of 400 and 500 mL min' for MDF and FIGS, respectively
(Fig. 15). The fraction was optimized in the range from 17% to 50% for MDF and from 11%
to 25% for FIGS. The lower the H» fraction, the higher the sensitivity, as well SNR, for both
atomizers. Therefore, the H» fractions of 17% and 13% were selected as optimal for MDF and
FIGS, respectively. It was impossible to operate the atomizers (long-term) at lower H; fraction
as the flame would be extinguished by any small flow rate fluctuation, for example, when the

reagents flows to the generator were stopped.

A similar optimization was carried out using MDF but without the ignition of the flame.
Ata 17% Ho fraction, the sensitivity reached ca. 65% of the sensitivity obtained with the ignited
flame and it even reached ca. 97% when only Arfame and H2 generator (corresponding to 5%
fraction) were employed (Fig. 15a). These results clearly indicated that a rather significant
fraction of Cd volatile species entering the atomizer is in the form of free Cd atoms while the
rest is molecular (most probably CdH>), which is in agreement with previous results [53]. It
should be noted that the sensitivities reached with and without ignited flames do not truly
correspond to 65% fraction of free Cd atoms, because other factors need to be considered, such
as the temperature distribution in the ignited flame and the fact that the free atoms are not
shielded from the ambient atmosphere if no flame is maintained. Also, the repeatability is much
worse without the flame and so is the background level - almost 4 times higher, as shown in
Fig. 15b. That spoils the possibility of using the setup without the ignited flame as it would

result in a poorer LOD.
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Fig. 15 The effect of the H: fraction on sensitivity (a) and background signal (b) measured with MDF (blue),

with flame ignition (full) and without flame ignition (empty), and in FIGS (green); conditions: 250 ng L™ Cd
taken for CVG when the flames were ignited while 500 ng L™ Cd taken for CVG for measurements without the
ignited flame. Total gas flow rate corresponded to 400 and 500 mL min™' for MDF and FIGS, respectively. SDs

shown as error bars are indiscernible from the points in some cases.

Secondly, the total gas flow rate and the observation height were optimized at constant
optimum H; fractions of 17% and 13% for MDF and FIGS, respectively (Fig. 16 and Fig. 17).
The peak area and SNR were measured at various observation heights for total gas flow rate
from 400 to 700 mL min~!, 400 mL min~' being the lowest applicable for both atomizers.
Normally, the signal decreases with higher flow rates, which can be attributed to the dilution of
free atoms in the observed volume of the flame. There was a prominent scattering of the
radiation from the EDL at lower observation heights. The sufficient observation height at which
there is no significant scattering on top of the atomizer unit corresponds to >7 mm for MDF
and >5 mm for FIGS. The total gas flow rate of 400 mL min ! was selected as optimum for both
atomizers with observation height at 7 and 6 mm for MDF and FIGS, respectively. The
optimum value is a compromise between the sensitivity, SNR, and the undesirable contribution

of the scattered radiation to the background signal.
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Fig. 17 The dependence of peak area (in uV s) on the total gas flow rate and observation height (a) and the
effect of the observation height on the SNR (black) and background signal (green) at an optimum total gas flow
rate 400 mL min™" (b) for FIGS, both measured at a 13% H.: fraction using 250 ng L™ Cd for CVG.

Lastly, the O> flow rate through the capillary placed in the vertical axis of the support
tube of FIGS was optimized. The flow rate was optimized in the range of 515 mL min~' and a
clear plateau of sensitivity appeared between 7 and 12 mL min~! with an insignificant maximum
at 12 mL min~'. The background signal was however significantly lower, and therefore SNR

higher, at flow rates higher than 10 mL min~'. Lower Oz flow rates are probably not sufficient
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for the formation of H radicals and subsequent atomization of the fraction of molecular Cd

I was selected as

species. Taking all that into consideration, the flow rate of 12 mL min~
optimum. The shielding Ar flow rates were not optimized, the values from subsubsection
3.1.2.1 were used as the change of this parameter showed little to no influence on the analytical
signal of Bi. The optimum atomization conditions for Cd volatile species are summarized in

Tab. 8.

Tab. 8 Optimum atomization conditions of Cd for both flame atomizers

Total Ar Total H2 02 ATshield I3 Al shield 11 ObSel-‘VEItlon
(mL min™) L min-! L min-! (L min-1) height
(mL min™) (mL min™) (mm)
MDF 335 65 ; ) 7
FIGS 345 55 12 1.5,1.5 6

3.2.3 Analytical figures of merit

Analytical characteristics of the developed CVG-AFS methodology for Cd
determination were evaluated and compared under optimal conditions for MDF and FIGS
atomizers. The sensitivities and LODs were calculated from the calibration curves and blanks
(n=12). The calibration curves were linear (R?>0.9995) in the measured concentration ranges,
0-350 ng L™! for MDF and 0-250 ng L™! for FIGS. The LODs corresponded to 1.40 ng L™! and
0.42 ng L' for the MDF and FIGS, respectively, and the sensitivity achieved with FIGS was
approximately 1.8 times higher than with MDF, which is also the reason for the lower LOD.
To the best of our knowledge, the achieved LODs are the best reported for Cd determination
using any VG based methodology without the need of a preconcentration step yet (see Tab. 4
in Appendix IV). Furthermore, an instrumental LOD, illustrating the fundamental potential
and/or limitations of this methodology, was assessed. For this evaluation, the generator was
supplied with only water through all the channels, the flame was ignited and operated under
optimum conditions, and only blanks measured. Employing the values of sensitivity for the
standard operation of the generator (with a supply of all the reagents), the resulting LODs
corresponded to 0.3 ng L™! and 0.1 ng L™ for MDF and FIGS, respectively. The difference
between the real and the instrumental LODs can be explained by either contamination of the
employed reagents or the scattering of the radiation on the particles in the observation volume
of the flame, or possibly both. The solid particles may be formed by vaporization in the flames
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from the ballast aerosol droplets transported to the flame as a result of the fairly intense
acid/NaBHj reaction. This is in an agreement with the observation of higher background signal
detected when the flame was not ignited (cf. Fig. 15b), likely due to the presence of larger

particles or insufficiently dried droplets.

3.2.4 Validation and application to real samples

The FIGS atomizer was selected for the validation of the developed CVG-AFS
methodology thanks to its better analytical figures of merit. Cadmium content was determined
in several CRMs of water with different levels of matrix complexity, and in CRM of rice as
well as real samples of rice after microwave digestion in diluted acid medium. The details

concerning the sample preparation scenario can be found in Appendix IV.

Firstly, the accuracy was verified by Cd determination in several water RMs: SRM
1643f (fresh water), ERM-CA713 (wastewater), NASS-5 (nearshore seawater), and CASS-4
(seawater). The SRM 1643f and ERM-CA713 were diluted 25 and 30-fold, respectively, with
0.2M HCl to fit inside the range of the external calibration curve (0-250 ng L!). The certified
Cd content in the two seawater reference materials is around 25 ng L' which, taking the LOQ
of 1.4 ng L™! into consideration, leaves almost no room for any dilution. Therefore, the seawater
CRMs were spiked with concentrated HCI just as to reach 0.2 M HCI in the final solution. The
results are summarized in Tab. 9, which shows that the results are in a very good agreement
with the certified values, even for the two CRMs of seawater analysed with essentially no
dilution. On top of that, the recovery for NASS-5, examined by comparing the slope of the
standard addition calibration (spiked concentrations of 50 and 150 ng L' Cd) and the slope of
the external calibration, exhibited an excellent value of 101 £ 4%, which proved that there is
no undesirable matrix effect from seawater on the determination of Cd by CVG-AFS. This is
an important benefit of the developed methodology since the high salinity of this matrix
normally requires considerable dilution prior to an analysis by conventional methods, e.g., using

ICPMS with solution nebulization.
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Tab. 9 Cd concentrations in water certified reference materials determined by CVG-AFS using FIGS atomizer;
presented as median values + SD (n = 3).

Cd concentration (ug L)

Samples
Determined Certified
Fresh water 1643f 598 +£0.44 5.89+0.13
Wastewater ERM-CA713 4.95+0.07 5.09+0.2
Nearshore seawater CASS-4 0.025 £ 0.001 0.026 + 0.003
Seawater NASS-5 0.020 £ 0.001 0.023 + 0.003

Furthermore, the practical application was examined by Cd determination in three
store-bought rice/rice flour products and SRM 1568b (rice flour), which required a more
complicated sample preparation. Typically, the medium used for microwave digestion consists
of concentrated HNOj3 and H>O,. However, concentrations higher than 0.3 mol L™! of HNOs in
the sample digests exhibited interference. To be more specific, a peak shaped blank appeared
in the presence of 0.3 mol L' HNOj3 in the standard, corresponding to ca. 50 ng L™! of Cd and
the blank corrected sensitivity increased only slightly by 13%. In addition, the long-term
performance of the CVG system was disrupted and the modification with 24 mmol L! Cr*?
solution had to be repeated to restore the original CVG efficiency. It was found that, in order to
avoid any interfering effects from HNOs, the samples need to be diluted so as to contain
concentrations lower than 0.1 mol L™! HNO3. Thus, it was opted for 2 mol L' HNOs to be used
for the microwave digestion so as to avoid significant dilution of the samples. Such
concentration of HNO3; was previously demonstrated to be efficient enough to complete

microwave digestion [109].

The Cd content in all the samples was determined by CVG-AFS using the external
calibration curve and the standard addition technique was applied to SRM 1568b to evaluate
the recovery. Cadmium content was also quantified by conventional ICPMS with solution
nebulization using an external calibration. There was a satisfactory agreement between the
values obtained with both methodologies (Tab. 10). The results for the SRM 1568b were also
in satisfactory agreement with the certified value of 22.4 + 1.3 ug kg'. The recovery of the
digest of SRM 1568Db (calculated as the ratio of the slope of the standard addition to the slope
of the external calibration) corresponded to 101 + 2%, so no matrix effects were observed from

this digest and the external calibration could be safely used for the determination. Hence, the

58



use of diluted HNOs for microwave digestion proved to be efficient, overcoming the potential
interferences of higher concentrations of HNO; during CVG-AFS analyses. The highest
concentration of Cd found in the real rice samples corresponded to 33.5 pg kg™!, which is safely

below the maximum limit established by the European Commission [110].

Tab. 10 Cd concentration in rice samples determined by CVG-AFS using FIGS atomizer and by conventional
solution nebulization ICPMS; presented as median values £ SD (n = 3).

Cd concentration (ug kg™)

Samples
FI-CVG-AFS Nebulization ICPMS
Long grain rice (Vitana) 33.5+0.5 322+1.6
Rice flour (Paleta) 149+0.9 14.1+£0.2
White rice flour (Cock brand) 9.0+£0.7 9.8+0.2
SRM 1568b (rice flour) 199+1.5 20.3 1.1

3.2.5 Conclusion

A novel methodology for determination of ultra-trace concentrations of Cd using CVG
coupled with non-dispersive AFS was developed.

The FIGS atomizer exhibited an overall better performance with the sensitivity almost
twice as high as the sensitivity achieved with MDF, which is usually the standard atomizer used
in AFS. An extremely low LOD of 0.42 ng L™! achieved without any prior preconcentration
step can be attributed especially to the high intensity of the EDL as well as high CVG efficiency.
On the other hand, sensitivity so high brings additional issues to be dealt with - the impact of
Cd contamination in the reagents on the background signal. This was partially solved by using
only high purity reagents. The consumption of the KCN modifier was significantly reduced
compared to other studies, however, it should be stated that the use of this modifier still poses
health risks and proper waste handling is strongly advised.

It was demonstrated that this methodology is even suitable for direct determination
(without any dilution) of low concentrations of Cd in complex samples such as seawater, i.e.,
samples with high salinity. A concentration of dissolved salts as high as in seawater is well
known to be an obstacle for the conventional ICPMS with solution nebulization, which is

recognized as the hallmark of unparalleled sensitivity, and it therefore requires significant
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sample dilution prior to the determination. Furthermore, the methodology was validated for Cd

determination in rice and rice flour samples after microwave digestion in a diluted acid medium.

3.3 Photochemical vapour generation of Ni coupled with atomic fluorescence

spectrometry

In this part, the yet unpublished results achieved with PVG-AFS are described. The
conditions for PVG of Ni using the thin-film flow-through photoreactor were taken over from
Reference [70], where ICPMS was employed for the detection. The optimal photochemical
medium composed of 30% (m/v) formic acid and the optimal flow rate through the photoreactor
was 1.5 mL min™!, which corresponds to an irradiation time of 29 s. PVG efficiency of 51 + 2 %
was determined by the previously described approach, by comparison of sensitivities obtained
with ICPMS detection using solution nebulization and PVG [70, 111-113], hence, it was even
better than the value of 42 + 2 % described previously [70]. This discrepancy is likely due to
the fact that a completely new thin-film flow-through photoreactor (Hg lamp) was employed
for the purpose of this study. After coupling the PVG system with AFS, the atomization
conditions in two flame atomizers were optimized, the analytical characteristics were assessed,
and the precision of the method was verified by determination of Ni content in several water

reference materials and real samples.

3.3.1 Coupling of PVG with AFS and initial assessment

The excitation source used for the excitation of Ni free atoms was the Superlamp since
no EDL of Ni is commercially available. The operation of the Superlamps including the power
source was previously thoroughly studied for Bi as described in subsection 3.1.3. However, the
focusing of the radiation from the Ni Superlamp onto the volume of the flame had to be
optimized again as well as were the lamp power supply. The distance between the lens on the
rim of the lamp holder and the vertical axis of the atomizer was set to 48 mm. As it is evident
from the measured emission spectrum of Ni HCL in Fig. 18, the most prominent Ni emission
line is at 232.0 nm, which also corresponds to the strongest and most often used fluorescence
line [114-116]. Therefore, the interference filter with central wavelength at 232.0 nm was

selected, its transmission bandwidth of 10 nm is also shown in Fig. 18.

Regarding the power supply, the optimization went as follows. Firstly, the anode current

was optimized without applying any boost current, i.e., operating the excitation source as a
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standard HCL, at both 28% and 52% duty cycle (as taken over from subsection 3.1.3).
Surprisingly, the “behaviour” of the Ni lamp differed from the Bi lamp significantly. The
highest response was achieved with 19 mA primary current and 52% duty cycle while in the
case of Bi, substantially better results were achieved when the lamp was operated at 28% duty
cycle. The boost current for Ni Superlamp was optimized at three different values of the primary
current: 11, 15, and 19 mA. It turned out that the higher the primary current, the higher the
optimum boost current, which is a complete opposite to the results obtained for Bi. The
optimum boost current for 11 and 15 mA primary current was 18 and 22 mA, respectively. The
highest SNR was reached at 26 mA boost current for 19 mA primary current, however, the
sensitivity kept increasing with even higher boost current values. As stated above, it is very
important to consider both the analytical performance and the overall endurance of the lamp
when choosing the optimum operating currents. Therefore, 19 mA anode current and 26 mA
boost current (operated at 52% duty cycle) were chosen as optimum, both still in the

recommended range by the manufacturer.
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Fig. 18 Emission spectrum of Ni HCL (primary current 15 mA) obtained with a fibre optics UV-vis spectrometer.
Transmission bandwidth (FWHM 10 nm) of 232 nm filter shown in colour for clarity.
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3.3.2 Optimization of atomization conditions

The atomizers used for the atomization of Ni volatiles species were the same as in
previous experiments for Bi and Cd - the MDF and FIGS atomizer. The default atomization
conditions followed on from the optimum conditions for PVG-AFS of Bi, summarized in Tab. 4
in subsubsection 3.1.2.2. The main parameters to evaluate the results were the peak area
(sensitivity) and the SNR. Firstly, the effect of H» fraction in MDF was optimized. The highest
response as well SNR were obtained at 20% Hb> fraction (Fig. 19a). The peak area response
rapidly decreased at 13% H; fraction, which was also the lowest fraction at which the flame

was still somewhat stable.
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Fig. 19 Dependence of peak area (full circle) and SNR (empty circle) on hydrogen fraction in MDF (a) and
FIGS (b); conditions for MDF: 5 ug L™' Ni taken for PVG, observation height of 6 mm, 500 mL min total gas
flow rate; conditions for FIGS: 2 ug L™ Ni taken for PVG, observation height of 7 mm, 500 mL min total gas

flow rate, 12 mL min™" O: flow rate, 1.5 (A¥shieiar) and 1.5 L min (Avsieia 1) of shielding Ar.

Secondly, the total gas flow rate and observation height was optimized in MDF (Fig.
20a). The minimum applicable observation height with regards to SNR is 6 mm since the
background level is too high at observation heights lower than that. The highest sensitivity was
obtained at 500 mL min~' and observation height of 6 mm. The same parameters were also
optimized for FIGS. It is clear that the sensitivity is increasing with lower Hz fractions in FIGS
(Fig. 19b). Unfortunately, it is not possible to use a fraction lower than 10%, which was
therefore selected to be the optimum. The optimum total gas flow rate using the FIGS atomizer

(Fig. 20b) is coincidentally also 500 mL min'. The highest SNR at this flow rate was reached
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at observation height of 7 mm, lower values resulted in an undesirably high background signal.
Furthermore, the O> flow rate through the capillary was optimized, both the highest response
and SNR were achieved with 15 mL min! with the signal significantly declining at 20 mL min~
! (Fig. 21). The flow rates of shielding Ar were not optimized again, they were merely taken
over from subsubsection 3.1.2.1, where they were optimized for HG-AFS of Bi, as it showed
little influence on the analytical response and SNR. The final optimum conditions for

atomization of Ni are summarized in Tab. 11.
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Fig. 20 Dependence of peak area (in uV s) on total gas flow rate and observation height in (a) MDF and (b)
FIGS; conditions for MDF': 2 ug L™ Ni taken for PVG, H> fraction 17%,; conditions for FIGS: 2 ug L' Ni taken
for PVG, H> fraction 10%, 12 mL min™' O flow rate, 1.5 (A¥shieia1) and 1.5 L min™" (Avspiela 11) of shielding Ar. The
observation height points measured were in the range of 4—8 (MDF) and 6—10 (FIGS) mm, by 1 mm. The total
flow rate points measured were in the range of 400—600 (MDF) and 400-700 (FIGS) mL min~', by 100 mL min~
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Fig. 21 Dependence of peak area (full circle) and SNR (empty circle) on O; flow rate in FIGS, conditions: 2 ug
L™ Ni taken for PVG, 500 mL min™ total gas flow rate, H> fraction 10%, 1.5 (A¥shieta1) and 1.5 L min™ (A¥shieta 1)
of shielding Ar, observation height of 6 mm.

Tab. 11 Optimum conditions of atomization of Ni in MDF and FIGS for PVG-AFS

Ar H: 02 Arshield 1; Alshield 1 Qbservation

(mL min?)  (mL min') (mL min) (L min™) height (mm)
MDF 400 100 - - 6
FIGS 425 75 15 1.5; 1.5 7

3.3.3  Analytical figures of merit

The analytical characteristics of the newly developed methodology for Ni determination
by PVG-AFS were assessed for both MDF and FIGS atomizers. Both calibration curves were
constructed with standard solutions of 0, 50, 100, 400 and 2000 ng L~! Ni and were linear in
the whole range (R? = 0.9998 in both cases). The repeatability, expressed as the RSD (n = 10),
at concentration level of 2 pg L Ni! corresponded to 2% in both cases. The achieved LODs
were 7.9 and 5.3 ng L™! for MDF and FIGS, respectively, and they are significantly better than
those reported previously with various VG approaches coupled to AFS, see Tab. 12. The
sensitivity achieved with FIGS is ca. 1.5 times higher than for MDF, which also corresponds to
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the difference in LODs. The LOD value of 5.3 ng L' achieved with the FIGS atomizer is
approximately 2.7 times higher than that achieved with PVG-ICPMS previously [70].

Tab. 12 Comparison of LODs for Ni determination based on AFS and various VG approaches reported in

literature

Method LOD (ng L) VG details Ref.

PVG-AFS 7.9% 5.3° thin-film flow-through photoreactor, 30% This work
(m/v) formic acid as the photochemical
medium, 29 s irradiation time

PVG-AFS 10 heated quartz coiled photoreactor, 20% [117]
(v/v) formic acid as the photochemical
medium, 120 s irradiation time

PVG-AFS 100 quartz coiled photoreactor, on-line mixing [118]
of sample in 2% (v/v) FA, 90% (v/v) FA,
and 70% (v/v) NH4OH (pH 2.95), 220 s
irradiation time

CVG-AFS 650 KBHj4 reduction in the presence of sodium [119]
diethyldithiocarbamate and 1-butyl 3-
methylimidazolium bromide

CVG-AFS 1000 KBH4 reduction in the presence of [120]

ammonium pyrrolidine dithiocarbamate

2 with MDF atomizer

b with FIGS atomizer
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3.3.4 Validation

The developed methodology was verified by Ni determination in two water CRMs —
SRM 1643f Trace Elements in Water and ERM-CA713 Wastewater. Both CRMs are stabilized
in acid, namely SRM 1643f in 0.32 mol L' and ERM-CA713 in ca. 0.01 mol L' HNO3. This
can constitute a serious problem for direct Ni determination by PVG as demonstrated by Soukal
and Musil who found that even concentration of HNO3 as low as 1 mmol L™! suppresses the
response of Ni by 10% [70]. With this in mind and respect to high concentrations of Ni in SRM
1643f and ERM-CA713, these materials were significantly diluted (100 times) and prepared in
30% (m/v) formic acid prior to PVG. The standard addition technique was employed for
quantification by PVG-AFS. Furthermore, Ni content was determined in two real samples of
well water. These sample were filtered (0.45 um syringe filter) and approximately 10 times
diluted to contain 30% (m/v) formic acid. The standard addition calibration technique was
employed for quantification by PVG-AFS again. To obtain reference values, Ni content in well
water samples was also determined by ICPMS with solution nebulization (Agilent 8900), using
He collision cell mode and ®*Ni and '®*Rh (used as an internal standard) isotopes for evaluation.
In this case, the water samples were prepared in 2% (m/v) HNOs3. The results obtained with the
developed PVG-AFS methodology are in good agreement with the certified and reference

values and they are summarized in Tab. 13.

Tab. 13 Ni concentrations in water certified reference materials and real well water samples determined by PVG-
AFS using FIGS atomizer; presented as median values = SD (n = 3).

Cd concentration (ug L)

Samples Determined
Certified/Reference?
by PVG-AFS
Fresh water 1643f 594+1.6 508+14
Wastewater ERM-CA713 50.5+0.7 503+14
Well water 1 4.4+4+0.1 45+0.12
Well water 2 2.6 £0.1 2.7+0.12

 determined by ICPMS with solution nebulization
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3.3.5 Conclusion

A thin-film flow-through photoreactor was successfully coupled to AFS for the
determination of Ni. The volatile species of Ni — Ni(CO)s — was generated from 30% (m/v)
formic acid used as the photochemical medium. The operational parameters of Ni Superlamp,
which was used as the excitation source, were examined and the atomization process in MDF
and FIGS atomizers was optimized. Around 1.5 times higher sensitivity and correspondingly
lower LOD was achieved with FIGS than with MDF, hence, the FIGS was chosen as the
atomizer for analytical application to several water (certified) reference materials. To overcome
potential interfering effects of HNO3, Ni content was successfully determined by PVG-AFS
using the standard addition calibration technique and the obtained results were in good
agreement with the (certified) reference values. As evident from Tab. 12, the lowest LOD for

Ni determination by any VG approach coupled with AFS has been achieved here.
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4 Concluding remarks

In this comprehensive study, the versatility of AFS was demonstrated by coupling it
with various VG techniques for the sample introduction. Various methodologies were
developed for the determination of Bi, Cd, and Ni. The common denominator of them all is the
research-grade non-dispersive AFS constructed in a laboratory from easily available
components - the excitation source, the atomizer, and the photomultiplier tube.

Firstly, the AFS was adapted for Bi determination employing HG for sample
introduction and the EDL as the excitation source. The main efforts were directed to a detailed
exploration of the atomization process in two hydride atomizers, namely MDF and FIGS, and
to a subsequent comparison of the analytical performances achieved with them. The distinctive
advantage of the FIGS atomizer is that it allows us to employ Bi fluorescence lines at >300 nm
where serious OH emission can be an obstacle with the standard MDF atomizer. The
exceptionally low LOD of 0.9 ng L' achieved with the FIGS and without any preconcentration
step can be ascribed mainly to the high radiation intensity of the EDL in which, however,
impurities of Sb and Hg were identified. Sb in particular caused serious positive interference
on Bi determination with 202 nm and 223 nm interference filters. This challenge was effectively
addressed by employing the 307 nm filter, where no Sb line is present. FIGS as the atomizer
and the 307 nm filter were finally chosen to be suitable for Bi determination. Subsequently, the
AFS instrument was modified to operate the Superlamp as the excitation source. The power
supply of the Superlamp was optimized for Bi and the analytical performance was compared to
that achieved with the EDL. The radiation intensity of the EDL was proven to be higher, as
expected, and was proportionally reflected in the higher fluorescence intensity measured, thus
also in higher sensitivity and lower LOD. To our best knowledge, such a direct comparison has
not been made yet, since the currently available commercial or research-grade spectrometers
usually allow the use of only one of them.

Furthermore, the spectrometer was coupled with PVG of Bi. Again, the atomization
conditions in the MDF and FIGS were optimized and the optimum conditions differed only
slightly from those obtained for HG-AFS. The most significant difference was the necessity for
introduction of a higher O» flow rate to FIGS, most probably due to the presence of acetic and
formic acid vapours employed for PVG. The absolute LOD obtained with PVG was around
8 times higher than with HG which can be attributed to lower PVG efficiency compared to that

expected for HG, wider peaks, and the analyte contamination in blanks.
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Among the main goals of this work was to adapt the spectrometer to the determination
of transition metals, namely Cd and Ni. The developed methodology for Cd determination was
based on special CVG system (assisted by Cr’**/KCN modifiers) and the EDL as the excitation
source for AFS. The FIGS atomizer outperformed the MDF atomizer, with sensitivity nearly
double that of MDF. The extremely low LOD of 0.42 ng L', achieved without resorting to
preconcentration, is attributed to the high radiation intensity of the EDL again but also efficient
CVG. However, the high sensitivity introduces some challenges, such as the serious impact of
Cd contamination in the used reagents on the background signal, which has to be mitigated by
using high-purity reagents. The methodology proved to be suitable even for direct
determination of low Cd concentration in seawater samples, which is normally an obstacle faced
by conventional ICPMS with solution nebulization. Additionally, the methodology was
validated for Cd determination in rice and rice flour samples after microwave digestion in a
diluted acid medium.

Last part of this thesis was dedicated to PVG of Ni from formic acid based medium and
its coupling to AFS in order to demonstrate the applicability of AFS to wider range of elements.
The Superlamp was used as the excitation source and the operational parameters were carefully
optimized in order to reach the best analytical performance and maintain the lifetime of the
lamp. Very high sensitivity and low LOD (around 5 ng L") was finally achieved with the FIGS
atomizer and this sensitive methodology was successfully verified by Ni determination in
several water reference materials.

To conclude, the possibilities of a research-grade AFS were explored in a great detail.
Most importantly, various VG techniques, such as HG, CVG, or PVG, can be coupled to the
spectrometer and the applicability was further widened by the possibility of using two various
types of excitation sources — EDL and the Superlamp. By achieving the interchangeability of
the two excitation sources, it is possible to draw from the pros of both and partially eliminate
the cons. Last but not least, all the developed methodologies described in this thesis were found
suitable for ultra-sensitive determination of the analytes (Bi, Cd, and Ni) in various matrices
and at a reasonable price point, especially when compared to other instrumentation normally

used for ultra-trace element analysis.
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