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ABSTRACT

ATOM TRAPPING VAPOR GENERATION ATOMIC ABSORPTION
SPECTROMETRY FOR INORGANICARSENIC SPECIATION ANALYSIS

Njie, Njaw
Ph.D., Department of Chemistry
Supervisor: Prof. Dr. Osman Yavuz ATAMAN
August 2014, 187pages

Speciation analysis is important for arsenic. Novel methods to improve the sensitivity
for determination of total arsenic and arsenic speciation have been developed. The
techniques basically rely on generation of volatile arsenic species by reaction with
sodium borohydride followed by trapping on a W-coil atomizer and finally releasing
analyte atoms by heating the atomizer; the system is named as W-coil atom trapping
electrothermal atomic absorption spectrometry (WC-ETAAS). Sample solution may
be introduced both by continuous flow hydride generation (CF-HG-WC-ETAAS) or
flow injection hydride generation (FI-HG-WC-ETAAS). Speciation analysis was
performed by using high pressure liquid chromatography (HPLC) for separation
followed by W-coil trapping; this method is named as HPLC-HG-WC-ETAAS. For
optimization and comparison, an electrically heated quartz tube atomizer was also
used for the systems named CF-HG-EHQTA-AAS and FI-HG-EHQTA-AAS. Both
for FI and HPLC systems, rapid on-line reduction of As(V) to As(IIl) was realized by
using 1.0% (v/v) thioglycollic acid in 0.002 mol/L HCIL. In HPLC analyses, the

collection of analyte was done only for As(Ill) and As(V), these species were then



collected and then atomized consecutively. The results are used to determine total
inorganic arsenic content. The optimized temperatures for collection and atomization
temperatures for W-coil were 720 °C and 1920 °C, respectively. Using CF-HG-WC-
ETAAS and 180 s collection of 19.5 mL sample, limits of detection limits for As(III)
and As(V) were 1.9 ng/L and 1.8 ng/L, respectively. For speciation analysis by HPLC-
HG-WC-ETAAS, limits of detection were 0.25 ng/mL and 0.30 ng/mL for As(III) and
As(V), respectively; a sample loop of 0.16 mL was used. For testing accuracy, Waste
Water EU-L-2, Trace Elements in Water 1643e, Trace Elements in Spinach
Leaves1570aand Tuna Fish Tissue BCR627 were used as certified reference materials.
Applications on real samples were carried out on irrigation water, dill, lettuce, garden
rocket and parsley. The methods developed offer novel alternatives in arsenic

determination and speciation using only a simple atomic absorption spectrometer.

Keywords: Arsenic, arsenite, arsenate, speciation, tungsten coil, electrothermal

atomization, thioglycolic acid, atom trapping
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INORGANIK ARSENIK TURLENDIRME ANALIZI iCIN ATOM TUZAKLI
BUHAR OLUSTURMALI ATOMIK ABSORPSIYON SPEKTROMETRI

Njie, Njaw
Doktora, Kimya Boliimii
Tez Yoneticisi: Prof. Dr. Osman Yavuz ATAMAN
Agustos 2014, 187 sayfa

Arsenik tayininde tiirlendirme Onemlidir. Toplam arsenik tayini ve arsenik
tiirlendirmesinde duyarhiligin artirilmasi igin yeni yontemler gelistirildi. Tekniklerin
dayandigi temel islem, sodyum borohidriir ile ugucu arsenik tiirlerinin olusturulmasi,
bu tiirlerin bir W-sarmal iizerinde toplanmasi ve sonunda atomlastiriciyr 1sitarak
atomlarin salinmasidir; bu diizenek, W-sarmal atom tuzakli elektrotermal atomik
absorpsiyon spektrometri olarak adlandirildi (WC-ETAAS). Ornek c¢ozelti, hem
stirekli akis (CF-HG-WC-ETAAS), hem de akisa enjeksiyon (FI-HG-WC-ETAAS)
seklinde sunulabilir. Tiirlendirme analizinde ise yiiksek basingli sivi kromatografi
(HPLC) ile ayirmadan sonra W-sarmal ile tuzaklama kullanildi; bu yontem ise HPLC-
HG-WC-ETAAS olarak adlandirildi. En uygun parametrelerin  bulunmast ve
kiyaslama amaciyla elektriksel 1sitilan bir kuvars boru atomlastirict da CF-HG-
EHQTA-AAS ve FI-HG-EHQTA-AAS olarak adlandirilan aygitlarla kullanildi. FI ve
HPLC kullanilan yontemlerde, As(V)’in hat istiinde As(Ill)’e indirgenmesi, 0.002
mol/L HCI igerisinde hazirlanmis %1.0 (v/v) tiyoglikolik asit ile gerceklestirildi.
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HPLC analizlerinde, yalniz As(IIl) ve As(V) tiirlerinin toplanmasi yapildi, anilan
tiirler ard arda W-coil iizerinde topland1 ve atomlastirildi. Sonugclar, toplam inorganic
arsenik tayini i¢in kullanildi. W-sarmal i¢in optimize edilmis toplama ve atomlastirma
sicakliklar, sirasiyla 720 °C ve 1920 °C olarak kullanildi. CF-HG-WC-ETAAS
yontemi ile, 19.5 mL 0Ornek c¢ozeltinin 180 s iginde toplanmasiyla gozlenebilme
smirlari, As(Il) i¢in 1.9 ng/mL, As(V) i¢in 1.8 ng/mL olarak bulundu. HPLC-HG-
WC-ETAAS kullanarak yapilan tiirlendirme analizinde ise gozlenebilme sinirlari,
As(III) i¢in 0.25 ng/mL, As(V) i¢in ise 0.30 ng/mL olarak saptandi; deneylerde 0.16
mL 6rnekleme halkasi kullanildi. Dogrulugun irdelenmesi i¢in, Waste Water EU-L-2,
Trace Elements in Water 1643e, Trace Elements in Spinach Leaves1570a and Tuna
Fish Tissue BCR627 adli sertifikali referans maddeler kullanildi. Gergek Ornek
uygulamalari ise, tarimsal sulama suyu, dereotu, kivircik salatalik, roka ve maydanoz
ornekler lizerinde yapildi. Gelistirilen yontemler, yalnizca basit bir atomik absorpsiyon
spektrometre kullanarak arsenik tayini ve tiirlendirmesinde yeni segenekler

olusturmaktadir.

Anahtar Kelimeler:Arsenik, arsenit, arsenat, tiirlendirme, tungsten sarmal,

elektrotermal atomlastirma, tiyoglikolik asit, atom tuzaklama
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CHAPTER 1

INTRODUCTION

1.1- The nature of analytical chemistry

Analytical chemistry is a measurement science consisting of a set of powerful ideas
and methods that are useful in all fields of science, engineering, and medicine. It
involves the separation, identification, and quantification of chemical components of
natural and artificial materials [1]. The separation of chemical components is often
performed prior to qualitative and quantification analysis. Qualitative analysis gives
an indication of the identity of the chemical species in the sample, and quantitative

analysis determines the concentration of certain components in the substance.

Analytical methods can be separated into classical wet chemistry and instrumental
techniques. Classical methods use separations such as precipitation, extraction,
or distillation and classical qualitative analysis is by color, odor, or melting point.
Classical quantitative analysis is achieved by measurement of weight or volume.
Instrumental methods use apparatus to measure physical quantities of the analyte
such as light absorption, fluorescence, conductivity or mass to charge ratio, and
separation is accomplished by using chromatography, electrophoresis or field flow

fractionation methods [2].

Analytical chemistry has long played a major role in the field of scientific
investigation. In addition to providing new tools and techniques to facilitate
experimental studies, it has also opened up new areas of research in modern sciences
in the areas of forensics, bioanalysis, clinical analysis, environmental analysis,

and materials analysis.
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Most recently it has been focused on improvements inexperimental
design, chemometrics, and the creation of new measurement tools to provide better

chemical information.

1.2- The history of atomic absorption spectrometry

The underlying principles of atomic absorption spectrometry were established in the
second half of the 19th century by Robert Wilhelm Bunsen and Gustav Robert
Kirchhoff. Both professors at the University of Heidelberg in Germany,
systematically examined the line reversal in the spectra of alkali and alkaline-earth
elements and conclusively demonstrated that the typical yellow line emitted by
sodium salts in a flame identical to the black D line of the sun’s spectrum that was
discovered in 1802 by Wollaston and was later investigated in detail by Fraunhofer,
who assigned letters to the strongest lines, starting at the red end of the spectrum
with the letter A to the sodium D line [3].

Kirchhoff had already recognized the principle of atomic absorption in 1860 and
formulated the relationship between emission and absorption in his law, which is
generally valid and states that any material that can emit radiation at a given
wavelength will also absorb radiation of that wavelength. But the connection
between atomic structure and the interaction of atoms with radiation was established
by Planck (1900) in the quantum law of absorption and emission of radiation,
according to which an atom can only absorb radiation of well-defined wavelength 4
or frequency v, so the energy that an atom can absorb and release is a definite amount
and is given &:
£=hv Where h is Planck’s constant

Since Kirchhoff recognized the principle of atomic absorption in 1860, the theoretical
basis was steadily extending during the following decades; however, the practical

significance of this technique was not recognized for a long time.
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At that time, the principle of atomic absorption was mainly used by astronomers to
determine the composition and concentration of metals in the atmospheres of stars.
Chemical analyses were only carried out very sporadically by this technique;
however, the determination of mercury vapor did, acquire a degree of importance [3].

In 1955, an Australian scientist Alan Walsh introduced the modern form of atomic
absorption spectrometry (AAS). The introduction of this technique was timely, since
the determination of elements in minerals, metals and alloys was a very important
analytical issue. During those days, molecular spectra were usually obtained in
absorption and atomic spectra in emission, and there was nothing like atomic
absorption spectra. The method was received to offer many vital advantages over
atomic emission spectra as far as spectrochemical analysis was concerned. Atomic
absorption spectrometry offered the possibility of avoiding excitation interference,
which at that time was thought by many to be responsible for some of the inter-
element interferences experienced in emission spectroscopy when using an electrical
discharge as light source both atomization and excitation source[4]. Furthermore, the
technique was welcomed by many analytical chemists as a powerful alternative to
spectrophotometric methods, which usually required some chemical pretreatment of
samples, such as buffering, complexation, extraction and other operational steps,
whereas dissolution of the sample into an aqueous medium was usually sufficient for

using flame AAS.

1.3- Development of atomic absorption spectrometry

Atomic absorption spectrometry is one of the most popular spectroscopy techniques
for qualitative and quantitative determination of up to70 elements at trace levels. The
only elements that are not dealt with are the noble gases and several of the common
gases whose resonance lines fall in the vacuum ultraviolet, for which commercial

equipment is not designed.



In addition, some common nonmetallic elements, such as sulfur, phosphorus, and the
halides, can be treated by indirect methods [5]. Alan Walsh is generally recognized
as the ‘father’ of modern AAS. This privilege was given due to his campaign and
untiring energy against the resistance to this new idea for more than a decade,
spending much time to overcome the disinterest and misunderstanding from the

scientists [3].

1.4- Principle of atomic absorption spectrometry

Atomic absorption technique is based on the measurement of selective absorption of
light by free atoms created in an atomizer. By this process, the sample is converted
into free atoms in the gaseous state by a process known as atomization and the free
atoms absorb the optical radiation (light) from a source. The main components of an
AAS are shown in Figure 1.1. The function of the instrument is as follows: (1) the
radiation source, a hollow cathode lamp (HCL) or an electrodeless discharge lamp
(EDL), emits a sharp line spectrum characteristic of the analyte atoms; (2) the
emission beam from the radiation source is modulated; (3) the modulated signal
passes through the atomic vapor where the atoms of the analyte absorb radiation of
the line-like radiation source; (4) the desired spectral line (usually resonance line) is
selected by the monochromator; (5) the isolated analyte line falls onto the detector (a
photomultiplier) where the light signal is converted into the electrical signal; (6) the
modulated signal is amplified by a selective amplifier; (7) the signal is finally
recorded by a readout device (computer screen, strip chart recorder, or through data

processing to a digital display unit or printer) [6].
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Figure 1.1 The main components of an atomic absorption spectrometer [6]

1.5- Classification of AAS on the basis of atomizer and sample introduction

To obtain high sensitivity, low baseline noise, and high efficiency sample
introduction, atomic absorption spectrometry technique can be classified into several

categories depending on the atomization and sample introduction procedures:

1.5.1- Atomizer units

The atomizer is the ‘place’ in which the analyte is atomized, its task is to generate as
many free atoms in the ground state as possible and to maintain them in the
absorption volume for as long as possible. The sensitivity of atomic absorption
spectroscopy is directly proportional to the atomization degree of the analyte element
(which also depends on temperature), which is in turn dependent on the effectiveness

of the atomizer [7].

The common atomizers used in AAS includes: flame, graphite furnace (GF), flame-
in-tube (FIT), quartz tube atomizer (QTA), and slotted quartz tube atomizer (SQTA).



For an ideal atomizer of volatile compounds with either AAS or AFS, the set of the

following criteria should be fulfilled [7]:

1. Complete conversion of analyte to free atoms;

2. No reactions of free atoms in the observed volume;

3. Long residence time of free atoms in the observation volume to reach high
atomizer-and-spectrometer sensitivity;

4. Minimum contribution to measurement noise to minimize the limit of detection

(LOD);

5. Analyte preconcentration in the atomizer to reach high procedure sensitivity (this

is not useful for some applications, e.g. ‘‘hyphenated’’ speciation analysis, which

requires on-line signal detection);

6. User-friendliness including robustness of the atomizer functions;

7. Low running and investment cost.

In volatile compound determination, the atomizers can be either operated as on-line
atomization or in-atomizer trapping technique. However, in order to improve
sensitivity and to reduce interference coming from the liquid phases, the use of in-
atomizer trapping, which is in line with the criteria 1, 2 and 3; became a widely used

technique.

1.5.1.1- Flame atomizers (FAAS)

The flame atomization technique is the oldest of the AAS atomizers and has been a
workhorse for the determination of trace elements since 1960’s. In the monograph of
B. Welz and M. Sperling [3], eight pre-requirements for an ideal flame have been
elaborated, and among them, (1) the flame must have sufficient thermal energy to
rapidly atomize the sample without causing ionization of the analyte. (2) it should
allow both reducing and oxidizing conditions, (3) the flame should be transparent to

the absorption radiation,



(4) it should allow atoms to remain in the absorption volume for long time, (5) it
should produce a laminar combustion, so that distribution of the atoms in the
absorption volume is constant, (6) the flame should be long to provide high
sensitivity, (7) the flame gas and combustion products should not pose any health

problems and (8) the flame operation should be inexpensive.

However there is no real flame atomizer that can meet all of the requirements. The
temperature of the flame and thus the atomization efficiency depends on the types of
fuel and oxidant as well as fuel to oxidant ratio. Nowadays, the air-acetylene flame is
the most commonly used one and the less common one is the nitrous oxide-acetylene
flame. These two flames are very close to the requirements of an ideal flame, and air-
acetylene is more preferred because the oxidant (air) is less expensive.

In flame atomization technique, the analyte solution is converted to an aerosol and
then introduced to the flame via a nebulizer at a flow rate of 5-10 mL/min. The
function of nebulizer is to use pressurized gas flow to convert liquid phase into a mist
composed of small droplets, called aerosol; the larger droplets are not allowed to
reach the flame since they alter the temperature and thus atomization efficiency. The
nebulization efficiencies of nebulizers commonly employed in flame atomic
absorption spectrometry (FAAS) instruments does not exceed 10% [8]; Most of the
sample is not transported to the atomizer and there is a great dilution of the sample
by flame gases. The resulting analyte concentration in the measurement zone is
relatively low where the source beam and atoms occupy the same volume for signal
formation. The second deficiency is the short residence time of analyte atoms in the
measurement zone; this value, considering flame velocities and beam geometry,
could be calculated to be in the order of few milliseconds. Both of these deficiencies
limit the sensitivity of the flame AAS Technique the most important drawbacks of
FAAS [8].



1.5.1.2- Graphite furnace or electrothermal atomization

Graphite furnace technique was first developed by Boris L’vov, and it was made
known only three years after the rediscovery of AAS. However the development of
the first commercial GF AAS accessory onto the market took nearly ten years after
FAAS. The reason for this delay was the improvement of the limits of detection by
two to three orders of magnitude was not discernible until the end of the 1960s.

Two hot areas of investigation during the development of graphite furnace were the
ideal dimensions and shape of the graphite tubes. Many investigations were made for
the ideal length and the diameter of the graphite tubes. Giell and Holcombe [9-11]
made a series of model calculations on the theme of tube dimensions and found that
the geometry of the atomizer should be approximately 5 mm in diameter, and an
optimum length of maximum 40 mm. However, another problem in graphite tubes
was the non-isothermal absorption zone in the atomizer. To eliminate this problem,
three solutions were used: (1) to atomize by capacitive discharge or (2) use of probe
atomization, or (3) platform atomization [3]. Graphite furnace needs water cooling
system, therefore rapid cooling cannot be achieved if online speciation analysis is to
be performed. Although a wide variety of graphite tube designs have been used over
the years, the dimensions nowadays are typically 20-25 mm in length and 5-6 mm

inner diameter.

In principle, the graphite tube is operated by introducing a sample volume of usually
10-50 pL into atomizer of electrothermal atomization and the temperature is
increased stepwise to remove the solvent and concomitants as completely as possible
before atomization. Since the entire aliquot introduced into the graphite tube is
atomized within a short time (typically 1 s), a peak-shaped, time-dependent signal is
generated whose area (integrated absorbance) is proportional to the mass of the
analyte in the measurement solution. Graphite furnace or electrothermal atomization
(ETAAS), vapor generation techniques such as cold vapor (CVAAS) and hydride
generation (HGAAS) provided a sensitivity improvement of 100-1000 fold over
flame AAS.



1.5.1.3- Conventional quartz tube atomizer

The quartz tube atomizer, in principle is only use for the determination of
gaseous/volatile compound of hydride forming elements. Different designs such as
the L-shape quartz tube and T-shape quartz tube have been developed since its
introduction. The most common design is the T-tube, and the L-tube is only used
occasionally. In general, the design of the quartz tube normally contains an inlet arm
where the gaseous sample passes through and a horizontal optical arm where the
radiation from light source passes through. Narrow diameter of the inlet arm
normally produces better sensitivity and the optical arm is often around 150 mm long
with diameter typically around 10 mm [12]. The conventional quartz tube atomizer
can be classified into two basic types: flame-in-tube atomizer (FIT) and conventional
externally heated QTA (EHQTA).

In both types, the hydride generated under optimum conditions, is fully atomized in
the cloud by reactions with extremely energetic H radicals. The free analyte atoms
produced are stable within the H radical cloud, i.e., in the presence of a sufficient
excess of H radicals. Even if free analyte atoms reacted to form molecular species,

they should be re-atomized by the interaction with the excess of H radicals [7].

Various designs of FIT atomizers have been described in the monograph of J.
Dédina, D.L. Tsalev, [12]. A convenient design [13] employs a capillary centered in
the inlet arm of the T-tube to introduce a small flow of oxygen to the atomizer to
support a highly fuel-rich, hydrogen—oxygen diffusion microflame, essentially
invisible, burning at the capillary end. The capillary end is typically 2 to 10 mm
upstream of the T-tube junction [12].

FITs do not require any external heating, however, the carrier gas must contain a
large fraction of hydrogen to support the microflame. Since it is an oxygen—hydrogen
flame, a temperature of around 2800 °C is expected within its body [7] with steep

downward gradients occurring in its vicinity. H radicals are formed either in the

9



flame or by reactions between oxygen and hydrogen that took place at the entrance to
the hot region of the tube. The heat produced by the microflame is controlled by the
oxygen supply. For small flow of oxygen a very low amount of heat is produced and
the volume of the microflame is small in size compared to the volume of the
atomizer. Therefore, the temperature in the remaining part of the inlet arm and in the

optical tube is rather low [14].

In conventional QTA, an external heating system is required. The external heating
systems normally employ either an electrical resistance device or the acetylene-air
flame to heat the optical tube of the atomizer to a temperature between 700 °C and
1100 °C. The carrier gas is usually argon. At least a small fraction of hydrogen in the
atomizer atmosphere is required for hydride atomization; otherwise no free atoms are
observed. Hydrogen is usually present since it is formed by decomposition of
tetrahydroborate used for the hydride generation [7]. Conventional EHQTA atomizer
do not employ a special tube to introduce oxygen but a certain oxygen content in the

gas mixture is necessary for achieving optimum sensitivity.

At the beginning of the hot zone of the atomizer a cloud of H radicals, analogous to
that in FITs, is formed by reactions between oxygen and hydrogen. The exact
position of the cloud is controlled by the temperature profile within the atomizer, by
the total gas flow rate and composition, and by atomizer design [12, 13]. For
example, the cloud may be located well downstream in the inlet arm, in the T-tube
junction or even in the optical tube of the atomizer depending on heating temperature
and gas flow rate to the atomizer [12]. The same mechanism of hydride atomization
in a conventional EHQTA as in a FIT indicates that these two types of conventional
QTA are, in principle, identical. However, the main differences between
conventional EHQTA atomizer and FITs are [7]:

(i) The technique of creating the H radical cloud: in FITs in a small self-supporting
flame burning at the end of the oxygen delivery capillary; in conventional EHQTAS

by external heating of the gases containing hydrogen and a small fraction of oxygen.

10



(i) The mobility of the cloud in conventional EHQTASs compared to its fixed
position by the capillary in case of FITs. The primary function of the elevated
temperature in the conventional QTA is to start reactions between hydrogen and

oxygen that generate H-radicals.

1.5.2- Sample introduction

1.5.2.1- Liquid sample introduction

For liquid measurement, a nebulizer is used to transport the liquid solution into the
spray chamber where it is turned into fine aerosol and then mixed with the flame
gases. For efficient transfer of liquid and converting them to aerosol, several
nebulizers have been introduced and these include: pneumatic, rotating disk,
ultrasonic and electrostatic nebulizer. However, it is only the pneumatic nebulizer
that has come into general use in AAS; because, it is cheap and energy of

nebulization is provided by the nebulizing gas (the oxidant).

1.5.2.2- Solid sample introduction

The introduction of solid samples to AAS for analysis involves the direct
introduction of the solid sample in the absorption volume without prior digestion or
dissolution. The method can reduce the time of analysis; it can lower the risk of
contamination from reagents, apparatus, and the laboratory atmosphere in ultratrace
analyses. It lowers the risk of loss of the analyte during sample preparation due to

volatilization, sorption on the apparatus, or incomplete solubilization.
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Nevertheless, the direct introduction of solid sample incorporates marked
disadvantages and the technique places considerable requirements on the skill of the
operator. For example it is more difficult to introduce a solid sample into the
atomizer than a liquid sample. The inhomogeneity of the sample makes numerous

replicate measurements necessary, which can be unacceptable for routine analyses

[3].

1.5.2.3- Gaseous sample introduction

Gaseous sample introduction is achieved by vapor generation technique that is a
wide- spread method used for the determination of metals, metalloids, and
organometallic compounds. The two prominent forms of vapor generation are: cold
vapor generation (CVG) and hydride generation (HG). Vapor generation is generally
employed due to its inherent advantages that generally lead to an improvement in
detection limit. These advantages are: (i) efficient separation of the analyte from the
sample matrix, which often leads to a reduction of interferences and better detection
limit (ii) high transport efficiency of gaseous analyte into the atomic absorption
spectroscopy detector; (iii) extremely mild atomization conditions that can be used
for the gaseous analyte forms, and can compete in achieving detection limits with the
more expensive and complicated instrument such as inductively coupled plasma
mass spectrometry (ICP-MS); (iv) high selectivity in some cases to permit
differentiation of chemical species of a particular element; (v) simple analyte pre-
concentration; and (vi) enabling used of gas phase separation method for speciation

analysis of some elements.
The most popular techniques for the generation of volatile species are: chemical

vapor generation, electrochemical vapor generation, photochemical vapor generation,

and sonochemical vapor generation [15].
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1.5.2.3.1- Electrochemical vapor generation

Electrochemical hydride generation is performed in an electrolytic cell. The basic
cell consists of two compartments, the anodic and cathodic spaces, separated by a
semipermeable medium that enables electrical contact but limits the diffusion of
reaction products between the compartments. On the cathode, water/hydronium ions
are reduced to molecular hydrogen, a reaction which competes with the formation of
the hydride, whereas on the anode water is oxidized to oxygen. Thus hydride is
generated in the cathode space of an electrolytic cell with concurrent oxidation of
water in the anodic compartment [16]. At least three sequential steps are involved in
the process, including reduction and deposition of the analyte onto the surface of the
cathode; stepwise reaction of the deposited metal with hydrogen co-generated on the
electrode and desorption of analyte hydride. However, the design of the electrolyte

generator is paramount to success of this approach.

1.5.2.3.2- Photochemical vapor generation

This system involves the generation of volatile hydride from elements by UV
irradiation in the presence of low-molecular-weight organic acids. The
photochemical approach was first applied for volatile chemical generation (VCG) of
selenium [17] and by using a low-pressure mercury lamp as the source of UV
radiation volatile selenium hydride, selenium carbonyl, dimethyl selenide, and
diethyl selenide were generated in the presence of formic, acetic, propionic, and
malonic acids, respectively, and In acetic acid solution, the efficiency of generation

was estimated to be 50+10%.
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1.5.2.3.3- Sonochemical vapor generation

This is a cold vapor generation technique within the context of green chemistry for
the determination of mercury in liquid samples following high-intensity
ultrasonication. The mechanism involved lies in the reduction of Hg(ll) to Hg(0) by
reducing gases formed upon sonication and subsequent volatilization of Hg(0) due to
the degassing effect caused by the cavitation phenomenon. Even though the vapor
generation of Hg can occur in ultrapure water, Carlos Bendicho et al [18] have
reported that upon addition of a low molecular weight organic acid such as formic

acid, favors better generation of volatile Hg.

1.5.2.3.4- Chemical vapor generation

Chemical vapor generation is by far the oldest method used for vaporization of trace
metals. In the 1830s James Marsh developed a method now called Marsh test for the
chemical generation of arsenic hydride. In Marsh test, shown in Equation 1 and 2, a
sample containing arsenic element is mixed with sulfuric acid and arsenic-free zinc,
the resulting arsine gas was ignited and decomposed to pure metallic arsenic by
passing it to a cold surface. This would appear as a silvery-black deposit. So
sensitive was the test that it could detect as little as one-fiftieth of a milligram of

arsenic [3]. The equation of Marsh test is as follows:

As203 + 6 Zn + 6 H2SO4 — 2 AsHs + 6 ZnSO4 + 3H20 1
The AsHs is passed through a heated tube where it is decomposed as arsenic and
hydrogen, forming a black mirror film of arsenic in a cold zone.

2 AsH3z — 2 As + 3H2 2
Chemical vapor generation can also be classified into cold vapor technique and
hydride generation technique.

14
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1.5.2.3.4.1-The cold vapor technique

This method involves the determination of volatile compound without the use of
atomizer. Mercury has a vapor pressure as high as 0.0016 mbar at 20 °C, which
corresponds to a concentration of approximately 14 pg/L of atomic mercury in the
vapor phase. The possibility thus exists of determining mercury directly by AAS

without an atomizer.

Poluektov and  Vitkun introduced the most successful technique for the
determination of mercury by flame AAS, they discovered an unusually large increase
in the absorbance, by one or two orders of magnitude, if tin(Il) chloride was added to
the sample being aspirated. This effect could be attributed to the reducing action of
this reagent, which ensured that virtually all of the mercury being aspirated passed
into the flame in the atomic state. They thereupon eliminated the nebulizer and
flame, passed air through the sample after tin(ll) chloride had been added, and then
conducted the air through a 30 cm quartz cell mounted in the radiation beam of the
atomic absorption spectrometer. The limit of detection (LOD) obtained by this

technique amounted to 0.5 ng Hg [3].

Another element that can also form monoatomic vapor is cadmium. Sanz-Medel et
al.[19] were the first to describe a highly sensitive Cd determination by the cold
vapor technique AAS and by adding sodium tetrahydroborate, an unstable cadmium
hydride (CdH2) intermediate is formed, which then decomposes to atomic cadmium,
permitting measurement by AAS. On the other hand, generation of atomic and
molecular Cd species from aqueous media upon reaction with NaBH4 was recently
investigated by Yong-Lai Feng et al [20]. It is demonstrated that generated atomic
species were stable in water, having a half-life of 2.2 min. The authors suggested that
the initial products of the reduction reaction appeared to be free atoms, not the
hydride, and subsequent interaction with nascent hydrogen gave rise to the molecular
hydride.

15



1.5.2.3.4.2- Hydride generation technique

The aqueous-phase chemical hydride generation of volatile hydrides such as Ge, Sn,
Pb, As, Sb, Bi, Se, Te, Hg, Cd, and, more recently, several transition and noble
metals by acid derivatization of borane complexes is one of the most powerful and
widely employed methods for determination and speciation analysis of these

elements in trace and ultratrace levels [21].

In 1969, W. Holak [22] was the first to apply hydride generation for the
determination of arsenic using AAS. Similar to that employed in the ‘Marsh test’, He
generated hydrogen by adding zinc to the test sample solution acidified with
hydrochloric acid and collected the arsine in a trap cooled in liquid nitrogen. At the
end of the reaction he warmed the trap and conducted the arsine with a stream of

nitrogen into an argon-hydrogen diffusion flame to measure the atomic absorption.

However the Zn-acid system for hydride generation was progressively replaced by
the more convenient NaBHs-acid reaction system following the first applications
reported by R. Braman and co-workers who determined trace mercury [23], arsenic,
and antimony [24] by atomic spectrometry. Subsequently, the NaBHas-acid reaction
system was successfully extended to all the other classical hydride-forming elements,
Bi, Ge, Sn, Pb, Se, and Te [25], at trace level.

1.5.2.3.4.2.1-Tetrahydroborate acid reduction system

The hydride formation by the tetrahydroborate reduction (NaBHa/acid reaction) of
analyte is usually performed in acidic (most often HCI) medium. Tetrahydroborate
decomposes very rapidly in acidic media to form boric acid and hydrogen. The
mechanism of chemical hydride generation by derivatization with tetrahydroborate

(1-) (BH4) salts such as NaBH4the most commonly used and less frequently used is
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KBHas was initially based on the assumption of nascent hydrogen generation in the

reaction of NaBHa with acid and Zn-acid systems [21] shown in Equation 3, 4 and 5.

[BHJ + H* + 3H:0 —— H3BOs + 8H 3

Zn + 2H* ——» Zn** + 2H 4

The resultant atomic hydrogen reacts with aqueous ions of the element, E™),
forming the volatile hydride.

EM+m+nH —— EHn+mH"* 5

The first authors that proposed this simple reaction mechanism were Robbins and

Caruso [26], but it has never been proven.

However, the hypothesis of chemical hydride generation taking place according to
the “nascent hydrogen” pathway has been a matter of debate inside the analytical
community. An excellent synthesis of this debate was reported by Dédina in 1999
[27] who concluded that, at that time, there was no convincing evidence supporting

or refuting the “nascent hydrogen” hypothesis.

In 2002, Laborda et al. [28] strongly criticized the possibility that atomic hydrogen
could be formed during hydrolysis of NaBHs, based on thermodynamic
considerations. Considering that the estimated standard reduction potential for the
H*/H couple is E°(H*/H) = —2.016 V, neither THB [E°(H3BO3/[BH4])) = —0.482 V],
nor zinc [E°(Zn? /Zn) = —0.763 V], would be able to perform the reduction of protons

to atomic hydrogen.
In a recent review, the reaction mechanism of chemical hydride generation based on

the direct transfer of hydrogen from boron to the element through analyte-borane

complex intermediates has been critically studied by Alessandro D’Ulivo et al [21].

17



In pure aqueous solution, the THB and borane complexes decompose to give both
dihydrogen and boric acid as the principal final products. This is a hydrolysis
reaction formally consisting of two processes:

(i) A hydroxyl group replaces the hydride in the coordination sphere of boron, giving
boric acid and (ii) a disproportion reaction between hydride and proton yields

dihydrogen as shown in Equation 6

[BHsX]? + Hs0* + 2H,0 €— H3BOs + 3H2 + [HX]**! 6
Or in aqueous solution where the acid is H20 itself in Equation 7
[BHsX]? +4H:0 *—5 H3BOs + 3H2 + [HX]*! + [OH] 7

Where X = H, CN", OH", RS’, NRs etc., and the charge of the complex is z, the same
as the ligand X.

However when X is H°, the mechanism of acid hydrolysis of tetrahydroborate ion
([BHa4]"), can be described as follows: The first step is the hydronium attack on the
hydride, forming the BH3(H2) intermediate, which then decomposes to give the first

mole of dihydrogen as shown in Equation 8 and 9:

[BHs] + H3O* <«— BHs3(H2) + H.O — BH3(H20) + H 8
[BH4] + HO" — BHs(Hz) + OH'—> BH3(OH) + H2 9

From Equation 6 to 9, the hydrolysis of the borane complex is simultaneously
accompanied by direct transfer of the hydrogen from borane or from the reaction
environment to the analytical substrate [EYn]?, in order to produce a volatile element
hydride. The study of the mechanism using deuterated boranes in H20/H3O*, or
hydrogenated boranes in D20O/D3O", a hydride generation system was coupled with
GC-MS [29-31] and the elements such (E = As, Sbh, Bi, Ge, Sn, etc.; Y = H20, OH,
Cl, etc., and z is the charge) where converted into its volatile hydrides, EHm.
Although the reaction gave some isotopologues product, but the product such as
EHm-xDx was formed during the study, which result from the different processes

through which H and D can be incorporated into the final hydrides. This study
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evidently shows that during volatile formation, there is a direct transfer of hydrogen

from boron to the hydride forming element as shown in equation 10.

[EYn]? + XBDs —— Reaction intermediates ——» EHm-«xDx 10

1.5.3-Atomization for volatile hydride compounds

The final step of the process of element determination or of speciation analysis
employing volatile compound generation is atomization and detection. In principle,
atomization methods can be either on-line or they can incorporate in-atomizer

trapping to enhance the sensitivity of the determination.

1.5.3.1- Online-atomization

On-line atomization means that hydride from the hydride generator is immediately
introduced to the observation volume of the spectrometer and atomized there. The
efficiency of analyte hydride delivered to the atomizer depends on the optimization
condition of the hydride generation parameters. In AAS the signal produced by on-
line atomizer is generally a time dependent and the temporary value of the signal is
proportional to the supply of hydride [7], which gives the sensitivity of the whole
analytical procedure.

Moreover, the sensitivity of the atomizer depends on the (i) the atomic absorption
coefficient, (ii) atomizer temperature, (iii) atomization efficiency, (iv) gas flow rate,
(v) atomizer dimensions, and (vi) extent of decay of free analyte atoms within the
atomizer [12]. It should be stressed that the value of atomic absorption coefficient is,
besides AAS instrument parameters such as spectral lamp emission profile and slit
width, significantly influenced by the atomization temperature and the nature of the

gas.
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However, any on-line atomizer is characterized by two essential parameters such as:
atomizer sensitivity and atomizer noise. The different type of atomizers used for on-

line atomization of volatile hydrides is extensively reviewed by J. Dedina [7].

1.5.3.2- In-atomizer trapping or atom trapping

One of the inherent advantages of generation of volatile forms of analyte for
analytical atomic spectrometry is that the analyte can be easily pre-concentrated. The
principle of atom trapping operates by trapping the hydride species on the surface of
an atom trap held at an optimized temperature and, finally, revolatilizing the analyte
species by rapid heating of the trap and transporting them in a carrier gas to a heated

quartz tube, as commonly used with hydride generation AAS systems

The trapping can take place on the surface of the atomizer segment which is aligned
in the optical path of the instrument. In most of these systems the design is to provide
a longer residence time for analyte atoms; therefore the term trap was occasionally
used, mostly meaning a delay for atomic species in the measurement zone. The
terminology “in-situ” trapping, also suggested in one of the first papers on in-
atomizer trapping in GF [32], accurately reflects the nature of the process. In most
recent review [8] the term atom trapping was used to reflect the trapping analyte
hydride atoms on a pre-heated surface. Thus in-atomizer trapping offer a better
sensitivity than on-line atomizer.

The procedure of in-atomizer trapping consists of two steps:

(i) trapping/collection and

(ii) volatilization/atomization.

In the first step, the analyte carried from a generator as hydride is trapped in the
atomizer until its evolution is completed. For the optimum performance of the
method it is highly desirable to trap the generated hydride completely. With

incomplete trapping, not only the maximum sensitivity is not achieved but a small
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deviation in an experimental parameter may lead to a significant change in trapping

efficiency, and thus also in sensitivity.

The trapping efficiency is defined as the fraction of generated hydride trapped in the
atomizer. It is sometimes useful to define the “overall efficiency of HG and

trapping”, as the fraction of the total analyte amount trapped in the atomizer [7].

In the second step, the trapped analyte is volatilized and atomized within typically
less than 1 s. The volatilization efficiency is defined as the fraction of trapped analyte
that are volatilized or atomized at the same time. In-atomizer trapping significantly
enhances the procedure sensitivity. In-atomizer trapping could also be an effective
tool for reducing interferences in the liquid phase by sample dilution or by slower

addition of the reducing agent.

1.5.3.3- Types of atom trapping

1.5.3.3.1- In situ trapping in graphite furnaces

In-situ trapping in GF is still a popular atomization method for all analytically
important hydrides [33-36] and for other elements such as Au [37], Ni [38], and Ag,
Cu, Zn [39] as well.

In the first step of the procedure of in-situ trapping in GF, the atomizer is usually
heated to approximately 200-600 °C to trap the analyte hydride carried from a
generator. In the second step, the trapped analyte is volatilized and atomized at
temperatures generally >2000 °C. A pre-atomization cleaning step (600 °C, 20 s)
which extends the lifetime of the graphite tube is usually recommended to purge the

graphite tube free of water vapor and hydrogen.
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The geometry and quality of inner graphite surface, trapping temperature and flow
rate of the carrier gas are the critical experimental parameters. The hydride should be
introduced in to the furnace in a manner ensuring minimum losses and permitting
convenient operation is required. The most convenient interface for introduction of
hydride into the graphite furnace is the use of capillary tube most often made of
quartz but also titanium has been used [40]. The tube is inserted through the
sampling port of the furnace and is usually recommended to position the capillary tip
as close as possible to the atomizer inner surface.

After hydride evolution from the generator is complete, the capillary is removed and
the volatilization/atomization may be launched. The whole operation can be
automated using the autosampler arm to insert and remove the capillary. This is
usually performed in combination with permanent modifiers since the autosampler
arm is not then required to inject modifier solution to the furnace before the trapping
step. Both temporary modifiers such as Pd and permanent modifiers such as Ir can be
used. However, permanent modifiers offer more advantages such as broad range of

optimum trapping temperatures, and better sensitivity.

The trapping efficiency is most often estimated from the overall efficiency of HG
and trapping by the comparison of the signal of trapped analyte with the signal
obtained under analogous conditions for the liquid sampling [21]. The trapping
efficiency is most often estimated from the overall efficiency of HG and trapping by
the comparison of the signal of trapped analyte with the signal obtained under
analogous conditions for the liquid sampling. Trapping efficiency is a critical
parameter for the performance of the method. The trapping efficiency for a given
analyte obviously depends on furnace design, modification of the surface where
trapping takes place (graphite tube wall or platform), trapping temperature and the

carrier gas flow rate.

22



1.5.3.3.2- Trapping on quartz and atomization in quartz tube

Another promising approach for in-atomizer trapping is to collect the volatilized
analyte in a quartz tube, which can be, in principle, integrated with the QTA.
Unfortunately, trapping in quartz atomizers is by far not as straightforward as in GFs.
The reason is the 3 orders of magnitude slower heating rate of the optical tube of the
QTA [15].

A successful trapping of lead hydride in a bare quartz tube trap with subsequent
volatilization and atomization in the conventional EHQTA was announced in 2002
by Korkmaz et al. [41] who suggested that the same trap could also be used for other
hydrides. In this study, some quartz particles obtained by crushing, were placed in
the inlet arm of a quartz tube atomizer (QTA), near its connection point to the
horizontal arm to serve as the trap. The trap location was heated externally using a
resistively heated wire. Cold vapor generation (CVAAS) with a quartz trap has also
been used for determination of Cd wherein the quartz atom cell was not heated [42].

Like graphite furnace trapping, the most critical analytical parameters for operation
of the quartz trap are the temperature of the trap for collection and revolatilization,
position of the trap and composition of the carrier gas for both collection and

revolatilization.

1.5.3.3.3- Slotted quartz tube atom trap

The slotted quartz tube (SQT) was introduced by Watling in 1977 [43, 44], and has

been applied in the determination of As, Sb, Se and Hg [43] and Pb, Zn, Cd, Bi, Co,

Mn and Ag [44]. This device provides a sensitivity enhancement of 2-5 folds as
compared to FAAS.
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The device was a simple hollow quartz tube that was positioned on the laminar flame
so that the lower slot coincided with the flame; another slot was made on the tube at
an angle of 120° with respect to the lower slot that accepted the analyte atoms from
the flame.

In the study made by O.Y. Ataman group [45] SQT was used in an atom trapping
(AT) mode where the enhancement in sensitivity is much higher as compared to
SQT-FAAS, in the range of 50 to few thousands depending on conditions. In order to
effect volatilization of the trapped analyte species, different organic solvents such as
iso-octane, n-hexane, acetonitrile, acetone, methyl ethyl ketone, were successfully
used; however, isobutyl methyl ketone (IBMK) was chosen after some evaluation
[45].

In principle, the operation of SQT-AT can be summarized as follows [8]:

(i) Using an optimized flame, sample solution is aspirated while the SQT is
positioned above the flame. Analyte atoms are trapped on the inner surface of the

SQT. This step usually takes a few minutes and is called collection.

(ii) At the end of the collection stage, a rather low volume, 10-50 uL, of an organic
solvent is introduced to the flame. This alters the flame composition for a very short
period of time, sufficient to release analyte species from quartz surface; this stage is

called revolatilization.

(iii) Revolatilization is followed by rapid atomization and a transient signal is

obtained.
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1.5.3.3.4- W-coil for Trapping and Atomization

Tungsten devices have been employed in analytical atomic spectrometry for
approximately 30 years [46]. In a recent review of the technique the authors suggest
that the characteristics of an ideal electrothermal atomizer material might include:
high melting point, high purity, ease of manufacturing into desired shapes, fast
heating rate, chemical and physical stability and inertness at high temperature, and
durability [46].

Tungsten has the highest melting point (3422 °C) among all metals in the periodic
chart. While being a good electrical conductor, tungsten is also ductile and may be
formed into different shapes reproducibly. Chemically, tungsten is relatively inert,
stable in both air and water, and resistant to high concentrations of many common
acids, such as hydrochloric, sulfuric and nitric acid. Tungsten is also relatively
inexpensive and these combined properties make tungsten a valuable material for the
production of common lamp filament [46]. As a result, a variety of tungsten wires
can be reproducibly twisted into many shapes and sizes. Many of these could be
employed for atomic spectrometric applications. It can be electrically heated up to
3000 °C at very high heating rates, with a simple power supply (15 V and 150 W).
Unlike graphite furnace, it rapidly cools down without the need of water coolant.
Initially W-coil was used only as an electrothermal atomizer in an inert atmosphere,
such as Ar. Sampling is similar to that in GFAAS; 5-50 pL of sample solution is
injected on W-coil and usual stages such as drying, ashing, atomization and cleaning

are then applied.

The analytical figures of merit for W-coil AAS are comparable to those for
traditional GFAAS. Both peak height and integrated absorbance have been used for
quantification. Generally, peak height provides better sensitivity and lower LODs,
while integrated absorbance may give better linearity and improved reproducibility.

Berndt et al [47] measured sensitivities for 13 elements using a W-coil AAS
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instrument and found them to be comparable to those of GFAAS, in most cases. For

barium, sensitivity was higher by one order of magnitude with W-coil AAS.

In all such comparisons, there are many atomizer-dependent factors that affect the
sensitivity, including the optical length of the atomizer, heating rate, use of chemical
modifier and use of open or closed types of atomizers. In W-coil AAS, for example,
one of the most important factors is the coil position, including the viewing height
(typically 1-3 mm above the coil) and viewing angle [46].

It is also noteworthy that tungsten has also been used as a tube atomizer [48] where
the application was for Se and As determination using bare and Pt coated surfaces. In
a W-tube atomizer, platinum, iridium and rhenium have been successfully used as
chemical modifiers for the determination of Se and As. The platinum-treated tubes
were very efficient at collecting hydrides in the low temperature range of 100—200
°C, reaching efficiency close to 100%. Iridium- and rhenium-treated tubes were
capable of trapping hydrides in the high temperature range of 700-900 °C,
approaching an overall efficiency of 10%, however palladium modifier caused fatal

deterioration of the tungsten tube [48].

The first studies involving atom trapping on a W-coil were reported almost
simultaneously for Bi [49] and Se [50]. In this approach volatile analyte species were
formed by hydride generation and trapped on a W-coil held at an optimized
temperature for trapping; at the end of the trapping period, W-coil is heated to a
higher temperature and peak shaped signal is obtained with enhanced sensitivity.
Other applications of this technique were reported for determination of Cd [51], Se
[52], Sb [53, 54], As [54] and inorganic As species [55].

The use of a chemical modifier has been a common practice in GFAAS since the
inception of the modern stabilized temperature platform furnace (STPF) technique by
Slavin et al., in 1981 [8]. However, the application of chemical modifiers has been
reported far less frequently for metallic atomizers.
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Using chemical modifier in W-coil has several advantages that include: increased
tungsten coil lifetime by over 400 heating cycles); reduced background levels and
eliminated condensed/liquid phase interferences caused by concomitants. Moreover,
iridium, thermally-coated onto a W-coil, has also been used as a permanent chemical
modifier for the determination of Se in water samples by Xiandeng Hou et al. [56].
Each iridium coating lasted for 300—400 firings and the coil could be re-coated for
further use. The lifetime of the coil was extended up to 1600 firings. Coating of
tungsten coil with chemical modifier also increases the sensitivity and linear dynamic
range of the method. Recently the used of Rh-coated tungsten coil has been reported
for As determination and for 400 ug Rh coated, the signal remains stable for about
300 firings [55].

In VG tungsten coil can be used ETA for nonvolatile elements too as in ETA-AAS in
which the sample vapor is atomized and probed directly in the absorption zone, or as
ETV to ICP in which produces a sample aerosol that is then carried by gas to a
separate atomizer for analysis. In Figure 1.2 the two modes of operation of tungsten

atomizer with hydride generation are shown.

A WC-ETA B WC-ETV
Glass cell Qular‘tz tube
]
W-coil gl
_ 1
W-coil :l

-

Figure 1.2 The arrangement of tungsten coil use in analytical atomic absorption

spectrometry. A-is the ETA coil is in absorption zone and B- is the ETV coil
vaporized the sample analyte after trapping and atomization take place in the

externally heated quartz tube
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1.6- Arsenic element

Elemental arsenic (As) is a member of Group 15 of the periodic table, with nitrogen,
phosphorus, antimony and bismuth. It has an atomic number of 33 and an atomic

mass of 74.91 g/mol.

1.6.1-Physical properties of arsenic

Arsenic is a semimetallic element and exists in allotropes of as; metallic
gray, yellow and black arsenic, with gray being the most common. The gray arsenic
is brittle, and a semiconductor with a bandgap of 1.2-1.4 eV at its amorphous
structure. It is also the most stable form allotrope. The yellow arsenic is a soft, waxy,
and unstable allotrope. Being a molecule, it is the most volatile, least dense and most
toxic form. Solid yellow arsenic is produced by rapid cooling of arsenic vapor, and is
rapidly transformed into the gray arsenic by light. The black arsenic is a poor
electrical conductor and can also be formed by cooling vapor at around 100-220 °C.
It is glassy and brittle [57].

When heated in air, arsenic oxidizes to arsenic trioxide; the fumes from this reaction
have an odor resembling garlic. This odor can be detected on striking arsenide
minerals such as arsenopyrite with a hammer. Arsenic (and some arsenic
compounds) sublimes upon heating at atmospheric pressure, converting directly to a
gaseous form without an intervening liquid state at 887 K (614 °C).
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1.6.2- Chemical properties

Naturally occurring arsenic is composed of one stable isotope, "*As and pure arsenic
is seldomly found in nature. The compounds of arsenic resemble in some respects
those of phosphorus which occupies the same group in the periodic table. Arsenic
exists in four valency states: -3, 0, +3, and +5. In strongly reducing environments,
elemental arsenic and arsine (-3) can exist. Under moderately reducing conditions,
arsenite (+3) may be the dominant form, but arsenate (+5) is generally the stable
oxidation state in oxygenated environments. Arsenic also bonds readily to itself as
seen in the square Ass> ions in the mineral Skutterudite (cobalt arsenide mineral). In
the +3 oxidation state, arsenic is typically pyramidal owing to the influence of
the lone pair of electrons [58].

1.6.3- Arsenic and arsenic compounds

There are many arsenic compounds in both marine and terrestrial environments.
Although the nomenclature and abbreviations of the arsenic species have been a
matter of concern to Kevin A. Francesconi and Doris Kuehnelt [59], the
nomenclature and abbreviations provided here is the common method found in
literature. The names, abbreviation and molecular structures of some these arsenic

species are shown in Table 1.1.
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Table 1.1 Names, abbreviations and structures of As species [59]

Name Abbreviation | Structure
Arsenite As(111) O
O :AS
e
Arsenate As(V) 0.
_g;AS—D
Monoethylarsonite MMAC(III) HiC.
_D;sz
O
Monoethylarsonate MMA(V) H3C._
_D;ASZD
0O
Dimethylarsinite DMA(III) HaC
H3C—As
O
Dimethylarsinate DMA(V) H3Cx
H%:,AS—D
Trimethylarsine oxide TMAO H3C.
H3C—As=0
H;C
Trimethylarsine TMA HaC o
H:_:,C ;AS
H3C
Dimethylarsine DMH:zAs H3C.
HaC—As
0
Monoethylarsine MMHsAs H._
H:_J,C :AS
H
Arsine HsAs H .
H—~As
H
Arsenobetaine AB CH

I+
HaC —Als/“‘“coo‘

CHa
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Table 1.1 Names, abbreviations and structures of As species (continued)

Arsenocholine AC CHis
Hac_ﬁ:\s*—/\/. o
CH,
Trimethylarsoniopropionate | TMAP Cs, _ coo-
Hac—ﬁisf ~
CHa,
Dimethylarsenoylethanol DMAE Q9
ch_aﬂlxs/\/’ OH
CH,
Dimethlyarsinothioylacetate 7
H:aC—PltS (ololon
CHa
Dimethylarsinoylacetate acid | DMAA T
P
HiC—As Tcoo-
CH;
Tetramethylarsonium ion TETRA T
H3C — AiS —C H3
CHx
Dimethylated Arsenosugars T R
J— o P
HsC .ﬂﬁs
CHs
OH OH
Trimethylated Arsenosugars B ;fl\fﬁ o
CH; OH
OH OH

1.6.4- Sources and occurrence of arsenic

Arsenic is present in more than 200 mineral species, the most common of which is
arsenopyrite. It is estimated that about one-third of the atmospheric flux of arsenic is
of natural origin. Volcanic action is the most important natural source of arsenic,
followed by low-temperature volatilization. Inorganic arsenic of geological origin is
found in groundwater used as drinking-water in several parts of the world. Organic
arsenic compounds such as arsenobetaine, arsenocholine and tetramethylarsonium
salts, arsenosugars and arsenic containing lipids are mainly found in marine

organism and some in terrestrial species.
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Elemental arsenic is produced by reduction of arsenic trioxide (As203) with charcoal.
As20s is a by-product of metal smelting operation. Mining, smelting, of non-ferrous
metals and burning of fossil fuels are the major industrial processes that contributes
to anthropogenic arsenic contamination of air, water and soil. Historically the use of
arsenic-containing pesticides has left large tracts of agricultural land contaminated.
The use of arsenic in the preservation of timber has led to contamination of the

environment [60].

1.6.4.1- Arsenic in soil

Arsenic occurs mainly as inorganic species but also can bind to organic materials in
soils. Under oxidizing conditions, in aerobic environments, arsenates, iAs(V), are the
stable species and are strongly sorbed onto clays, iron and manganese
oxides/hydroxides and organic matters. Arsenic precipitates as ferric arsenate in soil
horizons rich in iron. Under reducing conditions arsenites, iAs(Ill), are the

predominant arsenic compounds.

Inorganic arsenic compounds can be methylated by microorganisms, producing
under oxidizing conditions, monomethylarsonic acid (MMA), dimethylarsinic acid
(DMA) and trimethylarsine oxide (TMAsO) [60].

Under anaerobic conditions these can be reduced to volatile and easily oxidized
methylarsines. The forms of arsenic present in soils depend on the type and amounts
of sorbing components soil, such as pH and redox potential. Arsenates of Fe and Al
(AlAsO4, FeAsQs) are the dominant phases in acid soils and are less soluble than
calcium arsenate, Cas(AsO4)2, which is the main chemical form in any alkaline and
calcareous soils [60]. The adsorbed arsenate fraction in soils is closely related to soil
pH and redox potential (Eh). It also varied with soil type under the same pH

conditions, increasing in order from sierozem to brown soil to chestnut soil [60].
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Arsenic gets biomethylated (i.e. addition of CHs to arsenic through biological
activity) in the soil-water, sediment water interfaces through the activity of bacteria
(such as Escherichia coli, Fla_obacteriun sp, Methanobacterium sp) and fungi (such
as Aspergillus glaucus, Candida humicola). In the course of biomethylation, iAs(I11
is oxidized to iAs(V) and CHs" is reduced to CHs™ and stable arsenic oxy-species are
formed [61].

1.6.4.1.1- Factors influencing arsenic content in soil

The principal factors influencing the concentration of elements in soils are the parent
rock and human activities. Factors such as climate, the organic and inorganic
components of the soils and redox potential status also affect the level of arsenic in
soils. When rocks are weathered, arsenic may mobilize as salts of arsenous and
arsenic acids (HzAsOa) [60].

1.6.3.2- Arsenic in water

In natural waters, arsenic is commonly found as inorganic arsenic (iAs), while
organic arsenic (0As) species occur in marine and biological samples. iAs is more
toxic than its organic counterparts. iAs is found in water in the form of As(V) and
As(l11), as H3AsOs and H3AsOs, respectively. Depending on the pKa values and pH
of the medium, different species are predominant in solution. The As(l1l) forms are
more toxic than the As(V) forms. The maximum permissible concentration (MPC) of
total arsenic in drinking water is set at 10 pg/L [61], while the limit values for

arsenic species are not established.

The major chemical form in which arsenic appears to be thermodynamically stable is
arsenate ion. A wide range of relative proportion of dissolved arsenate and arsenite is

present in groundwater. The concentration of arsenic in unpolluted fresh waters
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typically ranges from 1-10 pg/L, rising to 100-5000 pg/L in areas of sulfide

mineralization and mining [60].

At moderate or high redox potentials arsenic can be stabilized as a series of
pentavalent (arsenate) oxyanions, HsAsOs, H2AsOs, HAsOs 2 and AsOs3.
However, under most reducing (acid and mildly alkaline) conditions and lower redox
potential, the trivalent arsenite species (Hs3AsOs) predominate. As(0) and As(-111) are
rare in aquatic environments. Complex organic arsenic compounds such as
tetramethylarsonium salts, arsenocholine, arsenobetaine, dimethyl(ribosyl)arsine
oxides and arsenic containing lipids are identified in the marine environment [62].
Only a very minor fraction of the total arsenic in the oceans remains in solution in

seawater, as the majority is sorbed on to suspended particulate materials.

Various geological and geochemical conditions can control the concentrations of
arsenic in ground water. These factors include leaching of geological material;
factors such as pH, Eh, solution composition, sediment chemistry/mineralogy, grain
size distribution of aquifer sediment, competing and complexing ions, aquifer
mineralogy, reaction kinetics, and hydraulics of the groundwater system [63].
Normally groundwater does not contain methylated form of arsenic but lake and
pond waters contain arsenite, arsenate as well as methylated forms, i.e. MMA and
DMA.

1.6.3.3- Arsenic in air

In air, arsenic exists predominantly absorbed on particulate matters, and is usually
present as a mixture of arsenite and arsenate, with the organic species being of
negligible importance except in areas of arsenic pesticide application or biotic
activity [64]. The human exposure of arsenic through air is generally very low and

normally arsenic concentrations in air ranges from 0.4 to 30 ng m~ [65].
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1.6.5- Metabolisms and toxicity of arsenic

1.6.5.1- Metabolism

Humans are exposed to many different forms of inorganic and organic arsenic
species (arsenicals) in food, water and other environmental media. Each of the forms
of arsenic has different physicochemical properties and bioavailability and therefore
the study of the kinetics and metabolism of arsenicals in animals and humans is a

complex matter.

Routes of arsenic intake in vivo are considered to be via the respiratory tract for
arsenic in dust and fumes, and through oral means for arsenic in water, beverages,
soil, and food. Few investigations of dermal absorption rates for arsenicals are
undertaken. The bioavailability of ingested inorganic arsenic varies depending on the
matrix in which it is ingested (i.e. food, water, beverages or soil), the solubility of the
arsenical compound itself and the presence of other food constituents and nutrients in
the gastrointestinal tract [60]. Tissue distributions of arsenic depend on blood
perfusion, tissue volumes, diffusion coefficients, membrane characteristics, and
tissue affinities. The fate of ingested arsenic in vivo depends on: (1) oxidation and
reduction reactions between iAs(V) and iAs(l11) in the plasma; and (2) consecutive
methylation reactions in the liver [59]. Inorganic arsenic is methylated in vivo in
human. Arsenate is rapidly reduced to arsenite, which afterwards is partly
methylated. The main site of methylation appears to be the liver, where arsenic
methyltransferase enzymes mediate the methylation process with S-
adenosylmethionine as the methyl donor and glutathione (GSH) as an essential co-
factor. Studies on humans suggest that methylation may begin at limiting dose of
about 0.2-1 mg/kg (0.003-0.015 mg As kg per day) [66]. R. M. Raie [67]
compared tissue arsenic levels in infants (aged 1 day to 5 months) and adults from

Glasgow, Scotland using neutron activation analysis (NAA).
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Mean levels of arsenic (mg kg™ dry weight) in liver, lung and spleen in infants
versus adults are 0.0099 versus 0.048, 0.007 versus 0.044, and 0.0049 versus 0.015,
respectively. These data suggest that arsenic accumulates in tissues with age, a
finding that is wholly consistent with observations in laboratory animals [68].

In most animal studies DMA is the main metabolite, while in human the urinary
excretion consists under normal conditions, (i.e. without excessive ingestion of
inorganic arsenic) of about 20% inorganic arsenic, 20% MMA and 60% DMA.
Because, inorganic arsenic gets methylated to MMA and DMA in vivo and during
circulation in plasma MMA is partly absorbed and this absorbed MMA is further
methylated to DMA, while DMA is excreted mainly in an unchanged form [69, 70].
Moreover in more recent studies, the reduction of both MMA(V) and DMA(V) to
their trivalent analogues monomethylarsonous acid, MMA(III) and dimethylarsinous
acid, DMA(II) respectively and excreted through urine was also reported. However,

similar studies are unavailable for other organoarsenicals [71, 72].

Studies with radioactively labeled ("*As) arsenate in human showed that 38% of the
dose was excreted in urine within 48 h and 58% of the total within 5 days [73]. In the
subjects who ingested 500 pg As in the form of arsenite, 33% of the dose was
excreted in the urine within 48 h and 45% within 4 days [70]. It is estimated that
about 60-70% of the daily-ingested inorganic arsenic is excreted in the urine [74].

Excretion of arsenic via other routes than via urine and feces (e.g. in sweat), are in
generally minor amounts. Since arsenic can accumulate in keratin-containing tissues
[60], skin, hair and nails can also be considered as potentially minor excretory routes.
The three most commonly employed biomarkers used to identify or quantify arsenic
exposure are total arsenic in hair or nails, blood arsenic, and total or speciated
metabolites of arsenic in urine. Because arsenic (as the trivalent form) is accumulated
in keratin-rich tissues such as skin, hair and nails, they are used as indicators of past
arsenic exposure. Recently, Bin Hu and Fei Zheng [75] developed a method of dual-
column capillary microextraction combined with ETV-ICP-MS for the speciation of

arsenic in human hair extracts.
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Normally inorganic arsenic is very quickly cleared from human blood. For this
reason blood arsenic is only used as an indicator of very recent and/or relatively high
level exposure, for example, in poisoning cases [76] or in cases of chronic stable
exposure (i.e. from drinking water). Studies show that in general blood arsenic does

not correlate well with arsenic exposure in drinking water, particularly at low levels.

As common with any other biomarkers of arsenic exposure, arsenic levels in urine
may result from inhalation exposure as well as ingestion from food and water, thus
provide a measure of the total absorbed dose. However, since arsenic is rapidly
metabolized and excreted into the urine, the levels of arsenic in urine are best suited
to indicate recent arsenic exposure. Hence total arsenic: inorganic arsenic and the
sum of arsenic metabolites (inorganic arsenic + MMA + DMA), in urine are all used
as biomarkers of recent arsenic exposure. This approach becomes increasingly
uncommon because certain organoarsenicals (for example, the practically non-toxic
compound arsenobetaine) present in substantial amounts in certain foodstuffs are
excreted mainly unchanged in urine [77]. Therefore using total urinary arsenic under

these conditions will result in overestimation of inorganic arsenic exposure.

To avoid the potential for over-estimation of inorganic arsenic exposure inherent in
using total urinary arsenic, most studies now measure speciated metabolites in urine,
and used either inorganic arsenic or the sum of arsenic metabolites (inorganic arsenic
+ MMA + DMA) as an index of arsenic exposure. However, this can give misleading
results unless a careful diet history is taken and/or seafood consumption is prohibited
for at least 3 days prior to urine collection. There are two reasons for this. First, some
seafoods contain the arsenic metabolites MMA and DMA, particularly DMA, in
fairly high amounts. Secondly, arsenosugars present in seaweeds and some bivalves
are extensively metabolized to DMA (either by the body itself or the gut microbiota),

which is then excreted in urine [60].

37



1.6.5.2- Toxicity

With regards to toxicity of arsenic, the chemical forms and oxidation states are
virtually very important. In addition to chemical form and oxidation states, the
toxicity of arsenic also depends on other factors such as physical state: gas, solution,
or powder particle size, the rate of absorption into cells, the rate of elimination, the
nature of chemical substituents in the toxic compound, and the pre-existing state of
the patient. The toxicity of arsenicals decrease in the order, arsines > iAs(Ill) >

arsenoxides (org As(I11)) > iAs(V) > arsonium compounds > As [78].

Studies in laboratory animals have demonstrated that the toxicity of arsenic is
dependent on its form and its oxidation states. It is generally recognized that the
soluble inorganic arsenicals are more toxic than the organic ones, and the iAs(I11) are
more toxic than iAs(V) [63, 79].

In a study the British Geological Survey et al [80], the arsenic-affected areas of
Bangladesh the modal proportion of iAs(l11) appears to be between 50 and 60% of
the total arsenic. Because ingested iAs is extensively metabolized in humans, chronic
exposure to iAs results in chronic exposure to methylated and dimethylated
arsenicals. MMAC(III), a biotransformant of inorganic arsenic, is up to 26 times more
toxic than inorganic arsenite in Chang human hepatocytes [81]. According to Lin et
al. [82], MMA(II1) is over 100 times more potent than iAs(l11) as an in vitro inhibitor
of thioredoxin reductase. So, formation of MMAC(IIl) appears to represent
toxification of both iAs(V) and iAs(lll). Also, in vitro studies have shown that
MMA(111) and DMAC(IIT), like iAs(I11), can form GSH complexes, and that these are
at least as toxic as iAs(lll) [83, 84] and in vitro study showed that MMA(III) was
more cytotoxic to human cells (hepatocytes, epidermal keratinocytes, and bronchial
epithelial cells), compared to iAs(l1) and iAs(V) [84]. The authors concluded that
high methylation capacity did not protect these cells from the acute toxicity of

trivalent arsenicals.
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Generally, the most common toxic mode-of- action for an element is the inactivation
of enzyme systems, which serves as biological catalyst [60] Trivalent arsenic
interferes with enzymes by bonding to -SH and -OH groups, especially when there
are two adjacent HS-groups in the enzyme. The enzymes, which generated cellular
energy in the citric acid cycle, are adversely affected. The inhibitory action is based
on inactivation of pyruvate dehydrogenase by complexation with iAs(l11), whereby
the generation of adenosine-5-triphosphate (ATP) is prevented. The enzyme system
comprises of several enzymes and cofactors, one protein molecule of enzyme having
one lipoic acid. In the presence of iAs(ll1), it replaces the two hydrogen atoms from
the thiol groups and attaches with a sulfur molecule and form a dihydrolipoylarsenite
chelate complex, which prevents the reoxidation of the dihydrolipoyl group that is
necessary for continued enzymatic activity, and this pivotal enzyme step is blocked.
As a result, the amount of pyruvate in the blood increases, energy production is
reduced, and finally the cell damages slowly [85, 86]. The reactions are shown in

Figure 1.3.
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Figure 1.3 The mode-of- action of iAs(Ill) in preventing the generation of
adenosine-5-triphosphate (ATP) [60, 85, 86]
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As a result of the strong bond between iAs(l11) and sulfur may be the reason why
arsenic accumulates in the keratin tissues hair and nail. It is proposed that trivalent
arsenic form a stable ringed structure with vicinal dithilols of keratin in hair [60].
Arsenic inhibits enzymes, such as the pyruvate oxidase, S-aminoacid oxidase,
choline oxidase and transaminase. Although iAs(l11) is regarded the more toxic form
of the element, iAs(V) as arsenate can be disruptive by competing with phosphate.
For example, arsenate uncouples oxidative phosphorylation. Oxidative
phosphorylation is the process by which ATP is produced, while at the same time
reduced nicotinamide adenine dinucleotide (NADPH) is oxidized [87] as shown in
Equation 11 and 12.

3ADP + 3H3PO4 —  3ATP + 3H20 11

NADPH + H* + 1/202 — NADP* +H20 12

The arsenate disrupts this process by producing an arsenate ester of ADP, which is
unstable and undergone hydrolysis non-enzymatically. This process was termed as
arsenolysis. Hence the energy metabolism is inhibited and glucose-6-arsenate is

produced rather than glucose-6-phosphate [60].

Arsenate may also replace the phosphorous in DNA and this appears to inhibit the
DNA repair mechanism. Such an action may explain the clastogenicity of arsenic,
because an arsenodiester bond will most likely be weaker than the normal
phosphodiester bond. However, no direct evidence is located to show that arsenate is
incorporated into DNA. In environments where phosphate concentrations are high,
arsenate toxicity to biota is generally reduced. Arsenic-contaminated environments
are characterized by limited species abundance and diversity. If levels of arsenate are

high enough, only species, which exhibited resistance, may be present [88].

Chronic exposure to inorganic arsenic may give rise to several health effects
including effects on the gastrointestinal tract, respiratory tract, skin, liver,

cardiovascular system, hematopoietic system, nervous system etc.
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However there is no published information concerning toxicological effects in
human exposed orally to organoarsenicals. Some of the health effects of arsenic

exposure to various internal and external organs are summarized in Table 1.2

Table 1.2 Some of the health effects of arsenic exposure to various internal and
external organs [60]
Health effect Condition

Respiratory laryngitis, tracheae bronchitis, rhinitis, pharyngitis, shortness
of breath, chest sounds (crepitations and/or rhonchi), nasal

congestion and perforation of the nasal septum

Pulmonary chronic cough and lung disease

Cardiovascular | Abnormalities in heart and peripheral arteries such as
cardiovascular abnormalities, Raynaud’s disease,
myocardial infarction, myocardial depolarization, cardiac
arrhythmias, thickening of blood vessels and their occlusion

Gastrointestinal | Manifestation of dry mouth and throat, heartburn, nausea,
abdominal pains and cramps, and moderate diarrhea and

Anorexia, malabsorption and weight loss may be present

Hematological Anemia (normochromic normocytic, aplastic and
megaloblastic) and leukopenia (granulocytopenia,
thrombocytopenia, myeloid, myelodysplasia) are common

effects of poisoning

Hepatic Since the liver tends to accumulate arsenic with repeated
exposures, hepatic involvement is reported most commonly
as a complication of chronic exposures over periods of

months or years.
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Table 1.2 Some of the health effects of arsenic exposure to various internal and

external organs (continued)

Renal The kidneys are the major route of arsenic excretion, as
well as a major site of conversion of pentavalent arsenic.
Sites of arsenic damage in the kidney includes
capillaries, tubules and glomeruli, which leaded

tohematuria and proteinuria

Dermal Arsenic toxicity produce a variety of skin insignia such
as diffused and spotted melanosis, leucomelanosis,
keratosis, hyperkeratosis, dorsum, Bowen’s disease, and

cancer

Neurological | Acute high exposure (1 mg As kg™ per day or more)
often causes encephalopathy with symptoms as
headache, lethargy, mental confusion, hallucination,

seizures and coma

Reproductive | Inorganic arsenic readily crosses the placental barrier

and affects fetal development which result to increased
fetal, neonatal and postnatal mortalities, and elevations
in low birth weights, spontaneous abortions, still-birth,

pre-eclampsia and congenital malformations.

Mutagenetic Mutagenesis includes the induction of DNA damage and
a wide variety of genetic alterations, these changes may
cause genetic damage transmissible to subsequent

generations, and/or some may cause cancer

Carcinogenic | Arsenical skin cancers commonly occur in the presence
of dermatologic manifestations of arsenicism, and some
has internal neoplasms that are regarded as arsenical in

origin and the cancer risk sites are notably the lung,

skin, bladder, kidney and liver
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1.6.6- Uses of arsenic
Some of the potential usages of arsenic compounds are given in the following

sections.

1.6.6.1- Insecticides

Arsenic is a widely used element for the preparation of insecticides and pesticides.
Some of the form of pesticides, are: lead arsenate, CasAsO4, copper acetoarsenite,
Paris-Green  (copper  acetoarsenite), H3ASOg4, MSMA  (monosodium
methanearsonate), DSMA (disodium methanearsonate) and cacodylic acid are used
in cotton production as pesticides [89].

1.6.6.2- Herbicides
The inorganic arsenicals, primarily, sodium arsenite, were widely used since about

1890 as weed Killers, particularly as non-selective soil sterilants [90].

1.6.6.3- Feed additives

Many arsenic compounds are used for feed additives. These compounds includes:

H3AsOs, 3-nitro-4-hydroxy phenylarsonic acid, 4-nitrophenylarsonic acid etc [60].

1.6.6.4- Poison
Arsenic compounds are infamous as very potent poisons and are preferred as

homicidal and suicidal agents [57].
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1.6.6.5- Desiccants and wood preservatives

Arsenic acid in the form of HsAsOus is used extensively as a cotton desiccant in the
U.S. since in 1964 [60].

The first wood preservative was Fluor—-Chrome—Arsenic—Phenol (FCAP), which was
used as early 1918 in USA. Chromated Copper Arsenate (CCA) and Ammonical
Copper Arsenate (ACA) in combination were used in 99% of the arsenical wood
preservatives. Wolman salts and Osmosalts, zinc and chromium arsenate are also

used as wood preservative [57, 90].

1.6.6.6- Drug

Large quantities of arsenic have been used for softness and cleanliness of the skin, to
give the plumpness to the figure, beauty and freshness to the complexion and also to
improve the breathing problem Common medicinal preparations, which contained
arsenic, includes: Fowler’s solution (potassium arsenite), Donovan’s solution
(arsenic and mercuric iodides), Asiatic pills (arsenic trioxide and black pepper), de
Valagin’s solution (liquor arsenic chloridic), sodium cacodylate, arsphenamine
(Salvarsan), neoarsphenamine, oxophenarsine hydrochloride (Mapharsen), arsthinol

(Balarsen), acetarsone, tryparsamide and carbarsone [57].

1.6.7- Speciation analysis

As has become apparent for studies of the biogeochemistry of many of the elements,
especially those that enter the human food chain, the information about chemical
composition needed is not just the concentration of the total element, but about the
concentrations of all the different compounds that contain the element of interest
[90]. This distribution of an element among various different chemical forms is

known as “speciation”.
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The International Union of Pure and Applied Chemistry (IUPAC) define speciation
analysis as the analytical activities of identifying and/or measuring the quantities of
one or more individual chemical species in a sample. The definition of species is
based on several different levels of atomic and molecular structure where chemical
forms of a same element are manifested. The different chemical forms are: (1)
isotopic composition, (2) electronic or oxidation state, (3) inorganic and organic
composition of their complexes, (4) organometallic species, and (5) macromolecular

compound and complexes.

Fractionation is the process of classification of an analyte or a group of analytes from
a certain sample according to physical (e.g. size, solubility) or chemical (e.g.
bonding, reactivity) properties [91].

Speciation studies are of interest to chemists doing research on the evaluation and
chemical treatment of waters, soils, and sediments, to biologists inquiring about the
influence of species on animals and plants, and to geochemists investigating the
transport of elements in the environment. However, the most important reason for
speciation analysis is to identify the metal species that have adverse effects on living
organisms. The interaction of metals with biota is highly dependent on their chemical
forms, being the impact of some metals strongly related to their oxidation state

and/or organic or inorganic structure, rather than to their total concentration [92].

Consequently, biotransformation of elements in aquatic systems, quantification of
individual species of an element should be well known for the real analysis of the
toxicity of the element. The fundamental requirement in element speciation is the
need to determine each of the forms of a given element quantitatively, independently
and without interference from the other forms. From this point of view, "an ideal
element speciation method is one that can provide the desired information without
altering the original sample and the quantification of different metal species is rather
difficult because the concentration of heavy metals in the environment is generally

very low relative to the detection limits of the available analytical techniques” [93].
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1.6.7.1- Arsenic speciation analysis

Arsenic speciation is an important consideration, since the different forms of arsenic
having different properties and different toxicity; and as mentioned above, arsenic is
generally toxic in both arsenite and arsenate forms, but is nontoxic in some highly
methylated organic forms, such as arsenobetaine and arsenocholine. Therefore, the
speciation of As seems absolutely necessary mainly for toxicity species-dependent
which does not well correlate with the total As concentration. Therefore,
determination of total As in a sample is of limited value because the result does not
usually reflect the true level of hazard of that element. Hence, speciation of As is
highly relevant in providing meaningful risk assessment data to assess the

appropriate hazard level [92].

Distribution of an element among its various species will affect the behavior of a
particular element greatly. And this is accepted by many by science fields and
authorities. Now by means of new developments in analytical instrumentation and
methodology make us to identify and measure the species present in a particular
system. Thus ITUPAC recommends that the term speciation should be used to indicate

"the distribution of species in a particular sample or matrix" [91].

1.6.7.2- Analytical techniques in arsenic speciation

In speciation analysis of arsenic, both chromatography and non-chromatographic
methods are used.

Non-chromatographic method is used for inorganic species of elemental speciation
and the respond obtained from the active hydride forming chemical species of the
element, is used to determine the other chemical species by subtracting the total
respond from the active species after pre-reduction process (i.e. total inorganic

arsenic Ast = As(Ill) + As(V)). Non-chromatographic chemical speciation is still
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growing because they can offer simple and inexpensive ways to made speciation or,

at least, for the determination of specific or toxic forms of trace elements [92].

The method of cryogenic trapping involves the collection hydride in a cold trap. The
hydride is then most often purged into an atomizer simultaneously with evaporation
after heating the trap. The marked advantage of cryogenic trapping is that the hydride
can be collected from a very large volume of sample and the collected hydride can be
subsequently evolved and transported to the atomizer/detector very rapidly. The
sample volume with cryogenic trapping is limited by the capacity of the apparatus to
handle water vapor and aerosol formed in the reaction vessel. However, pronounced
losses should be expected for less stable hydrides (plumbane, tellurium hydride,
stannane, and bismuthine). A further disadvantage of the cryogenic collection is that

it is time consuming and involves considerable effort [15].

Nowadays, the combination of chromatography, in its various modes, with sensitive
spectroscopic detection methods has coalesced into hyphenated techniques. The
evolution and advantages (mainly a high degree of automation, a good
reproducibility and a short analysis time) of the hyphenated techniques have become

the method of choice.

1.6.7.3- Procedures in chromatographic speciation method of arsenic

1.6.7.3.1- Sampling and sample pretreatment for speciation

The most practical difficulty encountered in speciation is to preserve the integrity of

the sample and the species of interest during sampling, storage and pretreatment and

because of that, procedures which result in a modification of equilibria or in a

transformation of the different species must be avoided [93]. The weather conditions

and nature and seasonal affects should be considered during sample collection from
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natural media. The sampling itself needs to be planned, designed for the specific

sample, documented and controlled to assure quality effectively.

Biological samples should be kept at low temperatures as bacteria can deform the
structure of the tissue or the sample to be analyzed, so protection of the sample is an
important issue.

Another way of preservation is by freeze drying in which water is removed from the
sample. The mass of the wet and dry sample before and after freeze-drying
respectively is very important as this will allow us to calculate the moisture content
in the sample. After freeze-drying process, the sample is dry and is ready to be
homogenized. The sample should be homogeneous because it is important to

minimize errors resulting from moisture in calculations [94].

1.6.7.3.2- Extraction

The extraction of arsenic species from sample matrices requires efficient procedure
with efficient extraction solvent. It should be highlighted that the risk of producing a
wrong result increases with the number of analytical steps and with their complexity
therefore minimizing the extraction period and steps is also important in extraction
procedures. Water samples can generally be analyzed without any extraction
procedure [95] but arsenic in solid samples must be extracted prior to speciation
analysis, because "in situ” determination of As is currently impossible at low
concentrations. The extraction step is very crucial to make sure that no
transformation of species occur during extraction, moreover one should be sure that
all As species present in a sample is extracted [96]. Since no chemical extraction is
currently ideal, a combination of various extractants aliquot is often recommended to

reach this efficient extraction.
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In solid matrices it is more difficult to extract analyte. Hence optimization of
extraction is a need. Commonly methanol/water mixture is used as an extractant. The
analyte is often difficult to extract; it is necessary to optimize the procedure for each
matrix investigated. Almost certainly, methanol was used because it extracts fewer
non-arsenical compounds and it is easy to remove by evaporation. Methanol,
however, is a poor solvent for extracting inorganic arsenic species and hence is not
suitable for samples containing such species. Trifluoroacetic acid has been used for
the extraction of organic and inorganic arsenic species in cooked rice and vegetable
[97]. In general it is thought that organic arsenic species will prefer methanol to
water as an extra extraction solvent because they are organic. But the organic

arsenicals are polar so they can prefer water too.

1.6.7.3.2.1- Various methods of extraction

In an elaborated review, Christian Dietz et al [98] gave the various extraction

technique for tin and arsenic. Some of the extraction methods are given below:

1.6.7.3.2.1.1-Solvent extraction

Liquid-liquid extraction (LLE) is an easy and provides robust method and has been

employed for speciation purposes. In this case a selective complex of one of the

species considered is extracted in an organic solvent, being separated from the rest of

species of the element considered. In some cases an additional back-extraction step is

necessary [98].
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1.6.7.3.2.1.2- Solid phase extraction

Solid phase extraction (SPE) is similar with liquid—liquid extraction. The basic
approach involves passing the liquid sample through a column, cartridge, tube or
disk containing an adsorbent that retains the analytes and subsequent recovery upon
elution with an appropriate solvent then the mechanism of retention depends on the
nature of the sorbent. The extraction columns is normally filled with anion or cation
exchanger, complex forming resin, activated or modified alumina among others.
Nonpolar stationary phases such as C18 silica, have also been used in combination
with a previous complexation step of some species in order to separate the different
chemical forms of an element. Unlike liquid-liquid extraction, solid-phase extraction
of species can apply in flow injection analysis (FIA) and connected on-line to the
detector [98, 99].

1.6.7.3.2.1.3- Enzymatic extraction

Enzymes can be used to determine a bioavailable fraction of species by mimicking
living environments, such as gastric digestion processes proteases, lipases and
amylases are examples of extraction material used in this type of extraction [98].

1.6.7.3.2.1.4- Microwave assisted extraction

Microwave is an efficient method for analyte extraction. It can be applied to various
matrices during sample preparation. A low power microwave system can be applied
for the extraction of organometallic compounds. The aim of using low power is not
to break carbon-metal bond during the process. This method can be coupled with

separation systems and online procedures can easily be applied [98].
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1.6.7.3.2.1.5- Ultrasound processor extraction

In order to fasten the mixing process, ultrasonic probe extraction method can be
used. This method provides removal of particles from the substrate itself. At first
glance it is simple and efficient but it has disadvantages too. This method has the
main disadvantage of non-uniformity in mixing resulted from bubbling in water. The

other disadvantage is high local temperature and pressure [98].

1.6.7.3.2.1.6- Sonication extraction

Sonication is the act of applying sound energy to agitate particles in a sample. Maria
Ines Soares Melecchi et al. optimized the parameters of sonication extraction such
as extraction time, solvent polarity, sample amount, solvent volume and sample
particle size and found that the most influential variables were extraction time and

solvent polarity [100].

1.6.7.3.3- Chromatographic separation techniques

Traditionally, the most common separation technique for the separation of target
analytes are separated into their constituent chemical forms or oxidation states before
elemental analysis high performance separation technique such as gas
chromatography (GC), capillary zone electrophoresis (CE), and several liquid
chromatographic (LC) methods like ion ex-change chromatography (IEC) and ion
pair chromatography (IPC) on reversed phase HPLC columns are used in the

separation of arsenic species in speciation analysis.

Volatile arsenicals found under natural conditions were separated highly efficient by
GC. Arsenolipids were determined in fish oil [101]. Several mixed arsenosulfur

compounds which were produced by intestinal micro-organisms [102] were
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analyzed. Typically, volatile arsenicals are produced in derivatization steps like
hydride generation and methyl thioglycolate derivatives were extracted into hexane
and determined by GC atomic emission [103]. However, many naturally occurring
arsenicals are not volatile and not stabile at the temperature required to keep them in
the gas phase. For these compounds liquid separation methods like CE and LC are
better suited [104].

High separation efficiencies made CE an attractive method [105]. However, its low
amount of analyte mass applied in combination with low sensitivity detectors
provides insufficient LOD. CE coupled to more sensitive detectors requires special

interfaces and attention to some particular issues.

HPLC and lon Chromatography: chromatographic separations, except size
exclusion (SEC), used for arsenic speciation is ion-exchange chromatography. The
different types of IC methods are: anion exchange (AEX), cation exchange (CEX),

ion exclusion (IEC), ion pair chromatography (IPC).

Since arsenic species cover a whole range of molecule polarities, e.g. anions (As(V),
MMA, DMA), cations (AC, TMA) and, depending on the pH, neutral molecules
(AB, As(lll)), the diverse polarities, the growing number of different types of As-
compounds still poses a permanent challenge to IC. Therefore IC method employed
for the chromatographic separation should be robust in routine speciation analysis
[104].

1.6.7.3.4-Inorganic As(l11)/As(V) speciation

The fact that the two most toxic As-compounds are the inorganic As(l11) and As(V)

justify this fractionation for samples influenced by pure geochemical processes (e.g.

groundwater) where no or very minor fraction of organic arsenicals occur.
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1.6.7.3.5- Some detection techniques for arsenic determination

The atomic spectroscopy methods that are employed most often for the analysis of
arsenic are: AAS, ICP-AES, ICP-MS, and AFS. The inherent part of ICP-AES and
ICP-MS is the ICP torch that works as the atomizer. In contrast to ICP-based
methods, AAS and AFS have to employ an atomizer. The atomizer used in AAS or
AFS can be either online-atomization or in-atomizer trapping of the VC. It should
also be noted that atomization interferences in the case of VCG for ICP-based

methods are generally insignificant.

1.6.7.3.5.1- Atomic absorption spectrometry

AAS is relatively an inexpensive technique terms of investment as well as running
costs. It is a well-established and robust method. It is the most popular atomic
spectroscopy method and convenience for volatile compound sample introduction. It
is also easily hyphenated with HPLC. However its detection capability for arsenic is
less than AFS instrument. But with a suitable pre-concentration method, and using
hydride generation as sample introduction, it is possible to improve the sensitive of
AAS for arsenic to two orders of magnitude compared with conventional solution
introduction. As the noise is not adversely affected, the greatly increased signal-to-
noise ratio makes the limit of detection for arsenic by HG-AAS with a quartz tube
atomizer similar to that of ETAAS (about 0.05ugL 1) [90].

1.6.7.3.5.2- Atomic fluorescence spectrometry

The other relatively simple and cheap method is AFS. It generally offers higher
sensitivity than AAS, but it is useful for a limited number of elements, such as Hg,
As, Se, Sb, Bi and Te. The instrument can be interfaced with continuous flow

separations and thus HPLC-AFS (with HG as the interface) is a viable technique for
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speciation analysis, and represents something of a niche market as a less expensive
alternative to ICP-MS [90].

1.6.7.3.5.3- Inductive coupled plasma atomic emission spectrometry

ICP-AES is, in contrast to AAS and to AFS, a virtually multielemental method.
However, it requires more complicated apparatus compared to AAS and its

sensitivity cannot compete with that of ICP-MS [7].

1.6.7.3.5.4- Inductive coupled plasma mass spectrometry

ICP-MS is also multielemental, and provides by far the best detection power.
However, it is also the most complicated and expensive technique regarding both in
investment and running costs. It is well known by all laboratories operating ICP-MS
instruments that the determination of arsenic is subject to some particular
interferences. The presence of chlorine in the sample, most likely as the chloride ion,
gives rise to the formation of “°Ar®*CI* at m/z 75 and in many instruments with
quadrupole mass analyzers this ion cannot be distinguished from "As* and so the

signal is enhanced [90].

Most manufacturers of ICP-MS instruments offer the option of a collision/reaction
cell in which unwanted molecular species, such as “°Ar®>CI*, may be dissociated by
collision with a bath gas, such as helium. Alternately, by introducing a gas, such as
Oz or CHa to react with As*, detection can be shifted to m/z 91, in the case of
SAs®O* or m/z 89 in the case of "AsCH?*. Yet a third option is to use a
spectrometer with sufficient resolving power to be able to differentiate between the
species at the nominal m/z of 75 [90].
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1.6.7.3.6-Arsenic hydride generation with tetrahydroborate

The conversion of arsenic species such as arsenite As(lll), arsenate As(V),
methylarsonic MMA and dimethylarsonic DMA, to their corresponding arsines by
sodium tetrahydroborate is pH dependent. For arsines to be formed, the acidity of the
reaction must be controlled to ensure that the arsenic species are fully protonated.
The yield of arsine from each individual species therefore depends on the pKa values
of the corresponding arsenic acids; finding common reaction conditions which can
simultaneously satisfy the conditions necessary for the efficient reduction of As(lll),
As(V), MMAA and DMAA has been difficult [106].

The pre-reductant reagents used for iAs(V), such as potassium iodide in ascorbic acid
[107-109], or thiourea in ascorbic acid solution [55] have low stability and take at
least 30 min with high concentration for reaching complete pre-reduction. The —SH
group, namely L-cysteine (L-cys) became more popular [110]. These agents reduce
pentavalent arsenicals to trivalent and react with trivalent arsenicals forming

arsinothiol derivates.

It has also been suggested that L-cys is enhancing the HG performance by forming
borane complexes with tetrahydroborate [111]. By means of L-cys treatment uniform
signals can be obtained from iAs(V), MAs(V) and DMAs(V) [112].

Nevertheless, optimum conditions must be carefully maintained when HG is
performed from HCI media, because HG is efficient in a very narrow range of acid
concentration (0.01 — 0.1 mol/L) only [113]. This has been solved by the use of
buffered media (TRIS-HCI buffer) proposed by Tomas Matousek et al [112]. The
buffer also ensures selective HG only from trivalent As species without pre-

reduction.
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However in a study reported by A. G. Howard and C. Salou [106], except L-cys,
thioglycolic acid (TGA) and other similar compounds with —SH group were tested as
the pre-reducing agents. TGA performed well, others such as 2-mercaptoethanol, 3-
mercapropropionic acid reduced only one of the three species completely, thiourea
commonly used for reduction of Se(V1) to Se(IV) could not reduce MAs(V) at all.

Nowadays, in automation of any analytical methods minimum sample pretreatment is
required. Therefore, replacement of the time-consuming off-line pre-reduction by a
method with integrated pre-reduction step (on-line pre-reduction) is desirable [110].
No loss of sensitivities, low consumption of all reagents and simplicity are the main
requirements. The general limiting factor is reaction rate of pre-reductant with As
species which mostly affects analysis time and sample throughput. It was proved that
L-cys needs about 1 hour to complete the reaction with iAs(V), MAs(V) and
DMAs(V) at room temperature [112]. To achieve on-line pre-reduction of
pentavalent arsenicals by means of L-cys, the reactor must be heated [113]. On-line
pre-reduction by means of TGA was suggested by A.G. Howard and C. Salou [106],

for its short reaction time with inorganic and methylated pentavalent As species.

1.7- Aim of study

The aim of this study is to develop a chromatographic on-line speciation of As(l11)
and As(V) using a W-coil atom trap with AAS. Thioglycolic acid pre-reductant
reagent for on-line pre-reduction of As(V) will be used so that the generation of
arsine by reaction with sodium tetrahydroborate can be achieved at the same time
from both the inorganic arsenic species, As(l11) and As(V). The generated arsine will
be pre-concentrated or trapped on Ir-coated tungsten coil so that the relatively broad
chromatographic peaks will be converted to a transient signal with peak half width of
less than 0.5 s. Thus the sensitivity for arsenic determination would be increased to

the ng/L level.
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CHAPTER 2

EXPERIMENTAL

2.1- Instrumental

Atomic absorbance measurements were performed using a Thermo Scientific
SOLAAR 32 Ice 3000 SERIES AA spectrometer (USA) equipped with a deuterium
(D2) background corrector. A PHOTRON Lamps (USA) arsenic hollow cathode
lamp was used for arsenic atomic absorption and operated at 8 mA. The wavelength
and the spectral band pass were set to 193.7 nm and to 0.2 nm respectively, this small
spectral band was chosen so that energy radiation is obtained and to easily focus the
beam on the surface of the tungsten coil. Measurements were based on peak height

absorbance.

For hydride generation, two flowmeters (Cole Parmer Instrument Co. USA) were
used to measure the flow rate of argon and hydrogen gases (99.9% pure) (Linde,
Turkey). Two BT100-2) two-way channels peristaltic pumps (LongerPump-
Shanghai China) were used to pump sample and reduction reagent solutions and to
drain waste solution from gas liquid separator. Two home-made cylindrical gas-
liquid separators (GLS) similar to the one described by Matousek et al. [114] were
constructed in the Glass Shop of Chemistry Department, METU, Ankara and used to
separate the arsenic hydride gas from the solution. A 6-port injection valve-040 from
IDEX Health and Science LLC (USA) was used for the flow injection sample
introduction. Color coded Tygon tubings (Cole Palmer USA) were used in hydride
generation system; the red coded tube has internal diameter (ID) of 1.14 mm and the
blue coded tube has ID of 1.65 mm.
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The Tygon tubes were connected to peristaltic pumps to transport the solutions to
reaction coil and then stripping coils. Polytetrafluoroethylene (PTFE) tubes with ID
of 0.8 mm were obtained from Cole Parmer, USA) for preparing the reaction and
stripping coils. The meeting points of the solutions were made of PTFE T-connectors
from Cole Parmer (USA) and nylon knots (Cole Parmer) were used to connect PTFE

tubes with T-connectors.

The HPLC pump used was CECIL 1100 SERIES (Cambridge, United Kingdom). An
IC-Pak Anion exchanger column (4.6 mm x 5 cm) was bought from Waters (USA).
For microwave oven digestions, Ethos Plus Milestone microwave laboratory system
(USA) was used. HP 500 Teflon microwave vessels were used during total arsenic
digestion. VWR standard analogue shaker (USA) was used in procedures.

Vortex mixing was performed using an NM 110 vortex mixer from NUVE (Turkey).
For sonication, Elma S40 H sonication bath was employed (Germany). For
centrifugations, a bench top centrifuge, NF 200 from NUVE (Turkey) was used.
Filtrations were done using 0.45 pm Metricel membrane filters from Pall

Corporation (Mexico).
Freeze drying was performed using the CHRIST ALPHA 2-4 Freeze Dryer

(Germany). Measurements for pH were done by using pH meter PHM210 from
MeterLab (Ankara, Turkey).
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2.2- Reagents

All stock and standard working solutions were prepared in deionized water (0.273
pS/cm) which was obtained from TKA-Pacific, Germany. All reagents were of
analytical grade. The daily working standards were prepared from standard stock
solutions of As(I11) (99.32 mg/L) and As(V) (32.9 mg/L) which were prepared by
weighing 0.0172 g of solid stock from NaAsO:2 (Fisher Scientific USA) and 0.0137 g
from Na2HAsO4.7H20 (Fisher Scientific USA) respectively. The solid is then
dissolved in 0.8 mol/L nitric acid (Merck Germany) and the resulting solution was
appropriately diluted to 100 mL with deionized water. The working solutions were
prepared in hydrochloric acid (Merck Germany) with concentration indicated. For
the reduction of arsenic species into arsenic hydride, NaBH4 (96% purity, Merck,
Germany) was dissolved in 0.3% (w/v) NaOH (CARLO ERBA, France) was used,

concentration was adjusted as required.

Thioglycolic acid (TGA) (Merck, Germany) and potassium iodide (KI) (Riedel-de
Héen) with L(+)ascorbic acid (Carlo Erba, Italy) were used as pre-reduction agents.
In order to improve the trapping efficiency of W-coil, 20 pL of 1000 mg/L of Ir and
1000 mg/L Rh were used for coating and compared on the basis of increasing the
efficiency and sensitivity of the method.

Certified reference materials of Waste Water EU-L-2 from Enviro MAT SCP-
SCIENCE (Canada), Trace Elements in Water 1643e from NIST (Gaithersburg, MD,
USA), Trace Elements in Spinach Leaves 1570a from NIST (Gaithersburg, MD,
USA) and Tuna Fish Tissue BCR627 from IRMM (Geel, Belgium) were used to

validate the accuracy of the methods.
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2.3- Procedures

The experimental procedure in this work consist of the constructing of hydride
systems shown above and this was followed by alignment radiation of the hallow
cathode lamp through the optical arm of either the QTA or the glass cell. For the
WC-ETA, the radiation passes on the surface of the coil which was indicated by the
signing of the W-coil. Coating of either the newly extracted tungsten coil or the inner
QTA was carried out. In WC-ETA, during coating, both hydrogen and argon gas are
sent to the system, however for QTA coating, only argon is being sent. Following the
coating of the W-coil, the coil is heat to clean the surface and gas trapping was
perform and in this study, only the carrier gases are sent and trapped. This was to
make sure that the hydrogen and argon gas are free of arsenic contamination. The
blank solution was then sent and a calibration study was study for each of the

methods used in this research work.

2.3.1- The hydride generation manifolds used in this study

Three types of hydride generation manifolds were used in this study. These were

(i) Continuous flow hydride generation (CF-HG) and (ii) Flow injection hydride
generation (FI-HG) for total As determination and nonchromatographic speciation
and (iii) High performance liquid chromatography with anion exchange column
hydride generation (HPLC-HG) for chromatographic speciation of inorganic arsenic
species. Outputs of these systems were directed to first gas liquid separator (GLS)

and then to atomizer.
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2.3.1.1- The manifold of continuous flow hydride generation (CF-HG)

The continuous flow hydride generation system consists of two solution
compartments; one contains the acidified arsenic sample and the other contains the
sodium tetrahydroborate solution that was stabilized in sodium hydroxide. It contains
Tygon tubes connected to peristaltic pump and PTFE tubes, used for reaction and

stripping coils. The set-up of the CF-HG manifold is shown Figure 2.1.

The important parameters optimized in the technique of hydride generation for
inorganic arsenic speciation are the flow rate and composition of sample solution,
flow rate and concentrations of the reductant sodium tetrahydroborate solution, the
length of the reaction and stripping coils, the flow rate, composition and
concentration of pre-reduction reagent to convert As(V) to As(l11), and flow rates of

argon gas that was introduced between the reaction and stripping coils.

Pump RrRC

sC

to LS and
Atomizers

TGA NaBH,
0.002 M HC1

and sample

Figure 2.1 The CF-HG manifold with TGA in 0.002 mol/L HCI for the pre-reduction
of As(V) and NaBH4 compartments. Argon gas is introduced between the reaction

and stripping coil to strip arsenic hydride. RC: reaction coil, SC: stripping coil.
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2.3.1.2- The manifold of flow injection hydride generation (FI-HG)

The arrangement of flow injection hydride generation for the online determination
As(111) and As(V) is shown in Figure 2.2. The system consists of a sample carrier
solution which was made up of a 0.05 mol/L buffer solution of pH 5.8, consisting of
ammonium dihydrogenphosphate (NHsH2PO3) and phosphoric (V) acid (H3POa).
The carrier solution transports the sample from the sample loop (SL) to the pre-
reduction coil where the As(V) is reduced to As(I11) by 1.0% (v/v) thioglycolic acid
(TGA) in 0.002 mol/L HCI.

The resulting solution is then mixed with sodium tetrahydroborate solution in the
reaction coil (RC) to form arsenic hydride or arsine (AsHs). Arsine is then stripped
by argon gas in the stripping coil (SC). The arsenic hydride is again carried by argon
to the gas liquid separator(s) for further separation of gaseous arsenic hydride with
the solution phase. The analyte vapor is directed by gas flow to electrically heated
quartz tube atomizer (EHQTA) or to tungsten coil electrothermal atomizer (WC-
ETA) where atom trapping takes place.

PRC RC

Pump SL sC
O to GLS and
T Atomizers

Ar
Pump
TGA xmd
0.002 M HCI1 NaBH,
Buffer pH 5.8

Figure 2.2 The setup of FI-HG used for online inorganic arsenic speciation.
NH4H2PO4/H3PO4 buffer as sample carrier solution and TGA for online pre-
reduction of As(V). SL: sample loop, PRC: pre-reduction coil, RC: reaction coil, SC:

stripping coil.
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2.3.1.3- The manifold of high performance liquid chromatography and hydride

generation

The set-up for high performance liquid chromatography hydride generation, consist
of a mobile phase reservoir that contains the phosphate buffer solution of pH 5.8, the
HPLC pump with injection port and sample loop, a guard column and a strong anion
exchanger column. After elution of the analyte from the analytical column, the eluate
was made to pass through the pre-reduction coil where it was mixed with TGA
solution. The solution mixture is further transported to reaction coil (RC) to react

with sodium tetrahydroborate to produce arsine (AsHs).

The arsine gas is then stripped by argon gas in stripping coil, and transported to gas
liquid separator where the liquid is sent to waste and the gaseous analyte phase is

directed to the atomizer. The arrangement of the HPLC-HG is shown in Figure 2.3.

PRC
Anion exchange column
Guard
column
HPLC
to GLS and
Atomizers
NHHPO/ PO, sample 1.0% (v+) TGA NaBH.
Buffer pH 3.8 injection 0. [}07 MHCI
port [ or 0.2 MHCI

Figure 2.3 The manifold of HPLC-HG, allowing online pre-reduction of As(V) and
the generation of AsHs which is transported to atomizer. PRC: pre-reduction coil,

RC: reaction coil, SC: stripping coil.
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2.3.1.3.1- Preparation of HPLC mobile phase

The mobile phase was a buffer solution prepared from ammonium dihydrogen
phosphate (NHsH2PO4) (Merck, Germany) and 85% pure phosphoric acid (HsPOa4)
(Sigma-Aldrich Laborchemikalien, GmbH Germany) at pH 5.8. The Henderson-
Hasselbalch equation was used to calculate the amount of NHsH2PO4 salt and the
volume of H3POas solution needed for 1.00 L to make a concentration of 0.05 mol/L
of the buffer solution; thus 0.2202 g of NH4H2PO4 was dissolved in deionized water
and 3.252 mL of H3POs were added. The pH of the solution was then adjusted with
NHs solution until the pH of 5.8 was obtained. The contents were placed in a 1.00 L
volumetric flask and the volume was made up using deionized water. The buffer

solution was degassed for 1 hour using sonicator.

2.3.1.3.2- Calculation of buffer solution concentration

The components of the buffer solution used are NH4H2PO4 and H3POa4. The selected
pH was 5.8 so the pKaz value of the ammonium dihydrogen phosphate which is 7.2
was selected. To prepare the concentration of 0.05 mol/L, the following calculation
was undertaken using from 13 to 17: The molecular weight of NH4H2PO4 is 115.03

g/mol and with the Henderson—Hasselbalch equation which is

pH = pKaz + log [NH4H2PO4]/[ H3PO4] 13
substituting pH = 5.8 and pKaz = 7.2 in Equation 13

5.8 = 7.2 + log[NH4H2PO4]/[ H3PO4] 14
Rearranging Equation 14

log [H3PO4]/ [NHaH2PO4] = 1.4 15
Taking Antilog and further rearrangement of Equation 15

[H3PO4] = 25.119[NHsH2PO4] 16
To prepare the concentration of 0.05 M, the sum of the two buffer species was taken

[NHsH2PO4] + [H3PO4] = 0.05 M 17
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by substituting 25.119[NH4H2PO4] in Equation 17 and calculating for [NHsH2PO4]
[NHsH2PO4] = 0.0019143152 M

From the molecular mass the amount to weight can be calculated by multiplying
them which gives 0.2202 g.

For the acid, substitute in Equation 16 and [H3PO4] = 0.048085683 M

By using the dilution equation M1V1= M2V2 where M1 for [H3PO4] = 14.76 M

M2 is 0.048085683 M and V2 is 1000 mL then solved for V1 and taking that volume
and dissolving it in 1 L deionized water, solution was prepared. Adjust the pH of the

solution to 5.8 using aqueous NHs.

2.4-The types atomizers used in this study

Two types of atomizers were employed in this study. They are i) electrically heated
quartz tube atomizer (EHQTA), and ii) tungsten coil atom trap electrothermal
atomizer (WC-ETA). The electrically heated quartz tube atomizer was convenient for
direct atomization of the analyte species and therefore it was utilized also to
determine the timing of peaks in flow injection and high performance liquid
chromatography hydride generation studies. The tungsten coil was used as an atom
trap in electrothermal atomization mode, where the coil surface functioned as a

trapping and atomization platform.

2.4.1- The electrically heated quartz tube atomizer (EHQTA)

The EHQTA, consist of a home-made electrical furnace for heating, a quartz T-tube,
also named as quartz tube atomizer (QTA) and one gas liquid separator. The furnace
was constructed from electrical resistance Ni-Cr wire curled inside the two ceramic
parts molded in semi-cylindrical form. The QTA was made of quartz and was
constructed in usual T-shape. It has an inlet arm with length of 9.0 cm and 0.5 cm id,

13 cm long optical arm with 1.5 cm internal diameter. The gas liquid separator
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(GLS) was cylindrical in shape and was made from glass. The arsenic hydride from
the stripping coil is separated from the liquid in GLS. The block diagram of the GLS
and EHQTA is shown in Figure 2.4. The picture of the electrical furnace and the
quartz T-tube are given in Figure 2.5.

To improve the sensitivity of quartz tube atomizer, it was necessary to coat the inner
surface of the quartz at the optical arm or the absorption volume with arsenic atoms.
The coating of a newly constructed QTA was carried as follows: 100.0 ng/mL of
As(I11) was prepared in 0.2 mol/L HCI in a 100 mL volumetric flask and by using the
continuous flow mode of hydride generation, the arsenic hydride formed after
hydrolysis with sodium tetrahydroborate, was sent to the electrically heated quartz
tube atomizer until the whole of 100 mL solution is consumed. The completion of the

coating was indicated by a stable continuous signal.

EHQTA

GLS

W aste
From =i

Figure 2.4 The block diagram of the gas liquid separator and the electrically heated
quartz tube atomizer

Figure 2.5 The pictures of (A) quartz T-tube, (B) inner area of the electrical furnace

with the two semi-cylindrical ceramic parts and (C) the closed electrical furnace
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2.4.2- The tungsten coil atom trap electrothermal atomization (WC-ETA)

The tungsten-coil atom trap electrothermal atomization comprises of a double layer
tungsten coiled filament with surface area of 12 mm?. The W-coil was obtained from
a 150 W, 15 V Philips Focusline (Germany) projection lamp, Type 6550. It was fixed
in two copper electrodes supported by a PTFE fitting which was inserted into a glass
joint and glued with hot silicon. The coil temperature was manually controlled by a
variable potential power supply (Variac) connected to main electricity and a 750 W
transformer was connected between the Variac and the tungsten coil. The input
voltage of the variable potential power supply was 220 V. The temperature of the
tungsten coil was measured using a thermocouple together with an infrared
thermometer from TIME GROUP INC (China). The projector lamp bulb and the

tungsten coil filament are shown in Figure 2.6 A and B.

The atomization cell of the tungsten coil electrothermal atomization is made of glass
and has an optical arm of 13 cm long and internal diameter of 1.5 cm, it contains an
inlet arm (9 x 0.8 cm) and two gas outlets. The ends of the optical arm were closed
with quartz windows. The design of the atomization cell is shown in Figure 2.6 C.
Two gas liquid separators were used with the tungsten coil atomizers. In the first gas
liquid separator (GLS-1), the arsenic hydride is separated from the liquid phase. The
gaseous analyte and some water vapor are then transported by argon to mix with
hydrogen gas that was introduced between the two gas liquid separators. The argon
and hydrogen gases carry the arsenic hydride and water vapor to the second gas
liquid separator (GLS-2) where further separation of the water vapor and hydride
takes place. The waste outlet of GLS-2 was connected with Tygon tubing that was
connected to a peristaltic pump so the water vapor was drained to the waste. Droplets
of water were observed in GLS-2 and inside the Tygon tubing. The arsine was then

carried to the iridium-coated tungsten coil.
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The introduction of hydrogen gas in this system served three importance functions: i)
to transport arsine to the coil, ii) to protect the coil from oxidation by oxygen, and iii)
to increase the efficiency of atomization of the analyte atom. The block diagram of

the two GLS and the W-coil electrothermal atomizer are shown in Figure 2.7.

Glass cell } ,
e

Figure 2.6 The pictures of the A- the projector lamp bulb, B-the extracted tungsten
filament and the design of the glass cell

WC-ETA

GLS1

Figure 2.7 The block diagram of the arrangement of the two gas liquid separator and
the tungsten coil inside the glass cell, the glass has two quartz window and two gas
outlets.
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2.4.2.1- Coating of tungsten coil

For the coating of the tungsten coil with chemical modifiers such as iridium or
rhodium, manual injections of 20 pL aliquots taken from 1000 mg/L stock solution
of Ir or Rh were performed on the surface of bare W-coil surface in 10 consecutive
replicates. The heating program during the coating was: 1.500 Volt for 10 s for
drying stage, 3.640 Volt for 30 s for the coating stage and 7.500 Volt for 2 s
followed by 9.800 Volt for 2 s for cleaning stages. During the coating procedure H2
and Ar flow rates were 175 and 150 mL/min respectively and the peristaltic pumps

were not operating.

2.4.2.2-Determination of W-coil temperature

The temperature of the tungsten coil was measured with a thermocouple and an
optical pyrometer (IRCON Pyrometer, Model 20 USA). The temperature reading
was simultaneously taken from the devices and the pyrometer was given higher
reading than the thermocouple with differences of almost 200 °C.

To use the thermocouple, the tip was coated with ceramic so that electrical
conduction between the thermocouple and coil was avoided, and by increasing the
voltage of the variac potential supplier, the temperature of the coil read from the two
devices was also increasing. The thermocouple has maximum temperature
measurement of 1020 °C, therefore at higher voltage, only the pyrometer
measurement was utilized for high temperature measure. As shown Figure 2.8, the
results of the experiment showed an exponential relationship between applied
voltage and temperature. The voltage at the trapping temperature used was 2.6 Volt
gave 720 °C from the thermocouple, and for the atomization temperature (1920 °C)
with potential of 10.9 Volt was calculated using the exponential equation generated
from the thermocouple and corrected using pyrometer reading at that voltage. During

measurement, both the optimum flow of argon and hydrogen were sent into system.
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Figure 2.8 The calibration plot of temperature reading from the thermocouple and
optical pyrometer versus the voltage applied to the tungsten coil with an AVO meter.

The voltage was control by a variac potential supplier connected to transformer.

2.5- Experimental studies on CRMs and real samples

2.5.1- Total arsenic determination in water CRMs

Total arsenic determination was carried out to the certified reference material of
Waste Water EU-L-2 and Trace Elements in Water 1643e. For the EU-L-2 CRM, the
procedure described in the certificate of the certified reference material was
followed. For this, the concentration of the stock solution of 80.0 + 0.002 ng/mL was
prepared by making 1:100 dilutions (i.e. taking 1.0 mL from CRM bottle and diluting
it to 100.0 mL with deionized water). 160 folds dilution was performed from this
stock solution to make 0.5 ng/mL. For 1643e CRM, 120 folds dilution was made to
prepare a solution of 0.5 ng/mL. The selected method of analysis was then applied.
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2.5.2- Total arsenic determination in CRM 1570a Trace Elements in Spinach
Leaves

A total of 0.1 g of 1570a CRM sample was weighed accurately, transferred into
PTFE microwave vessel and 3.0 mL of 25% HNOs and 1.0 mL of 30% H202 were
added to contents before performing total arsenic digestion using microwave
digestion. The contents were heated from room temperature to 100 °C for 5 min and
held at this temperature for 10 min, heated to 150 °C in 5 min and held at this
temperature for another 10 min, with a maximum potency of 800 W. Finally, the
digested sample and the digested blank solutions were made up to 30 g with

deionized water and measured with the selected method of analysis.

2.5.3- First extraction procedure of arsenic from 1570a CRM

A solution of 1/3 (v/v) MeOH/H20 prepared in 0.1 mol/L NaOH was used for the
solvent of extraction. An amount of 0.20 g of the 1570a CRM was weighed and
added into 10.0 mL of the solvent in two 15 mL plastic containers to have a parallel
study. The solution was left for overnight shaking with VWR standard analogue
shaker. The following day, the samples were further mixed for 5 min with a vortex
mixer and then placed in a sonication bath for 20 min. The samples were centrifuged
for 15 min over 5000 rpm and then filtered with 0.45 pum Metricel membrane filters;
4.0 mL portion of the filtrate was placed into HP 500 microwave Teflon vessel and
3.0 mL of 25% HNOs and 1.0 mL of 30% H202 was added to the filtrate and then
digested with the microwave along with a blank using the same program as the
spinach leaves CRM. The remaining filtrate was then used for chromatographic
speciation of As(l11) and As(V). Finally, the digested sample and the digested blank
were made up to 30.0 g with deionized water and measured with continuous flow
hydride generation tungsten coil electrothermal atomization atomic absorption
spectrometry (CF-HG-WC-ETAAS) or the selected method of analysis.
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2.5.4- Second extraction procedure of arsenic from 1570a CRM

Two parallels with an amount of 0.20 g of 1570a CRM of Spinach Leaves was
treated with 10.0 mL of 1.0% (v/v) trifluoroacetatic acid (TFA) in 15.0 mL plastic
container and mechanically shaken for 12 h with the VWR standard analogue shaker.
The samples were then further mixed with a vortex mixer for 5 min, and then placed
into the sonication bath for 20 min., centrifuge for 15 min at 5000 rpm was applied
and filtered with 0.45 um Metricel Membrane Filter.

An amount of 4.0 mL aliquot was taken from filtrated sample and was subjected for
total arsenic determination by adding 3.0 mL of 25% HNOs and 1.0 mL of 30%
H20:2 to the filtrate and then digested with the microwave along with a blank using
the same program as the spinach leaves CRM. The remaining filtrate was then used
for chromatographic speciation of As(lll) and As(V). Finally, the digested sample
and the digested blank were made up to 30.0 g with deionized water and measured
with continuous flow hydride generation tungsten coil electrothermal atomization
atomic absorption spectrometry (CF-HG-WC-ETAAS).

2.5.5- Total arsenic determination in BCR 627

A total amount of 0.050 g of BCR 627 Tuna Fish Tissue sample was placed in PTFE
microwave vessels after 3.0 mL concentrated HNOs was added, the solution was
allowed to stand for 12 hours in order to dissolve the matrix. Following this, 1.0 mL
H202 was added to the solution and total arsenic digestion was carried out using
microwave digestion. The contents were first heated at 90 °C for 10 min to warm the
sample, using a power of 205 W. Then a power of 465 to 705 W (150 °C) was
applied for another 15 min. The samples were then cooled down after one cycle of
microwave digestion. After this step, the samples were treated again suing the

programme above to achieve the complete digestion of the organic compounds.
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The digested sample and digested blank solutions were then diluted with 30.0 g using
deionized water and measured with flow injection hydride generation electrically
heated quartz tube atomizer atomic absorption spectrometry (FI-HG-EHQTA)
Arsenic content in the samples was quantified by means of an external calibration
plot for the standards.

2.5.6- Pretreatment for real samples

Vegetable samples were in two different places in Turkey: the first place was at the
Beypazari local market in Ankara where Dill, Garden rocket, Lettuce, Parsley and
Spinach were bought and the second place was in backyard gardens in Balikesir.
Water sample was also collected in Balikesir from the gardens where the vegetables
were collected. Upon arrival at the lab, the roots of the vegetables were cut and the
leaves were thoroughly cleaned with tap water to remove the dirty soil. The clean
leaves were then rinsed with deionized water and then dried by allowing them on the
lab bench to stand for 1 hour. They were then sorted out into groups of 1 and 2; thus
group 1 leaves contain the light color leaves or the fresh one and group 2 contained
dark color leaves. However for Dill vegetable, the sorting was based on the lower
and upper part of the leaves. The samples were chopped into smaller pieces and kept
in plastic containers that were labeled as 1 and 2 according to the groups and again

put them into plastic back before placing them in the refrigerator.

In order to obtain a homogenized powdered leaves in dry form, the leaves were
treated by dry freezing process so that while water is removed, the chemical status of
the analyte composition of the leaves are intact. However in order to obtain the water
content of each leave, a separate set of the leaves were weighed before and after dry-
freezing. After subjected to dry-freezing, samples were then crushed into powder
manually using plastic gloves and again placed in 50 mL plastic bottles. In order to

avoid moister entering into the samples, the cover of the bottles were all kept covered
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with parafilm, placed in zippered plastic bags and then kept in refrigerator until the

time of analysis.

The same procedure of microwave digestion of Trace Elements in Spinach Leaves
CRM 1570a were applied to the leave samples for total arsenic determination. The
continuous flow hydride generation tungsten coil atom trap electrothermal
atomization technique (CF-HG-WC-ETAAS) was used for the determination.
Because the Dill leaves contain relatively high concentration of arsenic, about 65
times more than the limit of quantification, these samples were further subjected to

extraction procedure using trifluoroacetic acid for determination of iAs.
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CHAPTER 3

RESULTS AND DISCUSSION

3.1- Heating performance of the electrically heated quartz tube atomizer

In order to electrically heat the quartz T-tube atomizer, a homemade furnace was
constructed from two semi-cylindrically molded ceramic parts that fit on the optical
arm of the QTA. The ceramic parts were electrically heated by Ni-Cr resistance wire
that was coiled inside the body. The temperature of the furnace along the length of
optical arm of the QTA was cross-examined by using the set-up shown in Figure 3.1
(A). In preliminary studies, it was observed that the flow of argon causes a decrease
by 5 °C of the internal temperature of the furnace; Ar was passed through the inlet

arm with a flow rate of 300 mL/min.

The arrangement of the setup was as follows: The center of the T-tube is the inlet
arm and was marked as the zero point. So from the zero point to the ends of the tube
along the optical arm make a distance of 6.5 cm in both right and left directions. The
measurement of temperature were realized by inserting the tip of the thermocouple
inside optical arm of the tube beginning from outer point (6.5 cm) towards the zero
point at the center of the tube. The tip of the thermocouple was carefully positioned
at the center of horizontal arm, inside the tube in such a way that it does not touch the
inner surface of the QTA. This was necessary because atomization of the arsenic
hydride can only happen in the absorption volume and when the atoms touches the

inner surface of the tube, they either decay or trapped on it [12].
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To compare the temperature of the electrically heated ceramic and the temperature of
inner space of the tube along the optical arm, another thermocouple was placed
inside a hole bored in the ceramic body; the temperature readings of the two
thermocouples were taken simultaneously. It was observed that the difference in two
temperatures 20 °C, cooler part being inside. Therefore during further studies, the
temperature of the furnace was set to 1020 °C. The result of the experiment given in
Figure 3.1 (B) indicates that the entire optical arm of the quartz tube atomizer was
symmetrically heated along the distance of 4.0 cm at both sides. Even when the
temperature was varied from 800 to 1000 °C, the heating profile of the tube remained

nearly the same.
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Figure 3.1 The temperature profile of QTA studied along the distance of the optical
arm while argon flow rate was 300 mL/min. A- Plot of the distance versus
temperature for different set of temperatures and B- Electrically heated quartz tube

atomizer (EHQTA) that comprises of electrical furnace and QTA.
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3.2- The atomization temperature of arsenic hydride using EHQTA

Among the criteria of an ideal atomizer, is that the atomizer should completely
convert all analyte to free atoms [15], this would imply that, the atomizer
temperature play an important role in the atomization of arsenic hydride (AsHzs) to
free arsenic atoms. The atomization signal was investigated for 700, 800, 900, to
1000 °C. In this study, arsenic hydride was generated from 25 ng/mL of As(lll)
solution by continuous flow mode (Figure 2.1). As shown in Figure 3.2, almost a
linear relationship was observed between the atomic absorption signal and atomizer
temperature as it was increased from 700 to 900 °C. Between 900 and 1000 °C, a
plateau was formed, and the repeatability of the signals was also observed to be
improving from 6 to 2% RSD with the increase in temperature. The selected

atomization temperature for further study was 1000 °C.
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Figure 3.2 Atomic absorption signal of As(lll) of when furnace temperature was
varied from 700 to 1000 °C. HCI and sample flow rates were 3.0 mL/min, Ar flow
rate was 250 mL/min. concentration of NaBH4 was 1.0% (w/v) and its flow rate was
1.5 mL/min.

77



3.3- Optimizations and measurements

Optimization studies were carried out in the following systems used during this
study. These three systems are:

1. Continuous flow hydride generation with electrically heated quartz tube
atomizer (CF-HG-EHQTA) or atom-trap tungsten coil electrothermal atomization
(CF-HG-WC-ETA),

2. Flow injection hydride generation with electrically heated quartz tube
atomizer (FI-HG-EHQTA) or atom-trap tungsten coil electrothermal atomization (FI-
HG-WC-ETA),

3. High performance liquid chromatography hydride generation with electrically
heated quartz tube atomizer (HPLC-HG-EHQTA) or atom-trap tungsten coil
electrothermal atomization (HPLC-HG-WC-ETA).

During optimization studies, one parameter was varied while the others were kept
constant and optimization cycles were repeated until a stable and repeatable signal
was obtained. The absorbance measurements were based on peak height and the

error bars indicate the %RSD of three measurements.

3.3.1- Continuous flow hydride generation with EHQTA

A preliminary calibration study was performed in order to establish the working
concentration of As(l111) during optimization study. From the result of the calibration
plot, 5.0 ng/mL was the selected concentration for optimization studies. In the
optimization study of CF-HG-EHQTA, the following parameters such as,
concentration of hydrochloric acid, flow rate of sample and HCI, concentration and
flow rate of NaBHja, length of reaction and stripping coil and flow rate of argon as

carrier gas were investigated.
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3.3.1.1- Concentration of hydrochloric acid in As(111) sample solution using CF-
HG-EHQTA-AAS

For arsenic hydride generation hydrochloric acid is widely used for the hydrolysis of
NaBHa. In order to find the optimum HCI concentration, the concentration of HCI in
the analyte solution was varied between 0.05 and 2.0 mol/L. As shown from Figure
3.3, when the concentration was 0.05 mol/L, the atomic absorption signal was lower;
however, from 0.1 to 0.75 mol/L the signals remain constant and decrease when HCI
concentration was further increased to 1.0 mol/L or more. The selected concentration

was 0.25 mol/L because it produced a stable and constant continuous signal.
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Figure 3.3 The effect of HCI concentration in sample solution when argon flow rate
was 250 mL/min, NaBH4 flow was 1.5 mL/min and 1.0% (w/v). HCI flow was 3.0
mL/min and using 5.0 ng/mL As(l11)
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3.3.1.2- The effect of hydrochloric acid and sample solution flow rate using CF-
HG-EHQTA-AAS

After optimizing the concentration of HCI in analyte solution, working standard
solution of 5.0 ng/mL of As(l1l) was prepared in 0.25 mol/L hydrochloric acid. The
flow rate of the acidic solution was varied from 1.0 to 8.0 mL/min and the results of
the experiment are shown in Figure 3.4. As seen from the figure, when the flow was
varied from 1.0 to 5.0 mL/min the signal gradually increases. By increasing the flow
to 6.5 mL/min, a smooth stable continuous signal was obtained with 2% RSD.
However by further increasing the flow rate from 6.5 to 8.0 mL/min, the signals

started to decrease. The optimum flow rate selected was 6.5 mL/min.

=
=
N

=
=
h

=
=1
=

=

=

2
_'

r

0 05 1 15 2 25 3 35 4 45 5 55 6 65 7 75 8 85
Flow rate, mL/min

Absorbance (Peak Height)
= =
= =)
[a— [ ]
i

]

Figure 3.4 The influence of HCI and analyte solution flow rate on the signal of 5.0
ng/mL of As(lll), when argon flow rate was 250 mL/min, NaBH4 flow was 1.5
mL/min and 1.0% (w/v).
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3.3.1.3- The effect of sodium tetrahydroborate (NaBH4) concentration using CF-
HG-EHQTA-AAS

For the generation of arsenic hydride volatile species from 5.0 ng/mL As(l11), NaBHa
was used as the reductant. The effect of NaBH4 concentration on AsHs generation
was investigated by varying the concentration between 0.10 and 2.5% (w/v). From
the experimental results shown in Figure 3.5, it is observed that the absorbance signal
increases when the concentration of NaBH4 increases from 0.10 to 1.0% (w/v) and
then level-off at 1.5% (w/v), however the signal decreases when the amount was
increase between 2 and 2.5. The optimum concentration of NaBH4 selected was 1.5%
(Wiv).
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Figure 3.5 The effect of NaBHa4 concentration on 5.0 ng/mL of As(Ill) signal. The
flow of NaBH4 was 3.0 mL/min, HCI concentration was 0.25 mol/L and its flow rate

was 6.5 mL/min. Other parameters are given in Table 3.1.
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3.3.1.4- The effect of NaBH4 flow rate on the absorbance signal using CF-HG-
EHQTA-AAS

The efficiency in the generation of As hydride species is directly related with both
the flow rates of carrier and reductant solutions. The effect of reductant solution flow
rate was investigated by varying its flow between 1.0 and 3.5 mL/min. The optimum
value was found to be 2.0 mL/min. For the higher and lower flow rates of NaBHa,
the peak height of As(I11) signal decreased as shown in Figure 3.6.
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Figure 3.6 The effect of NaBH4 flow rate on signal of 5.0 ng/mL As(I11). NaBHa
was 1.5% (w/v), HCI and analyte solution flow was 6.5 mL/min. Ar flow was 250

mL/min and other parameters are given in Table 3.1.

3.3.1.5- Effect of argon flow rate on As(l11) signals while NaBH4 is 2.0 mL/min
using CF-HG-EHQTA-AAS

The importance in the optimization of the carrier gas in hydride generation is to have
an efficient stripping of arsenic hydride in the stripping coil and transporting the
analyte hydride through the gas liquid separator to the atomizer. To find the

optimum flow of argon, the flow rate was varied from 100 mL/min to 375 mL/min.
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The optimum flow was found to be 200 mL/min; the results are shown in Figure 3.7.
At higher flow rates from 300 to 375 mL/min, the high transportation of the arsenic
hydride was achieved but their residence time in the absorption zone was shorten; in
addition analyte vapor is diluted by excess Ar, causing a decrease in signal.
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Figure 3.7 The effect of Ar flow rate on 5.0 pug/L of As(lll) signal, the length of
reaction coil was 60 cm and the length of stripping coil was 30 cm. 200 mL/min was

selected as the optimum value. Other parameters are given in Table 3.1.

3.3.1.6- Length of reaction and stripping coil (CF-HG-EHQTA-AAS)

The reaction coil provides the medium where arsenic hydride is generated by the
hydrogen transfer mechanism from sodium tetrahydroborate that is hydrolyzed by
hydrochloric acid. The stripping coil is the medium were argon strips the volatile
arsenic hydride from the solution, and transport it to the atomizer. The plots of the
optimization study for the reaction and stripping coils are given in Figure 3.8. The
length of the reaction coil was varied from 30 cm to 180 cm. The optimum reaction
coil length was found to be 120 cm when a 20 cm stripping coil was used. In the case
of the stripping coil, the lengths from 5 to 30 cm, were investigated, the optimum
stripping coil was found to be 10 cm when 120 cm reaction coil was used. Further
experiments were carried out by employing 120 cm reaction coil and a 10 cm
stripping coil.
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Figure 3.8 Effects of reaction and stripping coil lengths on the analytical signal As
obtained by conventional CF-HG-EHQTA. The signals were obtained using of 5.0
ng/mL As(111) in 0.25 mol/L HCI. Other parameters are given in Table 3.1.

Table 3.1 The optimized parameters of CF-HG-EHQTA with their optimum values
using 5.0 ng/mL of As(l11). (n =3)

Parameters Optimum Value
HCI in sample solution 0.25 mol/L
Flow rate of HCI 6.5 mL/min
Concentration of NaBH4 1.5% (wiv)
Flow rate of NaBH4 2.0 mL/min
Carrier gas flow rate 200 mL/min
Length of reaction coil 120 cm
Length of stripping coil 10 cm
Atomization temperature 1000 °C
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3.3.1.7- The effect of hydrochloric acid concentration on As(V) signal without
TGA using CF-HG-EHQTA-AAS

By using the optimum parameters in Table 3.1, the influence of hydrochloric acid
concentration on As(V) hydride formation was investigated. The concentration of
HCI was varied from 0.01 to 4.0 mol/L and 50 ng/mL of As(V) was used. The
experimental results obtained in Figure 3.9 are similar to the results obtained by
Amjad Shraim et al. [115]. They studied the variation of absorbance signal with
concentration of hydrochloric acid for arsine generation and found the same
relationship. In conventional According to A.G. Howard and C. Salou the direct
reduction of arsenate [As(V)] requires it to be fully protonated by the use of strong
forcing acidic conditions [106], and this means that high concentration of HCI is
required if As(V) is to be converted to arsine. This explanation was also observed
during study; as the HCI concentration was increased from 0.1 to 3.0 mol/L, the
signals were also increasing. Therefore in order to make a non-chromatographic
speciation analysis of inorganic arsenic, lower HCI concentration of around 0.005 to

0.1 mol/L so that arsine generation from As(V) is suppressed.
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Figure 3.9 The effect of HCI on the analytical signal of 50 ng/mL As(V), obtained
using the optimized parameters of CF-HG-EHQTA, given in Table 3.1.
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3.3.1.8- The pre-reduction time of TGA for As(V) using CF-HG-EHQTA-AAS

By using CF-HG-EHQTA system, the pre-reduction effect TGA on As(V) was
investigated on the basis of the time needed for the pre-reduction reagent to
completely reduce As(V) to As(lll). To study pre-reduction time of TGA, 10.0
ng/mL As(V) in 0.002 mol/L HCI was prepared and as soon as the solution was
running in the continuous flow hydride generation system, 1.0 mL of TGA solution
was added to the 100 mL As(V) solution. The plot of absorbance signal against pre-
reduction period is shown in Figure 3.10; the generated continuous flow signal is
shown in Figure 3.11. The absorption signal of As(V) was observed to start emerging
after 45 s and then remain constant to 300 s. The result of this experiment is the same
as what was found by Stanislav Musil and Tomas Matousek [110] and A.G. Howard
and C. Salou [106]. According to the hypothesis of A.G. Howard and C. Salou, in
the presence of TGA the extreme acidity conditions are unnecessary as the arsenic
species are pre-reduced from As(V) to As(lIl) prior to the tetrahydroborate step
given in Equation 18.

2T-SH + RnAs O(OH)z-n — T-S-S-T + RnAs(OH)3-n + H20 18

The reaction of TGA with the arsenic species is proceeded by the dimerization of
TGA with then react with the As(V) species to form a coordinated arsenic-thiol
(RnAs(-ST)s-n ) complex and then reduced it to As(l1l). The reaction is fast and upon
forming, it is uncharged and less sterically hindered to the attack of tetrahydroborate.
The As(Ill) species produced, could then react with TGA to give As(lll)-
thioglycollate complexes as shown in Equation 19, that react with the

tetrahydroborate to give arsine. (R is a methyl group and n is 0 or 3).

RnAS(OH)3-n + (3-n)T-SH — RnAS(-ST)3-n + (3-n)H20 19
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Figure 3.10 The pre-reduction time for As(V) by TGA using the optimized
parameters of CF-HG-EHQTA given Table 3.1, except that the concentration of HCI
was 0.002 mol/L.
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Figure 3.11 The continuous flow signal of As(V) after the pre-reduction with TGA
using the optimized parameters of CF-HG-EHQTA except that the concentration of
HCI was 0.002 mol/L.
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3.3.1.9- The pre-reduction time of potassium iodide in ascorbic acid using CF-
HG-EHQTA-AAS

In order to study the pre-reduction time of As(V) by KI in ascorbic acid (AA), 8
volumetric flasks were used and the optimized values of 0.5%(w/v) Kl in 0.5%(w/v)
L(+) ascorbic acid for As(V) studied in our lab were utilized. In all the volumetric
flask, KI and AA were first dissolved, and then As(V) and HCI were added so that
the final concentrations were 10 ng/mL and 0.002 mol/L, respectively. The total
volume was 100 mL made up using deionized water. The solution in the first
volumetric flask was placed for analysis immediately after preparation using the CF-
HG-EHQTA system. However no signal was observed for this solution,
corresponding to zero min waiting periods. The second, third, fourth to the seventh
flasks were kept for 10, 20, 30, 40, 50 and 60 min prior to analysis. The results are in
Figure 3.12. It was observed that a complete reduction of As(V) was achieved after
to 30 min. Since 30 min waiting time is not proper for an on-line prereduction in a
flow system, efforts were concentrated on TGA as a pre-reduction agent for the
conversion of As(V) to As(ll).
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Figure 3.12 The pre-reduction time of As(V) by KI in ascorbic acid. The optimum
parameters of CF-HG-EHQTA given Table 3.1 were used except that the HCI

concentration was 0.002 mol/L.
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3.3.1.10- Calibration plot for As(l111) and As(V) with CF-HG-EHQTA-AAS

By using the optimized parameters of CF-HG-EHQTA given in Table 3.1, the
calibration plots of As(I11) and As(V) were produced without the use of pre-reductant
reagent. The calibration plot of As(lll) and As(V) are shown in Figure 3.13 and
Figure 3.14, respectively. Peak height of the analytical signal was used for
absorbance measurements. For As(lll), the linearity was found between the
concentrations of 1.0 ng/mL and 50.0 ng/mL and above the concentration of 50.0
ng/mL, deviation from linearity was observed. However for As(V), the linearity was

observed between 10 ng/mL and 100 ng/mL.

The calibration of As(V) using 1.0%(v/v) TGA as pre-reductant reagent is shown in
Figure 3.15, and the analytical plot was linear was between the concentrations of 1.0
ng/mL and 50.0 ng/mL. The pre-reduction was very fast, less than one minute, and
the analytical signal of As(V) had the same sensitivity as the analytical signal of
As(I11). It was also observed that TGA does not affect the sensitivity of As(l11) under
the same conditions as As(V). This was a very positive achievement that can be used

for online speciation of inorganic arsenic species.

=
o

y=0.0111x + 0.0093 =
R2=0.9995 /.

S
Lh

-
.

-
-
ol

0 10 20 30 40 50 60 70 80 90
As(IIT) ng/m1

<o
o

=
—

Absorbance (Peak Height)
(=]

o

Figure 3.13 Calibration plot of As(Il1) obtained by using the optimized parameters
of CF-HG-EHQTA in Table 3.1.
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Figure 3.14 Calibration plot of As(V) obtained by using the optimized parameters of
CF-HG-EHQTA in Table 3.1. HCI concentration was 0.25 M
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Figure 3.15 Calibration plot of As(V) pre-reduced in 1.0%(v/v) TGA. The optimized
parameters of CF-HG-EHQTA shown in Table 3.1 were used except that HCI

concentration was 0.002 mol/L; the pre-reduction lasted less than one minute.
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3.3.1.11- Analytical figures of merit for CF-HG-EHQTA-AAS

The analytical signal of 1.0 ng/mL As(ll1l) obtained by CF-HG-EHQTA is given
Figure 3.16. The reproducibility of the measurements was 5.3% RSD for 10
replicates (N=10). The % RSD was better at higher concentrations. The sensitivity of
the CF-HG-EHQTA was calculated in terms of characteristic concentration (Co) and
limit of detection. The results of the analytical figures merit are given in Table 3.2.
The LOD was calculated from 3 times the standard deviation of the signal obtained

by a standard at or slightly above the limit of quantitation.
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Figure 3.16 The analytical signal of 1.0 ng/mL As(l1l), obtained by the optimized

parameters of CF-HG-EHQTA. The continuous flow signal was acquired for 10 s

Table 3.2 Analytical figures of merit for CF-HG-EHQTA technique. Calculations

were based on peak height of the analytical signal.

Figures of merit Values
As(I11)in 0.25 | As(V) in0.25 | As(V) in 1.0%(v/v) TGA
mol/L HCI mol/L HCI and 0.002 mol/L HCI

LOD (ng/mL) 0.2 3.8 0.3
LOQ (ng/mL) 0.7 13 11
Range (ng/mL) 1t050 10 to 100 11050
Co (ng/mL) 0.4 6.4 0.4
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3.3.2-Continuous flow hydride generation tungsten coil atom trap
electrothermal atomic absorption spectrometry (CF-HG-WC-ETAAS)

In the optimization study of CF-HG-WC-ETAAS, the following parameters such as,
trapping and atomization temperature of tungsten coil coated with iridium or
rhodium that were used as chemical modifier, and trapping time; the amount of
hydrogen and argon flowing through the system; the use of pre-reduction reagents
for As(V) and the concentration of HCI in TGA; and concentration and flow rate of
NaBH4, were investigated using 1.0 ng/mL of As(lIl). The optimum parameters of
CF-HG-EHQTA given in Table 3.1 were utilized in the initial stages of optimization
study.

3.3.2.1- Optimization of trapping and atomization temperatures using As(I11)
without TGA using CF-HG-WC-ETAAS

Permanent chemical modifier was firstly introduced to tungsten coil hydride trapping
by Barbosa et al., for selenium hydride trapping [50, 116]. The trapping of arsine
with rhodium-coated coil was also reported [55, 116]. Generally the use of
permanent chemical modifiers in tungsten coil trapping was inherited from the
knowledge of hydride trapping in graphite furnace. Bare tungsten coil can trap
bismuth hydride [49, 117], as tungsten is also an important chemical modifier in
graphite furnace. However, this is not applicable for Se, As and Sb and thus coating
of the tungsten coil with a thin layer of noble metal was indispensable [55].
Preliminary experiments in this work showed that trapping of arsine on bare tungsten
coil was not successful and the reproducibility of the signal was between 18 and 20%
RSD. A comparison study for the performance of Rh and Ir chemical modifiers was
undertaken using their trapping and atomization temperatures and as well as the

maximum number of useful firings that can be obtained from them.
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For this optimization study, 200 pg Rh was coated on a newly extracted tungsten coil
and the optimum trapping and atomization temperatures were determined. By using
trapping time of 60 s, the optimum trapping temperature of rhodium for As atoms
was evaluated. The trapping temperature of the W-coil was varied from 611 to 957
°C, and it was found out that Rh was not trapping As at temperatures lower than 611
°C. The optimum trapping temperature for Rh was found to be 720 °C. In the
determination of the optimum atomization temperature of Rh, the temperature of the
W-coil was varied from 1620 to 2770 °C and the optimum atomization temperature
was found to be 1920 °C (10.9 V). The results of the experiment are shown in Figure
3.17. The number of useful firings measured for Rh was 300 to 350, before the
analyte signal decreased by 20%.

In the case of Ir, 200 pg of iridium was coated on a newly extracted tungsten coil,
and by using 60 s trapping time, the optimum trapping temperature was determined
by varying the coil trapping temperature from 575 to 957 °C. The optimum trapping
temperature for Ir was found to be also 700 °C (2.63 V). The trapping temperatures
obtained in this experiment are in agreement with the results of Docekal and Marek
[48] who found values between 700 and 900 °C using tungsten tube atomizer. R. Liu
et al [55] also found 640 °C for As trapping on Rh-coated tungsten coil and an
atomization temperature of 1930 °C was found. For the investigation of the optimum
atomization temperature for Ir-coated tungsten coil, the atomization temperature of
the coil was varied from 1620 to 2770 °C and the optimum temperature was also
found to be 1920 °C (11.0 V). Moreover, the number useful firings measured for Ir
was at least 400 before the analyte signal decreased by 20 %. The error bars indicate

the %RSD of 3 measurements.

From the experimental investigation of trapping and atomization temperature Ir was
selected as the best chemical modifier. From the result shown in Figure 3.17, Ir-
coated W-coil results were about 1.5 times higher than those of Rh-coated W-coil. In
a comparison of chemical modifiers such as Pd, Rh, Ir by C.G. Bruhn et al. [118], it
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was shown that Rh-coated W-coil was more stable, but the result from Rh was
comparable with Ir. However in the technique used by C.G. Bruhn et al, a
temperature programming method was used in a way similar to GFAAS consisting of
drying, ashing, and atomization and cleaning steps; these did not involve any atom

trapping.
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Figure 3.17 The responses of Ir-coated and Rh-coated W-coil using 60 s trapping
time, 1.0 ng/mL of As(l11) in 0.2 mol/L HCI was used, 1.5%(w/v) NaBHa4, hydrogen
flow was 50 mL/min and argon was 150 mL/min. optimum atomization and trapping
temperature were 1920 °C and 720 °C

3.3.2.2- Amount of Ir used for coating using As(l11) without TGA using CF-HG-
WC-ETAAS

The optimum amount of Ir coated on the surface of the tungsten coil to give an
efficient, stable and long life time of the coil was examined by changing the mass
from 100 to 400 pg. 1.0 ng/mL of As(l11) was used in this study and the results are
shown in Figure 3.18. It was observed that at low mass of the chemical modifier, the
signal was lower but reproducible with 5% RSD, however from the mass of 200 to
400 pg, the signal remained the same. The life-time of the coated iridium was

determined by calculating the number of firings before the signal decreased by 20%.
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The optimum mass of the chemical modifier selected was 200 pg and the coated W-

coil signals were stable for at least 400 firings.
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Figure 3.18 The mass of Ir-coated on tungsten coil, trapping temperature 720 °C and

atomization temperature 1920 °C, flow rate of H2 73 mL/min and Ar 75 mL/min.

3.3.2.3- The effect of hydrogen flow during trapping and atomization steps using
As(111) without TGA using CF-HG-WC-ETAAS

The role of hydrogen on W-coil atomizer is to provide a reducing environment thus
protecting the tungsten coil from oxidation. From Equations 20 to 22 it is apparent
that any oxygen generated during hydride generation would react with hydrogen to
form water and even if some oxidation products of tungsten were momentarily
formed, they would be reduced immediately by hydrogen gas [119]. Hydrogen gas
has thermal conductivity of 4.46 x 10 cal s* cm™ at 26.7 °C, therefore it also has the
role of cooling the temperature of the W-coil. It should be remembered that thermal
conductivity of Ar is about 10 time lower, 4.3 x 10 cal s* cm™ at 26.7 °C. In order
to avoid the oxidation of the W-coil a further precaution was implemented by using
two gas liquid separators. In this design, water vapor that passes through the first
GLS is further separated from volatile arsenic hydride in the second GLS [55]. In
order to obtain the optimum flow rate of hydrogen during trapping and atomization
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stages, the flow of the gas was varied from 0, 22, 33, 53, 73, and 103 mL/min. but

because of the danger in hydrogen gas, high flow rates were avoided.

WO(g) + Ha(g) ————>  W(s,9) + H20 (9) 20
WO:2 (s,9) + 2H2(g) ———> W(s,9) + 2H2(Q) 21
WOs (s,9) + 3H2 (9) ——— W(s,9) + 3H20 (9) 22

In the first study, the trapping of As atoms on Ir-coated W-coil without the flow of
hydrogen was tried and the flow of hydrogen gas during atomization stage was
varied between 22 and 103 mL/min. It was found that, when the flow was less than
22 mL/min during atomization, the coil rapidly oxidized during the atomization step,
and it was visibly observed by blue powder of tungsten oxide, W20s and/or W4O11
formed on the surface of the glass cell. The oxidation process of the tungsten coil is
also indicated by a popping sound. Since Hz is produced during the hydride
generation, this minimum amount of hydrogen was also able to protect the tungsten
during the trapping stage. From the experimental results shown in Figure 3.19, it is
clear that during trapping without Hz, the analytical signal was 2 times less sensitive
for all the flow rates of hydrogen during atomization. In order to determine the
optimum hydrogen gas flow during trapping and atomization stage, the flow rates
between 22 and 103 mL/min were investigated for both trapping and atomization.
The results of this experiment are shown in Figure 3.19 and the optimum hydrogen
flow rate selected for both the trapping and atomization stages, was 73 mL/min.
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Figure 3.19 The influence of Hz flow rate during trapping and atomization processes
using 1.0 ng/mL of As(l11) for 60 s trapping. Trapping and atomization temperatures
were 720 and 1920 °C, respectively. 0.25 mol/L HCI and 1.5% (w/v) NaBHa4, and

argon flow rate was 150 mL/min was used.

3.3.2.4- Evaluation of argon gas flow rate for 73 mL/min Hz flow using As(l11)
without TGA using CF-HG-WC-ETAAS

Argon was used as the carrier gas and it was introduced upstream the stripping coil.
In the stripping coil, AsHs is separated from the liquid phase and transported through
the first GLS after which it meets with hydrogen flowing at 73 mL/min. The two
gases now carry AsHs through the second GLS to the pre-heated tungsten coil in the
glass cell. During the evaluation of the argon flow, the flow rate remained the same
for both trapping and atomization processes. The optimum flow of argon was
investigated by varying the flow from 5 to 200 mL/min. As it is shown in Figure
3.20, from 5 to 50 mL/min, the analytical signal was increasing with increase in flow
rate. However from 75 to 200 mL/min, the analytical signal almost remained
constant and maximum absorbance signal was obtained at 75 mL/min. The optimum

selected flow was 75 mL/min.
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Figure 3.20 The response of 1.0 ng/mL of As(lll) signal in 0.25 mol/L HCI using
1.5% NaBH4 with Ar variation. Trapping period was 60 s. Trapping and atomization

temperature were 720 °C and 1920 °C, respectively

3.3.2.5- The influence of HCI on As(l1l) and As(V) analytical signal without
TGA using CF-HG-WC-ETAAS

The influence of HCI concentration on As(lll) and As(V) hydride generation using
the Ir-coated W-coil atom trap was again investigated. The HCI concentration was
varied from 0.05 to 2.0 mol/L and the results are shown in Figure 3.21. For As(V)
hydride generation, the oxy-anion (RnAs(O)(OH)s, where R is a methyl group and n
ranges from 0 to 3); must be fully protonated if they are to be converted to arsine
[106]. As pKi for As(V) (HsAsOs) 2.3, the reaction must therefore be carried out at
very low pH around 1 to 3 M hydrochloric acid. For As(lI11), (Hs3AsOs) on the other
hand, is fully protonated under all acidic conditions (pKz is 9.2) and will therefore
react with the THB under mild acid conditions. However since the acid hydrolysis of
THB is in micro seconds [21], the amount of hydrogen gas produced will cause
dilution in the system. Thus the absorbance signals of As(Il1) started to drop at high
acid concentration. The absorbance signals of As(V) remains constant (similar to
what was seen in CF-HG-EHQTA).
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Figure 3.21 The influence of HCI concentration on 1.0 ng/mL of As(lll) and 5.0
ng/mL As(V) hydride formation, the trapping time was 60 s, the trapping and

atomization temperatures were 720 °C and 1920 °C, respectively.

3.3.2.6- The effect of NaBH4 concentration on As(l11) and As(V) signals without
TGA using CF-HG-WC-ETAAS

The effect of NaBH4 concentration on the absorption signal of As(l11) and As(V) was
investigated first without the use of pre-reduction reagents for As(V). The
concentration of NaBH4 was varied from 0.1 to 2.0% (w/v) and the solutions were
stabilized in 0.3% (w/v) NaOH. By increasing the concentration of NaBH4 from 0.1
to 1.0% (w/v) an increase in signal intensity of As(Ill) was observed; however for
As(V) there was lower increase in the signal intensity. For As(lll) the signal
intensities decreases when the concentration of NaBH4 was increased to 2.0% wl/v,
and for As(V) the signal remains almost constant. The results of the experiment are
shown in Figure 3.22. The concentration of 1.5% w/v of NaBH4 was selected as the

optimum value and was used for other optimization studies.
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Figure 3.22 Effect of NaBHa4 concentration on the signal of 1.0 ng/mL As(l1l) and
5.0 ng/mL As(V). Hz and Ar gas flow were 73 and 75 mL/min respectively. 60 s
trapping, flow rate of NaBH4 was 2 mL/min and flow rate of HCl was 0.25 M and

flow rate of 6.5 mL/min

3.3.2.7- The effect of HCI concentration on the pre-reduction reaction of
thioglycolic acid and K1 in Ascorbic acid on As(V) (CF-HG-WC-ETAAS)

By using the CF-HG-WC-ETA technique, the effect HCI concentration on the
activities of the pre-reductant reagents of 1.0% (v/v) TGA and 0.5% (w/v) potassium
iodide in 0.5% (w/v) L(+)ascorbic acid on 1.0 ng/mL As(V) were evaluated. In the
study with TGA, the concentration of TGA was kept constant at 1.0% (v/v), and the
concentration of HCI was varied from 0 to 1.0 mol/L. The result of the experiment is
shown in Figure 3.23. The trapping time was 60 s. It was observed that, when there
was even no HCI in the 1.0% (v/v) TGA solution of As(V), the signals were intense
and they remain constant up to 0.02 mol/L HCI. However from 0.1 to 1.0 mol/L, the
intensity of the signal started to drop and furthermore the formation of foams in the

gas liquid separator at high HCI concentration was clearly observed.
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The pH of the waste solutions was also simultaneously monitored during study when
1.0% (v/v) TGA without hydrochloric acid, 1.0% TGA with 0.002 and 0.005 mol/L
HCI was used. The pH of the solutions was between 8.2 and 8.6; which is almost

neutral.

To study effect of HCI concentration in the pre-reduction activity of Kl in
L(+)Ascorbic acid, the acid concentration was varied from 0 to 1.0 mol/L. The
solutions were prepared by first adding the HCI at concentration to be studied and
then 1.0 ng/mL of As(V) was added which was followed by adding 0.5% (w/v) KI
in 0.5% (w/v) L(+) ascorbic acid. The solutions were allowed to stand for 30 min
before analysis. By using trapping time of 60 s, the results shown in Figure 3.23 were
obtained. It was observed that from 0 to 0.1 mol/L HCI, the intensity of the As(V)
signals were less sensitive by 90%, but when the acid concentration was increased
from 0.2 to 1.0 mol/L, the absorption signal started to increase. The result indicates
that for As(V) to be reduced by KI in ascorbic acid, relatively high HCI
concentration is required. Finally, thioglycolic acid was tested as the pre-reductant
reagent for As(V), because it was fast, efficiency and needs low HCI concentration
of 0.002 mol/L.
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Figure 3.23 The effect of HCI concentration in the reduction reaction of 1.0 ng/mL
As(V), 1.0% (v/v) TGA and 0.5% (w/v) KI in 0.5% (w/v) L(+) ascorbic acid.
Trapping period was 60 s, flow rate of NaBH4 was 2.0 mL/min and flow rate of HCI

was 6.5 mL/min.
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3.3.2.8- Optimum concentration of thioglycolic acid using As(V) (CF-HG-WC-
ETAAS)

The optimum concentration of TGA in the presences of 0.002 mol/L HCI was
evaluated. The complete reduction of As(V) to As(lll) was necessary to obtaine
sensitive hydride formation from As(V). The concentrations of TGA was varied from
0.25 to 2.0% (v/v) in the solutions containing 0.002 mol/L HCI and 1.0 ng/mL
As(V). In order to see the action of the TGA, separate studies of As(V) and As(l1I)

were carried out using the same range of TGA.

For this study, 1.0 ng/mL As(l11) and As(V) were used and the trapping time was 60
s. As shown in Figure 3.24, the optimum concentration for TGA was found to be
1.0% (v/v). The pH of the waste solutions was also monitored for each concentration
of TGA. Since TGA has a pK1 value of 3.6, by increasing its concentration from 0.25
to 2.0% (v/v) the pH of the waste solution was observed to decreases from 12.5, to
5.5. However at the optimum concentration of TGA (1.0%), the pH of the waste

solution was 8.3.
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Figure 3.24 The effect of TGA concentration on 1.0 ng/mL As(lll) or As(V) in
0.002 mol/L HCI using CF-HG-WC-ETAAS optimum values, flow rate of NaBH4
was 2 mL/min and flow rate of HCI was 6.5 mL/min.
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3.3.2.9- Optimization of the trapping period using CF-HG-WC-ETAAS

The investigation on the relationship between the absorbance signal and the trapping
period of 1.0 ng/mL As(lll) and As(V) on the surface of the Ir-coated W-coil, was
carried out by varying the trapping period from 30 to 240 s. The solutions were
prepared in 0.002 mol/L HCI and 1.0% (v/v) TGA, and the flow of the analyte
solution was 6.5 mL/min. By taking the product of flow rate with the trapping time
(min), the volume of the solution introduced during trapping can be calculated for
each trapping period. As can be seen from the results shown in Figure 3.25, a linear
relationship between trapping period and absorbance signal was observed from 30 to
180 s studied period and when the time was increased to 240 s, the signal remains the
same, thus deviating from linearity. The optimum trapping period selected for
calibration and validation studies was then 180 s. The volume of solution consumed

for this optimum trapping period is equal to 19.5 mL.
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Figure 3.25 The Analytical signal versus collection time for 1.0 ng/mL of As(llI)
and As(V) with 1.0 % TGA in 0.002 M HCI. The sampling volume was 6.5 mL/min.
The parameters selected for CF-HG-WC-ETA given in Table 3.3 were used.
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Table 3.3 The optimized parameters for CF-HG-WC-ETAAS with As(lll) and
As(V)

Parameter Optimum value
Trapping temperature 720 °C
Atomization temperature 1920 °C
Trapping period 180s
Flow rate of Hz 73 mL/min
Flow rate of Ar 75 mL/min
Flow rate of analyte solution 6.5 mL/min
Flow rate NaBH4 2.0 mL/min
Concentration of HCI without TGA 0.2 mol/L
Concentration of HCI with TGA 0.002 mol/L
Concentration of NaBHa4 1.5% (w/v)
Concentration of TGA 1.0% (v/v)

3.3.2.10- Analytical signals for As(111) and As(V) using CF-HG-WC-ETAAS

The analytical signals obtained by using 180 s trapping period for the analysis of
0.02 ng/mL As(V) and As(l1l) in 0.002 mol/L HCI and 1.0% (v/v) TGA are shown
in Figure 3.26 and Figure 3.27, respectively. The repeatability of the measurements
after 7 replicates (N = 7) was less than 5% RSD. The transient signal have a half
width < 0.5 s; therefore the absorbance signals were measured in peak height giving
a better reproducibility at lower concentration than integrated peak area. As the
atomization step was manually controlled by pushing the switch of the variable
potential power supplier to the on position, the speed and precision with which it is
operated affect the width and reproducibility of the analytical signal. Thus in order to
obtain a sharp signal with half width less than 0.5 s, precise and reproducible fast

switching of the power was necessary.
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Figure 3.26 The analytical signal of 0.02 ng/mL of As(V) in 1.0% (v/v) TGA and
0.002 mol/L HCI, obtained using the optimum parameters of CF-HG-WC-ETAAS
given in Table 3.3
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Figure 3.27 The analytical signal of 0.02 ng/mL of As(Ill) in 1% (v/v) TGA and
0.002 mol/L HCI, obtained using the optimum parameters of CF-HG-WC- ETAAS
given in Table 3.3.

105



The analytical signals obtained by using 180 s trapping period for the analysis of 1.0
ng/mL As(V) and As(l1l) in 0.002 mol/L HCI and 1.0% (v/v) TGA are also shown
in Figure 3.28.
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Figure 3.28 The analytical signals of 1.0 ng/mL of A- As(l1l) and B- As(V) in 1.0%
(v/v) TGA and 0.002 mol/L HCI, obtained using the optimum parameters of CF-HG-
WC-ETAAS given in Table 3.3

3.3.2.11- Calibration plots of As(l11) and As(V) in 0.2 mol/L HCI or 1.0% (v/v)
TGA in 0.002 mol/L HCI using CF-HG-WC-ETAAS

The optimum parameters given in Table 3.3 were used to obtain the calibration plots
of As(l11) and As(V) in two different conditions. In the first set of conditions, As(I11)
and As(V) standard solutions were prepared using 1.0% (v/v) TGA and 0.002 mol/L
HCI and in the second set of conditions, As(l1l) and As(V) standard solutions were
prepared in 0.2 mol/L HCI. The linear dynamic range of both the inorganic arsenic
species is from 0.02 to 1.0 ng/mL, and after 1.0 ng/mL a negative deviation was
observed. For the calibration plot of As(V), the significant effect of the pre-reductant
reagent was observed. As shown in Figure 3.29, the slope in plot A (with TGA) is 4
times the slope in plot B (with of 0.2 mol/L HCI). Hence As(V) became more
sensitive in the presence of TGA as pre-reductant reagent. The slopes of the

calibration plots of As(l11) shown in Figure 3.30, are almost equal; thus indicating
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that As(I11) hydride formation is not affected whether the medium is TGA solution or
0.2 mol/L HCI solution.
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Figure 3.29 The calibration of As(V): (A) in 1.0% (v/v) TGA in 0.002 mol/L HCI
and (B) in 0.2 mol/L HCI, using the optimum parameters of CF-HG-WC-ETAAS in
Table 3.3.
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Figure 3.30 The calibration of As(l11): (A) in 1.0% (v/v) TGA in 0.002 mol/L HCI
and (B) in 0.2 mol/L HCI, using the optimum parameters of CF-HG-WC-ETAAS
given in Table 3.3.
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3.3.2.12- Analytical figures of merit of CF-HG-WC-ETAAS system

The analytical figures of merit of the method are given in Table 3.4. The
reproducibility of the measurements was <5% RSD for 7 replicates (N = 7) using
0.02 ng/L As(I11) and As(V) in 1.0% (v/v) TGA and 0.002 mol/L HCI solutions
trapped for 3 min. The enhancement factor of CF-HG-WC-ETAAS over CF-HG-
EHQTA is shown in Table 3.5.

In Table 3.6, the values of LOD and sample volume used in literature are compared
with the developed method in this work. Ir-coated WC-ETAAS has the advantage of
being simple and easily applicable to AAS or AFS instruments and the time required
for the analysis depends on the collection time. The technique is a sensitive

alternative for other relatively high cost systems such as ICP-MS and GFAAS.

Table 3.4 The analytical figures of merit for CF-HG-WC-ETA using peak height for

absorbance measurement

Figures  of
merit Values
As(I11) in 0.25 M HCI | As(V) in As(V) in 1.0% (v/v)
orin 1.0% (v/v) TGA | 0.2 mol/L TGA
and 0.002 mol/L HCI HCI and 0.002 mol/L HCI
LOD (ng/L) 1.9 13 1.8
LOQ (ng/L) 6.3 45 6.0
Linear Range 0.02t0 1.0 0.1t01.0 0.02t0 1.0
(ng/mL)
Co (ng/L) 125 51.9 12.4
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Table 3.5 The enhancement factors of CF-HG-WC-ETA over CF-HG-EHQTA
calculated by comparison of characteristic concentration (Co) using 1.0% (v/v) TGA

in 0.002 mol/L HCI

Analyte Co (ng/mL)
E | Et(min?) | Ev (mL?) CF-HG- CF-HG-WC-
EHQTA ETA
As(I11) 30.5 10.2 1.56 0.38 0.0125
As(V) 31.8 10.6 1.63 0.396 0.0125

E is the enhancement factor (ratio of Co for EQTA and W-coil ETA)
Et is the E/min for sampling

Ey is the E/volume of sample in mL

Table 3.6 The comparison of CF-HG-WC-ETAAS of limit of detection and sample

volume with other the methods in literature for As determination

Values LOD (ngmL™) Sample Reference

Total As As(111) Volume

(mL)

Ir-coated W-trap 0.0019 0.0019 19.5 This work
HG-ETAAS
Rh-coated W- 0.0090 0.010 48 [55]
trap HG-AFS
Rh-coated W- 0.11 - 1.5 [116]
trap HG-AAS
HG-CT-ICP-MS 0.0034 - 0.5 [120]
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3.3.3- Flow injection hydride generation electrically heated quartz tube
atomizer atomic absorption spectrometry (FI-HG-EHQTA-AAS)

The parameters of the FI-HG manifold system shown in Figure 2.2 combined with
EHQTA were optimized. By using 20.0 ng/mL of As(V), The parameters such as
carrier solution and TGA flow rates; the concentration of HCI in the injected sample,
the effect of TGA on As(V) and As(l11) were optimized. Peak height was used for all
absorbance evaluation except noted differently, and the reproducibility of the signals

was measured for three replicates (N =3).

The studies in this part have been undertaken as a preparatory step for speciation
studies involving HPLC.

3.3.3.1- The effect of carrier solution and TGA flow rates using As(V) (FI-HG-
EHQTA-AAS)

In this study, the carrier solution was made up of ammonium dihydrogen phosphate
and phosphoric acid buffer solution; this carrier solution was chosen because it will
be used also in chromatographic separation. The buffer solution had a pH of 5.8 and
a concentration of 0.05 mol/L. Thioglycolic acid was used for online pre-reduction of
As(V) to As(lI1).

The effect of the flow rate of TGA was first investigated and the optimum
concentration 1% (v/v) in 0.002 mol/L HCI was used. In order to study the effect
TGA flow rate, the flow rate was varied from 0.5 to 5.0 mL/min; the carrier solution
flow rate was set at 3.5 mL/min and sodium tetrahydroborate flow rate was 2.0
mL/min. As shown in Figure 3.31, at the minimum flow rate of 0.5 mL/min, the
repeatability of the peak was better than 5% RSD (N=3) and there was a drop in the
sensitivity. But as the flow rate was increased to 1.0 and 1.5 mL/min, an increase in

sensitivity of the signals were observed. However, the signals decrease when the
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flow rate was 3.0 mL/min to 5.0 mL/min. The decreased in the sensitivity can be
attributed to the incomplete pre-reduction of As(V) due to reduced time available.
The optimum flow rate of 1.0 mL/min TGA was selected since stable and sensitive

signals were obtained.

The carrier solution transports the analyte sample from the 0.5 mL sample loop to the
pre-reduction loop to meet with TGA solution. The optimum flow rate of carrier
solution was determined by varying its value from 1.0 to 6 mL/min. TGA solution
flow was 1.0 mL/min and NaBH4 flow was at 2.0 mL/min. The absorbance signal of
As(V) steadily increases from 1.0 to 1.5 mL/min and then starts decreasing from 1.5
to 6.0 mL/min. The result of the study is shown in Figure 3.31. The selected flow
rate for the buffer carrier solution was 1.5 mL/min.
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Figure 3.31 The influence of carrier solution and TGA flow rates, using 20.0 ng/mL
of As(V) in a sample loop of 0.5 mL and the volume of pre-reduction loop was 2.5
mL. The flow of argon gas was 200 mL/min. The concentration of TGA was 1.0%
(v/v) in 0.002 mol/L HCI, and NaBHs was 1.5% (w/v) with 2.0 mL/min. The
concentration of HCI in the sample was 0.2 mol/L. For TGA data, carrier flow rate

was 3.5 mL/min and for carrier (buffer) data TGA flow rate was 1.0 mL/min.
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3.3.3.2- Effect of sample loop volume using As(V) with TGA using FI-HG-
EHQTA-AAS

The relationship between the volume of the sample loop and the absorbance signal of
As(V) was examined using the optimized flow rate of the carrier solution of 1.5
mL/min and 1.0 mL/min of the TGA. The length of pre-reduction coil was 520 mm
and 2.48 mm id. the volume of the sample loop was varied from 0.1 to 1.0 mL and as
shown in Figure 3.32, a linear relationship between the absorbance signal and the
volume of sample injected was observed with a correlation value of R? 0.9998. The
volume of 1.0 mL was not selected due to the problem of blank at high volume of

injection. Therefore, the volume of 0.5 mL was used for other optimization studies.

0.120

ht)

y =0.0927x +0.0049

g 0.100 R2=0.9998 /'
= 0.080

=
=1

£ 0.060 ! _—

8 0.040 A

-,-zo.ozo ’//
ﬁo.OOOIIIIIIIwIII

0 01 02 03 04 05 06 07 08 09 1 1.1
Volume of Sample Loop (mL)

Figure 3.32 The relationship between absorbance signal and sample loop volume.
The concentration of TGA was 1.0% (v/v) in 0.002 mol/L HCI and the concentration
of 20.0 ng/mL of As(V) was used.
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3.3.3.3- Effect of TGA concentration on As(V) using FI-HG-EHQTA-AAS

A study on the effect of the concentration of TGA on As(V) signal using the FI-HG
mode was again carried out. The lenght of the pre-reduction coil was 520 mm and
2.48 mm id and the volume of sample injected was 0.5 mL. The concentration of
TGA was varied from 0.5 to 2.0% (v/v). The optimum value for the concentration
was again found to be 1.0% (v/v) TGA. At 1.5 and 2.0% (v/v) TGA, a small decrease
in the analytical signal was observed and the results are shown in Figure 3.33. The
study indicates that concentration TGA in reacting with As(V) for complete
reduction is little significant but the reaction time of TGA with As(V) is more

important.
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Figure 3.33 The effect of TGA on 20.0 ng/mL As(V), FI-HG-EHQTA.
Concentration of HCI in the TGA solution was 0.002 mol/L. flow of TGA was 1.0

mL/min and the flow of carrier solution was 1.5 mL/min.
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3.3.3.4- Effect of TGA pre-reduction coil volume on As(V) using FI-HG-
EHQTA-AAS

The pre-reduction of As(V) to As(lll) by TGA is mainly taking place in the pre-
reduction loop before reaching NaBHa flow. Therefore the optimum volume of pre-
reduction coil is necessary to make sure that complete reduction of As(V) to As(lIl)
Is achieved. PTFE tubing with 1.3 mm internal diameter was used for the coil and by
varying the lengths, the required volume was calculated using the equation V = & r?h.
The volumes of 1.0, 2.0, 2.5 and 3.5 mL were investigated and the results are shown
in Figure 3.34. The absorbance signals increase when the pre-reduction coil volume
was increased from 1.0 to 2.5 mL and then remains constant between 2.5 and 3.5
mL. The coil volume of 2.5 mL was selected, because by using 3.5 mL, the analysis

time was increased.

| 2 25 35
Volume of Pre-reduction coil (mL)

Figure 3.34 The influence of the pre-reduction coil volume on the analytical signal
of 20.0 ng/mL As(V), the concentration of TGA was 1.0% (v/v) in 0.002 mol/L HCI.
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3.3.3.5- Effect of HCI concentration in the sample injected on As(V) using FI-
HG-EHQTA-AAS

In the study of CF-HG-WC-ETAAS study, it was seen that, in the presence of TGA,
increase in hydrochloric acid concentration was having a negative effect on the
signal of As(V). Therefore it was also important to study the effect of the
concentration of HCI in FI-HG-EHQTA system using a sample volume 0.5 mL. As
shown in Figure 3.35, the absorption signal of As(V) slowly decrease when HCI
concentration wa varied from 0.1 to 6.0 mol/L. considering the standard deviation of
data, the signal is definitely decrease at high HCI concentration. Therefore the
selected HCI concentration for dilution in the working standards was selected as 0.1
mol/L.
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Figure 3.35 The influence HCI concentration on 20.0 ng/mL As(V) with 0.5 mL
sample loop and 1.0% (v/v) TGA in 2.5 mL pre-reduction loop and NaBHs was 1.5
% (w/v). The carrier solution and TGA flow rates were 1.5 and 1.0 mL/min

respectively.
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3.3.3.6- The effect of concentrations of sodium tetrahydroborate and sodium
hydroxide on As(V) using FI-HG-EHQTA-AAS

The effect of the concentration of sodium tetrahydroborate and sodium hydroxide
was evaluated in the presence of TGA for flow injection hydride generation. To
study the influence of the concentration of NaBHa4 on the absorption signal of As(V),
concentration of the reductant reagent was varied from 0.5 to 2.0% (w/v). The
solutions were stabilized in 0.3% (w/v) NaOH and the flow rate was 2.0 mL/min.
From Figure 3.36, it can be seen that as the concentration of sodium tetrahydroborate
was increased from 0.5 to 1.5% (w/v), a gradual increase in the absorbance signal of
As(V) was observed. However for 2.0% (w/v) NaBHas, a decrease in absorbance
signal was clearly noticed which indicated dilution from hydrogen gas produced
during the acid hydrolysis of NaBHa. The effect of NaBH4 on the hydride generation
efficiency remains the same as what was observed in CF-HG in Figure 3.6. The

selected optimum concentration for NaBH4 was again 1.5% (w/v).

Since efficiency of arsenic hydride formation also depends on the pH of the reaction
medium, the concentration of sodium hydroxide used for stabilizing NaBH4 was also
investigated. The concentration of NaOH was varied from 0.01 to 1.0% (w/v). From
the concentration of 0.01 to 0.3% (w/v), a linear relationship between absorbance and
the concentration of NaOH was observed. A decrease in signal was seen 0.6 to 1.0%
(w/v). The result of this study is also shown in Figure 3.36. The concentration of

0.3% (wi/v) of NaOH was taken as the optimum value.
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Figure 3.36 The influence of NaBH4 and NaOH concentration on the absorbance
signal of 20.0 ng/mL As(V) using 0.5 mL sample loop and 1.0 %(v/v) TGA with

flow rate of 1.0 mL/min. The flow of carrier solution was 1.5 mL/min.

3.3.3.7- Effect of TGA concentration on As(l11) and As(V) signals using FI-HG-
EHQTA-AAS

Following the optimization of the parameters of FI-HG-EHQTA using 20.0 ng/mL of
As(V), the influence of TGA concentration on both As(lll) and As(V) was also
investigated. Even though the effect on the concentration of TGA produced little
change on the As(V) signal with the CF-HG mode, it is important to repeat it with
the FI-HG mode, because here a sample loop of 0.5 mL is used and furthermore the
setup of FI-HG consists of a pre-reduction coil in which As(V) must be reduced to
As(I11) before reacting with sodium tetrahydroborate to form arsenic hydride. Thus
the two limiting factors for complete pre-reduction of As(V) would be TGA
concentration and its flow rate. As shown in Figure 3.37, when the concentration of
TGA was 0.25% (v/v), the efficiency of arsine formation from As(V) was one
quarter less than that of As(lll); thus indicating that As(V) is not completely pre-
reduced at this low concentration of TGA. However when TGA concentration was

increased to 0.5% (v/v), the absorbance signal of As(V) sharply increases and then
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levels off between 1.0 to 2.0% (v/v), then decreases when the concentration was

increased to 3.0%.

Since the pKa value of H3AsOs is 9.2; it displayed a wider range of pH condition
upon which it gives arsenic hydride efficiently. Therefore when the concentration of
TGA was varied from 0.25 to 2.0% (v/v), as shown in Figure 3.38, the absorbance
signal of As(I11) remains almost constant. The decrease in the absorbance signal was
only observed when concentration of TGA was 3.0% (v/v). This decrease of signal is
either due to dilution from hydrogen or high acidity of the system. It should be noted
that the formation of foam in the gas liquid separator was also observed for both
As(V) and As(l111) when the concentration of TGA is 3.0% (v/v) or more.
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Figure 3.37 Effect of TGA concentration on As(lll) and As(V) signals. The
optimum parameters of FI-HG-EHQTA shown in Table 3.7 were used
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Table 3.7 The optimum parameters for FI-HG-EHQTA using 20.0 ng/mL of As(V)

Parameters Optimum value
Flow rate of TGA 1.0 mL/min
Flow rate of sample carrier solution 1.5 mL/min
Trapping period 120s
Concentration of TGA 1.0 %(v/v)
Volume of sample loop 0.5mL

Volume of pre-reduction coil 2.5 mL

Flow rate of NaBH4 2.0 mL/min
Concentration of NaBH4 1.5% (wiv)
Concentration of NaOH 0.3% (w/v)

3.3.3.8- Calibration plot for As(l11) and As(V) using FI-HG-EHQTA-AAS

By using the optimized parameters of the FI-HG-EHQTA shown in Table 3.7, the
calibration plots of As(lll) and As(V) were constructed. The calibration plot of
As(111) is shown in Figure 3.38, and the calibration plot of As(V) is shown in Figure
3.39. Peak height was used for absorbance signal measurement. The linearity of the
IAs species were found to be between 5.0 and 50.0 ng/mL and above the

concentration of 50.0 ng/mL, a negative deviation from linearity was observed.
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Figure 3.38 The calibration of As(l1l) using the optimized parameters of FI-HG-
EHQTA. Parameters are given in Table 3.7. (TGA 1.0 % v/v)
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Figure 3.39 The calibration of As(V) using the optimized parameters of FI-HG-
EHQTA. Parameters are given in Table 3.7. (TGA 1.0 % v/v)

3.3.3.9- Analytical figures of merit of FI-HG-EHQTA-AAS system

The analytical signal of 5.0 ng/mL of As(l1l) and As(V) obtained by FI-HG-EHQTA
system is shown in Figure 3.40. Peak height was used for absorbance measurement,
and the reproducibility was 5.3% RSD for 10 replicates (N=10). The %RSD was
better at higher concentrations.
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The sensitivities of the FI-HG-EHQTA were calculated in terms of characteristic
concentration (Co) and limit of detection. The analytical figures merit are given in
Table 3.8. The LOD was calculated from 3 times the standard deviation of the signal

obtained by a standard at or slightly above the limit of quantitation.
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Figure 3.40 The analytical signals of 5.0 ng/mL of A- As(lll) and B- As(V),

obtained using the optimized parameters given in Table 3.7.

Table 3.8 The analytical figures of merit of FI-HG-EHQTA. Peak height was used

for absorbance measurement with N=3

Values
Figures of merit As(11) As(V)
LOD (ng/L) 0.54 0.54
LOQ (ng/L) 1.8 1.8
Linear Range (ng/mL) 5to 50 5to0 50
Co (ng/L) 1.60 1.56
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3.3.4- Flow injection hydride generation W-coil trap electrothermal atomic
absorption spectrometry (FI-HG-WC-ETAAS)

Because of the fact that the manifold of FI-HG-EHQTA and FI-HG-WC-ETAAS are
the same; except the atomizer being different, the hydride generation efficiency was
also the same. But nonetheless, an optimization study on the hydride generation
parameters of FI-HG-WC-ETAAS method was carried since hydrogen gas is
introduced in this system. However since atom trapping is performed with WC, a 10

fold increase in the absorbance signals were observed.

The effect of the carrier solution or TGA flow rate and the trapping period of 2.0
ng/mL As(V) were investigated in detail while the other optimized parameters of FI-
HG-EHQTA shown in Table 3.7 were kept constant. The absorbance signals were
measured using peak height and the reproducibility was measured using three

replicates (N=3).

3.3.4.1- Effect of TGA flow and trapping period using FI-HG-WC-ETAAS

The influence of TGA flow rate and trapping period in the sensitivity of 2.0 ng/mL
As(V) was examined by keeping TGA flow rate at one constant value while the
trapping period is varied. The flow rates of 0.5, 1.0, 1.5 and 2.0 mL/min of TGA
were investigated, and the flow rate of the carrier solution was kept constant at 1.5
mL/min. when the flow rate of TGA was 0.5 mL/min the trapping period was varied
from 60 to 180 s. As shown in Figure 3.41, the signal slowly increases with
increasing of trapping period and then remains constant between 150 and 180 s. For
the other flow rates of 1.0, 1.5 and 2.0 mL/min of TGA flows the same trend of
increase in the analytical signal with the trapping period was also observed. However
at the flow rate of 1.0 mL the signal was found to be better and more stable.
Therefore 1.0 mL/min with trapping period of 120 s was selected as the optimum

condition.
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Figure 3.41 The effect of TGA flow 2.0 ng/mL of As(V) absorbance signal when
trapping period changes. The optimized parameters of FI-HG-EHQTA given Table
3.7 were used.

3.3.4.2- Effect of carrier solution flow rate and trapping period using FI-HG-
WC-ETAAS

The flow rate of the carrier solution determines the analysis time, and also the time to
start trapping of arsenic atoms on the Ir-coated tungsten coil in a flow system. Thus,
a preliminary study to find the time at which the analyte solution reaches the pre-
reduction coil and the reaction coil was carried out using the purple color of
potassium permanganate (KMnQa4) solution injected into system and monitoring its
position using a stopwatch. This preliminary study was conducted to have
information about timing of trapping for different flow rates. The flow rate of TGA
was kept constant at 1.0 mL/min and the carrier solution flow was varied from 0.5 to
2.0 mL/min. In order to obtain the optimum flow rate of the carrier solution, at each
flow rate of carrier solution, the trapping period was varied from 60 to 180 s. As
shown in Figure 3.42, at low and high flow rates, the signals were less sensitive;
however from 1.0 to 1.5 mL/min, an increase in the analytical signal was observed as
the trapping period increases from 60 to 120 s and then remains constant to 180 s.
The flow rate of 1.5 mL/min with 120 s trapping period was therefore chosen as the

optimum value for calibration studies.
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Figure 3.42 The effect of carrier solution flow rate and trapping period using 2.0
ng/mL of As(V). The flow rate of TGA was 1.0 mL/min and the optimized
parameters of FI-HG-EHQTA given in Table 3.7 were used.

Table 3.9 The optimization parameters of FI-HG-WC-ETAAS. Parameters not
included are those in Table 3.7.

Parameters Values

Carrier (buffer) solution 0.05 M phosphate buffer pH 5.8
Pre-reduction solution 1.0% (v/v) TGA in 0.002 mol/L HCI
Flow rate of TGA solution 1.0 mL/min

Flow rate of carrier solution 1.0 mL/min

HCI in working standard 0.1 mol/L

NaBHa4 concentration 1.5% (wiv)

NaBHa4 flow rate 2.0 mL/min

NaOH 0.3% (w/v)

Volume of sample loop 0.5mL

Volume of pre-reduction coil 2.5mL

Length of reaction coil 120 cm

Length of stripping coil 10 cm

Trapping temperature 720 °C
Atomization temperature 1920 °C

Ar flow rate 75 mL/min

H2 flow rate 73 mL/min
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3.3.4.3- Calibration plot of As(I11) and As(V) using FI-HG-WC-ETAAS

By using the optimized parameters of FI-HG-WC-ETA shown in Table 3.9, the
calibration plots of As(lll) and As(V) were constructed. The calibration plot of
As(I11) is shown in Figure 3.43, and the calibration plot of As(V) is shown Figure
3.44. Peak height was used for absorbance measurements. The linearity of the i1As
species were found to be between 0.25 and 20.0 ng/mL and at the concentration of

30.0 ng/mL, a negative deviation from linearity was observed in both cases.
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Figure 3.43 Calibration plot of As(lll) trapped in Ir-coated W-coil using FI-HG-
WC-ETAAS. Parameters given in Table 3.9 were used.
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Figure 3.44 Calibration plot of As(V) trapped in Ir-coated W-coil using FI-HG-WC-

ETAAS. Parameters given in Table 3.9 were used.
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3.3.4.4- Analytical figures of merit of FI-HG-WC-ETAAS system

The absorbance signals of 0.25 ng/mL As(111) and As(V), and 2.0 ng/mL As(ll1) and
As(V) obtained by FI-HG-WC-ETAAS are shown Figure 3.45 and 3.46,
respectively. The reproducibility of the absorbance signals were between 5.5 and
1.0% RSD for 7 replicates (N=7). The %RSD became even lower at higher
concentrations. The sensitivities of the FI-HG-WC-ETA were calculated in terms of
characteristic concentration (Co) and LOD. The results of the analytical figures merit
are given in Table 3.10. The LOD was calculated from 3 times the standard deviation
of the signal obtained by a standard at or slightly above the limit of quantitation. The
characteristic mass (mo) of the flow injection method is also given in Table 3.10.

The enhancement factors of FI-HG-WC-ETAAS over FI-HG-EHQTA-AAS are
shown in Table 3.11.
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Figure 3.45 The analytical signals of 0.25 ng/mL of A- As(lll) and B- As(V),
obtained using the optimized parameters of FI-HG-WC-ETAAS given in Table 3.9.
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Figure 3.46 The analytical signals of 2.0 ng/mL of A- As(lll) and B- As(V),
obtained using the optimized parameters of FI-HG-WC-ETAAS given in Table 3.9.

Table 3.10 The analytical figures of merit for FI-HG-WC-ETAAS. Peak height was

used for absorbance measurement with N=3

Table 3.11 The enhancement factors of FI-HG-WC-ETAAS over FI-HG-EHQTA-

Values
Figures of merit As(111) As(V)
LOD (ng/mL) 0.047 0.050
LOQ (ng/mL) 0.16 0.17
Linear Range (ng/mL) 0.2510 20.0 0.2510 20.0
Co (ng/L) 0.116 0.116
mo (ng) 0.058 0.058

AAS calculated by comparison of characteristic concentrations (Co).

Analyte Co (ng/mL)
E Et (min?) | Ev(mL™?) FI-HG- FI-HG-WC-
EHQTAAS ETAAS
As(I11) 13.8 6.91 27.6 1.60 0.116
As(V) 13.4 6.7 26.9 1.56 0.116
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E is the enhancement factor (ratio of Co for EHQTA and WC-ETAAS)
Et is the E/min for sampling

Ey is the E/volume of sample in mL

3.3.5- High performance liquid chromatography hydride generation (HPLC-
HG-) studies without TGA

In the following sections, optimizations and measurements using HPLC for
chromatographic speciation studies will be undertaken. In this part, the previous data

using FI mode will be utilized.

3.3.5.1- Using peak area or peak height for absorbance measurement

The absorbance signal of the chromatographic separation combined with hydride
generation method was measured in both peak area and peak height for the two
atomization methods: EHQTA and WC-ETA. In the EHQTA method, when
measurement was based on peak area, the sensitivity is 3 times better when
measurement is on peak height. However for the WC-ETA method, the peak height
measurement gave 2 times more sensitive than peak area. But the sensitivity obtains
using peak height measurement for WC-ETA is 4 times than the sensitivity obtained
using peak area for EHQTA. All these sensitivities are calibration sensitivity or
simply the slope of the calibration plot. In EHQTA, no trapping used and the signals
are usual chromatography signals, reproducibility is affected by noise. But by using
WC-ETA method, all atoms are collected and atomized to produce a sharp signal
with half width < 0.5 s and repeatability with < 5%RSD for higher concentrations.
Peak areas were calculated using the OriginPro.8.5 software.
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3.3.5.2- Determination of appearance periods of As(l11) and As(V)

In the preliminary study using HPLC-HG, the determination of the retention times
for As(lll) and As(V) were investigated using the mobile phase ammonium
dihydrogen phosphate and phosphoric acid buffer solution (NH4H2PO4/H2PQ4) at pH
5.8 used by Julian F. Tyson et al [121] and the concentration of 0.05 mol/L, was
selected. The mobile phase flow rate was 1.0 mL/min with isocratic elution. The
flow rate of sodium tetrahydroborate was 2.0 mL/min. Standard concentrations of
individual arsenic species of As(lll) or As(V) or their mixtures were prepared in
deionized water. The injecting volume was 0.16 mL, and 0.2 mol/L HCI was used in
flow system downstream HPLC column to react with the NaBHas solution; this
solution was placed instead of the TGA solution in Figure 2.3. The setup of the
HPLC-HG shown in Figure 2.3 was used to determine the retention time of the

arsenic species combined with the EHQTA atomizer.

3.3.5.3- HPLC-HG-EHQTA-AAS system using 0.2 mol/L HCI without TGA to
determine the appearance period of As(111) and As(V)

Since the electrically heated quartz tube atomizer (EHQTA) directly atomized the
arsenic hydrides, it was used for online atomization of the inorganic arsenic species
so that their retention time can be directly determined. During this study, 0.2 mol/L
HCI was used, and no TGA was introduced into the hydride generation system. The
atomic absorption spectrometer software can only read from 0 to 100 s on the time
axis in a single run. Therefore due to this limitation, 9 consecutive runs of 100 s
program were utilized in order to cover 15 min corresponding to the highest retention
time. For this study, peak height was used for absorbance measurements and the

parameters used are given in Table 3.12.

In the first run, only 80 ng/mL of As(lll) was loaded into the 0.16 mL sample loop

and as soon as the sample was injected, a stopwatch timer was simultaneously
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initiated so that the time of elution of the signal is monitored. In Figure 3.47, the
signal for 80 ng/mL of As(lIl) is shown. The injection time is indicated by zero
second and the time taken for the chromatographic signal to show up was between
120. The experiment was repeated for 5 replicates (N=5) with < 5% RSD. In the
case of As(V), the same timing process was also followed. However because no pre-
reduction reagent was used, the sensitivity As(V) 18 times less than that of As(lIl).
Therefore the signal was observed using 500 ng/mL As(V) and the appearance time
was 345 s. The signal is shown in Figure 3.48; the repeatability of the signals was <
5% RSD.

Following the individual analysis of arsenite and arsenate, a mixture of As(l1l) and
As(V) containing 80 ng/mL As(lIl) and 1000 ng/mL As(V) in 50 mL volumetric
flask was prepared. By using again the 0.16 mL of the injection loop, the mixture
was injected and run for analysis. The two arsenic species were clearly separated in

one isocratic elution. The signal of the two species is shown in Figure 3.49.

Table 3.12 The optimized parameters of HPLC-HG-EHQTA-AAS for As(l1l) and
As(V) determination

Parameters Conditions
HPLC sample loop 0.16 mL
Mobile phase (carrier solution) 0.05 M phosphate buffer pH 5.8
Flow rate of mobile phase 1.0 mL/min
Flow rate of HCI 1.5 mL/min
Concentration of HCI 0.2 mol/L
Flow rate of NaBHa 2.0 mL/min
Concentration of NaBH4 1.5% (wiv)
Concentration of NaOH 0.3% (w/v)
Length of reaction coil (RC) 120 cm
Length of stripping coil 10 cm

Ar gas flow 200 mL/min
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Figure 3.47 Chromatographic signal of 80 ng/mL As(l11) obtained by EHQTA using

the parameters given in Table 3.12.
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Figure 3.48 The chromatographic signal of 500 ng/mL As(V) obtained by EHQTA

using the parameters given in Table 3.12.
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Figure 3.49 The separated chromatographic signals of As(lll) and As(V) mixture
using EHQTA using the parameters given in Table 3.12.
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3.3.5.4- HPLC-HG-WC-ETAAS system using 0.2 mol/L HCI without TGA for
As(111) and As(V)

Following the study of the HPLC-HG-EHQTA, a clear understanding of the elution
times of the inorganic arsenic species was acquired. Therefore during the study with
HPLC-HG-WC-ETAAS, a stopwatch was utilized to monitor the times such as the
elution time, time to start trapping and the time to end trapping. The time between
sample injection and the start of trapping was referred to as the waiting period.
Individual concentration of As(lll) and As(V) were first determined and then a
mixture of the 1As species. 0.2 mol/L of hydrochloric acid was used without TGA.
The principle of operation of the HPLC-HG-WC-ETAAS technique for the
determination of the iAs species was as following: In the load position of the HPLC
injection port, 80 ng/mL of As(l11) was loaded into the 0.16 mL sample loop, and as
soon as injection was made, the stopwatch was simultaneously started. The waiting
period for As(ll1) was 120 s, so during this time the tungsten coil was off and no
trapping was performed. The significance of the waiting period was to avoid blank
problem. When the time reaches to 120 s, trapping was initiated and the stopwatch
kept running. When the time reaches 250 s, making a trapping period of 120 s, the
trapping was stopped by turning off the tungsten coil. The voltage was then rapidly
adjusted to atomization temperature (1920 °C) while the W-coil is off, and then
rapidly turned on again to atomize the trapped arsenic atoms. At atomization step, the
tungsten coil was kept on for approximately 5 s before turning it off again. This step
of leaving the lamp on for 5 s was important so that all trapped species are atomized
and the memory effect was eliminated. Hence no signal was observed when
momentary second atomization was carried out. The whole process of trapping
As(111) atoms and releasing starting from the waiting period to the atomization stage
lasted for 250 s. It was observed that the analytical and background signals were not
affected when the pumps were left running during atomization, and therefore it was
not necessary to turn them off. The study was repeated for 5 replicates (N=5). The
repeatability was < 5% RSD. The signal of 80 ng/mL of As(lll) is shown in Figure
3.50.
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Following the study of As(ll1), 400 ng/mL of As(V) was also individually run into
the HPLC anion exchanged column and after hydride generation it was trapped on
the Ir-coated tungsten. In this study 0.16 mL of As(V) was also loaded to the sample
loop, and as soon as the sample was run, the stopwatch was simultaneously started.
However, the waiting period for As(V) was 355 s, therefore until this time, trapping
was not commenced. When the time reaches to 355 s, trapping is started and it lasts
for 120 s when the time will read 475 s from the stopwatch, then trapping is stopped.
The process of trapping and atomization described for As(lll) was the same for
As(V). The details of the waiting period, trapping and atomization stages for As(V)

is shown in Figure 3.51.
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Figure 3.50 The signal for 80 ng/mL As(l11) using HPLC-HG-WC-ETAAS without

TGA. Parameters given in Table 3.12 were used.
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Figure 3.51 The signal for 400 ng/mL As(V) using HPLC-HG-WC-ETAAS without
TGA. Parameters given in Table 3.12 were used.

3.3.5.5- Determination of As(I11) and As(V) mixture by HPLC-HG-WC-ETAAS

A mixture of the inorganic arsenic species containing 80 ng/mL As(l1l) and 400
ng/mL As(V) was prepared in a 50 mL volumetric flask from the individual stock
solutions. The trapping and atomization process was carried as follows: after the
waiting period of As(I1) was completed at 120 s, it was trapped on the Ir-coated
tungsten for 120 s. When trapping was completed after 250 s, the variac was quickly
turned off and adjusted to atomization voltage and the As(lIl) atoms are rapidly
atomized. The variac is then turned off again and the pointer was return to trapping
voltage to trap As(V) atoms for another 120 s. The whole analysis time last for 450 s
and the trapped signals of As(111) and As(V) are shown in Figure 3.52.

134



0.8

80 ng/mL. As(IIT)
0.6 1

é 0.4 /
400 ng/mL As(V)
0.2
op4 Waiting Trapping stage J Trapping stage nlk‘
Period of As(IID of As(V)
-0.2 —t T v T T T T
100 200 300 400 500
Time (s)

Figure 3.52 The signals for 80 ng/mL As(l1l) and 400 ng/mL As(V) using HPLC-
HG-WC-ETAAS without TGA. Parameters given in Table 3.12 were used.

3.3.5.6- Separation of As(l11), DMA, MMA and As(V) using HPLC-UV-VIS

The anion exchange column used in this experiment was mounted in a HPLC-UV-
VIS instrument and the same conditions were applied. These conditions are 1.0
mL/min mobile phase flow rate that is composed of 0.05 M NHsH2PO4/H3POa4 buffer
solution with pH 5.8. The mobile phase was first run without injecting the analyte so
that a clear background is obtained. When the analyte mixture with concentration of
100 mg/L As for each species was injected into the instrument, the chromatogram

shown in Figure 3.53 was obtained.

As seen in the chromatogram, DMA and MMA appeared between As(111) and As(V)
and because of waiting period between the trappings of As(l1l) and As(V), the DMA
and MMA peaks were not trapped. Moreover since inorganic arsenic species As(I11)
and As(V) are more toxic than the organic forms DMA and MMA [59, 60, 78] the
emphasis in this study has been only on the inorganic arsenic species.
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Figure 3.53 The chromatogram of the As compounds obtained using the anion
exchange column fixed to the HPLC-UV-VIS.

3.3.5.7- The effect of mobile phase pH on the retention time of the arsenic
species using HPLC-HG-EHQTA-AAS

Even though a separation of the inorganic arsenic species was achieved with the
mobile phase used, a study in the effect of pH on the retention time of species was
carried out. During this study, the concentration of the mobile phase, phosphate
buffer was kept constant at 0.05 mol/L, and the pH was varied from 3.14, 4.0, 5.12,
6.14, to 7.1. As shown in Figure 3.54, when pH was increased from 3.14 to 7.1,
As(I11) retention time increases almost linearly. However for As(V) signal, the
retention time increases also almost linearly between 3.14 to 6.1 and at pH 7.1, there
is a larger increase in retention time. The trend of this increase in pH can explain as
follows:

For As(lll), as pH increases, the removal of hydrogen atom from the molecule
H3AsOs, cannot be achieved until at pH 10 when H2AsOs" will be formed and at pH
12, HAsOs* will start forming. Therefore, within the pH range of 2.14-7.1, the
As(I11) species should have no charge and are not expected to be retained by the
column. However, the role of the mobile phase should also be taken into
consideration. The solution of the problem requires further and deeper investigation,

taking into account also the surface charges of HsAsOs which may become more

136



negative with the increase in pH, explaining the longer retention times. As a result,
the experiments show that the retention of the As(ll1) species on the anion exchange

column increases as the pH of the mobile phase increases.

For As(V), the removal of hydrogen atom from molecule H3zAsQs, is appreciable in
the given pH range. Thus at pH 2, H3AsO4 is more abundant in the solution and as
the pH increases the molecule changes from H2AsO4, HAsOs*, to AsO4> with the
removal of hydrogen atom for every increase by two. That is why As(V), is retained
more in the anion exchange column. In the Eh-pH diagram shown in Figure 3.55 it is

clearly seen how the different arsenic species are deprotonated as pH increases [122].
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Figure 3.54 The effect of pH of the mobile phase on the retention times of As(l11)
and As(V), using HPLC-HG-EHQTA-AAS without TGA. Parameters given in Table

3.12 were used.

Figure 3.55 The Eh-pH diagram for arsenic As(l11) and As(V) compounds [122]
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3.3.5.8- Calibration plot using HPLC-HG-EHQTA and 0.2 M HCI without TGA

The calibration plots of As(l11) and As(V) using HPLC-HG-EHQTA without using
TGA, were drawn by using both peak height and peak area. The sample volume was
0.16 mL and the result of the calibration studies are shown in Figure 3.56 for As(l1I)
and Figure 3.57 for As(V). It was found that the plot of As(l1l) was linear between
5.0 and 100.0 ng/mL in both peak area and peak height. However, for the calibration
plot of As(V), the peak height has a linearity between 0.5 to 10.0 pg/mL, but the
peak area has a linearity between 0.5 to 4.0 pg/mL. Above this concentration, a
deviation from the linearity was observed. The measurement of absorbance using
peak area show a poor precision with %RSD of >5. In the Figures 3.56 the peak
height plot is less sensitive than the peak area plot of Figure 3.57, this actually due to
the different atomizer used EHQTA and WC-ETA have different dimension and
operational process and the efficiency of trapping for WC-ETA is not 100 %, thus
not all the arsenic atoms are trapped.
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Figure 3.56 Calibration plot for As(l11) using both peak area and peak height and
HPLC-HG-EHQTA-AAS without TGA. Parameters given in Table 3.12 were used.
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Figure 3.57 Calibration plot for As(V) using both peak area and peak height and
HPLC-HG-EHQTA-AAS without TGA. Parameters given in Table 3.12 were used.

3.3.5.9- Calibration plot using HPLC-HG-WC-ETAAS and 0.2 M HCI without
TGA

The calibration plots of As(Ill) and As(V) obtained using HPLC-HG-WC-ETAAS
without using TGA are shown are shown in Figure 3.58 and 3.59. Both peak area and
peak height were used for the absorbance measurement of the analytical signal. In
this system, peak height results were 2 times more sensitive than peak area. The
linear dynamic range for As(ll) was between 5.0 and 80.0 ng/mL with both peak
height and peak area and for As(V) the linearity was 50 to 1000 ng/mL.
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Figure 3.58 Calibration plots for As(l11) with both peak height and peak area, using
HPLC-HG-WC-ETAAS. The parameters given in Table 3.12 were used.
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Figure 3.59 Calibration plots for As(V) with both peak height and peak area, using
HPLC-HG-WC-ETAAS. The parameters given in Table 3.12 were used

3.3.5.10- Analytical figures of merit of HPLC-HG-EHQTA and HPLC-HG-WC-
ETAAS systems without TGA

The operational efficiency of trapping by Ir-coated W-coil was estimated by
comparing the limit of detection (LOD) and characteristic concentration (Co) of WC-
ETA with EHQTA atomizers using both peak height and peak areas. The results of
the calculations are given in Table 3.13 for peak height and Table 3.14 for peak area.
The enhancement factor of the atom trapping over the EHQTA for both As(l1l) and
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As(V) also calculated in peak height for the two atomizers and the results are given
in Table 3.15. Obviously for the peak area measurements, EHQTA was more
sensitive. The low enhancement observed for As(V) with the WC-ETAAS atom
trapping method can be attributed to poor trapping of As2H4 volatile compound
produced in a non-analytical manner during arsenic chemical hydride generation
[21]. The enhancement factor was calculated by taking the ratio of characteristic
concentration (Co) of normal hydride signal using HPLC-HG-EHQTA to the Co of
the trapped signal using HPLC-HG-WC ETAAS. The repeatability of the absorbance
signals in peak height were better than or equal to 5% RSD.

Table 3.13 Comparison of the analytical figures of merit of EHQTA and WC-ETA
atomizers using peak height without the use of TGA (N=7)
Figure of Merit | HPLC-HG-EHQTA-AAS | HPLC-HG-WC-ETAAS

As(I) As(V) As() As(V)
LOD (ng/mL) 2.5 60 0.22 5.9
LOQ (ng/mL) 8.3 200 0.74 21
Cong/mL 5.74 115 0.54 13.1
Range (ng/mL) 5t080 | 500 to 10,000 2.5t080 50 to 1000

Table 3.14 Comparison of the analytical figures of merit of EHQTA and WC-ETA
atomizers using peak area without the use of TGA (N=7)

Figure of | HPLC-HG-EHQTA-AAS | HPLC-HG-WC-ETAAS
Merit

As(111) As(V) AN As(V)
LOD (ng/mL) 0.42 11 0.82 21
LOQ (ng/mL) 1.1 41 2.7 70
Cong/mL 0.69 20.7 1.07 26.0
Range (ng/mL) 510 80 500 to 10,000 2.51t0 80 50 to 1000
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Table 3.15 Enhancement factors of As(111) and As(V) with EHQTA and W-coil ETA
using peak height without using TGA (N=7)

Co (ng/mL)
Analyte e e min) [ E.mLY | HPLC-HG- | HPLC-HG-WC-
EHQTA-AAS ETAAS
As(l) | 96| 48 60 5.74 0.54
As(V) |52| 26 33 115 13.1

E is the enhancement factor (ratio of Co for EQTA and W-coil ETA)
Et is the E/min for sampling,

Ey is the E/volume of sample in mL

3.3.6- Optimization studies on high performance liquid chromatography
hydride generation W-coil (HPLC-HG-WC) with TGA

Optimization studies were again carried out on the interacting parameters for HPLC-
HG-WC in the presence of TGA using 10.0 ng/mL of As(V) for online pre-
reduction. Peak height and peak area were used for absorbance measurement. The
optimized trapping and atomization temperature 720 °C and 1920 °C respectively for

the Ir-coated tungsten coil remains the same.

3.3.6.1- The effect of mobile phase flow rate on the trapping period in HPLC-
HG-WC-ETAAS with TGA using As(V)

It should be mentioned that the flow rate of the mobile phase significantly affect the
retention time of As(V) used for the optimization study. Therefore the retention times
were first examined using the EHQTA atomizer. The flow rate of the mobile phase
was varied from 0.5 to 2.0 mL/min. It was observed that, for 0.5 mL/min, the

retention time was 10 min and the peaks were broadened. However, as the flow rate
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was increased to 1.0, 1.5 and 2.0 mL/min the retention time naturally decreased to 5,

3 and 2 min respectively.

Following this study, the effect of the mobile phase flow rate on trapping period was
then investigated. The trapping period was varied between 60 and 180 s while the
flow rate of the mobile phase was varied from 0.5 to 2.0 mL/min. As shown in
Figure 3.60, by keeping the flow rate at one constant value, the trapping time was
varied from 60 to 180 s, and a linear relationship between the trapping time and
absorbance signal was observed for flow rates of 0.5 and 1.0 mL/min. However, for
the flow of 1.0 mL/min, produced stable signals were with % RSD < 5 at 120 s
trapping period. For the flow rate of 1.5 and 2.0 mL/min, the sensitivity of the signals
decrease and the reproducibility were poorer than 5% RSD. Therefore, the flow rate

of 1.0 mL/min with trapping period of 120 s was selected for the mobile phase.
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Figure 3.60 The effect of the mobile phase flow rate with respect to trapping time
using HPLC-HG-WC-ETAAS with TGA. The concentration of TGA was 1.0 %
(v/v) and HCI was 0.002 mol/L, The other parameters were same as those in Table
3.3.
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3.3.6.2- Effect of TGA solution flow rate on trapping period in HPLC-HG-WC-
ETAAS using As(V)

The flow rate of TGA solution does not affect the retention time of the arsenic
species, however since it was used for online pre-reduction of As(V) to As(lll), its
flow rate directly effects the sensitivity for As(V). In order to determine its optimum
flow rate, it was varied from 0.5 to 2.0 mL/min, and by keeping one flow rate value
constant the trapping period was varied between 60 and 180 s. The volume of the

pre-reduction coil was 2.5 mL.

The reaction time of TGA with As(V) sample was calculated by dividing the coil
volume by TGA flow rate in mL/min. Thus at flow of 0.5 mL/min, the reaction time
is 5 min. Therefore at the lowest flow rate, the reaction time is 5 min and at the
highest flow rate the reaction time is 1.25 min. In Figure 3.1, it was seen that TGA
has a maximum pre-reduction reaction time of 50 s, which renders it compatible for
online pre-derivatization of As(V). So even though it has a foul smell, it was

preferred to cysteine or Kl in ascorbic acid or thiourea in ascorbic acid.

In the first study, the flow rate of thioglycolic was set at 0.5 mL/min, and trapping
time was varied from 60 to 180 s, and as shown in Figure 3.61, the sensitivity of
As(V) signal increases with increase in trapping period up to 120 s and then remains
constant until 180 s. The same trend was observed for the other flow rates as the
trapping period was increased from 60 to 180 s. The flow rate of 1.0 mL/min with
the trapping period of 120 s was selected as the optimum values.
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Figure 3.61 The effect of TGA solution flow with respect to trapping time of As(V)
atoms for HPLC-HG-WC-ETAAS studies with TGA. As analyte, 10.0 ng/mL As(V)

was used. Other parameters were as those in Table 3.16.

3.3.6.3- Effect of HCI concentration in TGA solution in HPLC-HG-WC-ETAAS
using As(V)

From the optimization study of CF-HG-WC-ETAAS, it was observed that high
concentration of hydrochloric acid in TGA solution reduces absorbance signal of
As(V). Therefore the effect of HCI concentration in TGA solution was again
investigated using the HPLC-HG-WC-ETAAS. In the initial study, the HCl and TGA
solutions were placed in separate volumetric flasks; however this was creating
further dilution of the sample. Then in the second setup, the HCI and TGA were
mixed in the same flask. The results for the effect of HCI concentration is shown in
Figure 3.62. It was found that as the concentration of HCI increases from 0.0 to 0.1
mol/L the pre-reduction of As(V) was less affected and the sensitivity of signal
decreases at higher HCI concentration. The effect of the acid on the system was
apparently seen, because as acidity increases, foams were forming in the first GLS,
this was caused by too much of Hz gas being produced in the reaction, therefore the
low signal can be attributed partly to hydrogen dilution effect. The optimum value of

HCI concentration in the TGA solution was chosen as 0.002 mol/L.
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Figure 3.62 The effect of HCI concentration added in 1.0% (v/v) TGA using HPLC-
HG-WC-ETAAS. 10.0 ng/mL As(V) was used. Other parameters were as those in
Table 3.16.

3.3.6.4- Effect of TGA concentration in HPLC-HG-WC-ETAAS using As(V)

The concentration of TGA that will sufficiently pre-reduce As(V) was again
investigated for the HPLC-HG-WC-ETAAS system. From the results shown in
Figure 3.63, it can be seen that when the concentration of TGA was varied from 0.25
to 3.0% (v/v), the absorbance signal in peak height remains constant between 0.5 to
3.0%. In the study of Tomas Matousek et al. [104] the optimum concentration of
TGA was also found to be 1.0% (w/v). In this study also 1.0% (v/v) was found to be
the optimum value for complete pre-reduction of As(V) and hence was used for

further optimization studies.
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Figure 3.63 The effect of TGA concentration on the absorbance signals of 10.0
ng/mL As(V). Other parameters were as those in Table 3.16.

3.3.6.5- The effect of sodium tetrahydroborate concentration in HPLC-HG-WC-
ETAAS using As(V)

To examine the influence of the concentration of NaBH4, on the HPLC-HG-WC-
ETAAS system for arsenic hydride generation from As(V), this value was varied
from 0.5 to 2% (w/v), and all the solutions of NaBHa were stabilized in 0.3% (w/v)
NaOH.

As shown in Figure 3.64, from 0.5 to 1.5%, the absorbance signal of As(V) was
constant. However when the concentration of NaBH4 was increased to 2.0%, the
signal drops significantly, and this was obviously due to the hydrogen dilution factor
produced from the reaction. The optimum concentration of NaBH4 was also found to
be 1.5% (w/v).
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Figure 3.64 The effect of the concentration of NaBH4 (%w/v) on the absorbance

signals of 10.0 ng/mL As(V). Other parameters were as those in Table 3.16.

3.3.6.6- The effect of sodium tetrahydroborate flow rate in HPLC-HG-WC-
ETAAS using As(V)

The effect of sodium tetrahydroborate flow rate was also studied when its
concentration was 1.5% (w/v). The flow rate was varied from 0.5 to 4.0 mL/min. It
was found out that from the flow rate of 0.5 to 1.5 mL/min the absorbance signal also
increases and from 1.5 to 4.0 mL/min, the signal levels off and decreases slowly at
higher flow rates. The result of the study is shown in Figure 3.65. The optimum flow

rate found to produce stable signals was 1.5 mL/min and this value was selected.
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Figure 3.65 The effect of NaBH4 flow rate on the absorbance signals of 10 ng/mL
As(V). Other parameters were as those in Table 3.16.
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Table 3.16 The values of the optimum parameters of HPLC-HG-WC-ETAAS

Parameters Values
Mobile phase 0.05 mol/L phosphate buffer, ph 5.8
Mobile phase flow rate 1.0 mL/min
Sample loop volume 0.16 mL
TGA flow rate 1.0 mL/min
TGA concentration 1.0% (v/v)
HCI concentration in TGA 0.002 mol/L
NaBH4 flow rate 1.5 mL/min
NaBH4 concentration 1.5% (wiv)
NaOH concentration 0.3% (w/v)
Ar flow rate 75 mL/min
H2 flow rate 73 mL/min
Trapping period 120's
Trapping temperature 720 °C
Atomization temperature 1920 °C
Prereduction coil volume 2.5 mL
Reaction coil length 120 cm
Stripping coil length 10 cm

3.3.6.7- Calibration plots of As(Ill) and As(V) using HPLC-HG-EHQTA-AAS
with TGA

The calibration plots of As(l1l) and As(V) obtained using HPLC-HG-EHQTA-AAS
in the presence of TGA are shown in Figure 3.66 and 3.67, respectively. Both peak
area and peak height values were used for the absorbance measurement of the
analytical signal. However peak area measurements in EHQTA were 10 times more

sensitive and more reproducible than measurement using peak height, when slope
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sensitivities are used. By using a sample volume of 0.16 mL, the linear dynamic
range obtained for As(lll) and As(V) was between 5.0 and 80.0 with both peak

height and peak area.
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Figure 3.66 The calibration curve for As(lll) using HPLC-HG-EHQTA-AAS. The
sample volume was 0.16 mL and 1.0% (v/v) TGA in 0.002 mol/L HCI was used in

the system for online pre-reduction, and the other parameters were as those in Table

3.16.
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Figure 3.67 The calibration curves for As(V) using HPLC-HG-EHQTA-AAS. The
sample volume was 0.16 mL and 1.0% (v/v) TGA in 0.002 mol/L HCI was used in

the system for online pre-reduction and the other parameters were as those in Table

3.12.

150



3.3.6.8- Analytical signals for As(111) and As(V) using HPLC-HG-EHQTA with
TGA

The signals of As(I11) and As(V) from 10.0 to 80.0 ng/mL are shown in Figure 3.68.
The parameters for HPLC and other relevant parameters were as those in Table 3.12.
The repeatability of the signals ranges from 6 to 1.7% RSD. The peak area
measurement of the signals was 10 times more sensitive than peak height

measurement.

0.10 80 ng/mL
As (IID)

Time (s)

Figure 3.68 The signals for As(lll) and As(V) using HPLC-HG-EHQTA, the
parameters in Table 3.12 were used.

3.3.6.9- Calibration plots for As(l11) and As(V) using HPLC-HG-WC-ETAAS
with TGA

The calibration plots for As(l11) and As(V) obtained using HPLC-HG-WC-ETAAS
with TGA are shown in Figures 3.69 and 3.70 respectively. The parameters in Table
3.16 were used. The plots were drawn using both peak area and peak height and the
linear dynamic range was found to be between the concentrations of 2.50 and 80.0
ng/mL, above this concentration a negative deviation from the linearity was
observed. When slope sensitivities are used, the measurement of the analytical signal
using peak height was more than the double of that was obtained from peak area,

with a repeatability of < 5.9% RSD and % RSD value became smaller at higher
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concentrations. The half width of the trapped signals was < 0.5 s therefore the peak

area measurement was less sensitive.
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Figure 3.69 The calibration plot of As(lll) using HPLC-HG-WC-ETAAS. The

parameters in Table 3.16 were used.
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Figure 3.70 The calibration plot for As(V) using HPLC-HG-WC-ETAAS. The

parameters in Table 3.16 were used.
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3.3.6.10- Signals of As(111) and As(V) using HPLC-HG-WC-ETAAS with TGA

Analytical signals using HPLC-HG-WC-ETAAS are shown in Figure 3.71. The
parameters in Table 3.16 were used. The repeatability of the signals was < 6% RSD
for 3 replicates (n= 3) and repeatability becomes better at higher concentrations. Peak

height was used was used for absorbance measurements.
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Figure 3.71 Signals for 2.5 to 80.0 ng/mL of As(lll) and As(V) using HPLC-HG-
WC-ETAAS method. The parameters in Table 3.16 were used.

3.3.6.11- Analytical figures of merit for HPLC-HG-WC-ETAAS and HPLC-
HG-EHQTA-AAS

The analytical figures of merit of HPLC-HG-WC-ETAAS and HPLC-HG-EHQTA-
AAS methods were calculated in both peak height and peak area. In Table 3.17, the
values were calculated using peak height and in Table 3.18, the values were
calculated using peak area. As it is clearly shown from the tables, by using peak
height, WC-ETA is 10 times more sensitive than EHQTA, and by peak area,
EHQTA is just 4 times more sensitive than WC-ETAAS. With the use of peak height
values, the repeatability of the absorbance signals of WC-ETAAS were <5% RSD
and by using peak area, the repeatability of EHQTA, was < 10% RSD and only
decreases at high concentrations. The high value of the % RSD for EHQTA was due
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to the noise coming from the lamp and the several atom decaying processes in the
absorption zone of the QTA [12]. However, with atom trap, a sharp and transient
signal is generated during atomization temperature, thus having the advantage of not
being affected by either the noise of the lamp or the decaying processes in the
absorption volume. The comparison of enhancement of HPLC-HG-WC-ETAAS and
HPLC-HG-EHQTA-AAS in peak height is given in Table 3.19. The enhancement
was calculated by taking the ratio of the characteristic concentrations of EHQTA to
WC-ETA.

Table 3.17 Comparison of the analytical figures of merit for EHQTA and WC-ETA
atomizers using peak height with TGA (N=7)

Figures of | HPLC-HG-EHQTA-AAS HPLC-HG-WC-ETAAS
merit As(I11) As(V) As(111) As(V)
LOD, ng/mL 2.5 3.0 0.25 0.30
LOQ, ng/mL 8.3 10 0.74 0.78
Co, ng/mL 5.45 5.45 0.54 0.55
Range, ng/mL 510 80.0 510 80 2.51t080 2.51t080

Table 3.18 Comparison of the analytical figures of merit of EHQTA and WC-ETA
atomizers using peak area with TGA (N=7)

Figure of Merit | HPLC-HG-EHQTA-AAS | HPLC-HG-WC-ETAAS
As(111) As(V) A(I) As(V)

LOD, ng/mL 0.42 0.48 1.6 1.7

LOQ, ng/mL 1.4 1.6 2.1 5.5

Co, ng/mL 0.600 0.682 1.58 1.54

Range, ng/mL 5t0 80 51080 2.510 80 2.510 80
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Table 3.19 Enhancement factors of As(l1l) and As(V) with EHQTA and WC-ETA
using peak height with TGA (N=7)

Element Co (ng/mL)
E | Ec(mint) | E,(mL?) HPLC-HG- HPLC-HG-WC-
EHQTA ETA
As(I11) 10.1 5.05 63.13 5.45 0.54
As(V) 9.91 4.96 61.94 5.45 0.55

E is the enhancement factor (ratio of Co for EQTA and W-coil ETA)
Et is the E/min for sampling,

Ev is the E/volume of sample in mL

3.3.7- Validation of developed methods

In order to evaluate the accuracy of the developed methods, experiments were
performed using two certified reference material of water samples: CRM EU-L-2
waste water and CRM 1643e trace elements in water. In addition, CRM 1570a Trace
Elements in Spinach Leaves and CRM BCR 627 of Tuna Fish Tissue were also used.
Total arsenic determination was performed in the water CRMs. However for the

1570a both total As and speciation analysis was performed.

3.3.7.1- Total arsenic determination in water CRMs

Total arsenic standards containing both As(lll) and As(V) in 1 to 1 ratio were
prepared in 1.0% (v/v) TGA and 0.002 mol/L HCI and measured using CF-HG-WC-
ETAAS. A direct calibration study was performed with the standard solution. A
concentration of 0.5 ng/mL was prepared from each of the water CRMs by using the
appropriate dilution methods. The standard solutions were measured in 5 replicates
(N=5) and the blank was measured in 10 replicates (N=10). The repeatability of the

absorbance signal was < 5% RSD and the equation y= 0.3349x + 0.0126 was
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obtained from the line of best fit. This equation was used to determine the
concentration of total arsenic in the certified water materials. The values of the

certified reference materials and values found are given in Table 3.20.

Table 3.20 Results of the analysis of water certified reference materials and their
certified values (N=10)

CRM Found value Certified value
1643e? /ngmL™* 61.06 + 0.01 60.45 +0.72
EU-L-2%/ ngmL? 80.45 + 0.009 (80.00 + 0.002)°

@ Sample solution was diluted in 120 folds

b Sample solution was obtained by 1:100 dilution and from this stock 160 folds
dilution was performed. The aqueous solutions were all in 1.0% (v/v) TGA with
0.002 mol/L HCI.

¢This value was obtained after1:100 dilution with water.

3.3.7.2- Non-chromatographic speciation of inorganic arsenic in water CRM

By using the optimized parameters of CF-HG-WC-ETAAS, a non-chromatographic
speciation of inorganic arsenic species study was carried out by one to one mixing of
As(111) and As(V) to make a total concentration of 1.0 ng/mL of inorganic arsenic.
The standard solutions of the arsenic species were prepared as given in Table 3.21.
The analytical signals of all solutions have the same absorbance value for total As
using CF-HG-ETAAS with TGA procedure. A separate set of solutions containing
only As(I1l) corresponding to the same values in mixtures are also analyzed by the
same method to find As(lll) signals alone. The absorption values of As(V) were
obtained by subtracting As(Ill) absorbance signal from the total signal. The

calibration plot is shown in Figure 3.72.
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Table 3.21 Preparation of the standard solution of As(IIl) and As(V) solution

mixture for non-chromatographic speciation

Analyte concentration ng/mL
As(I11) As(V) Total As
1.0 0.0 1.0
0.8 0.2 1.0
0.5 0.5 1.0
0.2 0.8 1.0
0.0 1.0 1.0
0.4
=R — —=
:i 0622 y = —0.325M283 Y= %giogﬁ:ng_ooz
E 0_1'5 R2= 0.9993 \/.\/ '
5 0.1
% 0.05 -//-/ \’\\
0

0.60
As ng/mL

0.00 0.20 0.40

0.80 1.00

1.20

Figure 3.72 The calibration plot of the total inorganic arsenic species in working
standard. The parameters of CF-HG-WC-ETAAS with TGA are given in Table 3.3.

3.3.7.3- Total arsenic determination in 1570a and BCR 627 CRMs

For total arsenic determination in 1570a Trace Elements in Spinach Leaves, acid

digestion of the sample was performed. As explained in Section 2.3.2, two parallel

samples of 0.1 g of the CRM were digested in 4.0 mL solution containing 3.0 mL of
25% HNOs and 1.0 mL of 30% H202. Two blank solutions were also digested.
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The digested CRM solutions and the blank solutions were then adjusted to weight of
30.0 g using deionized water and then the resulting solutions were measured with
CF-HG-WC-ETAAS. An external calibration was curve was prepared from freshly
prepared As(I1l) standard solution using this system and this linear equation y=
0.3349x + 0.0126 was obtained. After analyzing the digested blank of HNO3s and
H202 the concentration of total inorganic arsenic in the 1570a Trace Elements in
Spinach Leave CRM was determine. The repeatability of the signals in peak height
was <5% RSD and the absorbance of the blank was 0.005 Abs Unit. The certified

and the found values of this study are given in Table 3.22.

Total arsenic determination was also carried out in Tuna Fish Tissue CRM (BCR
627). The procedure of the experiment was explained in section 2.7. Two parallel
samples of the CRM and two blank solutions were all digested together. Double
microwave cycles digestions were performed and the solutions were adjusted with
30.0 g using water and then measured with FI-HG-EHQTA-AAS. An external
calibration was curve was prepared from freshly prepared As(ll1) standard solution
using this system and this linear equation y= 0.0026x + 0.0034 was obtained. After
analyzing the digested blank of HNOs and H202 the concentration of total inorganic
arsenic in BCR 627 CRM was then analysed. The repeatability of the signals in peak
height was <5% RSD and the absorbance of the blank was 0.003 Abs Unit. The

certified and the found values of this study are given in Table 3.22.

Table 3.22 The experimental values and certified values of the solid CRMs, mg/kg

CRM Found value Certified value
1570a 0.0684 + 0.0022 0.068 + 0.012
BCR 627 4,75+ 0.01 48+0.3
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3.3.7.4- Extraction of arsenic compounds in 1570a CRM spinach leaves

Two extraction solvents were tested for efficient extraction of inorganic arsenic in
1570a Trace Elements in Spinach Leaves CRM. The first solvent used was 0.1 mol/L
NaOH in 1/3 Methanol and water. The procedure of the extraction is explained in
Section 2.5. The second solvent was 1.0% (v/v) trifluoroacetic acid and extraction
procedure is explained in Section 2.6. After extraction, 4.0 mL of the extract was
used for acid digestion and the remaining extract was used for chromatographic
speciation. The total concentration of arsenic extracted from the spinach leaves was
calculated using the equation y = 0.3349x + 0.0126 and the value for the two
solvents are given in Table 3.23.

3.3.7.5- Extraction efficiency of solvents to arsenic compounds in 1570a CRM

To evaluate the extraction efficiency of the two solvents used for extraction of total
arsenic from spinach leave CRM, extraction efficiencies were calculated as the ratio
of total As in the extract to total As in the sample. The values of the extraction
efficiency of the two solvents are given in Table 3.23 and extraction efficiency
appeared to be highly variable, depending on the extraction solvent.

3.3.7.6- Chromatographic speciation of inorganic arsenic in 1570a CRM

The remaining of the extracted solution using trifluoroacetic acid solvent was used
for chromatographic speciation of inorganic arsenic species. Since the electrically
heated quartz tube atomizer was not sensitive enough for the concentration of the
arsenic species in the extract, the tungsten coil electrothermal atomization was used.
By using of 0.16 mL sample volume, and the optimized parameters of HPLC-HG-
WC-ETAAS, the two inorganic arsenic species were separated in the extract and

analyzed. Results are given in Table 3.23.
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Table 3.23 Comparison of two solvent used for extraction of arsenic from Trace

Elements in Spinach Leaves 1570a CRM.

Extraction Total As, Total 1As, mg/kg Extraction

solvent mg/kg extracted (by HPLC-HG- | efficiency
As, mg/kg WC-ETAAS) (%)

1/3 MeOH/H20 | 0.0684 +0.002 | 0.0585+0.007 | 0.0429 + 0.004 85.5

and 0.1 mol/L

NaOH

1.0% (v/v) 0.0684 +0.002 | 0.0675+0.002 | 0.052 + 0.004 98.7

trifluoroacetic

acid

3.3.8- Real sample analysis

3.3.8.1- Microwave acid digestion for total arsenic determination vegetable

samples from Beypazari

Vegetable samples from Beypazari Ankara, Turkey were used for real sample
analysis with the methods developed in this study. The samples were subjected to dry
freezing and then analysed for total arsenic after microwave acid digestion. An
amount of 0.100 g of each of the sample was accurately weighed and transferred to
the microwave digestion vessel and then 3.0 mL of 25% HNOs3 and 1.0 mL of 30%
H202 were added to sample. A blank solution containing only nitric acid and
hydrogen peroxide was also digested. Before sample digestion, a calibration of total
inorganic arsenic was first carried out using the CF-HG-WC-ETAAS. The equation
of the line of best y=0.1536x + 0.0276, was used to calculate the total concentration
of As in each of the samples. The calculation was based on dry mass. The results of
the total As and the percentage of water content of the vegetable are given in Table
3.24.
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Among the vegetables, only Dill samples contained significant concentration of total
arsenic therefore the extraction of total inorganic arsenic was further carried out

using Dill vegetable for chromatographic speciation.

The percentage of moisture content was calculated using this equation

P= [(mwet - mdry) [ Muet ] x 100%

Where P is percent moisture content, mwet is mass of wet sample and mary is the mass

of dry sample.

Table 3.24 The results for the vegetable samples obtained from Beypazar: using CF-
HG-WC-ETAAS

Sample Total As (ug/g) Percent moisture
content (%)
Lettuce-1 Not detected 94.8
Lettuce-2 Not detected 94.8
Spinach-1 Not detected 89.7
Spinach-2 Not detected 90.1
Parsley-1 Not detected 88.5
Parsley-2 Not detected 88.7
Garden rocket-1 Not detected 93.5
Garden rocket-2 Not detected 92.9
Dill-1 0.414 +£0.004 90.1
Dill-2 0.429 + 0.002 88.9

161



3.3.8.2- Extraction of arsenic compounds in dill plant sample for HPLC-HG-
WC-ETAAS

The Dill plant was cut in the middle to make two portions and the upper part was
label as dill 1 and the lower part was label as dill 2. This was made to compare the
distribution of arsenic at the part near the roots and near the leaves. The labeling of

the plant is shown in Figure 3.73.

Each part of the dill plant was separately subjected to inorganic arsenic extraction by
using 1.0 %(v/v) of trifluoroacetic acid as the extracting solvent. 10.0 mL of the
solvent was poured onto 0.20 g of the freeze dried Dill-1 and Dill-2 samples placed
in a separated plastic container. The sample solutions were shaken for 12 hours, and
further shaken with vortex shaker before placing them into sonication bath for 20
min and finally centrifuged for 15 min with 5000 rpm. The liquid part was filtrated
through 0.45 um membrane filter paper. An amount of 4.0 mL of the filtrate was
used for extracted total As determination by using the microwave digestion and
analyzed with the CF-HG-WC-ETAAS. By using the results for total As and
extracted total arsenic, % extraction efficiency is calculated. The rest of the filtrate
was subjected to chromatographic separation for the speciation analysis of the
inorganic arsenic species using the HPLC-HG-WC-ETAAS. The results found for
As(I11) and As(V) were corrected by using % extraction efficiency. The results of the

experiment are given in Table 3.25.

The total inorganic arsenic was calculated for the sample and Dill-1 was found to
contain 0.338 + 0.005 pg/g inorganic arsenic by dry mass. In Dill-2 the total
inorganic arsenic content was 0.372 = 0.011 pg/g. From this result it can be inferred
that Dill-2, which represents the lower part of the Dill plant that is nearer to the root
area contain higher inorganic arsenic species than the upper part of the plant. It
should be noted that at 95% confidence level, according to t-test, there is no

significant difference between these two values.

162



Dill 1

12 cm

™ Length of plant
250 cm

Dill 2
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_

Figure 3.73 The labelling of the dill plant into upper and lower parts for arsenic

distribution determination.

Table 3.25 The extraction of arsenic compounds from dill plant using trifluoroacetic
acid and speciation using HPLC-HG-WC-ETAAS. The results are calculated using

dry mass (N=2)

Dill 1 Dill 2
Total As, Hg/g 0.414 + 0.004 0.429 + 0.003
Total extracted As, ug/g 0.398 + 0.002 0.399 + 0.009
As(111), uglg 0.201 + 0.004 0.225 + 0.007
As(V), Hg/g 0.137 + 0.002 0.147 + 0.008
Total iAs, ug/g 0.338 £ 0.005 0.372 £ 0.011
Extraction efficiency 96.1 % 93.0%

% inorganic content

[81.6 = 1.3] %

[86.7 = 2.7] %
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3.3.8.3- Vegetable and water samples from Bahkesir Bigadi¢ Turkey

Samples of water and vegetable were collected from the Boron element mine site
Balikesir in the southern part of Turkey. The samples were collected from four
gardens that were approximately 3 to 4 km from the mining site. From each garden,
one type of vegetable sample plus the water used for irrigation were collected. From
garden 1 (G1), Garden rocket was collect, in garden 2 (G2) Dill was collected, in
garden 3 (G3) Lettuce was collected and in garden 4 (G4) Parsley was collected. The
results of the analysis of water sample for total arsenic determination using the CF-
HG-WC-ETAAS are given in Table 3.25.

Chromatographic speciation study for the inorganic arsenic species was also applied
to the water samples using the HPLC-HG-WC-ETAAS. The results of this study is

also given in Table 3.26

Total arsenic was determined when sample arrived in the laboratory in both the water
and vegetable samples by using the same procedure as the vegetable collected from

Beypazar: Ankara as given section 2.5.6.

For the total arsenic, CF-HG-WC-ETAAS method was used and after extracting with
1.0 % (v/v) trifluoroacetic acid the speciation of the inorganic arsenic species was
carried out using the HPLC-HG-WC-ETAAS. The results of the studies are given in
Table 3.27. The results were calculated using the calibration equation y= 0.1889c +
0.0129 and the total arsenic content from the vegetable samples were very much
correlated with the water used to irrigate it.
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Table 3.26 The results for total arsenic in water samples collected from Balikesir in

four different gardens (N=5). CF-HG-WC-ETAAS was used.

Garden 1

Garden 2

Garden 3

Garden 4

Total As,

ug/mL

0.045 + 0.004

0.047 +0.008

0.083 +0.012

0.046 + 0.007

As(I1), pg/mL

0.012 + 0.002

0.015 + 0.002

0.026 + 0.005

0.009 + 0.001

As(V), ug/mL

0.033 +0.004

0.032 +0.003

0.057 + 0.007

0.037 + 0.003

Table 3.27 The extraction of iAs using trifluoroacetic acid and speciation using
HPLC-HG-WC-ETAAS for Balikesir vegetable samples. The results are calculated

using dry mass (N=3)

Garden Dill (G2) Lettuce (G3) | Parsley (G4)
rocket (G1)
Total As, ug/g | 0.241 +£0.018 | 0.158 + 0.006 | 0.479+ 0.028 | 0.114 +0.014
Total extracted | 0.231+£0.0101 | 0.152+0.005 | 0.460 +0.022 | 0.107+0.0027
As (ng/g)
As(l11) (ng/g) | 0.067+0.004 | 0.045+0.0013 | 0.121+0.01 | 0.012+ 0.002
As(V) (ug/g) | 0.139+£0.012 | 0.088+0.013 | 0.297+0.023 | 0.063+ 0.008
Total iAs 0.206+ 0.013 | 0.133+0.013 | 0.418+0.025 | 0.075+ 0.008
(ng/g)
Extraction 95.9 96.2 96.3 93.9
efficiency %
% iAs 89.2+9.8 875+11.1 90.9+8.3 65.8 £ 2.6
Content
Water content 92.8 86.9 91.1 86.39
(%)

165




CONCLUSION

An analytical technique that involves chromatographic separation of inorganic
arsenic species and hydride generation system with atom trapping system using an Ir-
coated tungsten coil was developed and validated using certified reference materials.
The methods provide relatively easy, low cost and fast on-line pre concentration of
iIAs determination using TGA. The chromatographic separation was achieved by
using an anion exchange column with a phosphate buffer of pH 5.8. This developed
technique is sensitive and can be used to determine inorganic arsenic species at ng/L
range. Furthermore the methods developed can be applied in laboratories having a
simple AAS instrument and a hydride generation system with a very low additional
cost. The systems can be easily manufactured in any laboratory and use in routine

analysis.

ICP-MS has a great power of detection but suffers from many interferences and the
use of phosphate buffer is avoided due to deposits in cones. On the other hand, this
buffer is very efficient and can easily be used with AAS or AFS systems. The
developed method has analytical figures of merit comparable to or better than
relatively expensive techniques such as GFAASS and ICP-MS. In addition, it is

possible to realize chromatographic speciation with good detection power.

The use of TGA as an efficient pre-reduction reagent has made it possible to use
online analysis of As(V), and simultaneously can determine the inorganic arsenic
species with the organic one including MMA and DMA. However its unpleasant
odor can be really inconvenience to work with, but it was running in the online
system the smell is hardly felt.

The atom trapping using tungsten coil coated with iridium produce a sensitive
analytical signals that are very sharp due to fast heating rate of W coil which allowed

the use of peak height values; half widths were less than a second. The peak area

166



values are rather small which resulted in a decrease in the reproducibility and
enhancement factors. The chemical modifier gives the tungsten coil a longer life-

time with high efficiency of trapping and releasing of the atomic species.

The only challenging parameter that could be faced in the study is to have clear
separation of the arsenic species in the anion exchange column. The good separation
of the species is necessary because enough time is required to trap and release a
species before the elution of a second species. However by using the ammonium
phosphate with phosphoric acid buffer at pH 5.8, a clear separation of the inorganic

arsenic species was achieved.

In order to extend the applicability of this method for other analytes there are three
requirements: 1. the analyte must be volatilized; As and all the hydride forming
elements fulfill this requirement. 2. The analyte must be collected on a suitable
trapping system; including W-coil either chemically modified or in bare state. 3.
Trapped analyte should be thermally atomized in an absorption cell. Thus it means

that the method can be applied to all hydride forming elements
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Knowledge in the use of ICP-MS, ICP-OES and AAS for the determination of
essential and non-essential elements and for molecular characterization, | have
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1. Middle East Technical University

a. PhD in Analytical chemistry, between 2009 and 2014
C.GPA: 35
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PhD Thesis
Atom Traps and Vapor Generation Atomic Absorption Spectrometry for

Inorganic Arsenic Speciation Analysis

b- Master of Science in Chemistry, between 2006 and 2008
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Conferences and Seminars Attended

1. XI. Ulusal Spektroskopi Kongresi (11" National Spectroscopy Congress), 23-
26 June 2009, Gazi University Turkey.

2. Agilent seminar on the use and application of ICP-MS/MS, FTIR and Raman
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3. Thermo Scientific Instruments presentation (Ankara Swiss hotel April 2014)

Conference Presentations

1.

2.
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M. A. Ibraheim, N. Njie, E. Yildirim, M. H. Abdelalah, O. Y. Ataman,
“Interference Studies for Antimony by Hydride Generation Atomic Trapping
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G. Karaman, A. Atakol, S. Bora, N. Njie, E. Yildirim, S. Bakirdere, O. Y.
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abstracts, P1-44, s. 77, XI. National Spectroscopy Congress (USK 2009), 23-26
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4. Njaw Njie, O. Yavuz Ataman, “Atom traps meet chromatography and
speciation in Chios”, 9" Aegean Analytical Chemistry Days, 29 September-3
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Computer Education
Computer Operation and Windows 98 and Microsoft Word, and now acquainted

with internet usage
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Languages

Fluent in English
Intermediate Turkish
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Basic German (But currently studying)
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