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1 INTRODUCTION

Humans are unavoidably exposed to arsenic throuigiking water or the diet.
Although the World Health Organization has recomdszha Maximum Permissible
Concentration for arsenic in drinking water of 18/lumillions of people in the
world are exposed to significant quantities of gaoic arsenic through drinking
water for example in West Bengal (India). This esyoe contributes to cancers of
skin, bladder and lung in addition to having normearhealth effects include nausea,
vomiting, diarrhoea, blindness and skin pigmentatibhe toxicity of arsenic is
highly dependent on its chemical form, and moseassh has been focused on
inorganic arsenic as it was believed to be moréctthan organic arsenic species.
The major arsenic species in drinking water arerste A$ and arsenite AS both
of which are highly toxic (WHO 2003, Yoshida 2004).

Further humans are exposed to arsenic throughaskasoch as fish, algae and
molluscs. In organisms and hence in foods arsestars as water soluble and lipid
soluble arsenic species (arsenolipids). Marinecesuof food are known to contain
relatively high levels of arsenic compared to otfoexds. The presence of arsenic in
marine samples was first reported over 100 yeaws l@rine organisms and algae,
because of biotransformation and accumulation,atortigh contents of arsenic,
typically in the range 1-100 mg/kg (Francesconi97)9 Most arsenic found in
seafood is associated with relatively nontoxic oamggasenic species such as
arsenobetaine or arsenosugars. In fish and moligsassenic presented mainly as
arsenobetaine and in algae as arsenosugars.

Rice has attracted a lot of attention becausestiagle food in many countries, the
major arsenic species in rice can be inorganicnarser dimethylarsinate (Stone,
2008).

It has been considered that determination of tataénic concentration provide
not enough information. Therefore, for evaluatidrthee toxic potential to humans
and the environment, it is necessary to investigaie only the total arsenic
concentrations but also to differentiate each acsspecies. Arsenic speciation is
necessary to evaluate the risk assesment of famtipts and analytical methods are
needed to distinguish between toxic and non-toxserac species in food (EFSA,
2005).



2 LITERATURE REVIEW
2.1 ARSENIC CHEMISTRY

Arsenic is a metalloid with metallic and non-metalproperties. In biological
samples arsenic occurs mainly in oxidation statésamd +5. The only, natural
occurring arsenic isotope [8As. Arsenic belongs to the group 15 of the periodic
table and lies directly below P on the periodiddadnd so the two elements share
many chemical properties. Due to these similaritasenic can often substitute for
phosphorous in biological systems (Greenwood, 1997)

Arsenic can enter into the environment via anthggmic processes including
mining, smelting, combustion, the production anel tise of pesticides, herbicides,
insecticides and natural processes as weathermhganism, and dissolution of soils
and sediments rich in arsenic. Arsenic is used Iyam agriculture (pesticides,
wood preservation agents) and as the feed adqRwe@arsone) to improve growth
of poultry although arsenic use in these applicatibave been reduced in recent
years because of health concerns. Further, arsgoxide is used in medicine for
treatment of certain type of leukemia (Cullen, 1989

2.2 TOXICITY OF ARSENIC COMPOUNDS

The toxicity of arsenic is dependent on its cheimsgecies. Furthermore the
toxicity of arsenic species depends also on how #dre metabolized in the body
(Hansen, 2003). Therefore the toxicity and metabphathway of arsenic species
need to be considered.

Inorganic arsenic compounds are generally morectthan the organic arsenic
compounds. Trivalent arsenic is considered moréctthan pentavalent arsenic.
(Mandal, 2002). The best known victim of arsenigspoing is French emperor
Napoleon Bonaparte.

Two types of arsenic toxicity have been described:

Acute: Caused by ingestion of high amounts of iaarg forms of arsenic. A
common parameter to evaluate acute toxicity isLibg, value. The LI, values of
several arsenic species are displayed in Table 1.

Chronic: Humans are chronically exposed to inorgarisenic mainly through
their drinking water. Chronic exposure to inorgaaisenic may lead to skin lesions,
Black foot disease, diabetes mellitus and varioni$ of cancers (Chaterjee, 1995).



Table 1. Acute toxicity of some arsenic compoumdigboratory animals

Arsenic species Animal Route (mg,l&gli)g) Reference
As" mouse oral 26 Kaise, 1989
As’ mouse im* 22 Bencko, 1978
MA'" hamster ip** 2 Petrick, 2001
MA"Y mouse oral 916 Kaise, 1989
DMAY mouse oral 648 Kaise, 1989
Arsenobetaine mouse oral >10 000 Kaise, 1985

* intramuscular
** intraperitoneal injection

2.3 ARSENIC SPECIATION
The IUPAC has defined elemental speciation in ckagnas follow:

Chemical speciespecific form of an element defined as to isot@mmposition,
electronic or oxidation state, and/or complex ofeuolar structure

Speciation analysisanalytical activities of identifying and/or measg the
guantities of one or more individual chemical spean a sample

Speciation of an element (speciatiodistribution of an element amongst defined
chemical species in a system (Templeton, 2000).

For toxicological studies total arsenic concentradi provide not enough
information because the acute toxicity dependsreerdc species. Arsenic provides
a very good example of the importance of speciainrelation to toxicity.
Nowadays many techniques and their combinationuaesl for arsenic speciation
analysis.

A fundamental tool for speciation analyses hasnb#® combination of
chromatographic separation techniques with elenspeicific detector (ICPMS).
Further hydride generation coupled with atomic albison, atomic emission, atomic
fluorescence is common method (Gong, 2002).

In 1986 Thompson and Houk were the first who com@®iriPLC with ICPMS.
Up to this time arsenic speciation analyses wenddd to certain types of samples
or to samples with very high arsenic concentratidiiee combination became the
most powerful and commonly used method for arsgpéciation analysis.



2.3.1 Separation techniques
Hydride generation method

Hydride generation remains one of the most frequersed methods for arsenic
determination. This instrumentation is a very edind way for measuring arsenic
species which can form hydrides (AsAs’, MA, DMA, TMAO) but it is not
suitable for arsenic determination especially wimeost of arsenic is present as
arsenobetaine or other non-hydride forming arsspécies. For this reason the HG
technique is used mainly for samples that contag) MA, DMA (drinking water,
natural waters and human urine).

It is a derivatization process based on the proolu®f volatile arsines formed
from reaction with Zn/HCI or more commonly with s@ch borohydride (NaBb) in
acidic medium. A8 and AS give AsH, MMA gives CHAsH,, and DMA gives
(CH3),AsH. The volatile arsines are transported by amtigas to the detection
system. Only gaseous hydrides are introduced talé¢ector, and the matrix effect
is minimized. The reaction involves the reductidms’ to As" and formation of
arsine (AsH). The hydride generation technique for the deteatmn of arsenic
was first applied by Holak, who combined HG with 8AHolak, 1969). In 1973
Braman and Foreback used a combination of selextthection and cold trapping to
individually analyse arsenic species. The boilimgngs of the arsines are different
AsHs;, -55°C; CHAsH,, 2°C; and (CH),AsH, 35.6°C; therefore the arsenic species
can be differentiated by using HG with cryogenapping (Braman, 1973)

Arsenobetaine is a non-hydride forming As spechas, it is possible to be
detected, by introducing on-line UV photo-oxidatiwith persulfate KS,Og prior to
HG. The UV photo oxidation step is important fongmunds that can not produce
hydrides under reducing conditions (Rubio, 1993).

Hydride generation method can be easily connecta@tious detection systems
such as AAS, AES, ICPMS. Moreover HG can be incafsal between HPLC and
AAS or ICPMS and improves the detection limits.

Capilary Electrophoresis

CE has been applied for arsenic speciation studiesffers high separation
efficiency, small sample consumption and rapid ysial The electric field is
applied along the column, typically between 20-30 &nd the analytes are moving
with different velocity in the electric field. Budf composition, concentration and
pH affect the separation of arsenic species.

Early report used UV detection and silica capillaxglumn with an acidic
phosphate buffer to separate"AAs’, DMA, MMA (Morin, 1992). CE was also
coupled to ICPMS and As As’, DMA, MMA, AsB, AsC were separated and
LODs were in pg/L range (Olesik, 1995). The crugalnt in coupling CE with
ICPMS is the interface. Generally the flow rateGif does not match with the flow
rate for an efficient nebulisation. Therefore lolewf microconcentric nebulizers
have to be used. CE is able to separate cationionia and neutral species but is



mostly limited to pure standard solutions or simpigtrix. The application of CE to
real sample has been reported only in few papeish@ke, 2005).

Chromatographic separation of arsenic species

Liquid chromatography (LC) is the most popular t@ghe for arsenic speciation.
In LC a mobile phase is used to transport the sammio the column where
individual species are selectively retained indtagionary phase and thus separated.
Most of the speciation studies in biological sammpkre performed by High
Performance Liquid Chromatography (HPLC) becausantdetermine both organic
and inorganic arsenic species. HPLC can be easiheacted with many other
detection techniques such as ICPMS, HGAFS, MS winelkes the system most
useful for As speciation. After HPLC separation K& be used to increase the
sensitivity.

The chromatographic separation of arsenic specegggerdls on pH. Arsenic
species can be positively or negatively chargecaeing on the pH of solution, and
consequently, they can be separate on cation- arh-axchange columns. At
neutral pH, As(V), (pKal = 2.3), MMA (pKa = 3.6) @DMA (pKa = 6.2) are
present as anions; AC, (TMAO, pKa = 3.6) and TET&¥Acations; AB (pKa = 2.18)
as zwitterion; As(lll), (pKal = 9.3) as an unchargpecies (Raber, 2000; Goessler,
2002).

lon exchange chromatographic separation (IC) igjueatly used in arsenic
speciation analysis. IC is based on the competdidhe analyte ions and ions of the
mobile phase for the oppositely charged sites (B$0;, NH;") bound to the
stationary phase. The retention of the analytesterchined by several factors like,
degree of ionisation, ionic strength, pH of molplase, temperature and flow rate.

Several types of chromatography can be used. Witlhona exchange
chromatography is possible to separate’,AMA, DMA and four common
arsenosugars. A polymer-based column PRP-X 108ad for the separation with
20 mM ammonium dihydrogen phosphate at pH 5.6.hla mmethod arsenosugar
glycerol and AY are coeluting (Raber, 2000).

A method for the separation of cationic species, AT DMAE, AB, AC and
TETRA is performed on cation-exchange column. lrerdeparation, a silica based
lonosphere 5C column is used and 10 mM pyridin@kt2.6 as mobile phase
(Hansen, 1992).

One of the most important parameter what is necgeacalculate in HPLC
analysis is the column recovery. Column recovemhésquantity of arsenic injected
onto the HPLC column is accounted for by the surareénic species eluting from
the column. If 50 % or more of the arsenic is lmstthe HPLC column, the arsenic
speciation picture provided by HPLC is incompldteaicesconi, 2004).

Gas chromatography was also applied for the meamurieof volatile species.
Since many compounds are not volatile or can nottraesformed to volatile
derivates without loss of information LC is withodbubt the most commonly
applied separation technique in arsenic specitinatyais.



2.3.2 Detection techniques
Atomic Absorbtion Spectrometry

In atomic absorption spectrometry (AAS), the elemanalyte is thermally
decomposed to atoms which absorb light at a pdaticuavelength characteristic of
the element. The decomposition is usually perforined flame or in an electrically
heated graphite tube.

Until the 1980s, flame atomic absorption spectromé@AAS) was used as an
HPLC detector for arsenic speciation but FAAS gssffeom low sensitivity (LOD
for As: 1 mg/L) and high background noise from thame, GF-AAS was
introduced. An improvement by a factor of 10—-100amalytical sensitivity was
obtained by using a small heated graphite tube.dvew a direct coupling of HPLC
to GFAAS is difficult because it is necessary tce s long analytical cycle,
including drying and ashing the sample prior tom&ge atomization. The problem of
losing arsenic during the ashing stage (arseniktmseb at 613°C) was overcome by
adding the matrix modifers such as paladium nittatesample solution (Shan,
1984).

In 1969 Holak discribed HGAAS in which Agkvas generated and collected in a
cold trap and passed into the burner of an AA spewter. Atomic absorption
spectrometry, in combination with a hydride generastep, was the most common
method for the determination of total arsenic contduring the 1970s and 1980s,
and is still widely used. With hydride generatiol\®, arsenic content can be
determined bellow 0.02 mgAs/kg (Holak, 1969).

Atomic Fluorescence Spectrometry

In atomic fluorescence spectrometry (AFS), atongs excited to higher energy
state by absorption of electromagnetic radiatiod, the fluorescnece emission from
these excited atoms is measured at a specific eagtl. By measuring the intensity
of the emitted light it is possible to determine ttoncentration. In combination with
hydride generation, AFS provides excellent sensgtifor arsenic with reported
guantitative measurements bellow to 0.01 mg ardenicarly work by Woller
employed HPLC coupled to AFS detector for the deiteation of AS', As’, MMA,
DMA (Woller, 1995). The coupling of HPLC with HGARSBas applied for arsenic
speciation analysis in wide range of biological am¢ironmental samples (Mester,
1996; Vilano, 2000).

Atomic Emission Spectrometry

Generally in atomic emission spectrometry, elenettiermally excited to a high
energy state, and as it returns to lower energiestit emits light at a wavelength
characteristic of the element. For arsenic the majoission lines are 193.7, 197.2
and 228.0 nm. There are several types excitaticluding microwave-induced
plasma, inductively coupled plasma, dirrect currghsma etc. The favored
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excitation source in AES is ICP. Inductively couplplasma atomic emission
spectrometry (ICP AES) has been coupled to HPLQ@$erin arsenic speciation but
for samples containing lower levels of arsenic, BRICPAES does not provide
sufficient sensitivity for arsenic speciation. Tteehnique is applicable to arsenic
rich samples such as marine samples (Twyman, 200%everal studies was HG
incorporated between HPLC and ICPAES to enhancsdhsitivity (Rubio, 1992).
ICPAES is a robust technique but compared to ICPkSpplication is prefered

for analysis of major elements. For ultra traceel@analysis ICPMS is without doubt
the technique of choise.

|CPMS - I ndouctively Coupled Plasma Mass Spectrometry

The ICPMS is the detection method of choise foerfiaicing with HPLC. The
ICP-MS instrument uses Inductively Coupled Plas@B hs the ionization source
and a mass spectrometer MS to analyze the ionsupedd It can perform
gualitative, semi-quantitative, and quantitativalgsis, and since it employs a mass
analyzer, it can also measure isotopic ratios. flasma is generated inside a quartz
torch, surrounded by a copper coil and radio-fregyeower is applied to the load
coil, which creates a magnetic field. Liquid sanspéee introduced by a peristaltic
pump, to the nebulizer where the sample aerodorised, passed through a cooled
spray chamber, where the small droplets of aerasel separated from larger
droplets and is introduced via the inner tube ef tibrch. The sample introduction
takes place at atmospheric pressure which is aandalye of the technique because
the coupling with HPLC is easily done. The elemem&sponse is essentially
independent of species, so it is usually possiblguiantify a species without having
that particular species as standard. The sampbts@as decomposed in the plasma
(plasma temperature lies between 6000 — 10 00OoKfotm atoms which are
simultaneously ionized. The ions are extracted frim plasma into the mass
spectrometer region which is held at high vacuwpi¢ally 10* Pa) provided by
turbo pumps (Jarvis, 1992). The ions pass throbhglsdmpling and skimmer cones
then are focused by a series of ion lenses int@assmanalyzer, which separates the
ions based on their mass/charge ratio. The qualdrupass filter has been the most
widely used mass analyzer for ICPMS. The ions armented using an electron
multiplier. When the ion beam strikes the surfatdahe first dynode, secondary
electrons are released. The electrons are ac@dei@the next dynode and release
secondary electrons again. 12 or 24 dynodes areatyfor a discrete-dynode
electron multiplier (Agilent, 2005)

2.3.3 Legislation

Arsenic presents an example of the importancge€iation analysis in relation
to legislation concerning food safety. The chemit@ims of arsenic in most
seafoods, arsenobetaine and arsenosugars, aralenensidered to be not toxic,
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whereas inorganic arsenic is highly toxic and stidad monitored and controlled in
relevant foods and in drinking water.

The EU has set a maximum limit of 10 pgAs/l in &g water based on the
recommendation of WHO. There are no EU-wide regaratfor arsenic content in
food. The average adult intake from food has bestimated to be 30-120 pg/day.
The intake may be higher in countries with largastonption of seafoo(Berg,
1999).For example in England arsenic levels are regulbtethe Arsenic in Food
Regulations 1959, the limit for total arsenic ilmdovas set as 1 mg As/kg.

The toxicity of arsenic is expressed by the FAO/W8tint Expert Committee on
Food Additives and Contaminants (JECFA) as a Piavéd Tolerable Weekly
Intake (PTWI) at 15 pg/kg body mass for inorganiseaic. The WHO set a
Provisional Maximum Tolerable Daily Intake (PMT) 2 g/kg to cover risks from
water and food however no specific guidelines arerg

European Commission has requested the EuropeanJadety Authority (EFSA)
to issue a scientific opinion on human health eslab the presence of arsenic in
foodstuffs and provide a risk assessment (EFSA9R00

Future legislative limits for arsenic must be basadhose arsenic species which
are of toxicological concern, such as inorganieics and not only on the total
arsenic content.

3 GOAL OF THE THESIS

The main goal of the thesis is arsenic speciatioalyais especially in marine
organisms such algae, fish and mussels. Moreover amalyzed rice samples with
relatively low arsenic content in order to evaluag& assessment of rice available in
Czech market.

Beside calculating the mass balance that also geouseful information about
the extraction efficiency and column recoverly the arsenic compounds was
necessary to validate analytical method by usingfieel reference material. Very
important was to choose the right matrix that ciowtd the required analyte.
Suitable CRMs are limited and certified values arestly given only for total
arsenic content and one arsenic species.

The laboratory experiment was designed to follow titansformation of arsenic
compounds in decomposing algae, and was showedhtharsenosugars originally
present in algae were converted primarily to arseeand DMA during 25 days. The
results showed significant amount of insoluble @ratcitrant arsenic therefore the
subsequent laboratory work was focused on diffeeexttaction procedures as
microwave assisted extraction to extract recaloiti@senic and identification of
unknown arsenic compound.

The outcome of the work supposes to help with &rriimderstanding of arsenic
metabolisms in marine organisms.

12



4 OVERVIEW OF RESULTS AND DISCUSSION

This chapter presents an overview of the most itaporfindings of the PhD
thesis.

4.1 STUDY ON ALGAL DECOMPOSITION

The results from this section were published inlofeing publication:
Navratilova, J., Raber, G., Fisher, S, Francesconi, K.A. Arsenic cycling in marine
systems. Degradation of arsenosugars in decomposing algae to arsenate and
evidence for recalcitrant arsenic. Environ Chem 8(1) 44-51, 1448-2517, doi:
10.1071/EN10107 therefore only additional results were selected.

The aim of the study was to follow the degradatdrarsenosugars present in
marine algae under simulated natural condition. G¢lh@sen alga was brown alga
Ecklonia radiata which contains a mixture of three major arsenosgigasenosuger
glycerol, arsenosugar PO4 and arsenosugar SO3labbeatory experiments were
designed to follow the transformation of arsenimpounds in decomposing algae
showed that the arsenosugars originally preserd w@nverted primarily to arsenate
and DMA. The study demonstrates a conversion ofrtoy arsenicals back to
inorganic arsenic.

Total arsenic concentrations were determined ieziedried alga powders and
reference materials, and in their aqueous-methaxdtacts by ICPMS after
microwave-assisted acid digestion (procedure deserabove). Arsenic species
were extracted from the dry alga samples as follaf®ut 100 mg of powdered
material was weighed (to a precision of 0.2 mgedatly into a 15 ml polypropylene
tube and 2.0 ml of a water/methanol solution (9#/%) was added. The contents
were shaken top-over-bottom overnight, then cargatl (3000 g x 15 min). The
supernatant was filtered (0.22 um nylon) and alis|® x 100 pl) were removed for
the duplicate determination of total arsenic taglkate extraction efficiency.

Arsenic species were determined on aqueous-metletidcts of the samples
using anion- and cation-exchange HPLC/ICPMS

Additionally the total arsenic concentration in #hracts of part D was measured
by flow injection method. The determination of aoiu recovery usually requires
digestion of an aliquot of the injected sample sofuand subsequent total arsenic
analysis. The advantage of the flow injection mdthor detremination of total
arsenic content is that there is no need for furdanple pre-treatment, like for
classical digestion analysis. It is supposed thatresponse of the ICPMS is not
significantly influenced by the type of arsenic @ps (Beauchemin, 1989). 20 mM
ammonium dihydrogen phosphate pH 5.6 10% metharad wsed as eluent.
Standard solutions of arsenic (1-500 mg/ml) weeduUsr external calibration. All
samples were injected three times. The outlet ef ithector port was directly
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connected to the nebulizer of the ICPMS by a pblyettherketone capillary tubing
and quantification was done using peak area.

Quality control for total arsenic measurements andarsenic speciation
analyses

The reference materials used were DORM-2, a dog@sehtified Reference
Material (CRM) available from the National Reseaf@buncil of Canada, Ottawa,
Canada; and CRM IAEA-140/TM, a “Seawee#ycus sp., from the International
Atomic Energy Agency, Vienna, Austria. In additicemy in-house reference alga
extract was used, which has well-documented arsgaoscontent, as a check
sample to validate the analysis procedure (Mad@®n).

Total arsenic

The accuracy of the method for determining totakearc content was tested by
the analysis of an alga reference material CRM IAEW®/TM, which has a certified
arsenic value of 44.3 = 2.1 mg As/kg dry mass (9&8nfidence interval); the
obtained value was 45.8 £ 1.1 mg As/kg dry massafmt SD, n=9).

Arsenic species

There is currently no reference material certifiedarsenosugars. The reliability
of the arsenic speciation procedure was assessea iways. First, by the analysis
of the CRM DORM-2 certified for arsenobetaine (1&41.1 mg As/kg) and
tetramethylarsonium ion (0.248 + 0.054 mg As/kbg following results for (mean
+ SD, n=3), arsenobetaine 15.6 £ 0.6 mg As/kg,tatrdmethylarsonium ion 0.24 +
0.02 mg As/kg were obtained. Second, (n=4) an umshoalgal reference extract
(Fucus serratus) was analysed, for which publistedgles are available for the four
arsenosugars commonly found in algae (Madsen, 28@®Yyesults agreed to within
5% of the published data for each of the four aysegars
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Figure 1. Determined arsenic concentration in CRMEA-140/TM (Fucus sp.,
Sea Plant Homogenate) showing non-normalized andalized data againt Ge

The suppression of the arsenic signal by the matms investigated by the
analysis of CRM IAEA-140/TM (Figure 1).

The results showed that in case of measurementuted/ilAEA samples (DF
100) was observed significant matrix effect and dngenic signal was suppressed.
Therefore it was necessary to normalised data sigaiternal standardGe or to
further dilute the samples (final DF 1000). Theuthdl sample (DF 1000) solutions
showed clearly differences compared to the conatoir of arsenic in the undiluted
samples solutions. The signhal was influenced bys#maple matrix and matrix effect
was observed. It is obvious that the signal sugprascan be easily eliminated by
the standard adition method.
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Figure 2. Typical flow injection signals for DMAastdard

Table 2. Comparison of digestion method and flojedtion analysis performed

on the extracts of section D

Sample D Digestion ygAsg+*SD FIAugAsg+ SDPo

DO
D1
D2
D3
D4
D5
D6
D7
D8
D9
D10
D11

1.94 +0.05
1.67 £0.02
2.17+0.11
2.21+0.11
1.74 £ 0.04
1.65+0.06
0.77 +£0.03
2.09+0.01
1.70 +0.04
1.34£0.01
1.25+0.05
2.04+£0.01

1.81+0.01
1.63 +£0.02
2.02 +£0.02
2.03+0.01
1.64+£0.01
1.42+0.01
0.69+0.01
2.08+£0.01
1.58 +0.01
1.32+0.01
1.12+0.01
1.92+0.01

93
98
93
92
94
86
90
98
93
99
90
94

Results from both digestion method and flow ingetianalysis were in good
agreement with each other. FIA is an appropriatecqgaiure for the total arsenic

determination.
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4.2 ARSENIC SPECIATION IN RICE

The purpose of the study was to evaluate arsgrecias distribution in rice
available in Czech market in order to improve ustierding of the health risk posed
by arsenic in rice available in Czech Republic.réstial foods have low levels of
arsenic. There are some exceptions for examplecaaypically contain about 0.1 -
0.4 pgAs/g (Williams, 2005). Rice is an importanute of human exposure to
arsenic and dietary studies in Europe and the WBvath that rice is the primary
source of arsenic in nonseafood diet (Schoof, 1989, 1999). The health risk of
arsenic in rice is based on its inorganic cont@tabse these species are generally
considered to be more toxic than methylated spedies commercially available
rice samples from various locations worldwide wantesen and analysed for arsenic
total content and inorganic arsenic. The key stegrsenic speciation analysis is the
extraction procedure. In term of rice speciationstiyotrifluoroacetic acid is used
however A¥ in the samples could be reduced to"Aduring the extraction
procedure. In this work microwave assisted extoactivith 20 mM TFA. TFA
hydrolyzes starch in the grain during extractiorhichi can result in a more
successful recovery than a methanol/water extmactisually used for arsenic
extraction.

Samples were homogenized to fine powder. For dage&50 mg of sample was
weighted and 2 ml HNOand 2 ml water were added. After digestion theeslig
were transfered to polypropylene tubes (15 ml) glhdip with milliQ water to 9
mL. To all samples and also to calibration stansldranl of 100 pg/l of*Ge,** In
in 50% CHOH was added. The final volume was 10 ml. Each $amvps digested
and analysed in triplicates.

A portion (ca 250 mg) of rice powder was weighted for extraceéma 5 ml of 20
mM TFA. The tubes were shortly vortexed and plaicean ultrasonic bath at 40°C
for 15 min before extraction. Extraction was parfed with an Ultraclave Il
system at a loaded pressure of 40 bars, at 95°Q forAfter extraction, samples
were centrifuged for 15 min at 3000 g and the sugant was injected directly onto
HPLC column. Each sample was extracted and analpdeglicates.

Arsenic speciation analysis was performed on theaets by HPLC/ICPMS
under anion-exchange conditions. In this study wasessary to use G@s an
optional gas for arsenic signal enhancement conisglethe low arsenic
concentration. The calibration curve was estalgtisirom 0.2-10 pg As/l of AS
DMA, MA, As".

Quiality control

Total arsenic content was determined in SRM 0.Z004 pg As/g (mean + SD,
n=3) and agreed well with the certified value 0£28.03 ug As/qg.

The accuracy of the arsenic speciation procedai® determined by the analysis
of the certified reference material NIST SRM 1568ae Flour (National Institute
of Standards and Technology, NIST, USA) even thongh certified for arsenic
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species, the sum of the species recovered from HfelpGration was compared with
the total arsenic concentration. Resulted sum e€isg 0.27 + 0.02 ug As/g (mean +
SD, n=3) was in good agreetment with certified ead9 + 0.03 ug As/g.

The limit of detection was determined by the rBethod at the concentration of
0.2 pug As/l. The HPLC/ICPMS analysis detection firfor speciation ranged
between 0.04 and 0.05 pgAs /I, based on 20 pltinjegolume, determined as three
times the standard deviation of the measured 0 2gflgstandard solution.

Table 3. Concentrations of total arsenic and acsgmecies in Czech market rice

Country of origin Total arsenic Arsenic Species (LgAs/kg + SD)
(kg As/kg + SD) DMA MA AsV
Thailand 126.50 + 1.87 49.70£0.09 1.87 £0.30 .468 1.33
Italy 211.29+2.23 37.49+0.12 228+0.25 1413899
Pakistan 49.31 £ 0.63 17.28+0.15 1.68+0.25 3&.0.83
India 93.14 +1.30 13.09 £ 0.97 >LOD 72.33£0.39
EU 36.06 + 2.32 10.67 £0.14 >LOD 25.36 £ 1.00
Italy 87.08 £2.79 21.91+£0.45 >LOD 58.54 £ 0.39
Poland 156.45 + 1.88 35.80+0.51 1.73+0.15 144.0.31
EU 128.60 + 2.95 41.20+1.28 3.58+0.87 77.29400
Italy 107.88 £+ 0.41 21.61+0.21 >LOD 76.75 £ 0.82
ltaly 218.11 + 4.67 29.56 + 0.97 >L.OD 170.77 £ 2.33

Total arsenic concentrations found in the samplesevibetween 36.06 g As/kg
for Basmati Uncle Bans rice and 218.11 ug Asdtgsample Bio long grain natural
Harmony. The content of inorganic arsenic varieanfrs4% (Thai yasmine rice) to
78% (Bio long grain natural Harmony). The main speaetected were DMAnd
inorganic arsenic, quantifiable amounts of Mivere observed in five samples
(Table 3). Thailand is the largest exporter of iiceghe world, only one sample of
Thai rice was analysed, which had a total arsemncentration of 126.50 ug As/kg
and 54% of iAs.

The conclusion of the rice survey is that thera idear variation in As species
distribution and total As concentration in rice \groin different countries.
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4.3 DETERMINATION OF WATER SOLUBLE AND LIPID SOLUBLE
ARSENICALS IN ESCOLAR

The aim of the study was the determination of wated lipid soluble arsenicals
in fish tissue of escolalépidocybium flavobrunneum) belonging to the family of
Gempylidae. The fish is known for its high contehtvax ester $90%), which can
cause diarrhoea and other acute gastro-intestymaptoms. A fish steak (0.4 kg)
was purchased from local market in Austria labelsd‘Buttermakrele”. Skin was
excluded and only meat was used for further aralyssh tissue was washed with
milliQ water and cut into small pieces with a sedland transferred to clean and dry
vials. The fish tissue was freeze dried to constaass in order to determine the
moisture content (60%). The dried tissue was growmaer liquid nitrogen with a
mortar and pestle to fine powder. Portions of san(@l.2 g) were weighted for
digestion and 1 ml of HNOwas added, in total 3 replicates were digestedfiaatl
volume after digestion was 10 ml. Arsenic conteaswletermined in freeze dried
powders of fish tissue by ICPMS method. The deteechiconcentration in fish
tissue was 1.8 = 0.1 mg As/kgnean + SD, n=3). Three different extraction
procedures were performed on the fish tissue (lexavater and mixture of
CHCls/methanol; 2:1) and extraction efficiency was ckdted for each fraction.
About 4 g of sample was weighted for extraction &dml of extractant solvent
was addednd the mixtures were shaken overnight at room eéeatpre. An aliquat
500 pl of hexane fraction, 500 ul of CH@hethanol fraction and 2 ml of water
fraction was removed and digested with 1ml HNQotal arsenic was determined
in all extracts by ICPMS in order to calculate agtron effieciencies. The hexane
and water fractions were further evaporated to esgrusing rotar evaporater and the
residues were dissolved in 1 ml of hexane and wedspectively.

Table 4. Percentage of extractable As

Extractant Extractable As (%)
Hexane 22
CHCIy/MeOH (2/1) 112
Water 17

Arsenic species were determined by anion- andcaichange HPLC/ICPMS in
water extract. The water fraction was preconcesdrgrior HPLC/ICPMS by rotar
evaporater and the residue was redissolved in fmhater. Anion-exchange HPLC
separations was performed on a PRP-X100 columnx@30mm, 1@m particles;
Hamilton, Reno, USA) at 40°C with a mobile phas@fmM agqueous ammonium
dihydrogen phosphate at pH 5.6 (adjusted with aggi@nmonia) at a flow rate of
1.5ml/min. Cation-exchange HPLC separations weréopaed on a Zorbax 300-
SCX column (150%x4.6 mm, bm particles; Agilent Technologies) at 40°C with
10mM aqueous pyridine at pH 2.6 (adjusted with foracid) at a flow rate of 1.5
ml/min.
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Figure 3. Overlayed HPLC/ICPMS chromatograms dftegppiwater extracts
a) anion exchange separation: PRP-X100 column @30mm, 1@m particles;
Hamilton, Reno, USA) at 40°C with a mobile phas@fmM agqueous ammonium

dihydrogen phosphate at pH 5.6, flow rate of 1.5mm, 20 pl injection
volume,column recovery: 87%
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b) cation-exchange separations: Zorbax 300-SCXnmol{150%x4.6 mm, jgm
particles; Agilent Technologies) at 40°C with 10 naqueous pyridine at pH 2.6,
flow rate of 1.5 ml/min, 2@l injection volume, column recovery: 95%

In past was very difficult to analyze arsenolipidsectly by HPLC-ICPMS,
therefore the research focus was mainly on arseater soluble species. In 2005
was published method for direct measurement ohatgeds (Schmeisser, 2005).

In this study the separation of arsenolipids by BRCPMS was performed with
an Atlantis®dC18 column (4.6 x 150 mm; Waters, Massisetss, USAat 30°C
with ethanol/20 mM ammonium acetate pH 6 as mqgihkese and a flow rate of 100
ul. Chromatography was performed with gradientietu® - 60 min for 35% - 100%
ethanol and then 30 min at 100% ethanol. The hekacgon was preconcentrated
prior HPLC/ICPMS by rotar evaporater and the residwas redissolved in 1ml of
hexane. Injection volume was 5 pl.

Following ICPMS conditions were used: radio freque(RF) power 1600 W, the
spray chamber was set at -5°C to limit the amo@iot@anic solvent organic solvent
reaching the plasma, because it can cause theepmshidf plasma instability, torch
with a narrow i.d. (1.5 mm). The ICPMS was tunethva solution of 10 pgAs/L in
the mobile phase to obtain maximum sensitivity. Slggals at m/z 75 and m/z 77
were monitored using an integration time of 300 arg] the carbon content in the
plasma was monitored at m/z 58At*°C) using an integration time of 100 ms. To
prevent deposition of carbon on interface coneop@tional gas (20% oxygen in
argon) was introduced through a T-piece connectiteyspray chamber and the
torch. Since added oxygen promotes corrosion ofrfimte cones, a platinum
sampler cone was used. The optimization of the qpjate level of oxygen was
performed by seting up the default flow of optiogak (5% of carrier gas flow) and
by increasing the flow rate of the HPLC until candmegan to appear on the sample
cone. Then the oxygen flow rate was increased uhél carbon deposits were
decomposed and the green emission visible in th&alechannel of plasma was
observed. This was repeated until the flow rate|1l0@as reached.
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Table 5. ICPMS setting for organic measurement

Parameter Setting
Nebulizer type Burgener Ari Mist HP Nebulizer
Peltier cooled, Scott type,
Spray chamber type double pass
Spray chamber temperature 5°C
Torch 1.5mm ID
RF power 1600 W
Plasma gas flow 15 I/min
Carrier gas flow 0.53 I/min
Auxiliary gas flow 0.25 I/min
Optional gas (20% £n argon) 8%
Sample cone Platinum
Skimmer cone Nickel
Extract lens 1 1
Extract lens 2 -132
Omega Bias ce -28
Omega lens ce 0
Cell Entrance -34
QP focus 4
Cell exit -36
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Figure 4. Reversed-phase HPLC/ICPMS chromatogram th&f nonpolar
arsenolipids (hexane extract) from escolar fish.

a) conditions: Atlantis dC18 (150 x 1.0mm, 5 um@atC , mobile phase 20 mM
NH4OAc pH 6 and etanol at a flow rate of 10@min. The chromatography was
performed with linear gradient elution: 0-60 mim 85% - 100% ethanol and then
30 min at 100% ethanol, injection volume 5 pl.

b) conditions: Atlantis dC18 (150 x 1.0mm, 5 umB&tC , mobile phase 20 mM
NH4;OAc pH 6 and etanol at a flow rate of 10@min. The chromatography was

performed with linear gradient elution: 0-60 mim #56% - 100% ethanol and then
30 min at 100% ethanol, injection volume 5 pl.
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The determined total arsenic concentration in isle fmuscle tissue with ICPMS
was 1.8 + 0.1 mg As/kg (mean £ SD, n=3). Solvemtifi@ning showed that 17% of
arsenic was water exractable. The major water-#labsenic compound was
identified as arsenobetaine (89%), which was comdd by spiking experiment.

Lipid-soluble arsenicals were then extracted framtipns of the fish tissue with
hexane because it was expected their higher comenonpolar fraction. About
22% from the total arsenic was extractable intoahex Examination of the hexane
fraction using HPLC-ICPMS with gradient elution eaded a number of unknown
peaks. Due to their chromatographic behavior (ntamptp) was assumed that these
compounds are neither arsenic containing fatty saamr arsenic containing
hydrocarbons. The quantification of arsenolipids wapossible because of the lack
of standard and because of gradient elution witter@int carbon composition. The
iIdentification of nonpolar arsenolipids by HPLCklespray MS was not
informative because of large matrix interferencd aoppression of the molecular
ion signals. To clarify the structures of lipidgble arsenicals would be necessary
to design suitable clean up procedures to the pduetre electrospay MS data could
be obtained. The stability of the compounds dutivg purification procedure must
be taken in account.

5 CONCLUSION

The key task of this PhD thesis has been a devaopof speciation analysis of
arsenic and the outcome of this thesis should iglghthe necessity to distinguish
between different chemical species of arsenic.

Arsenic speciation analysis represents a field whthtwithout doubt continue to
grow in importance in the future even though regyoihes still focus on total arsenic
concentrations and not on arsenic species.

The overall objective of this thesis was to gainetter understanding of the fate
of arsenic taken up by marine organisms and theirtyato transform it. The
laboratory experiments were designed to follow thensformation of arsenic
compounds in decaying algae showed that the arsgarsoriginally present were
converted primarily to arsenate and DMA.

Rice samples from Czech market were analysed m tdrthe risk associated
with low level arsenic exposure. The arsenic spedmentified in rice by
HPLC/ICPMS after TFA-extraction method were iAs {B8%) and DMA. Higher
content of inorganic arsenic might have implicationpublic health.

The important findings from the investigation ofsa@molipids present in fish
escolar are the data observed from the extractimtedures with solvents of
different polarities. The hexane fraction, représe?2%, was analysed by
HPLC/ICPMS and the analysis revealed the numbenkhown peaks however the
instrument does not provide structural informatiear structural elucidation will be
necessary to apply appropriate clean up procedimehwenable to obtain clear
ESI/MS mass spectrum. The chemical synthesis ofcthempounds would be
necessary as well. The water soluble fraction wedyaed by HPLC/ICPMS and

24



showed presence mainly of arsenobetaine with &3ra€ DMA. These results are
consistent with several previous studies for weateluble arsenic compounds
obtained for a number of marine animals. Arsenobetés excreted by humuns

unchanged in the urine and is consider to be nantdbhe human health risk

associated with arsenic is usually disussed indedfmAs however organic arsenic
may represent potential risk and it should be nateat the metabolism of

arsenolipids in human is little understood. Thekwsw far indicate that a reasonable
amount of arsenic in fish escolar is lipid bound.
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8 ABSTRACT

Arsenic speciation analysis was carried out by higérformance liquid
chromatography coupled with inductively coupled spla mass spectrometry
(HPLC/ICPMS). The toxicity of arsenic consideraligpends on its oxidation state
and physico-chemical character of given compouttie. knowledge of speciation
Is critical to evaluate correctly the bioavailalyiland toxicity of arsenic as well.
Generally, the inorganic species are more toxin tirganic ones.

The degradation products of arsenosugars in malgae were investigated under
simulated natural conditions and the arsenosugamally present were converted
primarily to arsenate and dimethyl arsenic acid.

Because of possible arsenic adsorption by plaata Boils and water, the arsenic
speciation analysis was perfomed on rice avail@abl€zech market in order to
determine particulary inorganic arsenic. The tataenic content ranged between
36.06 ug/kg - 218.11 ug/kg. The main species dedeaere dimethyl arsenic acid
and inorganic arsenic (54-78%).

Marine fish and oils contains significant amount Igfid soluble arsenical
compounds. The study was focused on the analysissenic species bound to the
lipids of the fish Escolarl{epidocybium flavobrunneum). As found, the total arsenic
content was 1.8 mg/kg and contained 22% of arsexti@ctable by hexane while
the water soluble arsenic was predominantly arsstagie (89%).

9 ABSTRAKT

Speci&ni analyza arsenu viznych matricich s vyuzitim HPLC/ICPMS byla
prednEtem této prace. Toxicita arsenu zavisi na asdla stavu a forr ve které je
piitomen. Znalost zastoupeni specii arsenu je nutnhodnoceni toxicity a
biodostupnosti. Obeé&nanorganické specie jsou vice toxické nez organick

V praci byla studovdna degradace arsenacukr marskych fasach za
simulovanych firodnich podminek. #®&odni arsenocukry byly transformovany na
arsenénan a kyselinu dimethylars€nou.

Arsen vstupuje do rostlin Zigy a vody a nasledmmize vstoupit do potravniho
fetzce. S ohledem na tuto skénest byla speciani analyza provedena u vybranych
vzorcich ryze, zakoupenychceské obchodni siti. Stanoveny celkovy obsah arsenu
se pohyboval vrozmezi 36.06 pg/kg - 218.11 pg/kgleevnimi speciemi byla
kyselina dimethylarsetima a anorganicky arsen (54-78%).

Moiské ryby a tuky obsahuji vyznamnéast arsenu ve forkrevané arsenolipidy.
Cast prace byla zaffena na analyzu arsenolipidi méaslové ryby L(epidocybium
flavobrunneum) s celkovym obsahem arsenu 1.8 mg/kg a 22% celimagsenu
bylo vyextrahovano pomoci hexanu, coz potvrzujeofiipi charakter &chto
slowenin. Hlavni specii stanovenou ve vodném extrakigh &rsenobetain,
piedstavujici 89%.
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