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Abstract 
Arsenic is found in the biosphere both in organic and inorganic forms, and there have been 
recognized more than 50 naturally occurring arsenic species. Seafood products have 
naturally high concentration of total arsenic compared to e.g. agricultural produce. Arsenic 
is toxic to humans and animals and is known to be carcinogenic. The toxicity of the arsenic 
species varies severely and a large portion of the arsenic in seafood is present in the form 
of the organic compound arsenobetaine, which is considered non-toxic. Other arsenic 
species are generally present in lower concentrations, including the most toxic inorganic 
arsenic species, arsenite, As(III) and arsenate, As(V), which usually do not exceed 3% of 
the total arsenic in fish and crustaceans. Existent European regulations on limits of arsenic 
in foodstuff and feed only take into account total arsenic concentration, not the toxic 
arsenic species. Recently the EFSA (European Food Safety Authority) stressed the need 
for more data on levels of organic and inorganic arsenic in different foodstuffs and the 
need for robust validated analytical methods for the determination of inorganic arsenic. In 
this thesis results from total arsenic concentration from over 100 samples of Icelandic fish 
meal are presented and evaluated. The samples were microwave digested and measured 
with inductively coupled plasma mass spectrometry (ICP-MS). The samples were screened 
for a seasonal difference in the total arsenic concentration. To evaluate the arsenic species 
present in the meal a sequential method of extraction was developed. In addition, a special 
focus was on the determination of inorganic arsenic and a previously published method for 
an alkaline-alcoholic extraction of the inorganic arsenic was modified and applied. For 
determination of arsenic species high pressure liquid chromatography (HPLC) was coupled 
to the ICP-MS. The predominant arsenic species found in all samples was the non-toxic 
arsenobetaine. Inorganic arsenic was found not to exceed 4% of total arsenic concentration 
in 12 samples of fish meal. However, a suspicion of co-elution arose, and when another 
analytical instrument technique (Hydride generation atomic fluorescence spectroscopy 
(HPLC-HG-AFS)) was applied, concentration of inorganic arsenic was approximately 
three times lower in a certified reference material, TORT-2. The alkaline-alcoholic 
extraction method was found to give convincing upper limits of the inorganic arsenic 
concentration in fish meal samples. These results show the necessity of further method 
development and separate methods when identifying and quantifying species. This 
furthermore stresses the need for a certified value of inorganic arsenic in a certified 
material to check the robustness of developed methods.  
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Ágrip 

Í lífríkinu er mikið til af arseni í lífrænum efnasamböndum sem og á ólífrænu formi og 
hafa fundist meira en 50 náttúruleg efnaform af arseni. Sjávarfang inniheldur frá 
náttúrunnar hendi háan styrk heildararsens miðað við t.d. landbúnaðarafurðir. Stærsti hluti 
arsens í sjávarfangi er hins vegar bundið á lífrænu formi sem kallast arsenóbetaníð, sem er 
talið hættulaust. Önnur form arsens í sjávarafurðum eru að jafnaði til staðar í lægri styrk, 
m.a. ólífrænt arsen (arsenít og arsenat) sem er eitrað og fer sjaldan yfir 3% af heildarstyrk 
arsens í fiski og krabbadýrum. Formgreining arsens í sjávarfangi er mikilvæg vegna þess 
að upptaka (bioavailability) og eiturvirkni arsens er háð því á hvaða efnaformi það er. 
Nýlega kallaði EFSA (European Food Safety Authority) eftir upplýsingum um ólífræn og 
lífræn efnaform arsens í fæðu og eftir efnagreiningaraðferðum til að greina ólífrænt arsen. Í 
þessari ritgerð koma fram niðurstöður og mat á mælingum á heildarstyrk í yfir 100 sýnum 
af íslensku fiskimjöli. Meðal annars var skoðað hvort árstíðamunur á heildarstyrk arsens 
væri til staðar. Sýnin voru fyrst brotin niður með örbylgjun og því næst mæld á ICP 
massagreini, ICP-MS (Inductively coupled plasma mass spectrometry). Til að meta hvaða 
efnaform arsens eru til staðar í mjölinu var fyrst þróuð þrískipt úrhlutunaraðferð. Síðan var 
áhersla lögð á greiningu eitraðs ólífræns arsens. Áður birt alkalí-alkóhól úrhlutunaraðferð, 
til að greina ólífrænt arsen, var aðlöguð og sýnin mæld með HPLC búnaði tengdum við 
ICP-MS. Í ljós kom að arsenóbetaníð var í öllum tilfellum ríkjandi efnaform arsens. 
Ólífrænt arsen reyndist vera undir fjórum prósentum af heildarstyrk í tólf mældum 
fiskimjölssýnum. Aftur á móti kom í ljós, þegar annarri efnagreiningartækni (HPLC-HG-
AFS) var beitt á sýni af stöðluðu viðmiðunarefni (certified reference material), að styrkur 
ólífræns arsens mældist þrisvar sinnum lægri. Reyndist alkalí-alkóhól úrhlutunaraðferðin 
gefa sannfærandi efri mörk á styrk ólífræns arsens. Niðurstöðurnar sýna ennfremur að ekki 
er nóg að reiða sig á eina aðferð þegar efnaform arsens eru greind og magngreind. 
Aukinheldur  sýna þær nauðsyn á vottuðum styrk ólífræns arsens í stöðluðu viðmunarefni 
til að kanna áreiðanleika efnagreiningaraðferða. Þörfin fyrir frekari þróun 
efnagreiningaaðferða á þessu sviði er brýn. 
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1 Introduction  

Arsenic is a potentially toxic element and is found naturally, in different chemical forms, in 
a wide range of plants and animals. More than 50 naturally occurring arsenic species have 
been identified in the biosphere1. Arsenic is found in soil, water, biota and in the air - it is a 
ubiquitous metalloid that ranks 20th in abundance in the earth’s crust, 14th in seawater and 
12th in the human body2. It was first isolated in 1250 AD by Albertus Magnus and since 
then it has attracted a lot of public and scientific attention. It has become known as the 
“king of poisons” but is also utilised in the fields of medicine, agriculture, electronics, 
industry and metallurgy3. Arsenic is introduced to the environment via natural and 
anthropogenic sources.  

Through biotransformation processes a large quantity of naturally occurring organic forms 
of arsenic are formed, so called arsenic species. Although several schemes for the 
biotransformation of arsenic in the environment have been proposed in the literature the 
pathways leading to many naturally occurring arsenicals are still unknown or poorly 
understood. To better understand these transformations identification of novel arsenic 
species is an important step. Samples of marine origin can contain a high concentration of 
total arsenic compared to terrestrial samples. Arsenobetaine (AB) has drawn a lot of 
attention because it is ubiquitous and in high concentration in marine animals. It has been 
proposed to be the final product of biotransformation of arsenic species4.  

The toxicity of arsenic is highly dependent on the chemical form. Organoarsenic species 
such as arsenobetaine are considered innocuous. The inorganic arsenic (As(III), As(V)) is 
the most toxic followed by the simple methylated compounds5. Human intake of arsenic 
occurs mostly through diet and drinking water. Normally, arsenic is found in low levels in 
natural water except for specific regions of the world, e.g. West Bengal6. Consumers who 
are most exposed to arsenic are those with a high consumption of seafood or people from 
areas where the drinking water is high in arsenic. To assess the health risk associated with 
ingestion of arsenic in food the variation in toxicity of the arsenic species must be taken 
into account rather than only the total concentration. Special notice should be taken of 
species that are toxicologically important, especially the inorganic arsenic. Soluble 
inorganic arsenic is rapidly and almost completely absorbed after ingestion in humans. The 
absorption of different organic arsenic species is generally greater than 70%. After the 
absorption the arsenic is widely distributed to almost all organs.7 

Recently the European Food Safety Authority (EFSA) published a scientific opinion7 
where the risk related to the presence of arsenic in food to human health was assessed. 
From over 100,000 occurrence data on arsenic in food approximately 98% were reported 
as total arsenic where only a few investigations took various arsenic species into account. 
Since representative speciation data is limited the EFSA Panel on Contaminants in the food 
chain (CONTAM Panel) could not assess typical ratios between inorganic and organic 
arsenic in foodstuffs. For exposure assessment based on the limited data on inorganic 
arsenic a number of assumptions were made for the estimation of the contribution of 
inorganic arsenic to total arsenic. The proportion of inorganic arsenic was assumed to 
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range from 50 to 100% of the total arsenic in food other than fish and seafood. In fish and 
seafood the proportion of inorganic arsenic is small and tends to decrease as the total 
arsenic concentration increases, where the ratio depends on the seafood type. A considered 
realistic value for calculating human dietary exposure was set as a fixed value for inorganic 
arsenic of 0.03 mg/kg in fish and 0.1 mg/kg in seafood7. The provisional tolerable weekly 
intake (PTWI) of 15 µg/kg body weight (b.w.) was established by the World Health 
Organisation (WHO) in 19898. Since then new data that establishes that inorganic arsenic 
causes cancer in the lungs, the urinary tract, the skin, as well as other adverse effects, has 
been reported at lower exposure levels than previously considered. The PTWI value of 15 
µg/kg is thus no longer appropriate according to the EFSA opinion. The CONTAM Panel 
has recommended that dietary exposure to inorganic arsenic should be reduced and in 
order to refine the risk assessment of inorganic arsenic a need for more extensive 
speciation data for different food commodities is needed7. 

The EU commission has not established maximum levels for total or inorganic arsenic in 
foodstuffs but maximum levels for total arsenic have been established in animal 
feedingstuffs9. If inorganic/total arsenic ratio varied within a narrow range for different 
food- or feedingstuffs so that reliable extrapolations were possible, maximum levels for 
total arsenic might be justifiable. However, generally this does not appear to be the case1. 
Year 2003 the EU commission recognised that more than 95% of the arsenic present in 
feed materials of marine origin is in the less toxic organic forms and revised the maximum 
contents permitted for undesirable substances in animal feed10 and this change enter into 
force with the European Parliament Directive 2002/32/EC11. When the present work 
started, year 2008, the maximum level of arsenic in feedingstuffs obtained from the 
processing of fish or other marine animals was 15 mg/kg, while for seaweed meal and feed 
materials derived from seaweed it was 40 mg/kg and for complete feedingstuffs for fish, 6 
mg/kg10. Even though the high percentage of organoarsenicals in material of marine origin 
was taken into consideration when these maximum levels entered into force with Directive 
2002/32/EC, feedingstuffs with low levels of inorganic arsenic but high levels of total 
arsenic were still at a risk of unnecessary exclusion from the market. However, shortly 
after the EFSA opinion was published (October 2009)7 the EU commission amended 
Directive 2002/32/EC and raised the maximum levels of total arsenic further (November 
2009)9: 

As regards feedingstuffs obtained from the processing of fish or other marine 

animals, recent information provided by competent authorities of the Member 

States on the presence of total arsenic (sum of organic and inorganic arsenic) 

indicates that it is necessary to increase certain maximum levels for total 

arsenic. By- products of the fish filleting industry are valuable raw materials 

for the production of fish meal and fish oil for use in compound feed, in 

particular fish feed
9
. 

The amendment further states that the increase of the maximum levels for total arsenic 
does not entail a change in the maximum levels for inorganic arsenic, and thus the 
increased levels for total arsenic does not affect the protection of animal and human 
health9. Hence the current maximum level of arsenic in feedingstuffs obtained from the 
processing of fish or other marine animals is 25 mg/kg, while for seaweed meal and feed 
materials derived from seaweed it is 40 mg/kg and for complete feedingstuffs for fish it is 
10 mg/kg9. Nevertheless, the responsible operator must perform an analysis to demonstrate 



 

that the content of inorganic arsenic is lower than 2 mg/kg upon a request of the competent 
authorities9. 
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2 Aims 

Analytical methods to determine toxic and non-toxic arsenic species are needed for 
feedingstuff and the main focus of this thesis is determination of toxic and non-toxic 
arsenicals.  

The main aims of the project:  

• Determine the total arsenic concentration in Icelandic fish meal and screen for 
seasonal differences.  

• Develop analytical techniques for determination of toxic and nontoxic arsenic 
species in fish meal.  

• Evaluate the number and quantity of toxic arsenic species in Icelandic fish meal.  

• Include analysis of seafood based certified reference material/s to provide arsenic 
speciation data for comparative purposes.  

• Discuss the obtained results in relation to the maximum contents of total arsenic 
permitted according to EU regulations. 
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3 Background 

3. 1 Chemical speciation 

Speciation is a word of importance of the work presented in this thesis. Even though the 
term speciation has been used for a long time it was not until the year 2000 that the 
international community agreed upon nomenclature and definition, and the IUPAC 
introduced a guideline for terms related to fractionation of elements and chemical 
speciation12. Modern applications of speciation analysis are powerful within e.g. the fields 
of food chemistry, environmental chemistry, health and hygiene as well as geology. 
Speciation is furthermore an important tool when investigating the toxicity and 
bioavailability of elements where the information of the total element concentration may 
be insufficient.  

IUPAC definitions
12

: 

i. Chemical species. Chemical elements: Specific form of an element defined 
as to isotopic composition, electronic or oxidation state, and/or complex or 
molecular structure. 

ii. Speciation analysis. Analytical chemistry: Analytical activities of 
identifying and/or measuring the quantities of one or more individual chemical 
species in a sample. 

iii. Speciation of an element; speciation. Distribution of an element amongst 
defined chemical species in a system. 

iv. Fractionation. 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. 

3. 2 Chemistry of arsenic 

Arsenic is a metalloid with the atomic number 33 and the atomic weight of 74.92 amu. 
Arsenic occurs in group 15 in the Periodic table, the same group as nitrogen and 
phosphorous, consequently the chemistry of arsenic is similar in many respects to these 
elements. It exhibits several known allotropic forms where the most stable allotrope of 
arsenic is the gray form, similar to rhombohedral form of phosphorous13. The reason for 
the occurrence of arsenic at high levels in many marine organisms, and thus in many 
seafoods, could be the chemical similarities of arsenic to nitrogen and phosphorous 14. The 
only natural arsenic isotope is 75As.  

Arsenic forms species under reducing conditions with the arsenic in oxidation state -3 and 
+3 (e.g. arsine and arsenous acid), however the most stable arsenic species that can be 
found under normal environmental conditions has the arsenic atom in oxidation state +5 
(e.g. arsenic acid). The majority of the known arsenic species in organisms and food 
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contain arsenic in oxidation state +57. Many arsenic species exist with covalent bonding to 
carbon (organoarsenic species). Table 1 shows abbreviations, names and chemical 
structures for selected arsenic species of relevance to this thesis.  

Table 1: Names, abbreviations and chemical structures for selected arsenic species 

Name Abbreviation  Chemical structure 

Arsenite As(III) As(O-)3 

Arsenate As(V) AsO(O-)3 
Arsenobetaine AB (CH3)3As+CH2COO- 
Arsenosugars  

O

OH OH

OAs

CH3

CH3

O R

 
Arsenolipids  e.g. 

As OH

CH3

CH3

O

O  
Trimethylarsonio propionate TMAP (CH3)3As+CH2CH2COO- 

Methylarsonate MA CH3AsO(O-)2 
Methylarsonite MA(III) CH3As(O-)2 
Dimethylarsinate  DMA (CH3)2AsO(O-) 
Dimethylarsinite DMA(III) (CH3)2AsO- 
Trimethylarsine oxide TMAO (CH3)3AsO 
Tetramethylarsonium ion TETRA (CH3)4As+ 
Arsenocholine AC 

As
+

CH3

CH3

CH3

OH

 
 

3. 3 Occurrence and sources of arsenic 

Arsenic ranks 20th among the elements in the earth’s crust. Arsenic concentration can 
range from 0.1 to several hundred mg As/kg in the crust depending on rock types, although 
even crustal levels have a mean value of 2-3 mg As/kg4. Arsenic was distributed 
ubiquitously in earth crusts, sediments, soil, air, water and living organisms long before 
man’s activities. Now it enters the environment via both anthropogenic and natural 
sources. Weathering of arsenic-containing minerals3 and volcanic activity are the main 
natural sources15. Anthropogenic sources of arsenic of importance to the environment 
include industrial emissions, such as non-ferrous mining and metal using industry, and the 
production of energy from fossil fuels16,17. Industrial processes have been improving in the 
United Kingdom, leading to substantial decreases in arsenic releases in the metal industry7. 
The world production of arsenic in 2008 was estimated to be 52,700 tonnes as As2O3, 
thereof around 1,000 tonnes were estimated to be produced in the EU18.  

Arsenic is used mainly in agriculture, where it is used for the production of wood 
preservatives and pesticides. The USA was the largest consumer of arsenic in world in 
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2003, with apparent demand of 21,600 tonnes where prior to 2004 >90% of the domestic 
consumption came from production of wood preservatives (mainly chromated copper 
arsenate, CCA). After a transition from CCA to other wood preservatives the apparent 
demand of the USA has been reduced to 4,130 tonnes in 200818, 19. Arsenic is also used in 
the manufacture of e.g. glass, semiconductors and paper20. Arsenic trioxide is used 
therapeutically in medicine as a treatment of a certain type of leukaemia21. Arsenic rich 
groundwater, e.g. in Bangladesh and West Bengal3, exposes millions of people to 
potentially lethal concentrations of arsenic. In these cases the origin of the arsenic 
contamination is generally geological as arsenic can be released to groundwater under 
naturally occurring conditions22,3.  

3. 4 Main naturally occurring arsenicals 

To date more than 50 naturally occurring arsenic species have been identified1. The 
following chapters present the compounds relevant to this study and are of environmental 
significance as well.  

3. 4. 1  Inorganic arsenic species 

Inorganic arsenic is widely distributed in the environment and found mainly in the +3 or 
+5 oxidation state, either bound in thio complexes or as the two oxyanions As(III) and 
As(V). The recorded and reported data is usually arsenite and arsenate even though the 
inorganic arsenic is likely to be bound to thio groups in peptides or proteins in food7. Under 
normal environmental oxygen levels, As(V) is thermodynamically favoured. They are 
however easily interconverted and often found together.  

In seawater and freshwater, As(V) is the major arsenic species and essentially all arsenic in 
drinking water is arsenate. Concentrations of arsenic in natural waters are typically below 
10 µg/L, frequently below 1 µg/L and can reach up to 5000 µg/L. This large range occurs 
under natural conditions3, 6. In the rare cases where high concentrations of arsenic are 
found, particularly in groundwater, the effects are severe where the drinking water of 
millions of people are highly contaminated, e.g. in the Bengal Basin6. 

Food products of terrestrial origin are generally low in concentration of total arsenic and 
subsequently also low in inorganic arsenic content, usually below 0.05 mg As/kg dry 
weight1. Exception to this is rice which contains significant amounts of inorganic arsenic 
often beween 0.05 to 0.4 mg As/kg dry weight23,24 and at times considerably higher, up to 
1.9 mg/kg in rice bran solubles25. Fish and other seafood are on the other hand high in total 
arsenic concentration where most samples fall within a range of 5-100 mg As/kg dry 
weight1,26, but with much lower levels of inorganic arsenic, typically <0.2 mgAs/kg dry 
weight27,28, 29. No general relationship between the total arsenic concentration and the level 
of inorganic arsenic in seafood has been shown28. Most seafood has only trace quantities of 
inorganic arsenic, and seafoods high in inorganic arsenic are the exceptions. The edible 
seaweed hijiki has e.g. high levels of inorganic arsenic; 66 mg/kg or more30. Examples of 
unusually high levels of inorganic arsenic in mussels have also been reported where 
inorganic arsenic was reported up to 5.8 mg/kg31. 
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3. 4. 2 Organoarsenic species 

Arsenobetaine 

Arsenobetaine was first identified by Edmonds and Francesconi in 197732 and represents a 
vast majority of total arsenic in marine animals33-35. Arsenobetaine has not been detected in 
seawater although it is considered likely to occur at trace levels7. It has been shown to be 
present in marine algae at low concentrations in the presence of high amounts of 
arsenosugars, the main arsenic species in algae36.  

The concentrations of arsenobetaine in freshwater organisms are generally much lower 
than in marine organisms, often below 0.1 mg As/kg37,38. Still higher values were recently 
reported for four different freshwater fish types, ranging from 0.2 to 1.7 mg As/kg39. 
Farmed freshwater fish that has been fed with marine ingredients can furthermore contain 
higher levels of arsenobetaine than other freshwater fish40. 

The reason for the occurrence of AB at much higher concentrations in marine animals 
relative to freshwater and terrestrial animals is not known. Evidence suggests that it is 
related to salinity. Arsenobetaine is structural similar to glycine betaine which serves as an 
osmolyte protecting osmoconformers (marine invertebrates) from changes in salinity1. 

Simple methylated arsenic species 

The arsenic species that belong to this group are methylarsonate (MA), dimethylarsinate 
(DMA), trimethylarsine oxide (TMAO) and tetramethylarsionium ion (TETRA). Both MA 
and DMA are generally detected at low levels (<0.5 mg As/kg)7, 41 in organisms and are 
also common minor arsenic metabolites and are often found together. That these species 
occur jointly is in accordance with the pathway proposed by Challanger for arsenate 
biotransformation involving reduction and methylation of As(V)42

. TMAO and TETRA are 
generally only found at low or trace levels in organisms and marine samples7, 41 

Arsenosugars 

Over 20 arsenosugars have been reported so far as natural products7. They comprise of 
having a dimethylarsinoyl or a trimethylarsonium derivative bound to a ribofuranoside 
sugar43. Most arsenic present as arsenosugars is contained in just four compounds, Figure 
2, based on the structure in Table 1. 

 

Figure 2: R groups of four main arsenosugars based on structure in Table 1 

Arsenosugars are usually the major arsenical of marine algae and are also found in 
significant concentrations in animals feeding on algae44. They are usually only found at 
trace levels in terrestrial organisms7, however, exceptions have been reported45.  

Arsenolipids  

Arsenolipids is a broad term for all fat-soluble naturally occurring compounds that contain 
arsenic. They occur in a wide range of biological samples and can reach concentrations 
over 90% of the total arsenic concentration46 but little is still known about their chemical 
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structure, chemical properties and toxicity. The presence of fat-soluble arsenic compounds 
were first reported in fish in the late 1960s47. The first structure assignment of an 
arsenolipid was however not achieved until 20 years later in brown alga where it was also 
first speculated that arsenolipids in alga might differ from arsenolipids in fish48.  After 
another 20 years some structures of the first reported lipid-soluble arsenic compounds were 
finally elucidated when six fatty acids containing arsenic were identified in cod liver oil49 
and three arsenic-containing hydrocarbons in capelin oil50. Several other arsenolipids were 
present in the oils whose structures are still unknown. Arsenolipids were recently found in 
tuna, which is the first identification of arsenolipids in commonly consumed seafood51. 
Even though arsenolipids appear to be common, especially in fatty fish, quantitative data is 
scarce. The reported arsenolipid content so far ranges from 4-12 mg arsenic /kg of oil50,46.  

Other arsenic species 

The volatile arsines and/or simple methylated/ethylated arsines have been detected in e.g. 
gasses52, 53 and at trace level in prawn and lobster54. Trimethylarsonio propionate (TMAP), 
a compound similar to arsenobetaine, was first identified in year 2000 in fish55 and is a 
common minor component of marine organisms 56, 57. Arsenocholine is common as well, 
usually at modest levels in marine organisms. Experiments have shown that AC be rapidly 
biotransformed to AB in fish and has been proposed to be a likely precursor for AB58. 
Oxo-dimethylarsenoethanol (oxo-DMAE) has been identified in marine samples59 and oxo-
dimethylarsenoacetate (oxo-DMAA) in marine reference materials. The presence of 
DMAE and DMAA in marine samples supports a proposed biosynthesis of arsenobetaine 
from arsenosugars59. Arsenic has a strong affinity for sulphur and since biological systems 
are rich in sulfydryl groups it has been speculated for a long time that thio-arsenicals are 
created in vivo60. Despite this the first naturally occurring thio-arsenical was not identified 
till 2004 when thio-dimethylarsenoacetate (thio-DMAA) was identified in urine from 
algae-eating sheep60. Subsequently several thio-analogues of known arsine oxides have 
been identified in various samples61.  

3. 5 Origin of arsenic in seafood 

Typical levels of arsenic in open ocean seawater are 1-2 µg/L17. Arsenic is mostly found as 
inorganic arsenate, especially in deeper waters. In more superficial photic zones, the layers 
where sufficient sunlight penetrates to support photosynthesis, reduction and methylation 
by microorganisms occur. In addition to As(V), surface waters contain As(III), MA and 
DMA in small amounts62,41. Little inorganic arsenic is taken up from seawater by most 
marine animals therefore they accumulate arsenic primarily from their food58, 63,. This 
reflects a metabolic sequence of transformation occurring as arsenic passes up the food 
chain. The sequence, beginning with inorganic arsenate, leads to accumulation of complex  
compounds in higher animal species, that cannot be directly synthesized from inorganic 
arsenic4. Arsenate is taken up by freely floating microscopic plants or algae, 
phytoplankton, from sea water via trans-membrane transport system which normally is 
dedicated to the uptake of essential phosphate anions as the algae appears to be unable to 
distinguish between the two oxo-anions1, 7, 64.  After the uptake the algae rapidly detoxify 
arsenate by reduction to arsenite and methylation resulting in the formation of DMA, other 
methylated arsenical compounds and to arsenosugars in a process that involves S-
adenosylmethionine as both the donor of the methyl groups and of the ribosyl (sugar) 
group14, 41, 65. The levels of arsenic in algae is generally about 2-50 mg As/kg dry weight. 
This is the most significant bioaccumulation step for arsenic in the environment, where no 
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further increase is in arsenic concentration along food chains7, 17. Biomagnification has not 
been shown to exist as arsenic concentrations in organisms tend to decrease with 
increasing tropic level66. Arsenic is not uniformly distributed in the tissues of marine 
animals. It is mainly accumulated in the exoskeleton of invertebrates and in the livers of 
fish7. Both levels of total arsenic as well as specific types of arsenic are variable. For 
example inorganic arsenic is found almost exclusively in the viscera (intestines, liver, 
stomach, heart, gills) while the arsenic content of the muscle was nearly all 
arsenobetaine67. This indicates that the types of arsenic species and the total concentration 
of seafood will differ according to which tissue is consumed. 

3. 6  Toxicity 

Arsenic is infamous in the general public’s eye as a potent poison made famous by 
countless Agatha Christie novels. This reputation stems from the taste- and odourless 
nature of arsenic trioxide.  The toxicity of arsenic is however dependent on its chemical 
form and the oxidation state.  Inorganic arsenicals (arsine, arsenite, arsenate) are highly 
toxic. The acute toxicity generally decreases with increasing degree of methylation, with 
the exception of TETRA, whose acute LD50 value is lower than for the other methylated 
compounds (MA, DMA, TMAO)5. AB is considered non-toxic and AC essentially non-
toxic68. In general, trivalent arsenic species are more toxic than their pentavalent 
counterparts. It has been proposed that the acute toxicity of trivalent arsenicals is because 
of their binding to thiol groups of biologically active proteins thus inhibiting the function 
of various metabolic enzymes69.  

Toxicity can be categorized as either acute or chronic. Acute arsenic toxicity is usually 
caused by ingestion of high amounts of inorganic arsenic, where this has shown to have 
effect on almost all physiological systems of the body and can be lethal. No reports are on 
acute toxicity and lethality in humans after ingestion of organic arsenic.7 Chronic effects of 
prolonged exposure to arsenic can lead to cancer of the skin, bladder, lung as well as other 
cancers, and to skin lesions such as skin hyperpigmentatio and keratosis. Chronic exposure 
can further include effects on the peripheral nervous system, the central nervous system 
and has been associated with cardiovascular diseases. The effects of chronic exposure of 
organic arsenic are not fully known. Some organic arsenic compounds used therapeutically 
have shown some peripheral neurotoxicity and central neurotoxicity although no symptoms 
were observed in dietary organic arsenic compounds as AB or AC. The chronic toxicity of 
most organic arsenicals, such as MA and DMA, has not been decisively established7. 
Borak et al (2007)41 speculate that seafood arsenic does not contribute significantly to 
arsenic-associated carcinogenicity as the majority of arsenic is present as AB and the 
quantities of inorganic arsenic, MA and TETRA are sufficiently small so that their adverse 
effects are probably non-significant. However, it was proposed by Borak that DMA and 
arsenosugars pose at least a theoretical risk. DMA has been shown to be carcinogenic and 
genotoxic but it is questionable whether the quantity of DMA is sufficient to cause such 
effects41. Arsenosugars are not acute toxic but there is a possibility that they might have 
chronically toxic effects as their toxicity and metabolism have only been sparsely studied. 
Arsenosugars have been shown to be very weakly cytotoxic68. A study showed a trivalent 
arsenosugar to be positive for cytotoxicy and DNA nicking when the pentavalent 
arsenosugar was not70. Knowledge of the toxicity of arsenolipids is very limited.  
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3. 7. 2 Herring 

 

Figure 5: Atlantic herring  © Jón Baldur Hlíðberg
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3. 7. 3 Blue whiting 

 

Figure 7: Blue whiting © Jón Baldur Hlíðberg
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3. 7. 4 The production process of fish meal and oil 

 

Figure 9: The production process in a fish meal factory. Adapted from Arason, S
75

.  

Fish meal and fish oil production involves a continuous and controlled process that 
includes cooking, pressing, drying and grinding of the raw material. Figure 9 illustrates the 
main processing steps in the processing of fish meal and fish oil.  

The fish is cooked with a steam heated continuous cooker. This coagulates the proteins and 
disrupts the cell membranes to separate the solubles and the oil from the dry matter. The 
cooked raw material is then pressed and separated into press liquid (70-80%) and press 
cake (20-30%). In the decanter dissolved particles in the press liquid, called sludge, are 
removed and transported to the drier and then mixed with the press cake. The liquid, 
however, carries on to the separators where the oil is removed and finally purified. The 
water from the separators is fed to the evaporators were it is concentrated before it is 
blended in with the press cake. The press cake, the sludge and the concentrate from the 
evaporators are all mixed together before reaching the drier, where the water is removed. 
After the drying the fish meal at 80°C it is cooled, ground and stored for export75, 76.  

Obtained yields of fish meal from the process are generally ~20% and ~10% for fish oil, 
although the yields vary between fish species and even between seasons.  

It is not within the scope of this thesis to describe the process in full detail, however this 
information is available from the literature75, 76. 



 

4 Samples and materials

4. 1 Samples and sampling

Fish meal samples were collected around Iceland mainly in 2008 and 2009 although 
several samples from the period of 2004
emphasis was laid on traceability of the samples so that the sampling site and season is 
known and documented. The fish meal samples analysed
blue whiting species. Figure 
analysed. Further details about each sample analysed as part of this thesis can be found in 
Appendix B. 

Figure 10: The species and location of the catch for the samples analysed

 

and materials 

and sampling 

Fish meal samples were collected around Iceland mainly in 2008 and 2009 although 
es from the period of 2004-2007 were also analysed. During sampling 

emphasis was laid on traceability of the samples so that the sampling site and season is 
known and documented. The fish meal samples analysed, were from herring, capelin and 

Figure 10 shows the species and location of the catch for the samples 
analysed. Further details about each sample analysed as part of this thesis can be found in 

 

s and location of the catch for the samples analysed 

 

17 

Fish meal samples were collected around Iceland mainly in 2008 and 2009 although 
2007 were also analysed. During sampling 

emphasis was laid on traceability of the samples so that the sampling site and season is 
herring, capelin and 

shows the species and location of the catch for the samples 
analysed. Further details about each sample analysed as part of this thesis can be found in 



18 

 

4. 2 Chemicals and reagents 

Ultrapure water (> 18 MΩ cm-1) was used for all analytical purposes. All chemicals used 
were at least of analytical grade unless otherwise stated.   

Sequential extraction and totals  

For calibration for total As analysis a 1000 mg As/L certified As stock solution was 
supplied by Peak performance (USA). Calibration standards for quantification of 
speciation was arsenocholine obtained from Argus Chemicals (Italy) for cation exchange 
and di-sodium hydrogen arsenate heptahydrate (98.5+%) for reversed phase 
chromatography, both compounds were diluted with deionised water to make up the stock 
solution 1.00 mg As per L. Indium (CPI, Peak performance, USA) was used as internal 
standard. Cacodylic acic (99%), hydrogen peroxide (H2O2, 30+%) and sodium hydroxide 
(NaOH, 98+%) were obtained from Fluka (UK). Dimethylarsinic acid disodium salt 
(100%) were supplied by Argus-Chemicals (Italy). Trimethylarsine oxide (99+%) and 
sodium(meta)arsenite (99+%) were supplied by Dr. Sasan Rabieh. Disodium methyl 
arsonate hexahydrate (99.5%) was supplied by Chem-Service (USA). Nitric acid (HNO3, 
65%), hydrochloric acid (HCl, 30%) were obtained from Merck (Germany). Chloroform 
(CHCl3) and n-hexane (99%) were supplied by Riedl-de Haën (Germany). Methanol, 
petroleum ether, tetraethylammonium hydroxide (TEAH, 20% wt% in H2O), malonic acid 
(99%) and tetrabutylammonium hydroxide (TBAH, 99%) were from Sigma-Aldrich 
(Germany).  

Alcaline-alcoholic extraction 

For calibration for total As analysis a 1000 mg As/L certified As stock solution was 
supplied by BDH (UK). Calibration standard for quantification of speciation was sodium 
dimethylarsinic acid (DMA) obtained from ChemService (USA) as 98% and diluted with 
deionised water to make up the stock solution 1.00 mg As per L. Rhodium (High Purity 
standards Charleston, USA) was used as internal standards. Arsenobetaine (AB), nitric acid 
(HNO3, 69%), orthophosphoric acid (85%) were supplied by Fluka (UK). Ammonium 
nitrate (98+%) was obtained from Sigma-Aldrich (UK). Disodium hydrogen arsenate 
heptahydrate (As(V)), sodium arsenite (As(III)), ammonium solution (28%) and 
ammonium carbonate were supplied from BDH (UK). Hydrogen peroxide (H2O2, >30% 
w/v), hydrochloric acid LR grade (HCl, 32%) and sodium hydroxide LR grade (NaOH) 
were obtained from Fisher Scientific (UK). Sodium persulfate (98+%) and sodium 
borohydride (99%) were from Acros organics (Belgium).  
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5 Analytical methods 

This chapter entails a description of the instrumentation used, the sample preparation 
methods and the method development for speciation analysis is briefly described. 
Appendix A, includes a more detailed description of the method development.  

5. 1 Sample preparation for total arsenic 
determination 

Prior to quantitative analysis of solid samples they should first be converted to a solution, 
which is achieved by a process called mineralization or digestion. This process, usually 
involves heating the sample along with an oxidant, this destructs the organic matrix and the 
organic compounds are converted into inorganic compounds. Wet-digestion is a widely 
used method of mineralisation for arsenic determination in food- and feedingstuffs. The 
procedure used in the current study, called microwave assisted digestion, is based on 
heating the sample with nitric acid, or nitric acid and hydrogen peroxide in a pressurized 
microwave heating system7.  

Microwave-assisted digestion system 

The Microwave Accelerated Reaction System, Model MARS® (Mars5, CEM, North 
Carolina, USA) was used for both microwave-assisted digestion and extraction of arsenic 
species. MARS consists of a microwave power system with operator selectable output of 
1600 watts, a cavity exhaust fan and tubing to vent fumes, it can be programmed with 
programs of up to five stages, has an alternating or continuous turntable system and a 3 
door safety interlocks. At full power it delivers approximately 1600 watts of microwave 
energy at a frequency of 2450 MHz.  

Digestion of samples  

Fish meal samples were microwave digested with HNO3 and H2O2 in closed vessels. The 
method is based on Sloth et al. (2005)27 and NMKL protocol77 that has been adopted and 
optimised for fish meal sample matrix. Briefly, 0.2 g af sample was accurately weighed in 
XP1500 bombs. 3 mL of HNO3 and 1.5 mL of H2O2 were added. Each sample was 
prepared in triplicate. The samples were heated up to 200°C and held at a constant 
temperature for 20 minutes. After digestion the samples were allowed to cool down and 
then transferred to polypropylen tubes and diluted to 30 mL with MilliQ water. Samples 
were kept frozen till analysis.  

Preparation of extracts for total analysis 

A procedure for a sequential extraction is described in 5.2.1. The extracts of that procedure 
were measured for total arsenic concentration. The only difference between the 
preparations of the extracts for total analysis versus speciation is instead of dilution of the 
sample the residue of both the lipid-soluble and water soluble fraction were transferred 
with 1.5 mL of nitric acid to digestion bombs and hydrogen peroxide was added, Figure 
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11. The samples were then digested as described above and appropriately diluted after cool 
down. 

For the samples of the alkaline-alcoholic extraction a 1 mL subsample of the extract was 
taken before addition of H2O2 (see chapter 5.2.2.) and diluted to 10 mL. 

5. 2 Sample preparation for arsenic speciation 
analysis  

To date there is no common extraction procedure available for arsenic speciation analysis 
of biological samples. The same extraction procedure applied to different biological 
samples can result in various extraction recoveries. The vast majority of reported methods 
have focused on the extraction of water-soluble arsenicals employing various combinations 
of solvents and e.g. heating or agitation. Although different solvents or solvent mixtures 
are often used in the initial steps of the extraction, the final extract for analysis is usually 
prepared in water. It is well known however, that arsenolipids can constitute a large part of 
the total arsenic concentration. It is generally accepted that a single step extraction 
procedure for both lipid- and water soluble arsenic compounds is not realistic nor 
achievable78. It is necessary to take into account the different polarity and 
physical/chemical properties of the various arsenic species when extraction methods are 
developed.  

For toxicological reasons the distribution, identity and metabolism of lipid-soluble 
compounds needs to be further investigated, which requires targeted development of 
sample preparation. Due to the lack of analytical standards for lipid-soluble arsenic species 
acid/base79-81 or enzymatic82 hydrolytic breakdown of those lipid compounds can be used 
to transform them into water-soluble arsenic compounds with HPLC-ICP-MS. This can 
give an idea of the structure or at least the type of lipid the arsenic species are bound to. 
Recently, arsenolipids were identified in fish oil and techniques to handle the lipid-soluble 
arsenic are being developed49, 50. They include fractioning using a sequential extraction 
separating the fat-soluble arsenic into a non-polar and polar arsenolipid fractions51.  

For the extraction of water-soluble arsenic species the most common extractants have been 
water, methanol or mixtures thereof. Extractions of lipid-soluble arsenicals so far have 
mainly been performed with hexane, ether, CHCl3, methanol and mixtures thereof.  

5. 2. 1 Sequential extraction method 

Method development 

Different solvents, extraction technique and other factors were examined in order to 
develop an extraction method.  

Two different extraction methods (shaking, microwave assisted extraction), for water-
soluble arsenicals were studied with different solvent mixtures of water and methanol. The 
microwave assisted extraction was found to be more convenient and the extraction 
conditions (time of extraction, solvent mixture etc.) were optimised with a Doehlert 
experimental design. For extraction of the lipid-soluble arsenicals different 
solvents/solvent mixtures were employed with an agitation extraction method along with a 



 

variation of the extraction time. A more detailed description of the method develop
given in Appendix A. 

The sequential extraction

The sequential method used 
First step involves extraction of the lipid
shaking. In the second step the water
from the residue from the first step with a microwave extraction.
the concentration of arsenic from the residue of step 2 is measure
microwave.  

Figure 11: The schema of the sequential extraction procedure

Briefly, a plastic test tube was weighed and 0.2 g of fish meal was added. Further 10 mL of 
solvent were added (hexane/chlorofor
centrifuged for 20 min at 3500 rpm and supernatants removed, filtered and evaporated. The 
residue from the evaporation was then hydrolysed as described 
analysed with HPLC-ICP-MS.

The residue that was separated from the supernatants in step 1 was dried at 50
re-weighed. The dry residue was transferred to XPRESS bombs and 10 mL of solvent 
added (H2O/MeOH (1:9)). The sample was heated up to 80°C and the temperature was 
held for 4 minutes. After extraction the samples were centrifuged as described, the 
supernatant removed and transferred to a beaker and let evaporate. The residue was 
dissolved in water and diluted to approximately 20 mL and analysed with HPLC

The residue from the centrifugation in step 2 was dried, re
combined results of the three steps should add up to approximately the total 
concentration of the sample. 

variation of the extraction time. A more detailed description of the method develop

The sequential extraction 

used includes three steps of extraction, for detail refer to 
First step involves extraction of the lipid-soluble arsenicals in hexane/
shaking. In the second step the water-soluble arsenicals are extracted 
from the residue from the first step with a microwave extraction. Finally,
the concentration of arsenic from the residue of step 2 is measured after acid digestion with 

The schema of the sequential extraction procedure 

Briefly, a plastic test tube was weighed and 0.2 g of fish meal was added. Further 10 mL of 
solvent were added (hexane/chloroform (8:2) and shaken overnight. The samples were 
centrifuged for 20 min at 3500 rpm and supernatants removed, filtered and evaporated. The 
residue from the evaporation was then hydrolysed as described in Appendix C
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combined results of the three steps should add up to approximately the total 
concentration of the sample.  
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5. 2. 2 Extraction of inorganic arsenic 

The toxicity of As(III) and As(V) is similar and the sum of both compounds is a good 
indication of exposure. Toxicological interest in inorganic arsenic is high and extraction 
methods have been developed that maximise the extraction of inorganic arsenic. There is a 
variety of different analytical methods used to determine inorganic arsenic in seafood 
which may lead to different results. One reported method includes a reduction of As(V) to 
As(III) which is extracted with HCl as AsCl3, followed by an extraction into chloroform 
and a back extraction into dilute HCl. The risk of co-extraction of MA and TMAO can lead 
to overestimation of the level of inorganic arsenic83. The most commonly reported 
analytical approach is a non-specific solvent extraction of arsenic using different mixtures 
of methanol/water extracted by e.g. microwave assisted heating, sonication, agitation, 
followed by a HPLC separation of the arsenic species and often coupled to ICPMS as 
arsenic detector84,85, 86. The question has been raised87 whether this methodology is suitable 
for a quantitative extraction of inorganic arsenic, since As(III) may be strongly bound to 
thiol groups in proteins via an As-S bond83, 88. In order to liberate As(III) from the sample 
matrix it has been suggested that a more energetic solubilation/extraction is necessary83, 

87,31. An extraction method utilising an alkaline-alcoholic solution is supposed to be 
energetic enough to liberate the As(III)87. This method has been applied to provide 
inorganic arsenic data for a range of marine organisms27, 31, 89, but is however not suitable 
for carbohydrate-rich samples as an intractable jelly is produced7.  

Method development 

For the determination of inorganic arsenic the method of Sloth et al. (2005)27 was modified 
and applied. The extraction efficiency of different concentration of sodium hydroxide 
(NaOH) was tested and different microwave temperatures were applied. The sample mass 
per solvent ratio was varied to see if a difference was noticed in the detection limits of the 
HPLC chromatograms. Further details can be found in Appendix A. 

Method 

Briefly, a subsample (0.3 g), was accurately weighed in a 50 mL vial and 10 mL of a 1.5 
mg mL-1 NaOH in 50% ethanol was added. The vial was placed in the microwave oven 
and heated to 85°C just below the approximate boiling point of the mixture. After the 
microwave extraction 0.1 mL of H2O2 was added to 0.9 mL of the mixture and left to react 
overnight in order to fully oxidize all arsenite to arsenate. Prior to analysis the samples 
were centrifuged for 10 min at 13000 rpm.  

5. 3 Inductively coupled plasma mass 
spectrometry (ICP-MS) 

The inductively coupled plasma mass spectrometry (ICP-MS) is a powerful tool for both 
trace (µg/kg – mg/kg) and ultra-trace (pg/kg - µg/kg) elemental analysis and is widely used 
also as an elemental selective detector after chromatographic separation. Before the 
availability of the ICP-MS, atomic absorption spectroscopy (AAS) was often used as 
arsenic selective detector for speciation analysis in combination with hydride generation or 
HPLC but the detector sensitivity was too poor for most biological samples. The ICP-MS 
instruments became available from the mid-1980s and soon after ICP-MS was coupled 
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together with liquid chromatographic systems. Today, HPLC-ICP-MS are the main 
instruments in arsenic speciation analysis90. 

5. 3. 1  Principles and properties 

The fundamental principle in ICP-MS is the use of a high-temperature plasma discharge 
that generates positively charged ions. The plasma is generated inside a set of three 
concentric tubes, referred to as the torch, where argon flows through at usually 11-15 L 
argon/min. The tubes define the flow patterns of the gas which sustains the plasma and 
cools the torch91, 92. Radiofrequency (RF) power is applied to a coil surrounding the torches 
end. An intense electromagnetic field is created on the top of the torch as a result of RF 
oscillation of the current in the coil. A high-voltage spark applied to the gas causes some 
electrons to be stripped from their argon atoms, the electrons are accelerated in the 
magnetic field leading to a collision induced ionisation of argon in a chain reaction. The 
gas then consists of argon atoms, argon ions and electrons. This is known as the 
inductively coupled plasma discharge93. Figure 12 shows a schematic illustration of an 
ICP-MS system. 

Usually the sample is liquid and pumped into the sample introduction system which 
consists of a nebuliser and the spray chamber. The nebuliser turns the liquid into aerosol 
and the spray chamber selects the optimised droplet size entering the plasma, droplets that 
exceed their optimal size fall down and are collected in the drain91. The sample thus 
emerges as a fine aerosol and is carried, by an addition flow of argon, out of the injector 
through the channel in the centre of the plasma. On the way the droplets of the aerosol are 
dried, the dried particles then vaporized into analyte molecules that are subsequently 
atomized and ionized. When the sample arrives at the analytical zone of the plasma, 
approximately 6000-8000 K, it  exists as excited atoms and ions93.  

The interface region can be considered the most critical area of the ICP-MS, where ions 
transition from atmospheric pressure to high vacuum of the mass analyser. The ions are 
extracted to the vacuum region through two cones. The ions are first directed to a small 
orifice (0.8-1.2 mm) on the sampler cone and then they travel to the skimmer cone with a 
smaller orifice (0.4-0.8 mm). The cones are usually made of nickel. The positively charged 
ions are then focused by ion lenses onto the entrance of the mass spectrometer. This 
involves a change from high temperature (~7500 K) and atmospheric pressure in the ICP 
into the room temperature and reduced pressure (10- 5- 10-9 mbar) in the spectrometer91.  
A quadrupole mass analyzer is the most common. The quadrupole mass filter consists of 
four parallel electrically conducting rods. Opposite rods are connected, two of which use 
RF voltages and two use DC voltages. The voltages applied are opposite in sign. Ions 
passing down the quadrupole analyser start oscillating and at particular RF and DC 
voltages only ions of a certain mass to charge (m/z) ratio have stable oscillatory paths and 
are transmitted through the length of the quadrupole, while unstable ions hit the rods94. 
After passing through the quadrupole the ions are detected with an electron multiplier.  
Water solutions are most commonly analysed however many other types of samples can be 
analysed with the ICP. It is possibly to inject gases directly, solids can either be dissolved 
and suspended as slurries or by laser ablation95. 
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Figure 12: Schematic of an ICP-MS system   

ICP-MS is a multielement detector and is able to detect isotopes from 3-250 amu. ICP-MS 
provides sufficient detection for the analysis of arsenic species in biological samples and is 
suitable as an on-line detector following HPLC. The coupling of the two instruments can 
be done by a single tubing from the out-let of the analytical column to the nebuliser.  

5. 3. 2 Limitations and factors influencing ICP-MS performance 

ICP-MS usually gives a uniform response for all arsenic species which makes the 
quantification of different arsenic species easier. To qualitatively assign arsenic species the 
analyst needs to rely on chromatographic comparison of standards, for this purpose it is 
necessary to depend on available standard compounds – not all commercially available at 
the present, or in-house synthesised standards. HPLC-ICP-MS gives limited structural 
information and alternative analytical techniques are needed to gain structural information 
on novel species. Increasingly used techniques are electrospray ionisation (ESI) MS and 
ESI MS/MS for this purpose43. 

Most elements are ionised over 90% in the argon (IP 15.76) plasma, but arsenic however, 
has a high ionisation potential (IP, 9.81 eV) and the degree of ionisation is around 50% or 
less. This has an effect on the detection capabilities the ICP-MS offers for arsenic when 
using argon as a plasma source. Using a more energetic source (e.g. helium plasma IP 
24.59) to increase ionisation efficiency would be advantageous96, however that is 
expensive and further poses problems for elements of lower IP as they could be ionised 
further as their second IP could be low enough. 

Spectroscopic interferences are also problematic. Isobaric interferences occur when two 
isotopes close in mass are detected at the same m/z value. Polyatomic interferences appear 
when two, or more, atoms form molecules that are measured m/z of interest (e.g. 40Ar35Cl 
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at m/z 75)96. Spectral interferences can be counteracted by chromatography, or by use of 
reaction/collision cell technology or high resolution mass analysers78.. Non-spectroscopic 
interferences include matrix-induced changes in signal intensity. When matrix effects are 
experienced, or suspected, quantification may be achieved with either the method of 
standard addition or matrix-matched calibration standards.   

It is possible to obtain enhancement in signal intensity by adding a small amount of an 
organic compound to the sample solution. It has been suggested that the increase of carbon 
ions in the plasma improves the ionisation of elements lower in ionisation energy than 
carbon itself (IP 11.26 eV)97, 98. This is often referred to as the carbon-enhancement-effect.  

5. 3. 3 Normal ICP-MS settings for analysing 

An Agilent 7500ce ICP-MS (Agilent Technologies, California, USA) was used for total 
arsenic and speciation analysis. Standard ICP-MS conditions were used and basic settings 
are displayed in Table 2. 

Table 2: Normal ICP-MS settings 

RF power (W) 1500 
Carrier gas flow (L/min) 0.9a,b, 1.28c 

Plasma gas flow (L/min) 12 
Auxiliary gas flow (L/min) 0.17 
Nebuliser Micromista,Babingtonb,Meinardc 

Spray chamber Normal 
Sample depth 8 cm 
Cones Nickel 
Lense voltage (V) -2 – 3 
aTotal As analysis, bSpeciation analysis of sequential extraction, ctotals and speciation analysis of inorganic As 
extraction 

 

The ICP-MS was optimised for optimal sensitivity and stability on arsenic before each 
analysis. For total arsenic analysis the m/z 75 for arsenic and m/z 115 for indium were 
monitored. To avoid interferences analysis were performed with a reaction cell for total 
arsenic measurements. With every batch of samples a blank and certified reference 
material (CRM) was measured.   

For speciation the ICP-MS was optimised for optimal sensitivity and stability on arsenic. 
In addition to m/z 75 for arsenic and m/z 103 for rhodium, the possible chloride 
interference (40Ar35Cl+) on m/z 75 was checked on m/z 77 (40Ar37Cl+ or 77Se) and on m/z 
82 (82Se).  

5. 4 Chromatographic separation  

HPLC is the most used separation technique nowadays, while others such as gas 
chromatography (GC), supercritical fluid chromatography (SFC) and capillary 
electrophoresis (CE) have also been applied, but to a lesser extent in arsenic speciation99. 

Ion-exchange chromatography is most extensively used separation technique for HPLC, 
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followed by ion-pair chromatography. Other separation methods such as reversed-phase, 
normal-phase or size exclusion chromatography are often used for other general elemental 
speciation analysis100. The main separation technique applied in the present work was the 
use of an anion-exchange column, but also cation-exchange and reversed-phase 
chromatography. 

The HPLC used for separation of the arsenic species was an Agilent 1100 coupled to a) an 
Agilent 7500c ICP-MS for anion exchange chromatography and b) an Agilent 7500ce ICP-
MS for cation exchange and reversed phase chromatography. 

5. 4. 1 Ion exchange chromatography (IEC) 

In ion exchange chromatography the stationary phase has electric charges on its surface 
(e.g. SO3

2-, COO-,NH3
+, NR3

+) that are incorporated in the column resin. Ions in the mobile 
phase and in the sample compete for a place on the surface of the stationary phase. 
Conditions that need to be considered are; the type of ion exchanger, the pH of the mobile 
phase, the concentration of the mobile phase (the ionic strength) and the type of counter 
ions in the mobile phase101. In practise it is easiest to control the ionic strength of the 
mobile phase. Strong anion and cation exchangers are stable under a wide range of pH. 
They are used for the separation of weak acids/bases, where the separation is driven by the 
charge of the analytes that are not fully ionised – depending on the pH. The retention 
behaviour of weak exchangers is influenced by the pH of the mobile phase, unless the pH 
is markedly lower than its pKa value101. Depending on the pH of the solution arsenic 
species can be positively or negatively charged and thus retained on cation- and anion-
exchange chromatography.  

Anion-exchange chromatography 

The separation and detection of anionic arsenic species in the fish meal extracts were 
carried out on a Hamilton PRP-X100 column (10 µm, 4.6 x 250 mm), at 20°C, with a flow 
rate of 1 mL min-1. As mobile phase an aqueous solution of 25 mM ammonium carbonate 
was prepared. For the calibration curve a stock solution of DMA was diluted with 
deionised water to appropriate concentrations and a calibration was performed before and 
after the sample measurements. 

A standard mixture of AB, DMA, MA and As(V) yielded baseline separation of all species 
with As(V) clearly separated from the other measured species. 

Cation-exchange chromatography 

The separation and detection of cationic arsenic species in the fish meal extracts were 
carried out on a Zorbax 300-SCX 4.6 mm ID x 250 (5 µm), at 30°C, with a flow rate of 1 
mL min-1. As mobile phase an aqueous solution of 20 mM pyridine (pH 2.60) was 
prepared. 

A baseline separation of AB, AC and TMAO was obtained.  Other compounds tested; 
DMA(V), MA(V), DMA(III), As(III), and As(V), eluded un-separated before AB, AC and 
TMAO.  
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5. 4. 2 Reversed phase chromatography (RPC) 

A reversed phase column has a non-polar stationary phase, usually hydrophobic octadecyl, 
C18 groups, on silica support. Polar analytes elute first while non-polar analytes interact 
with hydrophobic C18 groups. The elution order of polar analytes first and non-polar last is 
the reverse order of what is observed in normal phase chromatography (NPC), hence the 
name. RPC typically uses a polar mobile phase and is suitable for analysis of polar (water-
soluble, metium-polar and some non-polar analytes102.  

Separation was attempted on a Gemini-NX 5u C18 150 x 4.6 mm, at 30°C, with a flow rate 
of 1 mL min-1. As mobile phase an aqueous solution of 4.7 mM tetrabutylammonium 
hydroxide (TBAH), 2 mM malonic acid and 4 % methanol (pH 5.35) was prepared.  

These conditions gave a baseline separation of As(V) from other arsenic species (DMA, 
MA, As(III), AB, TMAO, AC). 

5. 5 Hydride generation (HG) technique 

Hydride generation is often used as an additional step in the sample preparation in arsenic 
determinations. It converts all separated hydride generation active arsenic species into 
volatile arsine species. It is almost exclusively used for determination of As(III)/As(V), 
MA/MA(III), DMA/DMA(III) and TMAO after conversion to their respective arsines90. 

As(V) when treated with sodium borohydride (NaBH4) at acidic conditions forms volatile 
arsine quantitively, whereas most other organoarsenic compounds do not produce volatile 
arsenic containing product (e.g. AB) or only with low efficiency103, 104. Equation 1 adapted 
from Agterdenbos and Bax (1986)105, summarises the overall reaction for the reduction and 
hydride formation for arsenate. 

Equation 1 
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The benefits of this are twofold: the arsenic is separated as a gas from the matrix resulting 
in reduced matrix effects. The arsenic is also transported more efficiently to the instrument 
in the gas phase than in the liquid phase7. 

HG can be used either as a pre-column or post-column derivatisation. With pre-column 
derivatisation volatile arsines are formed and cryogenically trapped, desorbed and carried 
to the detector. Good detection limits can be obtained because of large sample volume can 
be used. HG is also used after separation of the arsenic species with HPLC, however only 
low volumes of sample can be injected decreasing the sensitivity. This method makes 
analysis of non-volatile compounds though possible when a photooxidation step is 
included prior to HG106. 
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Figure 13: Operating diagram for HPLC-(UV)-HG-AFS, adapted from Gomez-Ariza et al. (2000)
106

 

HG is often used in combination with AAS, atomic fluorescence spectroscopy (AFS) and 
also inductively coupled atomic emission spectrometry (ICP-AES), often to increase the 
sensitivity. ICP-MS is also sometimes used in combination with a hydride generation step. 
Figure 13 shows a schematic illustration of an HPLC-(UV)-HG-AFS system. 

In AFS the optimal emission of gas phase analyte atoms is measured at a specific 
wavelength after the excitation of the atoms to higher energy levels by absorption of 
electromagnetic radiation7. 

Additional measurements were done with post column online HG-AFS detection. This was 
done to confirm the identification of arsenate using its ability to volatilise as AsH3 under 
previously described conditions107. 

Instrumentation (HPLC-HG-AFS) and method 

For hydride generated measurements an HG-AFS Millenium Excalibur (PS Analytical, 
Kent, UK) equipped with an arsenic lamp (Superlamp 803S, Photron Pty, Ltd.) was used as 
detector after the HPLC (Hamilton PRP-X100 column (10 µm, 4.6 x 250 mm), flow rate of 
1.0 mL min_1, mobile phase aqueous 6.2 mM ammonium nitrate and 6.5 mM phosphoric 
acid adjusted to a pH of 6.2 with ammonia). During analysis the HPLC flow was acidified 
with HCl (3 M) solution and NaBH4 (2%) was added to form volatile AsH3.  

The samples were prepared according to the description for analysis of inorganic arsenic, 
chapter 5.2.2. Prior to analysis it was necessary to evaporate the samples to dryness under a 
flow of nitrogen as residues of ethanol caused high interferences when the samples were 
analysed. After evaporation the samples were diluted to a NaOH concentration of ~3 mg 
NaOH / mL with water and centrifuged at 13000 rpm before analysis.  
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6 Results and discussion 

6. 1 Total arsenic concentration 

In total 107 samples of three fish meal types; herring, capelin and blue whiting, were 
digested with acid digestion prior to analysis of total arsenic concentration on the ICP-MS. 
Each sample was prepared and analysed in triplicate. Total arsenic concentrations, 
sampling site and date, as well as further information (e.g. ash-, water-, salt- and fat 
content) for all samples are given in Appendix B. All results are given in mg/kg on a 
product weight basis. For quality control of the total acid digestion a certified reference 
material was analysed with every batch of samples, Table 3. A blank sample was analysed 
between every triplicate sample.  

Table 3: Measured total arsenic concentration in certified reference materials 

  Measured conc. (mg/kg) n Certified (mg/kg) 

DORM-2 17.7 ± 1.3 38 18.0 ± 1.1 
DORM-3 6.9 ± 0.7 3 6.88 ± 0.30  
TORT-2 22.0 ± 1.1 6 21.6 ± 1.8 

 
To evaluate the systematic error all total arsenic concentrations are given with the standard 
deviation (SD). To evaluate the precision of the measurement a blue whiting sample was 
analysed, in triplicate, in six different measurement days and a herring sample in two 
different measurement days. The results, Table 4, show that the SD calculated from the 
triplicate of each analysis is an underestimation of the total measurement uncertainty. The 
uncertainty can lie in the sample preparation step and/or because of variations in the 
efficiency of the ICP-MS between different days of analysis. The calculated total 
measurement uncertainty was estimated to be 20% according to validation methodology. 
 
Table 4: Measured total arsenic conc. in blue whiting meal and herring meal over a period of time. 

Date of analysis Total As conc. (mg/kg) SD (mg/kg) n 

Blue whiting, B2 

4.5.2009 16.18 0.57 3 

11.8.2009 16.01 0.63 3 

17.8.2009 16.01 0.40 3 

18.8.2009 16.82 0.12 3 

19.8.2009 16.84 0.49 3 

27.8.2009 17.13 0.38 3 

Average: 16.50 0.49  
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6. 1. 1 Total arsenic concentration in herring fish meal 

Thirty-eight samples of herring fish meal were analysed for total arsenic concentration. 
The samples ranged from 2.15 to 5.31 mg/kg in concentration with an average of 3.5 ± 0.6 
mg/kg (Figure 14) with water content in the fish meal samples ranging from 5.1 – 8.4%. 
Figure 14 shows that the majority of the herring samples fall between 3-4 mg As/kg.  
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Figure 14: a) Distribution of the total arsenic concentration for all herring samples. b) Box plot of the 

herring samples. 

6. 1. 2 Total arsenic concentration in blue whiting fish meal 

Thirty-nine samples of blue whiting fish meal were analysed for total arsenic 
concentration. They ranged from 8.38 to 16.18 mg/kg in concentration with an average 
value of 12.8 ± 1.9 mg/kg (Figure 15).  Water content in the fish meal samples ranged from 
4.1 – 8.8%. The distribution of the blue whiting samples is depicted in Figure 15, where 
most of the samples fall between 12-14 mg As/kg. 
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Figure 15: a) Distribution of the total arsenic concentration for all blue whiting samples b) Box plot for 

the blue whiting samples 
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6. 1. 3 Total arsenic concentration in capelin fish meal 

Thirty samples of capelin fish meal were analysed for total As concentration. The 
concentration ranged from 2.79 to 5.17 mg/kg with an average of 3.9 ± 0.6 mg/kg (Figure 
16), with water content in the fish meal samples ranging from 5.5 – 8.8%. 
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Figure 16: a) Distribution of the total arsenic concentration for all capelin samples. b) Box plot for the 

capelin samples.  

According to the obtained results of total As concentration in the capelin fish meals, Figure 
16a, it is clear that one sample has a much higher arsenic concentration than the other 
capelin samples measured in this study, red dot. A Q-test was applied which gave with 
Q99% that the sample could be dismissed from the data set. Therefore, the obtained value of 
this sample was not included in the average value. As seen in Figure 16b, the majority of 
the capelin samples fall between 3.5-4.5 mg As/kg.  

6. 1. 4 Comparison of fish meals 
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Figure 17: Average total arsenic concentrations for three types of fish meals.  
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It is evident that there is a difference in total arsenic concentration for the three fish meals. 
Herring meal has the lowest concentration, followed closely by the capelin meal. The blue 
whiting meal has on average approximately three times higher total arsenic concentration 
compared to the herring and capelin meal samples, Figure 17.  

One reason for this could be that the blue whiting differs physiologically from herring and 
capelin. The blue whiting belongs to the cod fish family and has low lipid content in the 
flesh but uses the liver as fat depot, while the capelin and herring are store lipids in the 
flesh. Further, there is a difference in which parts of the fish is used for the meal. The blue 
whiting is processed whole where some parts of both herring and capelin are used for 
human consumption, e.g. parts of the flesh/fillets of the herring is utilised as well as the 
capelins roes. It has been shown that arsenic concentration and species differ depending on 
the tissue67. If not all of the tissues/organs are used for the meal that could have an effect 
on the total As concentration. 

Sloth et al. (2005)27 measured total arsenic concentration in feedingstuffs, including 
complete feedingstuffs, fish meal and fish oil. The Norwegian fish meals ranged from 
3.62-18.2 mg/kg in total arsenic concentration (on a product weight basis)27, which is 
similar to the concentration range of the measured samples in this work; 2.15 – 16.18 
mg/kg, sections 6. 1. 1, 6. 1. 3 and 6. 1. 2. 

6. 1. 5  Seasonal difference and other factors 

To evaluate the relationship between the fishing time and the arsenic concentration the 
samples were plotted in a timeline.  

 

Figure 18: Herring samples plotted as total As concentration vs. time (March – Jan.) with linear 

regression 

As a first approximation a linear regression was calculated on the data set with the 
concentration as the dependent variable. Figure 18 indicates that there is a correlation 
between the fishing time and the total arsenic concentration of the fish meal. The 
coefficient is statistically significant at the 99% confidence level with P = 0.008. As seen 
in Equation 2 the coefficient is -0.094, that is from March to January the concentration 
decreases approximately 0.1 mg As/kg per month.  
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Equation 2 

����������� � ��0.094 � 0.034��� � � �4.43 � 0.34� 

It is, however, overly simplistic to assume time and seasons to be linear, as time is a 
continuous variable. If the order of the months in Figure 18 were changed it would result in 
a different graph. There are indications for difference in concentration in Figure 18, 
however, it is more likely that some fluctuating function would describe the pattern better, 
such as a sinusoidal wave. As a second approximation a simple regression with a sinus 
function was calculated. 

a) b)   

Figure 19: Herring samples plotted as total As concentration vs. time with a simple sinus regression a) 

(January-December) b) (March-January) 

Figure 19 indicates that a wave like function, such as e.g. sine, is perhaps a better 
estimation of the fluctuation in the total arsenic concentration in the herring meal samples. 
When Figure 19 a) and b) are compared the repeating sinus wave is similar for both 
graphs, even though the timeline is different. Further statistical analysis would be 
preferable to better represent the data. Nevertheless, this simple approximation, Figure 19, 
indicates that the herring has two maximum points per a twelve month cycle, in the spring 
and in the fall. This could be a reflection of that the Atlantic herring can be split in two 
stocks that spawn at different times of the year, Feb/March and in July. However, when the 
samples were divided in two groups, before and after spawning, the data was not sufficient 
to see whether a difference could be found. The majority of the samples are from 2008, 
however some are from 2006, 2007 and 2009. This supports the theory of indications of a 
seasonal difference but not a difference between years.  

The flesh of the herring varies in fat content according to season. To evaluate whether a 
correlation could be found between the fat content and the total arsenic concentration a 
linear regression was calculated. The results might indicate a correlation with the 
coefficient statistically significant only at the 90% level with P = 0.074, Equation 3. 

Equation 3 

����������� � ��0.164 � 0.089�%%�� � �5.25 � 0.94� 
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Figure 20: Herring samples plotted as total As concentration versus percentage of fat in the fish meal. 

When the linear regression is calculated for the protein content compared to the total 
arsenic concentration a statistically significant correlation was found at 95% confidence 
level with P= 0.037. 
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Figure 21: Herring samples plotted as total As concentration versus percentage of protein in the fish meal 

Equation 4 

()*(+*,-.,/)* � �0. 012 � 0. 030�%4-),+/* � �5. 67 � 5. 18� 

The percentage of protein is not necessarily dependent on the concentration but both 
factors could be dependent of some common factor. For comparison a multiple linear 
regression was performed with the concentration as the dependent variable and the known 
variables; fat, water, protein and salt content as independent variables. With this model no 
variable was found to be with a statistically significant correlation to the concentration. 
The p-value for the protein changed from being statistically significant at a 95% 
confidence level to a P=0.844, and thus not significant. Using multiple linear regression 
none of the variables appeared to predict the arsenic concentration (Fat%: P=0.093, 
water%: P= 0.069 and salt%: P= 0.178). This method however assumes that the variables 
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are independent and this is not the case as the amount of fat, protein, water and ash are 
dependent of each other in living organisms such as fish. 

Capelin 

The fishing period for capelin is the winter season (January-April) and the summer season. 
Therefore, no samples were obtained for the period April to July as capelin is generally not 
fished at that time. 

a)  b)   

Figure 22: Capelin samples plotted as total As concentration versus time (January – July) a) linear 

regression b) simple sinus regression 

Because of large gaps in fishing time of the capelin it is not possible to see whether there 
are indications of a seasonal difference. Figure 22 shows two different regression of the 
total arsenic concentration versus time for the capelin meal samples. From the data 
available it is not possible to conclude which would be a better representative, if either. 

The samples form two groups in time, Jan-Apr and July-Aug, Figure 22. A t-test was 
performed on the two groups and no significant difference was found to exist. 

To see if there were indications of any correlation between fat, water, protein, salt or ash 
and the total arsenic concentration content linear regression was calculated for each 
parameter versus concentration. No correlation was found above 80% with the lowest p-
value P = 0.21 for fat content. Other p-values were higher. 

A multiple linear regression was calculated as well, because of a multicollinearity was 
present among the independent variables the variables causing the problem were 
eliminated. The resulting multiple linear regression gave the following p-values: Protein 
P= 0.63, Fat P=0.042, Water P=0.483. Thus the independent variable that appeared to 
account for the ability to predict the concentration was the percentage of fat content 
statistically significant at 95%. 

Blue whiting 

To evaluate the relationship between the fishing time and the arsenic concentration of the 
blue whiting samples the samples were plotted on a timeline, Figure 23. 
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Figure 23: Blue whiting samples plotted as total As concentration versus time (December  – August) with 

linear regression 

As a first approximation there seems to be a correlation between the fishing time and the 
total arsenic concentration of the blue whiting fish meal, Figure 23. The correlation is 
found by calculating the linear regression for the data set with the concentration as the 
dependent variable. The coefficient is statistically significant at the 99% level with P 
<0.0001. As seen in Equation 5 the coefficient is 0.49, that is from December to August 
the concentration increases approximately 0.5 mg As/kg per month.  

Equation 5 

����������� � �0.49 � 0.10��� � � �10.8 � 0.5� 

Similar as for the herring samples a linear regression is an oversimplification. For 
comparison a simple sine regression was performed. 

a)  b)   

Figure 24: Blue whiting samples plotted as total As concentration versus time with a simple sine 

regression a) (November-August b) (January-December) 

Figure 24 indicates that the fluctuations in the total arsenic concentration versus time can 
perhaps be described as a periodic wave. Blue whiting meal seems to rise in concentration 
during winter until a maximum concentration is reached in June, and then the 
concentration slowly decreases again. The blue whiting meal only has a single maximum 
in a twelve month cycle compared to two for the herring meal. The regressions depicted in 
Figure 24 are overly simplistic and further statistical analyses are needed to fully determine 
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the correlation. However, the results indicate a correlation for the total arsenic 
concentration of the blue whiting meal versus time. This could be related to the lifecycle of 
the blue whiting, e.g. spawning. The blue whiting mainly spawns in Feb/March. Samples 
were divided in two groups, before and after spawning (Apr-Aug vs. Nov-March) and a t-
test was calculated. The difference in the values between the two groups was found to be 
statistically significant (P=<0.001). 

The fat, water, protein and salt content are given in Appendix B. To evaluate whether the 
total arsenic concentration was related to e.g. the fat, water or protein content of the fish 
meal a linear regression was performed. A negative correlation is between the lipid content 
and the arsenic concentration. This was found to be statistically significant at a 99% 
confidence level with P< 0.0001. 
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Figure 25: Blue whiting samples plotted as concentration versus percent of fat in the fish meal. 

Equation 6 

����������� � ��0.74 � 0.15�%%�� � �18.97 � 1.26� 

There seems to be a correlation between total arsenic concentration and the fat content in 
the blue whiting fish meal, and indicative results for herring and capelin fish meal. A 
decrease in fat content has previously been reported, where the blue whiting is leanest in 
the period April/May which is just after spawning. This was seen in a survey where 
lipophilic dioxins and PCBs where noticed to become more concentrated in the lipid phase 
when the fat levels decreased in fish meal (blue whiting, capelin and the Atlanto-Scandian 
herring)108.  

Figure 25 indicates that the total arsenic concentration seems to be higher when the fat 
content is lower. One reason could be that the excretion of arsenic species is slower than 
the seasonal change in lipids/physical condition. It would be interesting to see if a similar 
trend would be noticed for the toxic inorganic arsenic. A similar trend would not 
necessarily be expected as organisms seem to be capable of biotransforming inorganic 
arsenic to organo arsenic species at low exposure concentrations31, this is further looked 
into in section 6. 2. 2.  
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6. 1. 6 Other statistical tests

Further statistical tests (t-tests, ANOVA) were applied to the following: The fishing year, 
grouping into “seasonal” months (June
February, March-May) and location
the three fish meal types. Limited
typical seasons were found to be unrealistic as Icelandic weather season
and the difference in e.g. temperature 
decided to plot the samples base
season.  

Locations 

By grouping samples depending
compared between groups, Figure 

Figure 26: Fishing grounds of the obtained samples, grouped together in depending on location and fish 

meal type. 

The blue whiting was grouped into three areas, with 8, 12 and 13 samples in each group. 
Since an equal variance test failed ANOVA on ranks was performed instead of a one way 
ANOVA. There was not found to be a statistically significant difference (P=0
difference between groups was not great enough to exclude the possibility that the 
difference could be due to random sampling variability. The same test was applied for the 
herring samples which were grouped in groups of 7, 12 and 14 samples. 
statistically significant difference 
grouped in two areas, with 10 and 16 samples in each group, a t
was no statistically significant difference between the 

Other statistical tests 

tests, ANOVA) were applied to the following: The fishing year, 
grouping into “seasonal” months (June-August, September-November, De

May) and location. No difference was found between fishing years for 
he three fish meal types. Limited difference exists when different seasons are compared as 

to be unrealistic as Icelandic weather seasons are not absolute, 
and the difference in e.g. temperature over the year are in general small. Therefore

based on a timeline to reflect better the potential differences in 

samples depending on fishing locations the total arsenic concentration was 
Figure 26.  

 

Fishing grounds of the obtained samples, grouped together in depending on location and fish 

The blue whiting was grouped into three areas, with 8, 12 and 13 samples in each group. 
Since an equal variance test failed ANOVA on ranks was performed instead of a one way 
ANOVA. There was not found to be a statistically significant difference (P=0
difference between groups was not great enough to exclude the possibility that the 
difference could be due to random sampling variability. The same test was applied for the 
herring samples which were grouped in groups of 7, 12 and 14 samples. 
statistically significant difference between the groups (P=0.191). Since the capelin was 
grouped in two areas, with 10 and 16 samples in each group, a t-test was performed. There 

statistically significant difference between the two input groups (P=0.711). 

tests, ANOVA) were applied to the following: The fishing year, 
November, December-

. No difference was found between fishing years for 
exists when different seasons are compared as 

s are not absolute, 
. Therefore, it was 

to reflect better the potential differences in 

on fishing locations the total arsenic concentration was 

Fishing grounds of the obtained samples, grouped together in depending on location and fish 

The blue whiting was grouped into three areas, with 8, 12 and 13 samples in each group. 
Since an equal variance test failed ANOVA on ranks was performed instead of a one way 
ANOVA. There was not found to be a statistically significant difference (P=0.105) as the 
difference between groups was not great enough to exclude the possibility that the 
difference could be due to random sampling variability. The same test was applied for the 
herring samples which were grouped in groups of 7, 12 and 14 samples. There was no 

(P=0.191). Since the capelin was 
test was performed. There 

groups (P=0.711).  
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6. 2 Speciation  

6. 2. 1 Sequential extraction 

The measured concentrations of arsenic in the CRMs analysed with every batch of samples 
were for DORM-2: 17.6 ± 1.3 mg/kg (n=17) compared to the certified value of 18.0 ± 1.1 
mg/kg and for TORT-2: 21.5 ± 1.4 (n=9) compared to the certified value of 21.6 ± 1.8 
mg/kg. 

Extraction efficiency for the sequential extraction is given below, Table 5. Details about 
the sequential extraction method applied are given in section 5. 2. 1. 

Table 5: The concentration of each arsenic fraction extracted from 15 fish meal samples using sequential 

extraction 

Samplesa Total As 
Concentration As extracted from total 

As [mg/kg]   

 
[mg/kg] 

Hexane/ 
CHCl3 

H2O/ 
MeOH 

Acid 
digestion 
of the rest 

Sum of 
steps 

Recovery 
(%) 

 
(acid 

digestion) 
Step I 

(Lipid sol.) 
Step II 

(Water sol.) 
Step III 

(The rest) 
(I+II+III) 

 

Herring        

H1 4.35 ± 0.06 0.84 ± 0.06 3.20 ± 0.02 0.56 ± 0.01 4.55 ± 0.08 106 ± 2 

H2 5.31 ± 0.15 1.09 ±  0.05 3.27 ± 0.03 0.49  ± 0.03 4.85 ± 0.04 91 ± 1 

H3 3.48 ± 0.15 0.81 ± 0.02 2.18 ± 0.03 0.45 ± 0.01 3.44 ± 0.02 99 ± 1 

H4 3.45 ± 0.15 1.15 ± 0.04 1.50 ± 0.03 0.51 ± 0.01 3.16 ± 0.14 92 ± 1 

H5 2.51 ± 0.04 0.71 ± 0.04 1.44 ± 0.01 0.36 ± 0.01 2.51 ± 0.03 100 ± 1 

Blue 

whiting 

            

B1 14.0 ± 0.3 0.19 ± 0.01 12.4 ± 1.7 1.25 ± 0.04 13.9 ± 1.6 99 ± 12 

B2 16.2 ± 0.6 0.23 ± 0.01 14.7 ± 0.5 1.09 ± 0.01 16.0 ± 0.5 99 ± 3 

B3 12.4 ± 0.6 0.13 ± 0.03 10.6 ± 0.2 0.76 ± 0.03 11.5 ± 0.2 93 ± 2 

B4 8.4 ± 0.1 0.29 ± 0.07 8.3 ± 0.4 0.69 ± 0.01 9.3 ± 0.3  111 ± 4 

B5 13.3 ± 0.7 0.17 ± 0.01 11.9 ± 0.1 0.89 ± 0.04 12.9 ± 0.1 97 ± 1 

Capelin             

C1 4.11 ± 0.06 1.32 ± 0.13 2.35 ± 0.04 0.74 ± 0.16 4.41 ± 0.33 107 ± 8 

C2 5.17 ± 0.20 0.52 ± 0.04 3.29 ± 0.04 0.57  ± 0.03 4.38 ± 0.05 85 ± 1 

C3 4.20 ± 0.22 1.10 ± 0.02 1.97 ± 0.03 0.53 ± 0.01 3.60 ± 0.02 86 ± 1 

C4 4.42 ± 0.29 1.11 ± 0.08 1.97 ± 0.05 0.55 ± 0.01 3.63 ± 0.06 82 ± 2 

C5 2.95 ± 0.11 0.87 ± 0.02 1.62 ± 0.05 0.54 ± 0.04 3.03 ± 0.06 103 ± 2 
a 

Water content of the fish meal samples ranges from 4.5-8.3%, concentration given on a product weight basis. Details 

about the fish meal samples used can be found in Appendix B. 

Table 5 shows that the recovery ranges from 82-111% when all steps are taken into 
consideration. If the residue from the last step is not included, the efficiency for extractable 
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arsenic ranges from 70-102%. The extractable arsenicals account for; herring: 85 ± 6 %, 
capelin: 78 ± 8 %, blue whiting: 92 ± 6 %.  

Mass balance 

The sequential extraction gives an idea about the mass balance between the lipid- and 
water-soluble fractions. The percentage of total arsenic concentration for each fraction is 
shown in Table 6. 

Table 6: The mass balance between the three fractions for 15 fish meals. 

Samples 
Lipid soluble fraction 

(% of total As conc.) 

Water soluble fraction 

(% of total As conc.) 

The rest  

(% of total As conc.) 

 Step I Step II Step III 

Herring    

H1 19.3 73.6 12.9 
H2 20.5 61.6 9.2 
H3 23.3 62.6 13.0 
H4 33.3 43.5 14.8 
H5 28.3 57.4 14.3 

Average: 25 ± 6 60 ± 11 13 ± 2 

Blue whiting    

B1 1.4 89.0 9.0 
B2 1.4 90.7 6.7 
B3 1.1 85.4 6.1 
B4 3.5 98.8 8.2 
B5 1.3 89.4 6.7 

Average: 2 ± 1 91 ± 5 7 ± 1 

Capelin    

C1 32.1 57.2 18.0 
C2 10.1 63.6 11.0 
C3 26.2 46.9 12.6 
C4 25.1 44.6 12.4 
C5 29.5 54.9 18.3 

Average: 25 ± 9 53 ± 8 15 ± 3 

 
Table 6 indicates the mass balance between the lipid- and water-soluble fractions. The ratio 
is similar for the herring and capelin fish meal with ~25% of the arsenicals bound in the 
lipid-soluble fraction, and 53-60% in the water-soluble fraction. The results for the blue 
whiting are different with only ~2% of the arsenic bound in the lipid-soluble fraction and 
~90% in the water soluble fraction. 

Preliminary experiments where hydrolysis was attempted, as well as analysis of the lipid 
soluble fraction on both cation exchange chromatography and reversed phase 
chromatography was performed. This preliminary work led to inconclusive results, 
Appendix C, and because of time constrains it was discontinued, while additional work 
focused on the water-soluble fraction.  
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Speciation 

Selected samples of three fish meal types were prepared using the optimised conditions of 
the stepwise extraction. The speciation analysis was carried out for two samples of each 
fish meal type. Criteria for the selected samples were that they had been monitored 
throughout the total arsenic and sequential extraction experiments and in addition samples 
of a relatively high total arsenic concentration were chosen. The selected samples were 
from different seasons. The certified reference material DORM-2 was prepared using the 
same analytical procedure as the fish meal samples. 

The extracted samples were kept frozen until analysis, and analysed within 2 weeks from 
preparation. A fresh mobile phase was prepared each day of analysis as well as standards 
diluted from stock solution. The samples were analysed both with cation exchange 
chromatography and reversed phase chromatography. A preliminary experiment was made 
with a chromatographic run of 900 seconds for both cation exchange and reversed phase 
chromatography, quantification was not achievable. Further an 1800 second run was made 
for each fish meal type on cation exchange to check for late eluting arsenicals. Later 
experiments were shortened to a 400-500 second run and quantification was performed. 

Cation exchange 

Chromatographic conditions for the analyses on the cation exchange column Zorbax 300 
SCX, are given in section 5. 4. 1. The arsenic standards analysed were a mixture of AB, 
TMAO and AC. It is unlikely that the compounds in the standard mixture are the only 
arsenicals that appear in the chromatograms. A couple of unknown cationic species were 
observed in the fish meal samples as well as in the certified reference material DORM-2, 
Figure 27, that was analysed along with the fish meal samples for quality control. The limit 
of detection (LOD) was taken to be three times the noise (3σ) and the limit of 
quantification (LOQ) was evaluated to be the area of the smallest standard analysed and 
was found to be 0.04 mg As/kg. 

 

Figure 27: DORM-2 analysed on cation exchange column, anionic species can be seen in front of AB 

along with two other cationic species, thought to be TMAP and TETRA.  

To give an estimation of the unidentified arsenic species the chromatograms were 
compared to the order of standards analysed on the same and a similar column that had 
been previously reported57, 109 as well as to the main reported cationic species reported in 



42 

 

DORM-2. The elution order of arsenic species can change between different columns and 
it is not possible to compare retention times between different experiments. However, 
when the order of arsenic species reported is compared with the unknown cationic species 
and this information is combined with the knowledge of the main reported cationic species 
reported in DORM-2, then this together gives an idea of what the unidentified arsenicals 
might be. That is, TMAP and TETRA, commonly reported as minor constituents in marine 
animals. For a reliable identification spiking experiments are needed as a minimal measure 
of identification. The results for the CRM DORM-2 are given in Table 7 and compared to 
literature values. 

Table 7: Arsenic species detected in DORM-2, analysed with cation exchange chromatography, compared 

to literature values
a
 (concentrations in mg kg

-
)

1
. 

AB TMAO TMAP AC TETRA Reference 

24.7 ± 2.6  0.17 ± 0.03  0.33 ± 0.04 This workb 

16.4 ± 1.0    0.248 ± 0.054 Certified 
24.6 ± 1.4     110 
16.8 ± 0.4  0.17 ± 0.01 0.023 ± 0.002 0.24 ± 0.02 86 
16.0 ± 0.7  0.16 ± 0.01 0.024 ± 0.01 0.23 ± 0.02 111 
16.2 ± 0.2  0.16 ± 0.01c 0.01 ± 0.01 0.25 ± 0.02 112 
16.6 ± 0.6    0.08 ± 0.03 0.15 ± 0 113 
16.9 ± 1.0 0.021 ± 0.002 0.16 ± 0.01 0.01 ± 0.002 0.26 ± 0.02 57 
16.1 ± 0.7 0.30 ± 0.03   0.30 ± 0.02 114 

aNot all species reported in the references are specified (e.g. anionic species) bResults are given with standard deviation 
(n=2) cReported as unknown 

Table 7 reveals that the results for AB are higher than the certified value, however the 
concentrations of the species thought to be TETRA are in accordance with the certified 
value and reported values and the peak thought to be TMAP fits well with reported values. 

Table 8: Detected arsenic species in fish meal samples analysed with cation exchange chromatograph 

(results in mg kg
-1

). 

 Samplesa Anions & 
neutrals 

AB  TMAO  TMAP AC TETRA 

Herring       
H1 0.66 ± 0.05 3.68 ± 0.02   <LODc  
H2 0.02 ± 0.002b 4.0 ± 0.4b   <LOD <LOD 

Blue whiting       
B1 0.19 ± 0.02 23.9 ± 0.4  <LOQc 0.04 ± 

0.01 
0.04 ± 0.01 

B2 0.25 ± 0.03b 23.5 ± 2.3b  < LOQ <LOD  

Capelin       
C1 0.242 ± 0.002  2.22 ± 0.05 0.42 ± 0.01    
C2 0.59 ± 0.06b 4.2 ± 0.4b <LOQ    

DORM-2 0.34 ± 0.03 24.7 ± 2.6  0.17 ± 0.03 0.33 ± 0.04 
a
Water content of the fish meal samples ranges from 5.6-8.3%, concentration is given on a product weight basis bThe 

results are given with standard deviation (n=2) except for those marked with a, which are evaluated with a 10% 
uncertainty (n=1). cLOD ≥ 3σ and LOQ ≥ 0.04. 



43 

 

The fish meal samples were analysed using the same conditions as for DORM-2, the 
results are given in Table 8. Table 8 shows that AB is the predominant species in the fish 
meals, accounting for most of the water soluble fractions. TMAO was found in one capelin 
sample and AC and TETRA in small amounts in a blue whiting sample, Figure 28. 
However, the chance of co-elution is large, and some of the arsenicals might be 
overestimated because of this.  

When the arsenic species of the water soluble fraction are summed up the column recovery 
can be calculated, Table 9.  

Table 9: The sum of detected arsenic species measured on cation exchange chromatography and column 

recovery 

Samples Sum (mg / kg) Extracted WS fraction 
(mg/kg)a 

Column recovery (%) 

Herring    
H1 4.3 ± 0.03 3.0 ± 0.3 143 
H2 4.0 ± 0.4  3.27 ± 0.03 123 

Blue whiting    
B1 24.2 ± 0.4 13.2 ± 0.2 183 
B2 23.8 ± 2.3 14.7 ± 0.5 162 

Capelin    
C1 2.9 ± 0.1 2.1 ± 0.1 137 
C2 4.8 ± 0.4 3.29 ± 0.04 146 

aAnalysed with acid digestion and ICP-MS 

Table 9 shows that the column recovery is well over 100%. For samples of higher 
concentration, such as the blue whiting, the column recovery is the highest. The reason for 
this can be that the calibration curve made did not cover a sufficiently large range of 
concentrations, and thus with higher concentrations the less accurate the quantification is. 
A small unknown peak was detected in the standard mixture, thus a contamination could 
have affected the quantification. Organic compounds can further co-elute, which changes 
the sensitivity of the arsenic in the plasma; the carbon enhancement effect. This can result 
in higher recoveries. To evaluate the amount of the species detected the percentage area of 
the chromatographs was calculated, Table 10. 

Table 10: The %area of the detected arsenic species on cation exchange for three fish meal types and 

DORM-2 

Arsenic species 
Herring  

(% area) 

Capelin  

(% area) 

Blue whiting  

(% area) 

DORM-2  

(% area) 

Anions & neutrals 14 ± 7 14 ± 1 1.8 ± 0.2 2.3 ± 0.1 
AB 80 ± 5 70 ± 4 95.5 ± 0.3 93.8 ± 0.1 
TMAO 

 
15 ± 6 

  
TMAP 

  
1.0 ± 0.2 1.64 ± 0.02 

AC 4 ± 1 
 

1.0 ± 0.1 
 

TETRA 
  

1.1 ± 0.1 2.26 ± 0.04 
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Table 10 shows that when calculated based as percentage of total area AB is found to be 70 
- 96% of the water soluble fraction, and over 90% for both blue whiting and DORM. Other 
species are found as minor or trace constituents. Figure 28 shows samples of each fish 
meal type with an overlay of the standard mixture.  

a)  

b)  

c)  

Figure 28: Fish meal samples analysed on cation exchange column and an overlay (red) of standard 

mixture of AB, TMAO and AC respectively a) Blue whiting sample B1 and standards (2.5 ppb) b) Capelin 

sample C1 and standards (10 ppb) c) Herring sample H1 and standards (2.5 ppb). 
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For a qualitative identification of all the water soluble arsenicals spiking experiments are 
crucial, preferably with other methods of identification as well. A spiking experiment was 
made with AB, Figure 29. Further verification of the species is a future work. 

  
Figure 29: Samples of each fish meal, herring, capelin, blue whiting respectively, spiked with AB (red). 

Reversed phase 

Chromatographic conditions for the analyses on the reversed phase column Gemini-NX 5u 
C18, are given in section 5. 4. 2. As(V) was separated from other arsenic species under 
these conditions. An unknown arsenical was observed in a herring and a capelin sample 
and small amounts of As(V) were detected in the capelin samples. The LOQ was found to 
be 0.04 mg As/kg. For quality control, the DORM-2 was analysed along with the fish meal 
samples. The results of the DORM-2 are given in Table 11 below. 

Table 11: Arsenic species detected in water-soluble fraction of DORM-2 on a reversed phase column 

  AB (& other) (mg/kg) Certified AB (mg/kg) Recovery (%) 

DORM-2 15.8 ± 1.6 16.4 ± 1.1 96 

 
Comparing Table 11 to Table 7 the results from the reversed phase column are closer to the 
certified value than when analysed on the cation exchange column. Some minor arsenicals 
might co-elute in the AB peak, but as the vast majority should be AB, according to Table 7 
the extraction and column recovery are close to the certified value. The fish meal samples 
were also analysed under the same conditions and Table 12 summarises the measured 
concentrations.  

Table 12: Water-soluble fraction of fish meal samples analysed on RPC (results in mg kg
-1

). 

Samplesa,b AB & 

other 

U As(V) Sum Extracted Recovery (%) 

Herring       
H1 2.7 ± 0.3 0.20 ± 0.02  2.9 ± 0.3 3.0 ± 0.3 97 
H2 3.8 ± 0.4   3.8 ± 0.4  3.27 ± 0.03 116 

Blue whiting       
B1 15.9 ± 1.6   15.9 ± 1.6 13.2 ± 0.2 120 
B2 16.4 ± 1.6   16.4 ± 1.6 14.7 ± 0.5 112 

Capelin       
C1 2.1 ± 0.2  <LOQc 2.2 ± 0.2 2.1 ± 0.1 105 
C2 3.4 ± 0.3 0.10 ± 0.01 <LODc 3.6 ± 0.4 3.29 ± 0.04 109 

a
Water content of the fish meal samples ranges from 5.6-8.3%, concentration is given on a product weight basis bThe 

results are evaluated with a 10% uncertainty (n=1). cLOD ≥ 3σ and LOQ ≥ 0.04 mg/kg. 
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Comparing Table 12 to Table 9, the column recoveries for the reversed phase 
chromatography are more acceptable, around 100%. Small amounts of As(V), just under 
the limit of quantification, were detected in the capelin samples as well as an unknown 
arsenical at retention time around 355 seconds for a herring and capelin sample, Figure 30. 

a)  

b)  

c)  

Figure 30: Fish meal samples analysed on RPC a) Capelin sample C2 b) Herring sample H1 c) Blue 

whiting sample B1. 
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As polar compounds elute first on reversed phase columns, the unknown arsenic species, 
U, could be relatively non-polar, Figure 30 a) and b). However, it does not elute very late 
either so it might be relatively small as well.  

6. 2. 2 Determination of inorganic arsenic 

Details of the alkaline-alcoholic extraction method, used for the determination of inorganic 
arsenic, are given in section 5. 2. 2. Extraction efficiency, using the alkaline-alcoholic 
extraction method, for DORM-3 and TORT-2 was 91 ± 2% for both reference materials. A 
lower extraction efficiency was expected for the fish meal since lipid-soluble arsenicals are 
not expected to be extractable with this method. The extraction efficiency for herring was 
76 ± 8% (n=16), for blue whiting 92 ± 12% (n=15) and 76 ± 6% (n=13) for capelin. The 
first chromatographic run of all fish meal samples was half an hour which was later 
shortened to 22-24 minutes. 

For comparative reasons Table 13 below includes the extraction efficiencies of the water 
soluble fraction of twelve fish meals extracted with both extraction methods.  

Table 13: Extraction efficiencies of two different extraction methods for the water soluble fraction 

Samples 
Alcaline-alcoholic extraction 

(% extracted of total As conc.) 
Sequential extraction 

(% extracted of total As conc.) 

Herring   

H1 85 ± 2 74 ± 1 

H2 73 ± 2 62 ± 1 

H4 67 ± 4 44 ± 2 

H5 70 ± 2 57 ± 1 

Average: 74 ± 8 59 ± 12 

Blue Whiting     

B1 102 ± 6 89 ± 14 
B2 79 ± 3 91 ± 3 
B3 79 ± 2 85 ± 2 
B4 98 ± 3 99 ± 5 

Average: 90 ± 12 91 ± 6 

Capelin 
  

C1 79 ± 3 57 ± 2 
C2 66 ± 1 64 ± 1 
C4 75 ± 2 45 ± 3 
C5 74 ± 6 55 ± 3 

Average: 74 ± 5 55 ± 8 

 

Table 13 shows that, in general, the more energetic extraction method of the alkaline-
alcoholic extraction yields better efficiencies. A couple of things should be noted in that 
regard. When the total concentrations were measured of the extracted arsenic with the 
alkaline-alcoholic extraction method, the samples contained 5% ethanol. It is well known 
that inclusion of an organic solvent can lead to carbon enhancement as described in 
section, 5. 3. 2 and since the total arsenic concentrations were not measured with 5% 
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ethanol this could lead to a slight overestimation of the extraction efficiency. Further, it 
should be noted that the sequential extraction involves two steps of extraction. It is 
possible that some of the smaller non polar arsenicals extracted in the first extraction step 
of the sequential extraction could be extracted with the water soluble fraction of the 
alkaline alcoholic extraction method.  

For the speciation analysis, both TORT-2 and DORM-3 were analysed. The sum of all 
arsenic species was respectively, 25.7 ± 2.8 mg/kg (n=4) compared to certified value of 
total As of 21.6 ± 1.8 and 9.3 ± 1.0 mg/kg (n=3) compared to 6.88 ± 0.30 mg/kg, 
respectively. The high value of the sum is most likely the result of an increase in the signal 
because of ethanol interference noticeable in the internal standard, a similar occurrence has 
been reported before115. This interference is only present at a retention time of 300 seconds 
and earlier and does not interfere with quantification of the inorganic arsenic which 
appears at a later retention time, Figure 31.  
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Figure 31: The intensity of the internal standard 
103

Rh and the element of interest, 
75

As. Sample H1, 

analysed on anion exchange column 

This interference in the 103Rh could be due to chloride or bromide interferences. 
Calibration with an internal standard has the benefit of perhaps cancelling out non 
desirable matrix effects. When calculating the analytical area of the samples the average 
Rh value per ~500-1200 sec was used in order to avoid the interference. 

For calibration a more reliable method was used than in the previous section, were DMA 
was used and injected in triplicate for six different concentrations. The LOQ was found to 
be 0.014 mg/kg. 

Each sample, as well as TORT-2, were spiked with the inorganic arsenicals As(III) and 
As(V) before extraction. The results for the recovery from the spiking experiments are 
shown in Table 14. The As(III) and As(V) spiked to the TORT-2 before extraction was 
determined with anion exchange chromatography and gave a recovery of 141 ± 4% and 
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100 ± 2%, respectively. All three fish meal types were also spiked with As(III) and As(V) 
yielding a reasonable recovery of, 113 ± 7% and 79 ± 5%, respectively, Table 14. 

Table 14: Recovery of spiked As(III) and As(V) to samples before extraction  

Samples % Recovery of As(III) % Recovery of As(V) n 

Herring 
   

H1 115 ± 37 75 ± 33 3 

Blue whiting 
   

B2 119 ± 4 85 ± 9 3 

Capelin 
   

C2 105 ± 12 77 ± 2 3 

TORT-2 141 ± 4 100 ± 2 3 

 

Inorganic arsenic in fish meal 

The results for 12 samples of different fish meals are presented in Table 15. The data 
reveals that even though the total arsenic concentration ranges from 2.5 mg kg-1 to 16.2 mg 
kg-1 the inorganic arsenic concentration is below 0.2 mg kg-1 and does not exceed 4% of 
total arsenic concentration in all cases. This is in accordance with previously reported 
literature values of inorganic arsenic in seafood27, 41. 

Table 15: Total arsenic and inorganic concentration in 12 fish meal samples and two CRMs
 

 Samplesa,c Conc. As(V) (µg/kg) n Total As conc. (mg/kg) %As(V) of total 

Herring 
    

H1 37 ±18 5 4.35 ± 0.06 0.8 

H2 37 ± 9 3 5.31 ± 0.15 0.7 

H4 29 ± 3 3 3.45 ± 0.15 0.8 

H5 82 ± 9 3 2.51 ± 0.04 3.3 

Blue whiting 
    

B1 41 ±16 9 13.95 ± 0.29 0.3 

B2 72 ± 3 3 16.18 ± 0.57 0.4 

B3 51 ± 4 3 12.38 ± 0.55 0.4 

B4 51 ± 3 3 8.38 ± 0.13 0.6 

Capelin     
C1 50 ±18 9 4.11 ± 0.06 1.2 

C2 198 ± 8 3 5.17 ± 0.20 3.8 

C4 36 ± 9 3 4.42 ± 0.29 0.8 

C5 47 ± 5 3 2.95 ± 0.11 1.6 

TORT-2 639 ± 81 4 
19.6 ± 0.4  

[21.6 ± 1.8]b 3.3 

DORM-3 283 ± 27 3 
6.2 ± 0.1 

[6.88 ± 0.30]b 4.5 

a Water content of fish meal samples ranges from 4.5-8.3%, concentration given on a product weight basis. bNumbers in 
brackets are certified value of total arsenic concentration cLOD ≥ 3σ and LOQ ≥ 0.014 mg/kg. 
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Sloth et al. (2005)27 measured total and inorganic arsenic concentration in complete 
feedingstuffs. The total arsenic concentration ranged from 3.40-8.34 mg/kg while the 
inorganic arsenic concentration was between 10-61 µg/kg27 which is of a similar 
magnitude as the concentrations of inorganic arsenic given in Table 15. 

Figure 32 shows examples of chromatograms of capelin fish meal with total arsenic and 
inorganic concentration of 4.11 and 0.05 mg kg-1, respectively, and a blue whiting sample 
with total arsenic and inorganic concentration of 13.95 and 0.04 mg kg-1. 
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Figure 32: Arsenic speciation of a) capelin fish meal sample b) blue whiting sample, analysed with anion 

exchange HPLC-ICP-MS. The red line indicates samples that are spiked with As(III) before extraction, 

quantified as As(V). 



51 

 

From Figure 32 it can be seen that the inorganic arsenic elutes at approximately 750 
seconds and a full baseline separation from other organoarsenic compounds is achieved. 
From the presently obtained data a correlation between total and inorganic concentrations 
can not be found, Figure 33. 
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Figure 33: Inorganic arsenic versus total arsenic concentration, samples of all fish meal types. 

A linear regression was plotted to see whether there was a linear relationship between 
inorganic arsenic concentration and total arsenic concentration. No statistically significant 
correlation was found, with P=0.915. This is in accordance with previously reported 
results28.   

Sloth et al. (2008)31 indicated a biotransformation threshold value for inorganic arsenic in 
mussels where all samples below 3 mg/kg in total arsenic concentration had low 
concentrations of inorganic arsenic. However, samples of a higher total arsenic 
concentration than 3 mg/kg a significant linear relationship between inorganic and total 
arsenic existed31. These results, supported by studies on brown algae116

 and on the marine 
poluchaete117, indicate that the animals are capable of biotransforming the inorganic 
arsenic to organoarsenic species at low inorganic arsenic exposures. This might be a part of 
a detoxification process. However, at higher exposure to inorganic arsenic the threshold is 
exceeded and the inorganic arsenic is deposited and accumulated in the organisms. 
Experiments by Gailer et al. (1995)118 are however contradicting where blue mussels did 
not show any significant accumulation of inorganic arsenic in the mussel tissues even at 
high exposure levels. 

The blue whiting samples also show no sign of having exceeded a bioaccumulation 
threshold as no significant increase in inorganic arsenic can be noticed for samples of high 
total arsenic concentration. Animals have different no observed adverse effect levels 
(NOAEL) and the level for blue whiting could be higher than for e.g. mussels. It could also 
be that the blue whiting might be exposed to higher amounts of toxic arsenic through the 
diet than e.g. herring and capelin, however, amounts below the NOAEL so that the blue 
whiting would be able to biotransform the toxic species to arsenobetaine (leading to higher 
total arsenic concentration).   
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To evaluate if there were any indications of a seasonal difference in the inorganic arsenic 
concentration the inorganic arsenic was plotted versus time.  

 

Figure 34: Inorganic arsenic versus time (November – August); samples of all fish meal types. 

No statistically significant linear relationship was found to exist, (P=0.109), although the 
three highest samples occur at the summer time. It is as well possible that a small sinus-
like correlation could be present. The present data set for inorganic arsenic is too small to 
indicate a relationship, however, these results also do not exclude any possibility. More 
data for inorganic arsenic in fish meal is needed to determine whether a correlation is 
present or not.  

Figure 35 shows the relationship between the concentration of inorganic arsenic in all fish 
meal samples measured versus the fat content of these samples. The present data set for 
inorganic arsenic is too small to determine a correlation. However, there does not appear to 
be a linear relationship between the concentration of inorganic arsenic and the fat content.  
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Figure 35: Samples of capelin, blue whiting and herring, plotted with inorganic arsenic conc. versus fat 

content. 
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Both the DORM-3 and the TORT-2, Table 15,  showed a relatively high concentration of 
inorganic arsenic, or 283 ± 27 µg kg-1 (n=3) and 639 ± 81 µg kg-1 (n=4) respectively. 
DORM-3 has not been in general use as a CRM for a long time and there are no reported 
values of inorganic arsenic or other arsenic species in the literature to date. TORT-2 has 
however been reported in the literature31, 83, 87 and this result is similiar in magnitude as the 
highest value reported, but values range from 188 – 580 mg kg-1. 

The co-elution 

The presented chromatograms in Figure 32 depict successfully spiked samples with 
arsenite, quantified as arsenate and Table 15 shows low values for the inorganic arsenic in 
accordance with what has been reported in the literature. Further the concentration of 
inorganic arsenic in the CRM, TORT-2, is relatively close to previously reported value. 
Despite this, the evidence of the presence and magnitude of inorganic arsenic is not 
conclusive.  
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Figure 36: Arsenic speciation of a herring fish meal sample H1 analysed on anion exchange column. The 

red line represents the sample spiked with As(III) before extraction, quantified as As(V). a) Separation 

between As(V) and an unknown arsenic species, U, with a new column. b) No separation can be seen 

between As(V) and U after a couple of months use of column 
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The column Hamilton PRP-X100 was new when the project started. After a short period of 
time of analyses the chromatograms started to show matrix effects. The inorganic arsenic 
and other organoarsenic species eluted but seemingly with a baseline separation of the 
species of interest. For all samples, except one, a single well separated peak was detected 
for the As(V). A herring sample that was analysed in the first batch showed a double peak 
where the As(V) elutes. When this sample was analysed a couple of months later the 
double peak did not reoccur, and a single well defined peak had taken its place, because of 
co-elution of the small inorganic arsenic peak and the unknown arsenic species, Figure 36. 
The concentration of “inorganic” arsenic differs significantly for Figure 36 a. and b; 37 and 
269 mg kg-1 respectively. This is equivalent to an overestimation of 6% of the total As 
concentration for the inorganic arsenic. The higher value would not have been considered 
out of the ordinary as inorganic arsenic concentrations in fish have been reported up to 
7.3%26 and inorganic arsenic in mussels has been reported up to over 40% of the total As 
concentration26, 31. In this study a capelin sample (C2) had an inorganic arsenic 
concentration of approximately 200 mg/kg, Table 15, which constitutes to 4% of the total 
arsenic concentration. The inorganic arsenic concentrations of this sample was unusally 
high compared to the other fish meal samples, as can be seen in Figure 33-Figure 35. This 
could be due to co-elution. 

It is evident that verification of the inorganic arsenic by comparison of retention time and 
spiking is not sufficient proof, thus further verification was carried out using post column 
online HG-AFS detection. The chromatogram shown in Figure 37b illustrates that no 
intense signal was detected at an early retention time, when HG-AFS detection was 
applied. This is in accordance with what could be expected since the major arsenic 
compound in the extract, AB, does not form volatile arsenic, as described in section 5. 5. 

Two separated arsenic species present in low concentration were detected early in the 
chromatograph, Figure 37b. The first eluting peak may result from small amounts of DMA, 
or it could possibly originate from an arsenosugar since a conversion of arsenosugars into 
volatile arsenic may occur with low efficiency104, 119. Spiking of the TORT-2 sample 
showed that the second peak eluted at the same retention time as arsenate. LOD was high 
in this sample matrix, 3 µg kg-1 in the extract, which resulted in most sample extracts being 
below LOD. When a capelin sample of higher mass per solvent ratio (1 g per 10 mL) was 
subjected to analysis, a peak at the same retention time as arsenate was detected but was 
below LOQ. The only sample with quantifiable amount of inorganic arsenic, using anion 
exchange HPLC-HG-AFS, was TORT-2, Figure 37. 
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Figure 37: Arsenic speciation of the CRM TORT-2 using (a) anion exchange HPLC-ICP-MS (b) using 

anion exchange HPLC-HG-AFS. The red line represents the samples spiked with arsenate to identify all 

inorganic arsenic as arsenate in the extracts 

Quantification with an external calibration with As(V) for the TORT-2 sample, using anion 
exchange HPLC-HG-AFS, gave a concentration of 215 mg kg-1 (n=1), which is only one 
third of the concentration when analysing with the ICPMS, Table 16. 

Table 16: Measured and reported concentrations of inorganic As  

TORT-2  Conc. As(V) (µg/kg) 

This work ICP-MS 639 ± 81 
 HG-AFS 215 ± 45 
Larsen et al, 200587 ICP-MS 188 ± 14 
Kirby et al, 2002 86 ICP-MS 410 ± 30 
Munoz et al, 199983 HG-AAS 581 ± 55 
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The lower concentration measured with HG-AFS might partly be because of the possibility 
that not all of the inorganic arsenic forms hydrides. The correct value of the inorganic 
arsenic concentration might actually lie in between these values, with the analysis on the 
HG-AFS giving a lower limit while the ICP-MS gives an upper limit of the inorganic 
concentration. The HG-AFS can further be used as a check for co-elution in samples, 
especially for those that appear to have high concentration of inorganic arsenic. No 
arsenate peak was detected in the herring sample in Figure 36, using anion exchange 
HPLC-HG-AFS. A peak of such high concentrations as shown in Figure 36b should have 
been detected if it indeed were arsenate. This confirms that results of spiking experiments 
should be taken cautiously. This can for example be observed from Table 13, for the 
TORT-2 and all the samples a recovery of around and over 100% was found, although 
unusually high for the TORT-2. This shows that arsenic added to the sample can be 
recovered and quantified but does not validate that the peak, the standard is added to, only 
consists of the desired analyte. These spiking experiments, however, are a useful marker, 
as e.g. previous studies have shown that for extractions with methanol, only 15% of the 
added As(III) was recovered and 31%  for a methanol/chloroform extraction83. This 
suggests that thiol groups in the proteins with an affinity to the As(III) remain active 
during the extraction leading to the necessity of more efficient reagents to dissociate and 
dissolve As(III) in a solvent. The alkaline-alcoholic solution seems to be efficient enough. 
A good recovery of added spike does however not validate a method, but is obviously 
beneficial.  

The chromatogram in Figure 37a shows small shoulder in the inorganic arsenic peak. This 
could indicate co-elution. The lack of a shoulder does not exclude co-elution, e.g. the peak 
in Figure 36b is well defined as the inorganic arsenic concentration is much lower than the 
co-eluting arsenic compound. A peak of similar shape as seen for the TORT-2 can be 
noticed in a recently published paper31 where concentrations of the inorganic arsenic 
exceed 40% of the total arsenic concentration. It is important though to keep in mind that a 
peak shape neither proves nor disproves anything.  

When conducting experiments it is crucial to verify the identification of inorganic arsenic 
with at least two separate methods, especially when high concentrations of inorganic 
arsenic are noticed. 

6. 3 Legislation 

The EU commission has recently raised the maximum limit for total arsenic in 
feedingstuffs obtained from the processing of fish or other marine animals, from 15 mg/kg 
(2003)10 to 25 mg/kg (2009)9. All of the herring and capelin fish meal samples analysed in 
this study are well below these maximum levels, in fact, most of them are below 5 mg 
As/kg. However, the blue whiting meal contains higher total arsenic concentration.  

Figure 38 illustrates that four of the 39 blue whiting samples exceed the previous EU 
maximum level of 15 mg/kg total arsenic and several samples are also close to this limit10, 
or even exceed it when the standard deviation of the sample is taken into account. These 
fish meal batches would have been excluded from the market, prior to the recent change in 
maximum limit for total arsenic in feedingstuffs obtained from the processing of fish or 
other marine animals9. With the new legislation all samples analysed as part of this study 
fall well below the maximum limit. However, even though the total arsenic concentration 



57 

 

in fish meal is below the current maximum limit of total arsenic concentration in 
feedingstuff this does not necessarily guarantee the possibility of selling fish meal with a 
high concentration of total arsenic. Many fish meal purchasers have to consider that the 
maximum level for complete feedingstuffs is 10 mg/kg9 (previously 6 mg/kg10). For these 
purchasers it is therefore preferable to buy fish meal with a low total arsenic concentration 
in order to ensure that the complete feedingstuff for fish will fall below the complete 10 
mg/kg. Thus the producers’ limit of total arsenic is for practical reasons often lower than 
the set EU maximum limit.  
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Figure 38: Total arsenic concentration of all fish meal samples, the line drawn at 15 mg/kg is the previous  

EU maximum limit and the current maximum limit is drawn at 25 mg/kg 

The concentration of inorganic arsenic was measured for one of the samples with high total 
arsenic concentration, Table 15. That sample (B2) contained an inorganic arsenic 
concentration of 0.072 ± 0.003 mg/kg versus a total arsenic concentration of 16.2 ± 0.6. 
That is equivalent to 0.4% of the total arsenic concentration. For comparison a herring 
sample with a relative higher inorganic arsenic concentration, 0.082 ± 0.009 mg/kg, versus 
a much lower total arsenic concentration, 2.51 ± 0.04 mg/kg. This shows that there is no 
obvious relationship between total and inorganic arsenic concentration. 

To put the concentration of inorganic arsenic in perspective: If fish meal were for human 
consumption a person of 70 kg would have to eat 15 kg of the blue whiting fish meal (~16 
mg/kg) per week to reach the current PTWI of inorganic arsenic (0.015 mg/kg b.w.). It 
must, however, be noted that this PTWI is no longer considered appropriate by the EFSA 
as it is too high and other sources of inorganic arsenic in the diet and drinking water were 
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not taken into consideration. The value the CONTAM panel, section 1, took as a realistic 
value for calculating human dietary exposure for inorganic arsenic in seafood was fixed at 
0.1 mg/kg. The amount of inorganic arsenic in the fish meal sample (B2) exceeding the 
previous EU maximum level of total arsenic in fish meal, is below that value (0.072 ± 
0.003 mg/kg).  

The new EU maximum limits thus decrease the risk of unjust exclusion of e.g. fish meal 
from the market. However, raising the maximum levels of total arsenic concentration 
should be considered a short term solution. Even though a relationship between inorganic 
and total arsenic has not been shown, raising the maximum level could indirectly increase 
the risk of exposure of higher levels of toxic arsenic species. Total arsenic concentration is 
not a good indication of exposure to the undesirable substance. The majority of seafood 
and seafood products have low levels of inorganic arsenic, however, the exceptions could 
have an adverse affect on the public health. The future aim should be to change the present 
legislation so that the sum of toxic species, or alternatively inorganic arsenic, will be set as 
maximum levels of arsenic in food- and feedingstuff, not the total arsenic concentration. 
This suggestion is supported by the EFSA opinion, which recommends that more data on 
speciation, especially inorganic arsenic, is needed as well as a robust analytical method to 
determine the inorganic arsenic7. The EFSA opinion also states that the production of 
certified reference materials for inorganic arsenic should be a priority7. Furthermore the 
EFSA panel points out that an improved understanding of human metabolites of 
organoarsenicals (e.g. arsenosugars, arsenolipids) in foods is needed to assess human 
health implications7.  
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7 Conclusions 

Total arsenic concentration ranges from 2.2 – 16.2 mg/kg for over 100 samples of three 
types of Icelandic fish meal; capelin, herring and blue whiting. The blue whiting meal has 
approximately three times higher total arsenic concentration compared to herring and 
capelin meal. This could be due to the physiological differences of the fish species, the 
food source of the fish and could also be dependent on the fish meal production process 
where different parts of the tissues/organs are used for the meal. For herring and blue 
whiting meal a correlation between fishing time and the total arsenic concentration was 
observed, while this was not the case for the capelin meal. The total arsenic concentration 
seems to be higher when the fish is leaner, e.g. just after spawning, as there are indications 
of a negative correlation between the lipid content and the arsenic content. No difference in 
arsenic content was found dependent on the fishing location.  

The sequential method developed yielded good extraction efficiencies. Analyses on cation 
exchange chromatography showed arsenobetaine to be the predominant peak in all fish 
meal types and when calculated based as percentage of total area AB was found to be 70 - 
96% of the water soluble fraction. Other arsenicals were present either as trace or minor 
constituents. Different arsenic species were detected for the three fish meal types. The 
arsenic species identified and indicated to be present in the fish meal are summarised in 
Table 17. 

Table 17: The detected arsenic species in the three fish meal types 

 
Capelin Herring Blue whiting DORM-2 

AB Major Major Major Major 
TMAOa Minor 

  
 

TMAPa 

  
Trace Minor 

ACa 

  
Trace  

TETRAa 

  
Trace Minor 

As(V)a Trace 
  

 
Inorganic Minor Minor Trace Minor 
U / non-polar Minor Minor 

 
 

aVerification by e.g. spiking is needed 

The alkaline-alcoholic extraction method for extraction of inorganic arsenic showed 
promising results. However, suspicion was raised when a double peak detected for a 
herring sample, when the PRP-X100 Hamilton column was new, eluted in later 
experiments as a single well defined peak. The decrease in retention time indicates that the 
degree of matrix effects depends on the wear of the column. Based on a spiking experiment 
alone the inorganic arsenic concentration would have been overestimated by 6% of total 
arsenic concentration for the herring sample. For quality control reasons, it is therefore 
necessary to verify results with at least two separate analytical methods. This can be 
accomplished with a verification of selected samples by e.g. hydride generation. For 
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detection limit purposes hydride generation with ICP-MS as a detector would be more 
suitable than HG-AFS. The measured inorganic concentration in the CRMs; DORM-3 and 
TORT-2 were, 0.283 ± 0.027 and 0.639 ± 0.081, respectively. Although a suspicion of a 
co-elution exists, especially for the TORT-2 sample, were approximately three times lower 
concentration was measured on HPLC-HG-AFS. The values measured with both methods 
are close to previously reported values of inorganic arsenic in TORT-2, even though they 
vary by a factor of three. These results stress the need for a certified value of inorganic 
arsenic and other species of interest in certified reference materials in order to check the 
robustness of developed methods. The alkaline-alcoholic extraction method, however, 
gives convincing upper limits of the inorganic concentration in the fish meal. Using this 
extraction method the results show that for 12 fish meal samples, most have an inorganic 
arsenic concentration close to or under 1% of the total arsenic concentration and all below 
4%. This is in accordance with previously reported values in the literature for seafood. No 
correlation between inorganic arsenic concentration and total arsenic concentration was 
noticed.  

Four samples of the blue whiting meal analysed exceed the previous EU maximum level of 
15 mg/kg total arsenic concentration in feedingstuff and several come close to the level. 
All samples in this study, however, fall below a recently set maximum level of total arsenic 
concentration that was raised for feedingstuffs obtained from the processing of fish or 
other marine animals. Feedingstuffs high in total arsenic and low in inorganic were 
previously excluded from the market, however, the recent EU legislation reduces the risk 
of such unjust exclusion. Raising the maximum limits of total arsenic should, however, be 
considered a short term solution as total arsenic concentration is not a good indication of 
exposure to the undesirable substance. Future legislation should rather aim for maximum 
levels of arsenic in food- and feedingstuff to be set in respect to toxic species (inorganic 
arsenic, and e.g. arsenic species of medium toxicity). EFSA has recommended that dietary 
exposure to inorganic arsenic should be reduced and that more extensive speciation data 
for different food commodities is needed for risk assessment of inorganic arsenic. To 
evaluate the inorganic arsenic concentration in biological samples robust analytical 
methods are needed and further work lies ahead for the scientific community in this area. 
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8 Future work 

To refine this study a separation of the unknown arsenical co-eluting with the arsenate 
would be the next step. In the work by Sloth et al. (2005)27, which the alkaline-alcoholic 
extraction was based on, for separation of inorganic arsenic from organoarsenic species, an 
isocratic mobile phase ammonium carbonate, was found to be sufficient27, 43. However, a 
first step to get separation might be to try a gradient mobile phase. Identification of the 
unknown co-eluting cationic species and the unknown species found on the reversed phase 
chromatography would be of interest. In that regard, comparison of other known arsenic 
compounds would be the first step, and then it might be possible to consider measurements 
with ESI-MS. A clean up of the sample before analysis on the column would also be 
greatly beneficial as to minimise the effect of the sample matrix and strain on the column. 
A sequential extraction method, to look further into the lipid soluble fraction and evaluate 
the organoarsenicals in the water soluble fraction, would be of interest in combination with 
extraction of inorganic arsenic. Extracting the lipids first could be a partial cleanup 
procedure. Further steps of cleanup would be advisable. In general the need for a validated 
value of inorganic arsenic in a CRM is crucial, but in order to achieve this, different 
analytical methods must all reach the same value.  However, the current status in the field 
is that different analysts and different methods do not yield the same values. The methods 
therefore must be refined and further developed. This is a realistic goal as today lower 
detection limits than before are achievable and better equipment is on the market. There 
are also many unanswered questions regarding the arsenolipids, where much work lays 
ahead. Identification of new arsenolipids is needed and the chronic toxicity must be further 
evaluated. 
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Appendix A 

A.1  Development of sequential extraction 
method 

A.1.1 Extraction method for water-soluble arsenicals 

Two different extraction methods for water-soluble arsenicals were tested in order to see 
which one gives better results and is more convenient. 

First a microwave assisted extraction was tested. Samples of capelin were prepared with 
five different solvent mixtures of water and methanol (100% milliQ water, and mixtures of 
H2O/MeOH (9:1, 8:2, 1:1, 1:9)). After the extraction, the samples were centrifuged and 
filtered with 0,2 µm filters and evaporated to dryness on a heating bath to get rid of all the 
methanol. Then the residue was transferred to digestion bombs and the residue digested 
with acid digestion before analysis of total As concentration. 

From these analyses it became clear that the recovery of total arsenic increased with higher 
percentage of methanol, Figure 39. 
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Figure 39: The recovery of the total As conc. versus % of methanol in a water/MeOH mixture 

For comparison a liquid extraction method was also tested. The same capelin sample as 
was used for the microwave extraction was used for this extraction also. Duplicates of the 
samples were shaken for 2, 4 and 6 hours as well as overnight with three different solvent 
mixtures: 100% MilliQ water, 20% methanol and 50% methanol, Figure 40. 
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Figure 40: The recovery of the total As conc. versus time for different mixtures of water/MeOH  

The results of the recovery were quite similar to the microwave extraction. But the 
microwave extraction is rapid and easier in procedure and was therefore used. 

The microwave extraction was then optimized with a Doehlert experimental design which 
was used to investigate the effect of temperature, time and methanol concentration. The 
Doehlert design is a uniform shell experimental design which consists of a set of uniformly 
distributed points in a rhombic lattice. A minimum number of experiments are used to 
explore the whole experimental domain following a sequential approach120.  

The extraction was optimised with 10 ml of 10-90% methanol, 3-9 min and 70-90°C. With 
three variables thirteen experiments were required, Table 18. 

Table 18: Doehlert design definition with three factors, both coded and non-coded values. 

 Non-coded values Coded values 

No. Temp. Time (min) H2O/MeOH Temp. Time H2O/MeOH 

D1 80 6 (1:1) 0.000 0.000 0.000 
D2 90 6 (1:1) 1.000 0.000 0.000 
D3 85 9 (1:1) 0.500 0.866 0.000 
D4 85 7 (1:9) 0.500 0.289 0.816 
D5 70 6 (1:1) -1.000 0.000 0.000 
D6 75 3 (1:1) -0.500 -0.866 0.000 
D7 75 5 (9:1) -0.500 -0.289 -0.816 
D8 85 3 (1:1) 5.000 -0.866 0.000 
D9 85 5 (9:1) 5.000 -0.289 -0.816 
D10 75 9 (1:1) -0.500 0.866 0.000 
D11 80 8 (9:1) 0.000 0.577 -0.816 
D12 75 7 (1:9) -0.500 0.289 0.816 

D13 80 4 (1:9) 0.000 -0.577 0.816 
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The Doehlert design was applied to a capelin sample and a blue whiting sample. Only half 
of the design was applied to the blue whiting sample as the results seemed to be 
unsatisfactory with almost up to 200% recovery rates.  

A.1.2 Extraction method for lipid-soluble arsenicals 

A limited number of studies have been published on extraction of lipid-soluble arsenic 
species where most apply liquid extraction (shaking)46, 121, 122. Liquid extraction was 
optimized for different solvents: Hexane and chloroform – and mixtures thereof. The 
optimisation was applied to the sample of capelin fish meal as was used in the extraction 
for water-soluble arsenicals. Approximately 0.2-0.3 g of the homogenised sample was 
transferred with 10 ml of solvent (hexane, and mix. of hexane/chloroform (9:1,8:2 and 7:3) 
to a 15 ml tube, Figure 41, and the mixtures shaken for 2, 4, 6 hours and overnight at room 
temperature, Figure 42. After shaking, the samples were centrifuged at 3500 rpm for 20 
min., filtered with 0.2 µm filter and the organic phase evaporated. After evaporation the 
residue was dissolved and then acid digested with microwave. The samples were then 
appropriately diluted with milli-Q water and kept frozen until analysis with ICP-MS.  
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Figure 41: The recovery of the total As conc. vs. % of chloroform in a hexane/CHCl3 mixture a) Blue 

whiting b) Capelin 
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Figure 41 shows that there is a slight increase in recovery with a higher percentage of 
chloroform for the blue whiting, this trend is also noticeable for the capelin sample 
although the recovery for 30% chloroform is slightly less than for 20%. For further 
analysis, a 20% chloroform/hexane mixture was chosen as extraction solvent. 
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Figure 42: The recovery of the total As conc. as a function of shaking time for lipid-soluble arsenicals 

Figure 42 shows that time is not a major factor in the percentage recovery of total As 
concentration as the results of are similar for the time periods. 

A.1.3 Sequential extraction 

The above analyses were performed as a part of a development of a method for extraction 
for water-soluble and lipid-soluble arsenicals. The method includes three steps of 
extraction. First step involves extraction of the lipid-soluble arsenicals with shaking. In the 
second step the water-soluble arsenicals are extracted from the residue from the first step 
with a microwave extraction. Thirdly, the concentration of arsenic from the residue of step 
2 is measured with ICP-MS, after acid digestion with microwave. 

As a part of the sequential extraction the Doehlert experimental design, Table 18, was 
applied to optimize the conditions for the microwave assisted extraction of the water-
soluble arsenicals.  

Table 19 shows that the recovery for the thirteen experiments range from 106-121%. This 
is higher than expected. For further analysis D4 and D13 were chosen as they have a rather 
high recovery for the second step as well as being the closest ones to a 100% recovery. 
These designs were used for all three of the fish meal types, Table 20 and Table 21. 
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Table 19: Optimisation of a capelin fish meal sample with Doehlert design. 

 Total As Concentration As extracted from total As [mg/kg]   

 [mg/kg] Hexan H2O/MeOH  Acid dig. Sum of steps  Recovery  

No. (acid dig.) Step I Step II Step III (I+II+III)  (%) 

D1 4.11 ± 0.06 1.03 ± 0.05 2.52 ± 0.03 1.30 ± 0.07 4.85 118 

D2 4.11 ± 0.06 0.98 ± 0.01 2.42 ± 0.10 1.25 ± 0.06 4.65 113 

D3 4.11 ± 0.06 1.00 ± 0.01 2.45 ± 0.02 1.26 ± 0.06 4.71 115 

D4 4.11 ± 0.06 0.98 ± 0.02 2.66 ± 0.23 0.723 ± 0.04 4.36 106 

D5 4.11 ± 0.06 0.97 ± 0.11 2.22 ± 0.36 1.29 ± 0.01 4.46 109 

D6 4.11 ± 0.06 0.99 ± 0.02 2.43 ± 0.27 1.11 ± 0.18 4.53 110 

D7 4.11 ± 0.06 0.96 ± 0.01 2.51 ± 0.04 1.48 ± 0.01 4.95 120 

D8 4.11 ± 0.06 1.01 ± 0.02 2.10 ± 0.09 1.47 ± 0.04 4.58 111 

D9 4.11 ± 0.06 1.01 ± 0.01 2.27 ± 0.11 1.70 ± 0.01 4.98 121 

D10 4.11 ± 0.06 0.96 ± 0.02 2.35 ± 0.16 1.44 ± 0.04 4.75 116 

D11 4.11 ± 0.06 0.95 ± 0.09 2.27 ± 0.16 1.56 ± 0.04 4.78 116 

D12 4.11 ± 0.06 0.97 ± 0.03 2.79 ± 0.18 0.84 ± 0.03 4.6 112 

D13 4.11 ± 0.06 0.96 ± 0.03 2.56 ± 0.39 0.83 ± 0.02 4.35 106 

 

Table 20: Conditions of D4 applied to the three fish meal types 

 Total As Concentration As extracted from total As [mg/kg]   

 [mg/kg] Hexan H2O/MeOH  Acid dig. Sum of 
steps  

Recovery 

 (acid dig.) Step I Step II Step III (I+II+III) (%)  

Herring 4.35 ± 0.06 0.94 ± 0.10 3.00 ± 0.26 0.52 ± 0.05 4.46 103 

Blue 
whiting 

14.0 ± 0.3 0.21 ± 0.01 13.18 ± 0.20 1.16 ± 0.01 14.55 104 

Capelin 4.11 ± 0.06 1.13 ± 0.10 2.10 ± 0.06 0.70 ± 0.01 3.93 96 

 

Table 21: Conditions of D13 applied to the three fish meal types 

 Total As Concentration As extracted from total As [mg/kg] 
 

 
[mg/kg] Hexan H2O/MeOH Acid dig. 

Sum of 

steps 
Recovery 

 (acid dig.) Step I Step II Step III (I+II+III) (%) 

Herring 4.35 ± 0.06 0.84 ± 0.06 3.20 ± 0.02 0.56 ± 0.01 4.6 106 
Blue 
whiting 

14.0 ± 0.3 0.19 ± 0.01 12.42 ± 1.68 1.25 ± 0.04 13.86 99 

Capelin 4.11 ± 0.06 1.32 ± 0.13 2.35 ± 0.04 0.74 ± 0.16 4.41 107 
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For D4, the recovery rates range from 96-104%, Table 20, and for D13 the recovery is 99-
107%, Table 21. Both sets of conditions yield acceptable values of recovery and are quite 
similar. D13 has a higher recovery for the water–soluble arsenicals, and is still reasonable 
close to a recovery of 100% and was chosen as the optimized conditions for extraction for 
all three fish meal types. 

A.2.  Extraction of inorganic arsenic 

After the development of the sequential extraction, the focus of the project shifted towards 
quantification of the most toxic arsenic – the inorganic arsenic. However, inorganic arsenic 
can be bound through strong thiol bonds and a more energetic extraction method is needed 
than the developed sequential extraction method. Thus a new method for extraction of 
water-soluble arsenicals – including the inorganic arsenic, was based on Sloth et al 200527, 
a method applied for the analysis of various seafood samples and marine animal 
feedingstuffs27, 31.  

A.2.1 Preliminary experiments 

For microwave assisted extraction of arsenicals a solution of 35.9 g/L sodium hydroxide 
(0.9 mol/L) in 50% ethanol was used. Approximately 0.2 g of fish meal was accurately 
weighed and placed in a vial along with 10 ml of the alkaline solution. The samples were 
placed in the microwave and heated up to 90°C and the temperature held constant for 4 
minutes. No pressure limitation was used. Because of the highly alkaline solution and the 
high temperature the sample vials melted in the microwave. The vials available were not 
resistant enough to withstand the high alkaline solution and the samples were prepared 
again in a 10 times lower concentration of sodium hydroxide (3.05 g/L NaOH). When 
extracting with the new solution the temperature was slowly increased and held at 50°C 
and 75°C for two minutes before allowing the temperature to rise to the final temperature 
of 85°C at which it was held for 4 minutes. The samples were centrifuged at 3500 rpm for 
10 minutes before the supernatants were removed and the remains discarded. Hydrogen 
peroxide (H2O2) is a well known oxidising agent. To make ensure that all arsenite was 
oxidized to arsenate 0.1 ml of 30% hydrogen peroxide was added to 0.9 ml of the extracted 
sample and allowed to react overnight. Before analysis on the HPLC-ICP-MS the samples 
were centrifuged for 5 minutes at 13000 rpm.  

A.2.2 Different solvents and extraction efficiencies. 

To evaluate the effect of the extraction solvent, different solvents were chosen and samples 
prepared according to the same extraction method previously used. After microwave 
extraction the samples were diluted such that the total concentration of sodium hydroxide 
did not exceed 300 mg/L and the ethanol concentration was 5%. All samples had the same 
sodium concentration as well as the standards and CRM. The samples were analysed for 
total arsenic concentration with ICP-MS, Table 22. 
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Table 22: The total arsenic concentration in fish meal extracts with different extraction solvents. 

 6.1 mg/ml 

NaOH in 
50% EtOH 

3.05 mg/ml 

NaOH in 50 
% EtOH 

1.5 mg/ml 

NaOH in  
50% EtOH 

3.05 mg/ml 

NaOH in 
H2O 

WATER 

Herring (H1)      
Total As conc.  

in extr. (mg/kg) 
1.35 ± 0.25 3.73 ± 0.40 3.68 ± 0.11 2.55 ± 0.27 2.11 ± 0.02 

Total As conc.  
(mg/kg) 

4.35 4.35 4.35 4.35 4.35 

% Extr. 31 86 85 59 48 
Blue whiting 
(B1) 

     

Total As conc.  
in extr. (mg/kg) 

5.96 ± 0.64 11.7 ± 2.8 13.92 ± 0.42 13.2 ± 0.3 12.1 ± 0.3 

Total As conc.   
(mg/kg) 

14.0 14.0 14.0 14.0 14.0 

% Extr. 43 84 100 95 87 
Capelin (C1)      

Total As conc.  
in extr. (mg/kg) 

2.12 ± 0.39 2.61 ± 0.56 3.13 ± 0.30 2.08 ± 0.17 1.4 ± 0.4 

Total As conc.  

(mg/kg) 
4.11 4.11 4.11 4.11 4.11 

% Extr. 52 68 76 51 33 
 

Table 22 indicates that 1.5 mg/ml NaOH gives the best extraction efficiency. To ensure 
that this was not because of a dilution effect the arsenic concentration of each sample per 
gram was plotted along with the concentration of the rhodium. No effect was noticeable.  

A.2.3 Effect of mass per solvent ratio 

The amount of inorganic arsenic was low in comparison to e.g. arsenobetaine. The 
measured variation in concentration for the inorganic arsenic was relatively high because 
of the low concentration. The amount of sample varied from 0.2 to 1.0 g of fish meal per 
10 mL of solvent in order to see whether higher mass to solvent ratio would have an effect 
on the variability. With more fish meal the relative standard deviation (RSD) was lower 
and the amount of inorganic arsenic was more stable within each triplicate. However, a 
higher amount of sample lead to a higher degree of matrix effects, e.g. shifting in retention 
time and results in a higher strain on the column. The final method is given in 5. 2. 2. 

 

 





 

 

Appendix B 

B.1 Information and data on the fish meal samples 

Matís no. Samples Date Fish meal type 
Process 

no. 
Fishing 

site 
Protein 

[%] 
Fat 
[%] 

Water 
[%] 

Salt 
[%] 

Ash 
[%] 

Total arsenic 
conc. (mg/kg) 

SD 
(mg/kg) 

2008-001  13.8.2008 
Herring/Mackerel 

(89/11) 
441325 508 72.5 10.4 7.6 2.6 6.9 3.19 0.08 

2008-002  3.8.2008 
Herring/Mackerel 

(22/78) 
442317 412-462 71.2 11 7.7 2.9 7.2 3.13 0.04 

2008-003  27.7.2008 
Herring/Mackerel 

(63/37) 
442312 410 71.4 11.3 7.9 2.5 6.9 3.04 0.04 

2008-004  16.7.2008 
Herring/Mackerel 

(27/73) 
442308 461 71 11.6 7.9 2.6 6.9 2.98 0.07 

2008-005  24.8.2008 
Herring/Mackerel 

(50/50) 
442329 556 70.8 11.4 7.4 3.9 6.5 3.27 0.02 

2008-006  9.7.2008 
Herring/Mackerel 

(50/50) 
442304 509 70.6 10.9 8.4 2.6 7.5 3.26 0.05 

2008-007  7.7.2008 
Herring/Mackerel 

(67/33) 
442303 460 72.2 9.8 7.6 2.4 8 3.01 0.03 

2008-008 H1 13.6.2008 Herring 442301 408-410 73.2 9.7 6.6 2.6 7.9 4.35 0.06 
2008-009  31.5.2008 Herring 442300 307 71.2 9.3 5.9 5.4 8.2 3.94 0.12 
2008-010 B1 21.5.2008 Blue whiting 442298 108 72.4 6.5 5.6 4 11.5 13.95 0.29 
2008-011  15.5.2008 Blue whiting 442295 107 71.2 6.8 8.2 2.4 11.4 13.77 0.78 
2008-012  7-8.05.2008 Blue whiting 443293 6 70 7.7 7.3 3.7 11.3 13.25 0.1 
2008-013  24-27.04.2008 Blue whiting 443286 7 70.7 8.6 8.1 2.5 10.1 14.4 0.8 
2008-014  21.4.2008 Blue whiting 442380 008. 72.6 7.4 6.8 2.4 10.8 13.18 0.54 



 

 

Matís no. Samples Date Fish meal type 
Process 

no. 
Fishing 

site 
Protein 

[%] 
Fat 
[%] 

Water 
[%] 

Salt 
[%] 

Ash 
[%] 

Total arsenic 
conc. (mg/kg) 

SD 
(mg/kg) 

2008-015  12.4.2008 Blue whiting 442276 56°N17°V 69.6 9.2 6.4 4.2 10.6 10.68 0.38 
2008-016  29.3.2008 Blue whiting 442267 54°N17°V 70.9 8.8 6.7 5 8.6 11.93 0.67 
2008-017 H5 5.8.2008 Herring 442318 72°N6°V 72.2 9.3 7.9 2.6 8 2.51 0.04 
2008-018 C1 8.1.2008 Capelin 441262 714 71.7 10.5 6.5 3.7 7.6 4.11 0.06 
2008-019  19.3.2008 Blue whiting 442265 54°N17°V 71.9 8.3 7 2.7 10.1 12.88 0.62 
2008-020  22.3.2008 Blue whiting 342804 55°N17° 69.4 8.1 6.9 3.9 11.7 13.12 0.33 
2008-021  2.4.2008 Blue whiting 341811 51°N17 71.7 6.5 7.6 2.6 11.6 12.79 0.59 
2008-022 B5 17.4.2008 Blue whiting 341815 57 71.8 7 7.4 2.3 11.5 13.27 0.73 
2008-023  18.4.2008 Blue whiting 341818 57 71.7 6.2 7.3 2.6 12.2 12.73 0.11 
2008-024  23.4.2008 Blue whiting 341823 8 72 7.3 7.1 2.5 11.1 14.26 0.76 
2008-025  24.4.2008 Blue whiting 344828 8 70.1 7.7 7.4 3.5 11.3 14.4 0.35 
2008-026  13.5.2008 Blue whiting 344835 004-108 68.7 7.6 5.8 5.5 12.4 14.7 0.66 
2008-027  17.5.2008 Blue whiting 344839 108 71.4 6.5 6.9 3.6 11.6 15.84 1.01 
2008-028  17.1.2008 Capelin 341769 662 69.7 11.5 6 5.8 7 4.37 0.11 
2008-029  7.2.2008 Capelin from Hús 341777 662 67 12.5 7.3 6.8 6.4 9.09 0.22 
2008-030  13-14.02.2008 Capelin from Hús 341782 410/510 68.2 11.8 7 6.1 6.9 4.4 0.13 
2008-031  22.2.2008 Capelin from Hús 349787 365 69.2 10.2 7.5 4.3 8.8 3.41 0.03 
2008-032 C5 28.2.2008 Capelin from skip 342788 367 66 10.6 6.3 8 9.1 2.95 0.11 
2008-033  3&6.03.2008 Capelin Hrat 340790 371 67.2 12.3 7.4 5.5 7.6 3.67 0.1 
2008-034  11-12.03.2008 Capelin Hrat 340797 373 70.1 9.1 6 5.3 9.5 3.9 0.07 
2008-035  13.3.2008 Capelin Hrat 341800 373 70.3 9.6 5.5 5 9.6 4.21 0.1 
2008-036  15&17.03.2008 Capelin Hrat 342802 373+424 71.8 7.1 6 4.6 10.5 4.32 0.16 
2008-037  10.6.2008 Herring NÍ 341841 71°30N 72.5 9.3 7 3.4 7.8 3.77 0.12 
2008-038  12.6.2008 Herring NÍ 342845 71°N001 73.1 9.6 7.4 2.5 7.4 4.67 0.25 
2008-039  17.6.2008 Herring NÍ 341847 1003 72.4 10 5.1 5.2 7.3 4.26 0.18 
2008-040  23.6.2008 Herring NÍ 344848 70°N7°V 66.1 9.7 6.7 6.2 11.3 3.39 0.18 
2009-041  12.8.2006 Herring 442183 561. 71.8 11.5 8 2.1 6.6 3.38 0.25 



 

 

Matís no. Samples Date Fish meal type 
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2009-042  25.8.2006 Herring 442194 1054. 72.7 10.5 7.8 2.4 6.6 3.77 0.07 
2009-043  19.6.2005 Blue whiting 442123 409. 71.8 8.7 6.3 2.7 10.5 15.18 0.46 
2009-044  21.10.2004 Blue whiting 442005 510. 72.4 9.5 6.1 2.6 9.4 10.67 0.54 
2009-045 B2 2.6.2005 Blue whiting 442116 361. 71.5 8.2 5.7 3.1 11.5 16.18 0.57 
2009-046  28.10.2004 Blue whiting 442012 560. 70.6 13.2 4.1 2.9 9.2 9.97 0.18 
2009-047  7.7.2004 Capelin 141015 721. 72.3 10.4 7 3.3 7 3.69 0.2 
2009-048  30.6.2004 Capelin 142013 722. 72.4 10 6.4 3.5 7.7 4.12 0.06 
2009-049 C2 11.7.2004 Capelin 143017 772. 70.9 7.9 8.3 2.8 10.1 5.17 0.2 
2009-050  14.7.2004 Capelin 144024 718. 72.5 9.8 6.8 3.1 7.8 2.97 0.07 
2009-051  28.7.2004 Capelin 142046 822. 71.9 9.6 7.3 3.6 7.6 3.21 0.07 
2009-052  18.7.2004 Capelin 141032 822. 70.7 12.6 6.7 3.3 6.7 3.59 0.16 
2009-053  18.12.2008 Herring 341957 522. 73 11 6.8 2.1 7.1 3.88 0.18 
2009-054  27.11.2008 Herring 341940 522. 65.6 12.1 6.7 5.5 10.1 3.27 0.09 
2009-055  18.11.2008 Herring 341937 522. 65 12.6 7.5 4.9 10 3.25 0.01 
2009-056 H3 21.9.2008 Herring 341921 512. 73.1 10.4 6.3 4.9 5.3 3.48 0.15 
2009-057  14.10.2008 Herring 341925 957. 73.7 10.2 7.2 2.8 6.1 4.48 0.25 
2009-058  30.8.2006 Blue whiting 342553 578-579 72.9 5.6 8.8 2.5 10.2 14.77 0.98 
2009-059 B4 4.11.2004 Blue whiting 442016 509-510 71.8 10.5 6.1 2.6 9 8.38 0.13 
2009-060  21.6.2005 Blue whiting 442126 408. 72.2 8.3 6.1 2.7 10.7 13.42 0.28 
2009-061  4.6.2005 Blue whiting 442118 316. 72.2 8.2 5.8 2.1 11.7 16.16 0.27 
2009-062  6.12.2008 Herring 442331 422. 72.5 9.1 7.7 2.5 8.2 4.12 0.03 
2009-063  13.12.2008 Herring 442337 523. 72.9 8.8 7.2 2.2 8.9 3.86 0.04 
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2009-064  16.7.2004 Blue whiting 442 988 611 71.8 9.5 5.5 2,5/2,9 0.19 12.4 0.8 
2009-065  20.10.2004 Blue whiting 441 004 510 71.3 11.2 4.6 3,6/3,2 0.16 11.7 0.5 
2009-066  27.10.2004 Blue whiting 441 010 560 71.8 9.7 6.1 3,1/3,0 0.14 10.3 0.2 
2009-067  7.11.2004 Blue whiting 442 020 560 70.6 11 5.7 3,1/3,1 0.14 9.7 0.8 
2009-068  1.2.2007 Blue whiting 341618 54°N 12°W 72.6 8 5.5 3.2 0.12 12.4 0.6 
2009-069  2.2.2007 Blue whiting 342619 54°N 12°W 72 8.2 7.1 2.5 0.14 12.5 0.4 
2009-070  3.2.2007 Blue whiting 342620 54°N 12°W 72.3 8.2 7.4 2.5 0.15 12.3 0.5 

V-2008-0015  31.1.2008 Blue whiting STD - 5 66.7 10.1 7.9 4.6 0.19 11.22 0.43 
V-2008-0032 B3 7.2.2008 Blue whiting STD - 5 72.7 7.2 4.5 3.3 0.1 12.38 0.55 
V-2008-0509  1.10.2008 Herring NSM - 512 71.7 9.6 7.5 3.6 0.17 3.83 0.12 
V-2008-0560  10.11.2008 Herring NSM - 522 63.8 11.8 6.7 5.5 0.25 3.08 0.13 
V-2008-0581  21.11.2008 Herring NSM - 522 67.9 10 5.7 4.9 0.19 3.09 0.09 
V-2008-0596  27.11.2008 Herring NSM - 522 68.3 9.7 7 3.8 0.14 3.19 0.16 
V-2008-0623  17.12.2008 Herring NSM - 522 70.3 10.4 6.4 3.5 0.12 3.27 0.15 
V-2008-0627 H4 20.12.2008 Herring NSM - 522 69.7 10.4 6.2 3.4 0.13 3.45 0.15 
V-2009-0012  9.1.2009 Herring NSM - 522 71.5 11.1 6.3 2.7 0.14 3.37 0.09 
V-2009-0024  17.1.2009 Herring NSM - 522 70.7 12.1 6.3 3.3 0.13 3.47 0.25 
V-2009-0035  23.1.2009 Herring NSM - 522 69.8 11.9 5.7 3.5 0.16 3.49 0.16 
V-2009-0138 H2 20.3.2009 Herring NSM - 320 71.8 11.6 5.6 2.3 0.12 5.31 0.15 
V-2008-0107 C3 5.3.2008 Capelin NSM - 371 70 9.7 6.2 5.1 0.12 4.2 0.22 
V-2008-0123  6.3.2008 Capelin NSM - 371 69.9 9 6.8 4.7 0.1 3.87 0.23 
V-2008-0126  7.3.2008 Capelin NSM - 372 70.2 8.6 5.8 4 0.11 4.05 0.09 
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V-2008-0148  8.3.2008 Capelin NSM - 372 70.9 9 6.1 4.8 0.11 3.82 0.62 
V-2008-0184 C4 11.3.2008 Capelin NSM - 422 69.6 8.5 6.2 5.6 0.14 4.24 0.25 
V-2008-0203  13.3.2008 Capelin NSM - 422 71.4 8.2 6.6 4.3 0.12 4.42 0.29 
V-2008-0227  15.3.2008 Capelin NSM - 422 71 7 7 5.3 0.12 4.01 0.19 
V-2008-0237  17.3.2008 Capelin NSM - 320 67.8 7.2 8 6.1 0.1 4.27 0.21 
V-2008-0252  19.3.2008 Capelin NSM - 320 69.4 7.1 7.1 5.8 0.14 4.53 0.09 
V-2008-0267  26.3.2008 Capelin STD - 474 68.5 7.5 8.3 5.5 0.21 4.82 0.2 
V-2009-0138  20.3.2009 Herring NSM - - 71.8 11.6 5.6 2.3 0.12 4.70 0.23 
V-2008-0015  31.1.2008 Blue whiting STD - - 66.7 10.1 7.9 4.6 0.19 12.37 0.38 
V-2008-0066  26.2.2009 Capelin NSM - - 65.5 9.5 8.8 5.0 0.18 4.37 0.04 
V-2007-0025  25.1.2007 Capelin - - 68.9 10.6 7.1 4.6 0.15 3.27 0.12 
V-2007-0121  27.2.2007 Capelin NSM - - 72.2 8.4 6.3 3.1 0.11 3.21 0.18 
V-2007-0337  31.5.2007 Blue whiting NSM - - 69.5 6.7 8.0 3.2 0.17 11.95 0.40 
V-2007-0346  18.6.2007 Blue whiting NSM - - 73.4 6.6 6.1 2.3 0.13 12.97 0.26 
V-2007-0351  19.6.2007 Blue whiting NSM - - 72.8 7.4 7.6 2.6 0.15 14.65 0.16 
V-2007-0353  21.6.2007 Blue whiting NSM - - 68.6 8.0 8.3 2.4 0.20 13.01 0.30 
V-2007-0496  22.10.2007 Herring NSM - - 70.9 10.5 6.0 4.1 0.09 2.15 0.03 
V-2007-0529  9.11.2007 Herring NSM - - 70.6 11.6 8.0 2.4 0.15 3.21 0.06 
V-2007-0578  3.12.2007 Herring NSM - - 68.3 12.6 6.7 3.0 0.13 3.02 0.06 
V-2007-0612  13.12.2007 Herring NSM - - 69.0 9.2 7.4 4.2 0.13 3.05 0.09 
V-2006-0125  27.2.2006 Capelin - - 72.0 6.6 7.4 3.2 - 2.79 0.13 
V-2006-0401  12.7.2006 Blue whiting - - 67.1 9.5 8.4 3.2 - 9.22 0.38 
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Appendix C 

C.  Inconclusive experiments of the lipid 
soluble fraction 

C.1  Hydrolysing of samples 

The lipid-soluble fraction (0,5 g fish meal, ~0,06 g LS residue) is dissolved in ether and 
washed with MilliQ water. Then 3,8% TEAH solution in methanol is added to the ether 
solution and left incubated at room temperature for 2 h with the occasional swirling. The 
solution darkens and an orange/brownish gummy precipitate forms. The ether is kept for 
further analysis (TEAH-stable arsenicals) and the brown precipitate washed with ether and 
dissolved in MilliQ water (TEAH-hydrolysate of LS). The TEAH-hydrolysate of LS is 
neutralized (acetic acid) and evaporated to dryness.  

The TEAH-stable arsenicals in ether are evaporated to dryness and hydrolyzed further with 
1 M NaOH at 60°C for 2 hours. Then the TEAH-stable solution is neutralized with HCl 
and evaporated to dryness. 

 

Figure 43: Schema for the hydrolysis 
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C.2 Total arsenic concentration in hydrolysates 

Fish meal samples of each fish meal type were prepared according to the previously 
mentioned procedure for hydrolysis, in section C.1. After neutralization the samples were 
digested with acid digestion and total As concentration was determined on the ICP-MS, 
Table 23. 

Table 23: Total arsenic concentration in hydrolysates of the lipid-soluble fraction 

Samples 

Tot. As conc. 

In LS fraction 
(mg/kg) 

Tot. As in 

TEAH-labile 
(mg/kg) 

Tot. As in 
TEAH-
stable 

(mg/kg) 

Sum of 

totals 
(mg/kg) 

Recovery of 

LS fraction 
(%) 

Herring      

H1 0.89 ± 0.10 0.20 ± 0.05 0.38 ± 0.08 0.58 ± 0.08 65 ± 5 

H2 1.09 ± 0.05 0.35 ± 0.01 0.26 ± 0.02 0.61 ± 0.01 56 ± 2 

H4 1.15 ± 0.04 0.32 ± 0.01 0.36 ± 0.02 0.68 ± 0.04 59 ± 3 

Blue whiting      

B1 0.20 ± 0.01 0.05 ± 0.01 0.09 ± 0.02 0.14 ± 0.02 70 ± 7 

B2 0.23 ± 0.01 0.13 ± 0.01 0.04 ± 0.01 0.16 ± 0.01 72 ± 4 

B4 0.29 ± 0.07 0.15 ± 0.02 0.06 ± 0.01 0.22 ± 0.01 75 ± 5 

Capelin      

C1  1.23 ± 0.13 0.32 ± 0.03 0.58 ± 0.04 0.90 ± 0.04 73 ± 4 

C3  1.10 ± 0.02 0.47 ± 0.01 0.10 ± 0.01 0.57 ± 0.01 52 ± 1 
C4  1.11 ± 0.08 0.50 ± 0.09 0.08 ± 0.01 0.57 ± 0.08 52 ± 7 

 
According to Table 23 the arsenic species exist both in the TEAH-labile and TEAH-stable 
fractions. The TEAH treatment recovery of total arsenic concentration from the LS fraction 
ranges from 51-74%. Capelin samples C3 and C4 were prepared in a different batch than 
sample C1, and it appears that the hydrolysis was insufficient. For a less successful 
hydrolysis the lipid soluble arsenic compounds would not be transferred to their water-
soluble form and thus a lower percentage would be measured for the TEAH-stable fraction. 

These analyses indicate that arsenic is found both in the TEAH-stable and the TEAH-labile 
fraction.  

C.3 Speciation of the hydrolysates 

C.3.1 Cation exchange 

Analyses of the lipid soluble fraction were done with the hydrolysates. Both the TEAH 
labile and TEAH stable fractions were analysed. When analysed with the cation exchange 
column a few water-soluble products of the lipid-soluble arsenicals were found in the 
TEAH-labile fraction, however no arsenic compounds were found in the TEAH-stable 
fraction. In section C.2 the total arsenic concentration of the TEAH-stable fraction was 
measured, and the results show that arsenic is to be found the fraction. The reason for no 
detected arsenicals might be due to the sample preparation step that the hydrolysis was 
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insufficient or the concentrations were too low for detection. Small arsenic peaks were 
detected for the TEAH labile fraction, most of which were under LOD, Table 24. 

Table 24: Detected water-soluble products of the lipid-soluble arsenicals analysed with cation exchange 

chromatography (Results in mg kg
-1

). 

 Samplesa,b Anions & neutrals AB TMAO 

Herring    

H1 0.08 ± 0.02   

H2 0.08 ± 0.02   

Blue whiting    
B2 <LOD   

Capelin    

C1 0.09 ± 0.02  <LOQ 

C2  <LOD  <LOD 

DORM-2 <LOD 0.03 ± 0.1  
a
Water content of the fish meal samples ranges from 5.6-8.3%, concentration is given on a product weight basis bLOD ≥ 

3σ and LOQ ≥ 0.03. 

 
For the herring samples, H1 and H2, and the blue whiting sample, B2, only anions of the 
water soluble precursors were detected. For the capelin indications of small amounts of 
TMAO appear. For the DORM-2, the main peak is an AB peak, Figure 44. 

 

 

Figure 44: TEAH labile fraction of DORM-2 and an overlay of standards (red) analysed on cation 

exchange  
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C.3.2. Reversed phase 

The TEAH-labile fraction was analysed as well on the Gemini-NX column, results given in 
Table 25. 

Table 25: The TEAH-labile fraction on reversed phase column 

Samplesa,b AB/TMAO/As(III)/AC & others DMA/MA U 

Herring    
H1 0.10 ± 0.02  <LOD 
H2 0.04 ± 0.02 < LOD  

Blue whiting    
B2 <LOQ < LOD  

Capelin    
C1 0.12 ± 0.02   
C2 <LOQ < LOD  

DORM-2 0.03 ± 0.01 0.04 ± 0.1   
a
Water content of the fish meal samples ranges from 5.6-8.3%, concentration is given on a product weight basis bLOD ≥ 

3σ and LOQ ≥ 0.03. 

Only small peaks of the water-soluble products were detected for all fish meal samples. If 
Table 25 is compared to the TEAH-labile fraction analysed on cation exchange column, 
Table 24, similarities can be noticed. The peaks detected are of relatively similar 
concentration which can be seen as to give a better credit to the two separate calibrations 
made. Considering the low total arsenic concentration of the TEAH labile hydrolysates, 
Table 23, the column recovery by inspection is reasonable. The concentrations for the 
TEAH labile fraction range from 0.05 to 0.35 mg/kg for the fish meal samples.  

The goal of the hydrolysis is to gain some knowledge of the lipid soluble fraction with 
transforming them into water-soluble arsenic compounds, thus giving some, but limited 
structural information. The measured concentrations above are very low and inconclusive.  

Recently, other methods of looking at the lipid-soluble fraction are being developed that 
look promising51.  


