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Abstract 
 

Organometallic compounds are widely used in almost all sectors of industry. Some 
organometallic compounds are very potent toxins. Human activity releases organometallic 
compounds into the natural environment where they undergo various changes through compound-
environment interactions. These compounds have a negative impact on living organisms. The 
most widespread, man-made organometallic compounds present in the natural environment are 
those of tin, mercury and lead. 
 
 
INTRODUCTION 
 

Organometallic compounds are described by the following formulas: MR n 
or RnMX m, where M is a metal atom, R is alkyl, aryl or a carbonyl group and X 
is halogen, alcoxyl, hydroxyl or another group. As stated by Pruchnik (1991), 
organometallic compounds are substances which display a metal-carbon bond.  
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According to this definition, vitamin B12 (cobalamin), CH3Li (methyl lithium), 
C6H5Na (phenyl sodium) or (CH3)4Pb (tetramethyl lead) and similar substances 
should all be considered organometallic compounds.  

The first organometallic compound, Zeise’s salt (KPtCl3/C2H4; Pruchnik, 
1991), was produced in 1827. In 1890, Monda, Langer and Quinck synthesized 
carbonyl nickel (Ni(CO)4 ) - the final  product of a chemical reaction between 
metallic nickel and carbon monoxide. The efforts that followed, including those 
of Barbier and Grignard in 1900, resulted in the acquisition of more theoretical 
and practical knowledge regarding the connections between the general theory 
of chemical compound structure and the chemistry of organometallic 
substances. The production of organometallic compounds has been slowly 
increasing since 1920 due to the application of their biochemical features in 
agriculture (Shim et al. 1999). In recent decades, many novel organometallic 
compounds have been produced and used regularly in industry and agriculture 
despite the publication of information on their hazardous environmental impact.  

The aim of the work presented here is to describe the pathways and 
analytics of organometallic compounds in the marine environment. The 
processes and transformations to which these substances are subjected in the 
marine environment are presented. The influence of environmental conditions 
on the accumulation of organometallic compounds in living organisms and 
benthic sediments and their diffusion and re-mobilization from the sediments 
into the water column are described. Particular emphasis is placed on organotin. 
Methods for determining organometallic compounds in solid samples are 
described in brief. 
 
THE CHARACTERISTIC OF ORGANOMETALLIC COMPOUNDS 
 

Depending on the type of metal that is present in a molecule, the following 
groups of compounds can be distinguished: organolithium (e.g. methyl lithium, 
CH3Li), organosodium (e.g. ethyl sodium, CH3CH2Na), organozinc (e.g. 
dimethyl zinc, (CH3)2Zn), organomercury (e.g. phenyl mercury chloride, 
C6H5HgCl).  

Organometallic compounds occur in liquid or solid states, and they are 
soluble in organic solvents e.g., ether, alcohol or toluene. They can be produced 
during reactions between metals and fluorine derivatives or other 
organometallic substances (Table 1). Organometallic compounds are 
synthesized from inorganic substances (e.g. methylated mercury compounds, 
Hg(Me)X) and undergo reduction, substitution, cyclic addition (oxidative 
coupling) reactions and others. Some show a strong affinity with sulfur which 
results  in  the  blocking of  biologically  important thiol groups, therefore many              
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Table 1
 
Basic chemical reactions for chosen groups of organometallic compounds. 
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organometallic substances display toxicity  (Pruchnik 1993). Organometallic 
compounds are used in agriculture and forestry as fungicides, insecticides, 
acaricides and other applications. They are very persistent and characterized by 
retention times in soil of over 18 months (Korzeniewski 1998). Organometallic 
compounds are also widely used in dyeing (organotins), wood processing 
(preservation and conservation), the chemical industry (catalysts in 
polymerization, oligomerization, reduction of unsaturated organic compounds, 
and ethylene oxidation, etc.), the food industry, medicine and pharmaceutical 
production (platinum, gold and ruthenium compounds used as medicines) 
(Wasik and  Namieśnik 2001). 

  

 
Fig. 1. Schematic presentation of the processes influencing pathway dynamics 
of organotin in the marine environment (Hoch 2001). 
 

Organotins are one of the most common organometallic compounds of 
anthropogenic origin present in the natural environment. They are transferred 
into the marine environment by both industry and the communal activities of 
humankind (Fig. 1). Organotins introduced into the marine environment 
undergo changes that can possibly result in the production of new chemical 
compounds that then undergo physico-chemical processes such as adsorption on 
suspended particular matter, bio-accumulation and sedimentation followed by 
accumulation in benthic sediments.  



Barbara Radke, Jacek Namieśnik, Jerzy Bolałek 48 

However, at present, attention is primarily focused on the derivatives of 
butyl tin . This group of compounds consists of the following components  
(Hong et al. 2002): 

 
∑∑∑∑ BTs = MBT+DBT+TBT 

 
where ∑ BTs is total content of butyl tin derivatives; MBT is monobutyl 
tin; DBT is dibutyl tin; and  TBT is tributyl tin (fig. 2.). 
 

 
Fig.2. Chemical formula of tributyl tin (Kawai et al. 1998). 
 

The dominant form of butyl tin derivatives present in the marine 
environment is tributyl tin, TBT. Tributyltins can be described by the 
following formula: Bu3SnX, where Bu is butyl; X is OH-, Cl- or such 
(Vella et al. 1998). Morcillo and Porte (2000) observed that over 90% of 
butyl tin derivatives accumulated by bivalves of the species Ruditapes 
decussata were present in the form of TBT. A study of the surface layers 
of benthic sediments in the vicinity of a shipyard in Ulsan, Korea 
indicated that 69% of the organotin occurring there was comprised of 
tributyl tin derivatives (TBT), 20% of dibutyl tin (DBT) and 11% of 
monobutyl tin (MBT) (Shim, 2002). Tributyl tin in the marine 
environment undergoes degradation in the process of sequential 
dealkylation which results in dibutyl- and monobutyl tin production and 
ultimately in the release of non-toxic inorganic tin (Vella et al. 1998). 
Therefore, the schematic presentation of the chemical pathway of TBT 
can be described as follows: 

 
TBT →→→→ DBT →→→→MBT →→→→Sn (IV) 

 
Tributyl tin degradation in benthic sediments depends on the in situ 

oxygen conditions. The higher the oxygen content in a given body of 
water, the faster the degradation processes are.  
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The influx of tributyl tin into the marine environment is stems from 
industrial activities in ports and particularly in shipyards where ship 
maintenance and repair activities, such as washing, cleaning and re-painting, 
are conducted (Kania 1999). The main source of TBT derivatives are the anti-
fouling paints used on ship hulls to prevent plant and animal micro- and 
macroorganisms (e.g. barnacles and algae) from growing on them. 

Significant financial loses are incurred in the shipping industry due to 
fouling, which increases water resistance against the hull and higher fuel 
consumption to compensate for it. Moreover, higher fuel consumption results 
in increased emissions of NOx and SOx into the atmosphere.  

After tributyl tin derivatives are introduced into the marine 
environment they dissolve and are either partially absorbed on suspended 
organic matter or bio-accumulate. This has negative repercussions such 
as the thickening and delamination of shells (Gomez–Ariza et al. 1999), 
growth and hormonal disorders and changes in the reproductive organs in 
bivalves (Morcillo and Porte 2000). It has been established that 
concentrations of these substances in the marine environment decrease as 
distance from the source of pollution, i.e. shipyards and ports,  increases 
(Rajendran et al. 2001, Shim et al. 1999, Michel et al. 2001).  

Tributyl tin is also the active ingredient of many bactericides (Diez et al. 
2002), fungicides, insecticides, acaricides and wood preservatives (Rajendran et 
al. 2001). In 1970 TBT was designated as a marine environment pollutant. 
Since 1980 many industrialized countries have introduced their own legal 
regulations regarding the use of TBT in the ship-building industry. These 
guidelines generally ban the application of TBT-containing anti-fouling paints 
on hulls shorter than 25 m (Albanis et al. 2002, Champ 2000, Alzieu 2000). On 
January 1, 2003 the International Maritime Organization (IMO) introduced 
legal sanctions against the use of bactericides based on tributyl tin derivatives 
for hull protection and also undertook action to fully eliminate such agents from 
the ship-building industry by January 1, 2008 (Tselentis and Tzannatos 2000). 
In response to the foregoing, several proposals have been formulated to replace 
these toxic compounds with alternative substances such as Irgarol 1051 (Biselli 
et al. 2000), dichlofluanid, chlorothalonil, Sea Nine 211 and others (Albanis et 
al. 2002). However, no concrete regulations have been enacted thus far. The 
replacement of the compounds mentioned above with alternative substances 
must be thoroughly considered and assessed by scientists. The following 
questions also arise: Is it possible that in the future the substitute substances 
introduced into the marine environment will turn out to be even more hazardous 
to living organisms? What chemical forms will the alternative compounds be 
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present in? What impact will they have on the marine ecosystem as a whole? 
Therefore, the idea of alternative compounds is still open for discussion.  

In addition to butyl tin derivatives, other man-made organotin compounds 
can be found in the marine environment, for example, methyl tin (trimethyl tin, 
TMT; dimethyl tin, DMT; monomethyl tin, MMT),  phenyl tin, PT (triphenyl 
tin and the products of its degradation - diphenyl tin, DPT, monophenyl tin, 
MPT) and others. The derivatives of triphenyl tin, TPT, tributyl tin and TBT, 
have been widely applied as biocide additives to marine anti-fouling paints 
(Morcillo and Porte 2000). It should also be noted that the concentrations of 
TPT derivatives in marine organisms, benthic sediments or the water column 
are usually lower than TBT concentrations.  

Triphenyl tin chloride is used for wood preservation in wooden houses, and 
it constitutes a potential source of atmospheric organotin pollution ( Vella and 
Vassallo 2001). Methylbutyl tin derivatives are another source of atmospheric 
pollution (Vella et al. 1998).  

Organotin compounds are particularly dangerous to living organisms. A 
frequently cited example are the dramatic events that took place in 1952-1959 
in Minamata, Japan, where 3,500 people were poisoned and over 100 died after 
consuming fish and mollusks containing trace amounts of methyl mercury 
(Korzeniewski 1998). Symptoms of poisoning included ataxia, muscle spasms, 
a decreased field of vision, damage to sensory organs, mental disorders and 
paralysis, while congenital defects were detected in newborns, including serious 
brain damage.  

Inorganic forms of mercury introduced into water bodies undergo a specific 
cycling and bacteria-mediated transformation into methyl mercury cations 
(CH3Hg+) and dimethyl mercury ((CH3)2Hg). Those which are most easily 
absorbed by living organisms are alkylated organomercury compounds such as 
methyl mercury nitrate, chloride, bromide and phosphate, phenyl mercury 
chloride and others (Dutkiewicz 1968). Dimethyl mercury ((CH3)2Hg) is 
transferred to the brain cells very fast, and it blocks the biological functions of 
thiol, carboxyl and amine groups and amino acids, to which it has affinity 
(Kabata–Pendias and Pendias 1993). Dimethyl mercury belongs to a group of 
substances which are classified as highly toxic (i.e. poisonous, mutagenic and 
teratogenic). Because mercury has a high vapor pressure, the risk of mercury 
poisoning in an industrial environment frequently occurs even at room 
temperature. Mercury accumulates in the kidneys, liver, brain, spleen, lungs and 
heart, and death from mercury poisoning occurs from uremia between days six 
and 10 (Dutkiewicz 1968).  

Mercury is used primarily in scientific research and secondly in fungicides 
and bactericides (phenyl mercury acetate is an active fungicidal ingredient). The 
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compounds mentioned above are very persistent in the environment with a 
retention time assessed at over 18 months (Korzeniewski 1998).  

Lead-containing organometallic compounds are mostly used in the 
automobile industry for the production of ethyl gasoline and other substances 
(Kabata–Pendias and Pendias 1993), anti-knock agents for fuels - tetraethyl lead 
(C2H5)4Pb and tetramethyl lead (CH3)4Pb (Dojlido, 1987) and Pb(CH3COO)2 
used in chemical syntheses (Dutkiewicz, 1968) and in dyeing processes. Lead 
negatively impacts hemoglobin biosynthesis by reacting with proteins in the 
erythrocyte cell walls which renders them fragile and shortens their life span 
resulting in hemolytic anemia. Lead tetrachloride, a strong poison, damages the 
nervous system and causes permanent brain damage in children (Dutkiewicz 
1968). Lead toxicity depends on the type and amount of organolead absorbed 
through the respiratory system.  

Organoaluminum compounds are mainly used as stereospecific catalysts 
in the polymerization of olefins. Organic compounds of arsenic and tin are used 
as fungicides and bactericides. Moreover, arsenic-containing organic 
compounds are employed in the tanning industry as preservatives. The 
organoarsenic group includes, among others, diethyl arsine - C2H5)2AsH, 
methyl arsine oxide - CH3AsO and ethyl arsine oxide - (C2H5)2AsO (Dutkiewicz 
1968). Arsenic and its compounds can cause strong tissue irritation after being 
absorbed through the respiratory system in the form of dust or gas, through the 
digestive system and on direct contact with skin. Even small concentrations of 
arsenic can cause vomiting, while poisoning from exposure to insecticides 
results in death within hours.  

Lithium- and magnesium-containing organic compounds have broad 
applications in organic synthesis. Particularly important are organomagnesium 
substances, including Grignard reagents that are described by the following 
formulas: RMgX or ArMgX, where R is alkyl, X is Cl, Br or I.  

Grignard reactions occur in many inorganic compounds, such as water and 
carbon dioxide and in the majority of organic substances. These reactions 
constitute an important laboratory method for obtaining many groups of organic 
compounds, for example, hydrocarbons (from alcohols or water) and alcohols. 
 
Factors influencing the content of organometallic compounds in sediments 
(TBT as an example) 
 

Organometallic compounds which are carried into the marine environment 
undergo sedimentation and accumulation processes in the benthic sediments. At 
the same time, due to changes in sedimentation conditions (e.g. pH, Eh, 
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increased salinity), these substances may diffuse again from the sediments into 
the near-bottom water layer. 
 

Table 2 
 
Values calculated for Kd  (L/kg), adsorption (%), desorption (%), pH* and 
salinity (PSU)** for tributyl tin. 
 

Montmorillonite Kaolinite Illite, kaolinite 
 

K d 
  Adsorption 

% 
Desorption 

% K d 
 Adsorption 

% 
Desorption 

% K d 
 Adsorption 

% 
Desorption  

% 

pH 4 47 47 38 43 45 33 28 32 36 
pH 5 72 57 31 41 45 37 47 44 44 
pH 6 150 72 24 45 47 26 83 62 ND 
pH 7 161 74 22 65 58 23 138 72 27 

Salinity
15 PSU 177 76 ND 131 71 ND 138 73 ND 

Salinity 
0  PSU 529 89 ND 191 78 ND 271 84 ND 

ND- undetermined;  
Kd – adsorption coefficient; pH was determined for salinity of 32 PSU; salinity (PSU)** 
was calculated for samples enriched with Montmorillonite, silty minerals and clay at pH 
8, and for samples containing kaolinite at pH 7.  

Source: (Hoch et al. 2002). 
 

The pH value is a significant parameter which controls the adsorption 
and desorption of organometallic compounds in the aquatic environment. 
Hoch et al. (2002) obtained maximal adsorption values in the material 
they studied (i.e. sample 1 - sediment enriched with montmoryllonite; 
sample 2 - sediment enriched with kaolinite; sample 3 - sediment 
enriched with illite, kaolonite and silty minerals) within a pH range of 6 
to 7 at which the strongest electrostatic interactions between the surface 
of a given mineral and TBT molecules was observed (Table 2). 
Desorption processes occurred for each pH value measured and the 
highest was observed in samples 1 and 2 at pH values of 4, 5 and 8. 

Moreover, butyl tin derivatives introduced into the marine 
environment undergo hydrolysis at a specific pH. At pH<pKa (pKa is a 
coefficient calculated for an acid dissociation constant) cations form in 
seawater. Single-charged cations in an aqueous phase behave like weak 
acids. The reaction of TBT dissociation can be described as follows 
(Shoukry 1993): 

TBTCl ⇄ ⇄ ⇄ ⇄ TBT+ + Cl – 
TBTOH⇄ ⇄ ⇄ ⇄ TBT ++ OH – 
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TBT occurs predominantly as cations at pH < pKa = 6.51, while it 
occurs as TBTOH at pH>6.51. Based on the pKa described above, 76% of 
TBT form cations at pH 6. It should be noted that pH and the dissociation 
constant depend on water temperature and ionic composition (Tobias 
1978). The high content of Cl- ions in seawater stimulates TBTCl 
formation. It was also observed that at pH<7 the dominant forms of TBT 
in seawater are TBT+ and TBT+HCO3

-, while at pH 8 they are TBTCl, 
TBTOH and TBT+HCO3

- (Laughlin et al. 1986).  
Salinity  is also a factor which determines sorption and desorption. It 

has been observed that as salinity increases, TBT adsorption in the 
sediments decreases. The highest adsorption was achieved at a salinity of 
0 PSU (Hoch et al. 2002).  

Relations between changes in salinity and pH and TBT adsorption 
and desorption in coarsely grained material are described in Table 2.  

The organic carbon content of seawater has a significant influence 
on the pathway dynamics of organometallic compounds in the aquatic 
compartment. Due to the selective sorption of pollutants, dissolved 
organic carbon (DOC) can change non-bioavailable forms of man-made 
compounds into forms that are assimilated by living organisms.  

Humic and fulvic acids also play a significant role in TBT 
accumulation in the benthic sediments. TBT interacts with humic and 
fulvic acid, but the mechanisms which cause TBT to bond with humic 
matter have yet to be elucidated. It has, however, been determined that 
binding between butyl tin derivatives and humic acids depends on 
chemical characteristics and increasing hydrophobic properties  (Fen and  
Looser 1995).  

In the presence of aquatic bacteria and microorganisms, tributyl tin 
can degrade into DBT, MBT and even inorganic tin (Kawai et al. 1998). 
The half-life of TBT ranges from a few days to two weeks depending on 
the conditions the water samples are subjected to (i.e. temperature, 
incubation, initial TBT concentration in the water and other factors). For 
example, Harino et al. (1997) estimated that the half-times for TBT, DBT 
and TPT were 15, 10 and 60 days, respectively, at an initial TBT 
concentration of 9.3 µg/dm-3 and at initial DBT and TPT concentrations 
of 8.0 µg/dm-3. Steward and Mora (1990) reported that the half-life of 
TBT undergoing biodegradation in coastal waters ranges from three to 15 
days depending on temperature and other natural factors.  

TBT can be also degraded in the benthic sediments. However, its 
degradation rate in the sediments is slower than in the water column and 
depends on in situ oxygen conditions. It has been estimated that the TBT 
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half-life in sediments ranges from four to eight years (Steward and Mora 
1990).  

Geological factors are also an important aspect which influences the 
content of organometallic compounds in benthic sediments. It was 
established that, in general, TBT concentrations in sediments are higher 
than in the water column. Under simulated estuarine conditions, it was 
determined that from 57 to 95% of the TBT present in the water column 
is absorbed onto the sediment surface (Randall and Weber 1986). A 
significant factor in this process may be the grain-size of the sediments. It 
was determined that sediment fractions of smaller grain-size have high 
sorptive properties. The explanation of this phenomenon is simple; as 
grain-size decreases the surface proper of the sediment layer, defined as 
the ratio of the total surface area of particles to their mass, increases 
(Pempkowiak 1997). Therefore, it can be expected that higher 
organometallic molecule accumulation will occur in the sediments in 
those water bodies where mud, silt and silty minerals (i.e. illite, kaolinite 
and montmorillonite) are present.  

Increased concentrations of organometallic compounds can be caused 
by the transport and sedimentation of terrestrial material. Both factors 
depend on the bottom type and the dynamic conditions in a given body of 
water (Håkanson 1988).  

On the other hand, feeding phytoplankton organisms may eliminate 
organometallic compounds naturally by incorporating them into the food 
chain, therefore decreasing their concentrations in the marine 
environment. A similar role is played by the benthos and organisms 
which feed on mud. The accumulation level of organometallic 
compounds in living organisms depends on metabolism, age and the 
particular characteristics of a given species (e.g. breathing or feeding 
mode). 

The bioaccumulation level can vary among different species of 
zooplankton. For example, the TBT content in zooplankton (Daphnia), 
measured for the same pH and similar TBT concentrations, can reach 
values ten-fold lower in comparison with those in juvenile fish (Fent and 
Looser 1995). On the other hand, the accumulation level of butyl tin 
derivatives in bivalves can depend on the growth rate and developmental 
stage of a given individual. It has been determined that higher 
concentrations of these compounds were present in individuals of average 
and low growth rates, while lower concentrations were found in larger 
bivalves. Smaller individuals are capable of assimilating larger amounts 
of pollutants thanks to higher filtering rates (Hong et al. 2002).  
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Another factor which controls bioaccumulation in the marine 
compartment is pH. The accumulation rate increased significantly at pH 
8, and this, in turn, caused an increase in the mortality rate of Daphnia. 
This phenomenon was not detected at pH 6. Higher pH values stimulate 
bioaccumulation in fishes (Tsuda et al. 1990), because at different pH 
ranges various butyl tin compounds occur in different chemical forms 
which, depending on pH, can be more or less bioavailable. For example, 
hydrophobic TBTOH penetrates the plasmalemma more easily than the 
hydrophilic TBT+ cation (TBT+ dominates in seawater at pH 6, while 
TBTOH does so at pH 8 (Fent and Looser 1995).  

Another issue also worth mentioning is that DBT and MBT 
accumulate in bivalves (Ruditapes decussata) in smaller amounts than 
TBT (Morcillo and Porte, 2000) and that both compounds are less toxic 
to microorganisms in comparison with tributyl tin derivatives (Gadd 
2000, Tsang et al. 1999).  

The bioaccumulation coefficient for butyl tin derivatives is defined as 
follows (Fent and Looser 1995,  Gomez - Ariza et al. 1999, Hong et al. 
2002): 

 
 

The bioavailability of TBT reflects the length of time in which 
fluctuations in concentrations of the compounds mentioned above 
occurred as well as the constant rate of absorption and excretion by a 
given organism and the organism-specific TBT half-life. 
 
Speciation analysis of organometallic compounds  
 

Biochemical and toxicological research have shown that the toxicity 
of elements depends not only on their content but also on the number of 
physico-chemical forms in which they were introduced into the natural 
environment and in which they presently occur. Determining the total 
amounts of a given element in investigated samples seems insufficient to 
assess the hazard it poses to living organisms. In order to obtain 
additional information on the toxicity of an element, it is necessary to 
identify and evaluate the share of particular chemical and physical forms 
of a given element in the environment. According to IUPC guidelines, the 
term “speciation” can be defined as the identification and determination 
of  different   chemical  and  physical   forms  of  a  given  element  in  an  
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investigated sample, while the term “speciation analytics” refers to the 
source of information regarding the form which occurs. A few types of 
speciation analysis can be found in the literature, e.g. physical speciation 
deals with determining different forms of the same element in the same 
sample (i.e. dissolved, suspended, adsorbed, complex and others), while 
chemical speciation addresses the division of the total element content 
into various chemical forms (Namieśnik 2001). Chemical speciation can 
be further divided into screening speciation (the identification and 
determination of one specific analyte), group speciation (determining the 
concentration level of a given group of compounds or of an investigated 
element at a specific oxidation state), individual speciation (identifying 
and determining all the individual molecules of a given element by 
fractionation and isolation; this is the most difficult technique), 
distribution speciation (determining the same chemical components 
within various ranges of the investigated subject) and chiral speciation 
(determining the enantiomers of a given chemical compound). 

In consideration of the biochemical aspects, speciation analysis is a very 
significant stage of research. Knowledge regarding specific physico-chemical 
forms of elements allows researchers to assess the risk of poisoning with a given 
element (e.g. with the example of tin, mono-tin and dialkyl tin are less hazardous 
than trialkyl tin). The importance of the role of speciation analysis in research is 
supported by the following examples (Kot and Namieśnik  2000): 

� studies on the biogeochemical cycles of particular elements; 
� assessment of toxicity and ecotoxicity of particular elements; 
� quality control of food products; 
� control of pharmacological products, including medicines; 
� control of technological processes; 
� environmental impact assessment of technological installations; 
� research on occupational exposure; 
� clinical analysis. 

Speciation methods are significantly different from the methods 
applied to analyze total metal content. Various separation techniques are 
employed in speciation analytics, including gas and liquid chromato- 
graphy, electrophoresis, extraction, flotation and supercritical fluid 
chromatography. Gas chromatography is usually used to determine the 
organometallic compounds Sn, As, Pb and Hg (Wasik and Namieśnik 
2000). Coupled  techniques are also employed to analyze environmental 
samples; these include GF – AAS  for the speciation analysis of Cr in 
seawater (Obiols et al. 1987), HPLC-ICP-MS  in organolead speciation 
(Pereiro and Diaz 2002), GC – ETAAS and GC - QFAAS in the 
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speciation analysis of trace metals (Smedes et al. 2000) and HPLC-HG-
AAS for determining Sb (III) and Sb(V)  (Krachler and Emons 2000). 
Organotin is determined with the use of, among other methods, GC – 
AAS (Ritsema et al. 1998, Forsyth et al. 1992), GC-FPD  (Lespes et al. 
1996; Harino et al. 1992, 1997), and HG–GC-QFAAS (Pannier et al. 
1996). The application of chosen coupled techniques in speciation 
analysis is presented in Table 3. 

The first step in speciation analysis is particularly important. Sample 
collection and storage must ensure the integrity of the chemical 
composition of the investigated material. A change in the ratio of the 
physico-chemical forms of the elements present in a sample can produce 
results which paint an inaccurate picture of environmental conditions. 
Therefore, modern instrumental methods have an ever increasing 
importance in the development of analytical chemistry. The development 
of the branch of science dedicated to designing and implementing 
measuring instruments is linked to the increasing use of artificial 
intelligence and neural networks.  

 

Monitoring

Analytical methods in 
environmental studies

Manual 
methods

Methods based on 
direct measurement
of analyte

Indirect methods
(with sampling and 
sample pretreatment)

Sedimentation
    methods

Isolation
methods

 
Fig.3. Classification scheme of the basic analytical methods used in 
environmental research (Namieśnik et al. 2000). 
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At the same time, the development of automation in methodology and 
research procedures, including laboratory automation through the 
installation of modern technical equipment, allows analytical measure- 
ments to be made with a high degree of precision and accuracy. An 
additional advantage of implementing technical advances in chemical 
analysis is that the number of analytical steps is reduced, which, in turn, 
shortens the total time of analysis and lends a certain measure of 
protection from analyte loss and sample contamination.  

Analytical methods can be divided generally into manual and 
automated procedures; the classification scheme of analytical methods 
used in environmental studies is presented in Figure 3.  

The term “manual analytical methods” encompasses procedures in 
which most of the operations are performed either directly by a 
technician or with the use of a simple instrument handled by the 
technician.  

The results of manual analyses are usually obtained with a significant 
time lag. The automation of analytical instruments allows data to be 
obtained immediately following environmental sample collection since 
the analytical procedure, from sample collection to the identification and 
determination of sample components, is fully automated.  

Comparative studies of the methods noted above indicate that these 
methods are of equal value and allow data to be obtained with a similar 
level of accuracy and precision (Namieśnik and Górecki 2001). 

The analytical methods discussed above can also be divided into direct 
(analyte determination directly in the sample) and indirect methods (analyte 
determination in a secondary matrix prepared from the original sample used 
when e.g. analytes are present in trace amounts).  

Preparing environmental samples for analysis is a complex process, and the 
operations performed at this stage may significantly influence the final results. 
The diversity of collected environmental samples results from their chemical 
and physical properties and depends on the physical state of the sample, its 
chemical composition and the concentration of the collected analyte. The 
number of operations performed during in situ sample collection and sub-
sample preparation in the laboratory following transport also have a significant 
influence on the amount and quality of the material collected for analysis. 

 Before scientific investigations begin, it is necessary to design a detailed 
plan in order to avoid making errors during the various analytical steps. The 
plan should include the choice of an appropriate, representative site for 
environmental sample collection, a description of the geological, geographical 
and other characteristics of the site (e.g. longitude and latitude, depth, type of 
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benthic sediment, presence of organic matter in the water column, etc.) and the 
identification of chemical pollution sources in the environment.  

There are several operational modes with regard to the locations of 
measuring equipment and the sampling site, as follows: on-line  - a measuring 
device, attached to the shunt of technological line or equipment, is used to 
distribute the analyzed medium, the sample inside the analyzer can be brought 
back to the transfer line or treated as waste; in-line - a measuring instrument is 
attached directly to the transfer line or technological equipment; off-line – the 
collected sample is transported to the laboratory where it undergoes analysis 
(Namieśnik et al. 2000).  

Knowledge of the physico-chemical properties of a given material, the 
choice of a proper sampling technique and appropriate sample storage should 
ensure that the natural composition of the sample remains intact until analysis 
begins. With some products, it is required that the sample preservation 
procedure safeguard against dust, smoke, air, humidity, light or temperature 
changes.  

In some cases, it is necessary to freeze samples prior to analysis (e.g. solid 
state samples). This is  done to prevent changes in the chemical and biological 
properties of the investigated material caused by environmental factors or 
contamination. It should be remembered that each analytical step in sample 
preparation carries with it the risk of error resulting from analyte contamination 
or its partial loss. Therefore, precautionary measures should taken to avoid such 
events. Firstly, emphasis should be placed on the cleanliness and deactivation of 
surfaces of vessels and equipment that come into contact with samples since 
these factors are the most frequent sources of error in chemical analysis. Other 
sources of bias stem from differences in the volatility of particular sample 
components, the adsorption and desorption of sample components on the walls 
of containers and measuring instruments, sample contamination from contact 
with the environment, change in the chemical composition of samples caused 
by reagents and other factors (Namieśnik and Górecki 2001). 

In order to avoid other errors, attention should also be paid to the condition 
of the measuring instruments (e.g. automatic zeroing and calibration, protection 
against sudden damage, emergency power supply, calibration of modules, 
protection against flame extinguishing, etc.). The instruments should have the 
required characteristics, i.e. high resolution and sensitivity, long autonomic 
cycles and, if needed, the capability of delivering sample data in real time  
(Namieśnik 2001). 

In general, the following analytical steps are necessary in the 
preparation of solid samples of marine origin: preservation; transport to 
the laboratory; proper storage in the laboratory; physical handling 
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(drying, fragmentation and sieving); chemical treatment (freeing of 
analytes, derivatisation and purification); separation, detection 
(derivatisation and calibration) and identification of the elements and 
their specific forms, i.e. speciation analysis (Namieśnik et al. 2000). The 
basic operations performed during the pre-treatment of environmental 
samples are presented in Table 4.  

Table 4 
 

Basic operations and processes in sample preparation prior to analysis 
proper. 
 

Type of sample Operations 
Gaseous Liquid Solid 

1. Performed in situ    
Removal of dust +   
Drying +   
Removal of interfering substances +   
Removal of suspended matter  +  
Chemical preservation  +  
Derivation  +  
Isolation and/or enrichment + + + 
Transport + + + 
2. Performed in laboratory    
Drying  +  
Fragmentation    
Homogenization + + + 
Chemical preservation  + + 
Sieving   + 
Mineralization  + + 
Isolation and/or enrichment + + + 
Derivatisation + + + 
Purification and removal of interfering substances + + + 
Fractionation and sample splitting + + + 
Calibration and verification of instruments  + + + 
Detection + + + 

Source: (Namieśnik and Górecki 2001) 
 

Another important aspect of chemical analysis is the quality control 
and quality assurance (QC/QA) of the data obtained based on Good 
Laboratory Practice (GLP). The following goals are incorporated into the 
Quality Assurance/Quality Control (QA/QC) system: monitoring and 
assessment of the precision of data obtained through the periodic analysis 
of control samples; accuracy assessment based on certified reference 
materials; comparison of data obtained with results from a reference 
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method for the same sample; analysis of samples spiked with a standard; 
the use of control charts; auditing (Namieśnik, Górecki 2001a). 

At present, the quality of laboratory procedures is safeguarded by 
Good Laboratory Practice (GLP), laboratory accreditation according to 
EN 45001 or ISO Guide 25 and  ISO 9000 certification. Analytical 
procedures contain the following calibration-related operations: periodic 
checks of the reliability of analytical equipment using standard mixes 
(e.g. a mix used for zeroing instruments and dilution series of standard 
mixes containing specified concentrations of analytes); validity check of 
the entire analytical procedure by spiking the analyzed samples with a 
standard; using reference materials (Namieśnik, Górecki 2001). In both 
cases the analytical procedure must be exactly the same as that used for 
the real samples. There are three types of standards – chemical and 
physical standards and those used for special purposes (Namieśnik and 
Górecki 2001a). Moreover, standard materials used in analyses should 
fulfill the following criteria: homogeneity; the long-term stability of 
chemical compounds; certified content of the highest possible number of 
analytes.  

It is recommended that solid samples collected for the determination 
of organic derivative content be stored in Teflon or polyethylene 
containers at lowered temperatures and away from light. Humid samples 
can be air-dried, sublimated, dried in ovens at 500 C or stored frozen at -
200 C without previous water removal (Wasik and Namieśnik 2001). In 
addition, samples containing volatile components should be extracted 
with an appropriate solvent immediately after collection.  

Following drying, the next step in solid sample preparation is 
homogenization; grinders or mortars are employed to obtain fully 
homogenous material. Some procedures require the dissolution of the 
sample matrix; this is done to free analytes that are bonded to proteins 
(biological samples), humic substances (soil samples enriched with humic 
acids) or adsorbed, complexed or otherwise bound by other sample 
components. Acids such as HCl and CH3COOH, or mixes of acids with 
alcohols, solutions of NaOH, KOH, TMAH (tetramethyl ammonium 
hydroxide) in water or alcohol or enzymatic solutions are used for this 
purpose. The resulting pH in the treated sample is adjusted to the desired 
level with acid or buffer. The analytical procedures proposed for organic 
compounds of lead, tin and mercury are presented as a flow chart in    
Fig. 4.  

In the professional literature particular attention is paid to describing 
various  isolation  and sample enrichment techniques. This interest is due,  
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Matrix decomposition under acidic (HCL, CH COOH) 
           or basic (TMAH, KOH - ethanol)
                 conditions, or in enzymatic solution

3

Addition of complexing agents 
        (DDTC, NaDDTC)

Extraction with supercritical fluid
(pentane, hexane, dichloromethane, etc.)

Drying of extract; total or partial
           removal of solvent

Derivatisation with proper Grignard reagent

Decomposition of the excess of 
           Grignard reagents

             Extraction with solvents
(pentane, hexane, dichloromethane, etc.) 

                Extract purification 
(AL O  solid sorbent or silicon dioxide gel)2 3

Reduction of extract  volume

Isolation of analytes
(GC, LC, CE, SFC)

Determination and identification of analytes (detection)

Extraction with supercritical
             fliud (SFE)

Extraction into aqueous phase

Detector - specific pre-column
              derivatisation

Detector - specific post - column 
              derivatisation

 
Fig. 4. Simplified flow chart with preparation procedures that are applied 
to solid samples containing organometallic compounds of Pb, Sn and Hg 
before speciation analysis (Wasik and Namieśnik 2001). 
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in part, to the low concentrations of analytes in the samples, the 
complexity of the sample matrix and the incompatibility of the physical 
state of sample matrix with regard to chosen analytical techniques. 

 According to the IUPAC definition, enrichment is the term applied to 
each operation or process that results in an increase in the ratio of the 
concentration or analyte content to the concentrations of other matrix 
components in the analyzed sample (Namieśnik et al. 2000).  

Analyte enrichment is included in all the analytical procedures as it is 
significant in detecting organometallic compounds which are present in 
very low concentrations. Enrichment is performed by employing 
extraction with liquid solvents and gas (stripping) and solid phase or 
supercritical fluid extraction (SFE). Applying extraction in analytical 
procedures later allows analyte levels to be determined with chromato- 
graphic techniques.  

The application of extraction in analysis is advantageous because of 
the following reasons (Namieśnik et al. 2000): 

 
a. enrichment of the analyzed components due to the increase of analyte in the 

secondary matrix to a level higher than the detection limit; used for final 
determinations; 

b. transfer of analytes onto a matrix that has a much simpler composition than 
the original sample matrix; this simplifies final determinations (in 
chromatographic techniques, organic solvents or the appropriate gas are 
“friendly” to columns and detectors), 

c. removal of interfering substances which leads to a decrease of interference 
at further analytical steps thanks to the selective transfer of some sample 
analytes onto the secondary matrix. 
 
The term “derivatisation” describes chemical operations through 

which analytes with particular properties that are suitable for a given 
analytical method are obtained (Namieśnik et al. 2000). Derivatisation is 
recommended in most of the procedures for organometallic compound 
determinations (e.g. Hg, As, Sn, Sb, Pb, Ge, Se and Cd). Its purpose is to 
change the chemical form of the analyte into one that enables and 
simplifies further analysis. In addition, derivatisation simplifies the 
extraction of analytes through the use of stripping, extraction with 
solvents, solid phase extraction or stationary phase microextraction 
(Wasik and Namieśnik 2001). Derivatisation can be performed before, 
during or after extraction with solvents. 
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The last analytical step is the identification  of the final analytes. There 
are several methods of metal identification, and the choice of the proper 
technique depends on separating the analytes. Electron Capture Detectors 
(ECD) and  Flame-Photometric Detectors (FPD) are most widely applied 
in metal analysis. Spectroscopic methods such as mass spectroscopy, 
ICP-MS and ICP-AES are the most universal, sensitive and selective 
detection methods used in speciation analytics as well as in total content 
determinations of metals in organometallic compounds (Wasik and 
Namieśnik 2001). 
 
CONCLUSIONS 
 

Organometallic compounds are widely used in almost all branches of 
industry, and some are very potent toxins. Investigations of the toxicity 
of organometallic compounds indicate that tributyl tin derivatives and 
their metabolites are highly toxic to living organisms. Moreover, tributyl 
tin (TBT) is the dominant form among the butyl tin derivatives in the 
marine environment. TBT derivatives are the active ingredients of many 
bactericides, fungicides, insecticides, acaricides and wood preservatives. 
However, the main source of TBT derivatives in the marine compartment 
are anti-fouling paints used to protect ship hulls.  

Great financial losses are incurred in the shipping industry due to 
fouling. From an environmental point of view, the increased fuel usage 
necessary to counteract the additional resistance of the fouled hull 
produces higher pollution emissions into the atmosphere. The application 
of anti-fouling covers seems to be the best solution; however, paints 
containing organotin that have been used to date cause increased 
pollution in the marine environment. Since these paints are highly toxic, 
regulations have been introduced which limit the use of tributyl tin 
derivatives. Nevertheless, in Korea, Vietnam, India and China scientific 
studies have confirmed that the concentrations of TBT derivatives in the 
marine compartment are still very high due to the strong development of 
the shipyard industry. There is an urgent need to substitute toxic 
organotin compounds with alternative substances as the demand for anti-
fouling agents, particularly in the shipyard industry, is on the rise. The 
present study on the toxicity of elements indicates that the determination 
of the total content of a given element in the collected material is 
insufficient in assessing the risk to living organisms. 
For this purpose, speciation methods are employed in combination with 
different separation techniques (e.g. gas chromatography, supercritical 
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fluid chromatography, liquid chromatography, electrophoresis, extraction 
and flotation). Gas chromatography is used in determinations of 
organometallic compounds of Sn, As, Pb and Hg. Spectroscopic methods 
of detection such as mass spectroscopy, ICP-MS and ICP-AES are the 
most versatile, sensitive and selective ones; they are used in speciation 
analyses of organometallic compounds as well as for total metal content 
determinations. The preparation of environmental samples for analysis is 
a complex process, and the operations performed in this analytical step 
may significantly influence the final results. A set of regulations 
describing the steps in sample preparation is available. 
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