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Resumo 

Os compostos de butilestanho (BTs) introduzidos em ambientes marinhos e 

estuarinos, apesar da existência de legislação proibitiva desde os anos 90, representam ainda 

um risco a longo prazo devido à sua toxicidade e persistência em sedimentos. 

Um dos objectivos deste trabalho foi a determinação dos níveis actuais (amostragem 

em 2007 - 2008) de tri- (TBT), di- (DBT) e monobutilestanho (MBT) em sedimentos 

superficiais de zonas costeiras Portuguesas, assim como discutir a evolução da contaminação 

por BTs ao longo das ultimas décadas em Portugal e avaliar a existência de actuais fontes de 

contaminação. Todas as amostras recolhidas apresentaram níveis quantificáveis de TBT, DBT 

e MBT e uma concentração total de BTs entre 1 e 565 ng/g (de Sn em sedimentos seco). O 

nível mais alto de TBT, 66 ng/g, foi observado no estuário do Sado, na área do estaleiro naval 

da Lisnave. Comparando os resultados obtidos com dados anteriores verifica-se uma 

diminuição significativa da contaminação de TBT ao longo dos últimos anos, podendo-se 

inferir que as principais fontes de TBT nas zonas costeiras Portuguesas desapareceram. 

Halimione portulacoides, muito comum nos estuários Portugueses, foi usada em 

estudos ex-situ sobre a remediação de sedimentos da Lisnave, no estuário do Sado, que se 

encontram muito poluídos por POPs e metais vestigiais. A planta apresentou um ligeiro 

potencial para a promoção da remediação de BTs em sedimentos contaminados. Para níveis 

de concentração de TBT inferiores a 100 ng/g, a colonização dos sedimentos pela planta//. 

Portulacoides originou uma remediação da ordem dos 30 % num período de nove meses. 
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Abstract 

Butyltin compounds (BTs) introduced into marine and estuarine sediments, despite 

strict regulations, pose a long-term risk to their toxicity and persistency in sediments. 

One of the aims of this work was to determine the present levels (2007 - 2008 

sampling) of tri- (TBT), di- (DBT) and monobutyltin (MBT) in surface sediments from 

Portuguese coastal sites and discuss the evolution of BTs contamination in the last two 

decades to assess the existence of actual sources of BTs. All samples revealed quantifiable 

values of TBT, DBT and MBT with total butyltin concentrations between 1 and 565 ng/g (of 

Sn in dry sediment). Maximum level of TBT, 66 ng/g, was observed in Sado estuary, at 

Lisnave site, in the proximity of a big shipyard. A comparison with the available previous 

data confirmed a marked decrease of TBT contamination all over the last years, indicating 

that the main sources of TBT in Portuguese coastwise stopped effectively. 

H. portulacoides, very common in Portuguese estuarine environments, was used fowx-situ 

remediation studies of sediment fromLisnave site at Sado estuary, which is very polluted by POPs 

and trace metals The plant revealed a slight potential to promote remediation of BTs in that 

sediment. For concentration levels lower than 100 ng/g of TBT in sediment, the colonization bp. 

portulacoides caused a 30 % remediation in a nine months period. 
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Resume 

Les composés de butyletain (BTs) présentés dans les sédiments marins et estuariens, 

en dépit des règlements stricts, posent un risque à long terme dû à leur toxicité et leur 

persistance en sédiments. 

Un des objectifs de ce travail était de déterminer les niveaux actuels (2007 - 2008 

échantillonnage) de tri- (TBT), de di- (DBT) et le monobutyletain (MBT) en sédiments de la 

surface des sites côtiers portugais et de discuter l'évolution de la contamination de BTs dans 

les deux dernières décennies pour évaluer l'existence des sources actuelles de BTs. Tous les 

échantillons ont indiqué des valeurs quantifiables de TBT, de DBT et de MBT avec des 

concentrations totales en butyltin entre 1 et 565 ng/g (du Sn en sédiment sec). On a observé le 

niveau maximum de TBT, 66 ng/g, dans l'estuaire de Sado, au site de Lisnave, dans la 

proximité d'un grand chantier naval. Une comparaison avec les données précédentes 

disponibles a confirmé une diminution marquée de contamination de TBT avec le au cours 

des dernières années, indiquant que les sources principales de TBT situées dans la côte 

portugaise se sont arrêtées effectivement. 

Halimione portulacoides, très commune dans les environnements estuariens portugais, 

a été utilisée pour des études ex-situ de remédiation des sédiments du site de Lisnave (estuaire 

de Sado) pollués avec POPs et métaux traces. La plante a indiquée un léger potentiel de 

favoriser la remédiation des BTs dans les sédiments pollués. Pour des niveaux de 

concentration de TBT inférieur à 100 ng/g, la colonisation par H. portulacoides peut produire 

30 % de remédiation dans une période de neuf mois. 
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Chapter 1 
Introduction 



Introduction 

Organotin compounds (OTs) are probably the organometallic compounds most widely 

spread in the environment due to their numerous applications being the most relevant in antifouling 

paints [1, 2]. The triorganotin compounds are especially toxic and persistent, particularly TBT 

responsible for endocrine effects (imposex), at ng/L concentration levels, in non-target marine 

organisms. 

Tributyltin (TBT) in spite being worldwide banned since 2003 still pose a long-term risk to 

aquatic life due to their toxicity and persistence in sediments. Present and future restrictions will 

unfortunately not immediately remove TBT and its degradation products, dibutyltin (DBT) and 

monobutyltin (MBT), from the marine environment, since these compounds are retained in the 

sediments where they can persist. Additionally, while the use of antifouling paints containing TBT 

has been banned in countries that join the International Maritime Organization (IMO), it is likely 

that organotin compounds will continue to be produced and used as effective biocides, especially 

in developing countries and those countries that do net join the IMO. They continue to be also used 

in material and wood preservatives. 

A large number of studies has involved surveys of TBT distribution in the water column, 

sediments, and biota. Given its strong affinity for suspended particulates and sediments, benthic 

sediments are regarded as the major sink for TBT in the environment [3]. 

Information about the effectiveness of regulation in reducing TBT levels in the Portuguese 

coastal area is scarce. First TBT studies on sediments in Portugal remote to the beginning of the 

1990s and the last one focused onRia de Aveiro (during 2002-2005). Data exist for some estuarine 

and coastal areas however Cávado and Ave rivers estuary have never been studied previously. 

Problems posed by BTs found in coastal areas and the lack of knowledge on the 

environmental fate of TBT in costal environments stimulated research interest on the 

biodégradation and bioaccumulation of TBT. 

Due to the variety and variability in the toxicological properties of BTs, methods capable 

of speciation analysis are required. Sensitive and selective analytical methods for their 

simultaneous and routinely determination in complex matrices, like sediments, must be employed. 

Solutions to overcome and reuse contaminated sediments are still under development, 

searching not only the efficiency but also economic procedures Phytoremediation efficacy varies 

greatly among plant species and depends on environmental conditions and contaminants nature. 
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No information is found on TBT degradation in sdt marsh plants rhizosediment. So, developments 

on TBT remediation on natural environments as wdl as it application to contaminated sediments 

still pose an open field of research. 

The aim of this work covers the study of TBT as well as its degradation products, DBT and 

MBT, from two distinct points of view: (i) deteimination of present levels of TBT, DBT and MBT 

observed in 2007 - 2008 at 11 sites along the Portuguese coast and discussion of their evolution; 

(ii) ex-situ remediation studies in order to study the possibility of rhizoremediation of BTs in 

natural environments and its application on contaminated sites. 
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Chapter 2 
Organotin compounds - Butyltins 



2.1 Introduction 

Organometal speciation is presently a topic of intense research due to the awareness of the 

toxicological effects of many organometallic species. Organotin compounds (OTs) are probably 

the most widely spread in the environment due to their use as polyvinyl chloride (PVC) stabilizers, 

fungicides, bactericides, insecticides, industrial catalysts, wood preservatives, in anti fouling paints, 

etc [1, 2]. These compounds comprise a group of species characterized by a Sn atom covalently 

bound to one or more organic substituents (e.g. methyl, ethyl, butyl, propyl, phenyl). Chemically 

these compounds are represented by the type formula RSnX, R2SnX2, RîSnX, R4Sn, in which R is 

an alkyl or aryl group and X is an anionic specie, for example halide, oxide, or hydroxide. A few 

divalent organotin compounds also exist but they are insignificant because they have no practical 

use [4]. 

The biocide properties of trisubstitued organotins (KiSnY) have been recognized, and 

tributyl-, triphenyl-, and tricydohexyl-organotin compounds have been incorporated into many 

industrial and agricultural biocides, wood-preserving and antifouling agents [5]. However, a 

variety of non-target effects of these compounds have been identified as a result of their emission 

into aquatic environments and high bioaccumulation properties. The most documented of these 

effects is caused by tributyltin (TBT) leached in to the environment from antifouling marine paints 

used on the outer hulls of oceanic vessels and on fishnets or other fishing equipment. 

The effect of TBT on aquatic organisms include high larval mortality and serve 

malformation of shells in oysters, imposex in dogwaelk populations, growth retardation in mussels 

and micro-algae, and deformities in fiddler crabs [6]. Monobutyltin (MBT) and dibutyltin (DBT) 

concentrations in the environment are also of interest since they are the major metabolites of TBT 

and are also used industrially as stabilizers in chlorinated polymers (e.g. PVC). In addition, 

triphenyltin (TPhT) has been used as a co-toxicant with TBT in some antifouling paints as well as 

on its own in certain fungicides for various ciops. TPhT and its metabolites diphenyltin (DPhT) 

and monophenyltin (MPhT) have been reported in biomonitoring organisms captured at coastal 

locations with potential TPhT inputs. Tricyclohexyltin (TcyT) that is predominantly used as an 

acaricide, has been reported in marine organisms [5]. 

TBT was banned of use in antifouling paints initially in France, in 1982, and this action 

widespread around the globe [7]. Since 2003 the Irlernational Maritime Organization called for a 

ban of the organotins on the global fleet and for atotal replacement of existing organotin coatings 

by 2008, according to the Commission Directive 2002/62/EC, 9th July 2002, presently EU 

legislation. 
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Research work has been carried out over a number of years to investigate the possible ways 

in which OTs may degrade in the environment. The degradation of an organotin compound may be 

defined as the progressive removal of the oganic groups from the tin atom (Equation 1) 

i?4Sn -> R3SnX-> R2SnX2 -> RSnX3 -> SnZ4 [1] 

The Sn-C bounds are stable in the presence of water and atmospheric oxygen, however, 

their breaking can occur by UV irradiation, biological cleavage, chemical cleavage (strong acids 

and electrophilic agents), gamma (y) irradiation and thermal cleavage. The y-irradiation will have 

little effect on environmental degradation, due to its negligible intensity at the earth's surface [4], 

as thermal degradation of Sn-C, which has been reported to be stable at temperatures up to 200°C 

[5]. Experiments using both 14C-labelled and unlabelled tributyltin in harbour and estuarine waters, 

with ambient microflora, have given half-lives in water varying between 4 and 14 days. In soil the 

half-life for triphenyltin acetate has been deterrrined to be approximately 140 days [4]. In 

sediments, the degradation rate of OTs is substantiály lower, with half-lives for tributyltin between 

1 and 5 years, especially in anaerobic sediments. Therefore, the capability of sediments to act as 

sinks and sources for OTs poses a permanent risk of water contamination by these compounds due 

to desorption processes and for bivahes via ingestion of particles [8]. 
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2.2 Toxicity of organotin compounds 

It is generally accepted that tin in its inorganic form presents low toxicity, but the 

toxicological pattern of OTs has been found to be very complex and of high relevance [9]. The 

biological effects of the substances depend on both the nature and the number of the organic 

groups bound to the tin atom. In general, maximum toxicity for organisms is proved for the 

triorganotin compounds, ̂ StiX The nature of the X group in an RySnX derivative has little or no 

effect on the biocidic activity, unlessZis itself a toxic component, in which case the activity of the 

compound may be enhanced. Within the series of R£>nX compounds there are considerable 

variations in toxicity depending on the nature and the side chain length of the alkyl groups R 

(Table 1) [10]. 

Table 1 Trisubstituted organotins derivatives and their specific effect on species 

Alkyl group R Species 

-CH3 Insects, fungi 

-C2H5 Mammals 

—C-4H9 Algae, bacteria, fish, fungi, molluscs, mussels 

- C Ô H 5 Molluscs, fish, fungi 

-cyclo-C^Ww Fish, mites 

An increase in the rc-alkyl chain length produces a sharp drop in biocidic activity and the 

long-chain species, like actyltin derivatives, are essentially non-toxic to all organisms [4]. 

Tetraalkyltin, i?4Sn, presents a delayed toxic activity in organisms, which may be due to their 

degradation to trisubstituted organotin compounds,^ Sn i in the organism. 

The triorganotin compounds are especially toxic and persistent, which is governed by 

moderate to fast biotic degradation processes under abiotic conditions, slow anaerobic biotic 

degradation, slow abiotic degradation especially by photolysis, and fast but reversible 

adsorption/desorption processes. Bioconcentrationin organisms and ecotoxicity of the compounds 

are related to the bioavailable fraction of the OTs. Generally, bioavailability is iniluenced by such 

actual environmental conditions as ion composition of the aqueous environment, pH, dissolved 

organic carbon content, and presence of competing compounds. 
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The bioavailability of OTs is influenced mainly by the pH value and by the presence of 

humic acids/dissolved organic carbon. Bioconcentiation factors of both TBT and TPhT are higher 

at alkaline pH values as compared with acidic pH values, and increasing humic acids 

concentrations cause a decrease in bioconcentraticn of TBT and TPhT in aquatic organisms [9]. 

Effect data are available for a large number of organisms and OTs. Some organisms 

including certain marine snails show sensitive endocrine effects (imposex) at ng/L concentration 

levels of triorganotin compounds such as TBT and TPhT [9]. A widespread deleterious effect is 

"imposex", a superimposition of male sex organs (including a penis and vas deferens) on female 

sea snails that rise to reproductive failure and as a consequence to population decline [4, 11]. 

Imposex has subsequently been described in 116 species of gastropods [11]. A connection between 

the extinction and the TBT pollution was proved by the increased occurrence of imposex in 

dogwhelks, which were found close to the centies of high boating and shipping activity and 

correlate significantly with the Sn concentrations determined in the tissue of the animals [4]. 

Imposex caused by TBT contamination, first iniV. lapillus and subsequently in a range of species, 

and also a related condition, intersex in the peûwirûdeLittorina littorea, led to their application as 

biological indicators of TBT contamination [11] 

Existent butyltins (BTs) contamination represent considerable toxic threat to some coastal 

species of cetaceans once they presented high percentage of BTs in total tin found in the liver, 

which suggested that the hepatic tin in cetaceans exsted predominantly in organic forms such BTs, 

implying that tin residues in marine mammals were due, mostly, to input from anthropogenic 

sources [12]. 

Not only toxicological effects of TBT on differentbiota but also the fact that sediments are 

sinks for TBT and resuspension can sustain higher concentrations in overlying waters obviate the 

need for ecotoxicological assessment criteria. However sediment quality guidelines are scarce. 

Two different guidelines were found on the literature for TBT assessment on sediments. A range 

established by OSPAR [13] as provisional ecotoxicobgical assessment criteria that should be used 

to identify potential areas of concern: 0.002- 0.02 ng g_1 and data on Australian interim sediment 

quality guideline ISQG, that among several contaminants also include values for TBT. The ISQGs 

were adapted from North American effects-based guidelines, effects range-low (ERL) and effects 

range-median (ERM) guidelines were re-named ISQG-Low and ISQG-High guidelines, 

respectively corresponding to the lower 10th percentile (ERL) and 50th percentile (ERM) of 

chemical concentrations associated with adverse biological effects in field studies and laboratory 

bioassays [14]. 

10 



Due to the variability in the toxicological properties of OTs, the effective evaluation of 

environmental risk associated with their usage cannot be achieved by conventional chemical 

determination of total tin. Analytical methods capable of speciatbn analysis in several different 

matrices must be employed. 
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2.3 Determination of organotin compounds on environmental 

samples 

Analytical methods for determination of OTs should provide sufficient sensitivity. Most of 

them combine a separation technique such as gas chromatography (GC), liquid chromatography 

(LC) or supercritical fluid chromatography (SFQ with element-selecti\e detection like atomic 

absorption spectrometry (AAS) and atomic emission spectrometry (AES), mass spectrometry 

(MS), flame photometric detection (FPD), pulsed flame photometric detection (PFP), inductively 

coupled plasma-mass spectrometry (ICP-MS), or microwave-induced plasma atomic emission 

detector (MPAED). 

Extraction procedures are also of high relevance when dealing with environment matrices 

once analysis requires a previous step of extraction of the analytes from the original sample. 

Traditionally, extraction has been accomplished by liquid-liquid or solid-liquid conventional 

extraction procedures. These, although efficient and precise, are very time-consuming and require 

relatively high amount of organic solvents, whidi are hazardous to human health and extremely 

expensive with respect to their disposal. In the last years more expeditious extraction methods like 

supercritical fluid extraction (SFE), solid-phase extraction (SPE) and microextraction (SPME), 

have been developed and applied to differentmatrixes for several analytical purposes. 

LC techniques obviate the need for derivatization steps for the analysis of OTs but 

resolution is frequently poor when compared with GC methods [10]. With the techniques 

development both SFC and capillary electrophoresis (Œ) were considered alternative methods to 

the classical LC ones. Constraints imposed by the required sensitivity mean that, among the 

instrumental techniques used for detection with LC, only inductively-coupled plasma-mass 

spectrometry (ICP-MS), mass spectrometry (MS) and fluorimetry were well suited to 

environmental OTs analysis. ICP-MS was considered also the most sensitive detection technique 

for analysis of OTs using LC [15] in addition the fact that it allows isotope dilution analysis [10]. 

In the literature, the majority of the meihods for organotins speciation are based on GC 

separation. This technique provides the separation of many species with very good resolution 

allowing the simultaneous determination of monomethyltin (MMT), dimethyltin (DMT), 

trimethyltin (TMT), tetramethyltin (TeMT), monobutyltin (MBT), dibutyltin (DBT), tributyltin 

(TBT), tetrabutyltin (TeBT), monooctyltin (MOcT), dioctyltin (DOcT), triocryltin (TOcT), 

monophenyltin (MPhT), diphenyltin (DPhT), triphenyltin (TPhT) [16]. GC-based speciation 

techniques are widely used since they give higher resolution than LC methods and also have the 

advantage over LC in the possibility of using several internal standards and surrogates, which 
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allow the steps of the analytical procedure to be traced. The main disadvantage of GC methods is 

that they usually require production of volatile oiganotin derivatives to perform their separation 

[17], once OTs present in the environment are mostly polar and non volatile. The derivatization 

reactions applied most commonly for organotin analysis are hydridization reactions with sodium 

borohydride (NaBHt) [18], alkylation by Grignard reagents [19] or ethylation by sodium 

tetraethylborate [20]. Derivatization also peimits a reduction in the occurrence of possible 

interferences during the subsequent analytical steps and, particularly, at the detection stage [19]. 

From the detection point of view, GC is highly flexible [21]. Flame ionization detection (FID), 

electron-capture detection (ECD), atomic absorption spectrometry (AAS), tin-selective flame 

photometric detection (FPD), atomic emission detœtion (AED) and MS have been used for OTs 

speciation. ECD and FID were used in the early speciation studies but seldom during the 90's [17]. 

Supercritical-fluid chromatography (SFC) applied to organotin speciation appeared in the 

90's [22] with short developments. Capillary ebctrophoresis was first applied in 1995 [23, 24] but 

little developments appeared on the next years. The last paper published reported that the most 

commonly used indirect UV absorbance detection method showed poor sensitivity for alkyltin 

species with poor chromophoric properties [25]. 

Another important point in OTs analysis of environmental samples, water, sediments, soils 

and biological tissues, is the extraction procedurewhich ensures that all the compounds present are 

isolated and correctly separated, either by gas or liquid chromatography (more commonly) and 

detected/quantified. The use of LC and especially GC establishes some physico-chemical 

requirements for the analytes, which usually makes necessary a pre-treatment procedure using 

some type of reagent that conditions the matrix or leaches the species for the extraction step, in 

which the species are completely isolated from the matrix. The species are derivatized into suitable 

forms for analysis, generally volatile and thermally stable species for GC, or in the other way, the 

derivatization procedure can condition the type of extraction procedure. Finally, the extract can be 

submitted to some clean-up step before its introduction into the chromatographic system and/or 

preconcentrated up-to levels compatible with limitsof quantification of the analytical method [17]. 

Many choices have been proposed for speciespre-treatment/extraction from environmental 

matrices according to the solvent polarity, sample acidification to enhance the recoveries of the 

species, enzymatic hydrolysis for biotic samples, and use of chelating agents. Against these 

classical extraction techniques, other more recent approaches such as microwave-assisted 

extraction (MAE) [26], ultrasonic extraction (USE) [27], supercritical fluid extraction (SFE) [28], 

pressurized liquid extraction (PLE) [29], solidphase extraction (SPE) [27] or microextraction 

(SPME) [30] offer new possibilities in species treatment, and advantages as a drastic reduction of 
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the extraction time and the amount and kind of sdvents used. However, disadvantages of fast 

extraction methods should not be obviated, as the possible loss of chemical stability of the 

chemical forms of the elements during the extraction steps. SFE procedures result in the extraction 

of multiply charged species, which are poorly solible in supercritical fluids and have strong 

interactions with abiotic matrices, as is the case ofsediments that present always different sulfur or 

organic carbon content. Using MAE, applicatbn of microwave energy to flammable organic 

compounds, such as solvents, can pose serious hazards in inexperienced hands. 

SFE, SPE and SPME, which can reduce the extraction time and are almost solvent 

free, have been developed and applied to different matrixes for OTs analysis, including BTs 

in sediments. 

GC analysis requires derivatization that in spite being time consuming when using OT 

dérivâtes in vapor phase contributes to minimize the matrix interference. In the last years, 

tetraethylborate and more recently tetrapropylborate have been employed for this purpose, 

once they permit in situ derivatization in aqueous solution [17]. Ion trap tandem mass 

spectrometry permits to carry out analysis by using MS/MS selection and detection of only 

the ions of interest, thus improving very much the accuracy of the results. GC-MS/MS has 

been applied to OTs determination only in extracts obtained by the classical Grignard 

derivatization [31]. On the other hand, SPME has been used only settled with GC-MS and 

applied to BTs in wines [32], in water [33] and in water and sediment [1]. 

In the present work the analytical methodobgy employed uses headspace SPME combined 

by the first time with GC-MS/MS in order to minimize matrix interferences and then provide a 

very sensitive, almost free of solvents and sdective method for the determination of BTs in 

sediments [34]. The combination of the two techniques headspace SPME and MS/MS, led to very 

little matrix interference which permitted to attain limits of detection three or more orders of 

magnitude lower than those attained in previous methods [34]. 
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Chapter 3  
Organotins contamination in Portugal 



Organotins contamination in Portugal 

Data on organotin speciation in Portugal is scarce and limited to studies developed between 

1990 and 2005 on the effectiveness of regulation inreducing TBT and degradation products levels. 

First TBT studies in sediments in Portugal remote to the beginning of the 1990s [35, 36]. In 

1999/2000 TBT and its metabolites dibutyltin (DBT)and monobutyltin (MBT) were determined in 

water, sediment and biological samples by Diez and coworkers [2] and, also in the same period, in 

snails tissues and sediments in the Atlantic Ocean off the Iberian Peninsula [37]. From 2001 to 

2003 TBT and DBT have been analyzed in sedimente samples of eight Portuguese estuaries [38]. 

More localized works have been carried out at Tagus estuary in 1990 and 2000 [39, 40], Ria 

Formosa in 1992/1993 [41] and Ria de Aveiro in 2005 [42]. In addition, indirect evidence of BTs 

contamination of Portuguese sediments, obtained through imposex levels, has been reported for: 

Sado and Mira estuaries [43]; several sites in Portuguese coastwise (sampling in 2000) [44]; 

Oporto coast (sampling in 1998) [45]; andRia de Aveiro (sampling between 2002 and 2005) [46]. 

From 2005 until nowadays this matter did not suffer upgrade, persisting a lack of 

information on coastal areas that have never been studied (likeCávado or Ave Rivers) as well as 

studies on remediation of previous reported contaminated sites. 
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Chapter 4  
Bioremediation I phytoremediation - Is it 
applicable for TBT remediation? 
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4.1 Introduction 

The extensive use of certain synthetic organic chemicals in the past decades has led to a 

number of long-term environmental problems [47]. Even after more than two decades of banning 

or limiting the use of persistent contaminants (e.g. organochlorine pesticides, OTs), their residues 

can still be found in the environment. 

The regulations to prevent further undue release of hazardous chemicals into the 

environment have become stricter over the years, and many European countries have started to 

adopt a stricter line on environmental issues, with a zero-tolerance approach towards contaminated 

soils. However, huge costs associated with most high-tech cleanup solutions have led to softening 

this approach in certain situation, mainly due to the cost of excavating and transporting large 

quantities of contaminated materials for ex situ treatment such as chemical inactivation or thermal 

degradation. This has led to an increasing interest in alternative technologies for in situ 

applications; particularly those based on biologcal remediation capability of plants and 

microorganisms [47]. These technologies besides offering low-cost and low maintenance and 

being environment-friendly, offer also a renewable resource image making them more acceptable 

to the public than some of the currently used waste management practices. 

Normally known as bio- and phyto-remediaticn, these techniques apply the capabilities of 

microorganisms and/or plants to degrade, harvest, mine or biofix hazardous chemicals in the 

environment. The term 'bioremediation' is usually associated with the use of microorganisms and 

microbial processes only. Indeed, most pollutant degradation processes have been studied in 

bacteria and fungi. However, less realized is tte fact that similar metabolic pathways that can 

breakdown many naturally-occurring and man-made chemicals are also present in higher plants 

[47]. 

The main application for phytoremediation has so far been to remove toxic heavy metals 

from soil. However, there is a growing interest in broadening applications of the technology to 

remove I degrade organic pollutants in the environment that has yet to find commercial 

applications at a scale equivalent to that of similar technologies based on microbial processes. The 

main mechanisms that constitute phytoremediaticn include phytostabilisation, phytoextraction, 

phytoaccumulation, phytotransformation, phytotrmspiration and rhizosphere-remediation. The 

latter is of particular interest because it refers to an important contribution that microorganisms in 

the root-zone (rhizosphere) make to the overall breakdown and removal of organic pollutants by 

plants [47]. 
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In natural environments, many of the limitations to remediation can be overcome by the 

dynamic synergy that exists between plant roots and soil microorganisms. Phytoremediation 

efficacy varies greatly among plant species and depends on soil and environmental conditions and 

the physico-chemical nature of the contaminant [48] 
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4.2 TBT remediation 

TBT remediation studies are scarce. The lack of knowledge on the environmental fate of 

TBT in costal environments stimulated research interest on the biodégradation and 

bioaccumulation of TBT in water columns, sediments and also by higher marine organisms [49]. 

Typical solutions for frequently enriched or even polluted sediments with heavy metals, nutrients, 

polyaromatic hydrocarbons (PAHs), mineral oil aid butyltin compounds were dumping of harbor 

sludge into the sea, or as alternative, land-based dumping [50]. Remediation techniques or reuse of 

the sediment is often unacceptable because of the large volume and the high contamination of the 

sediments. However, the possible effects on terrestrial ecosystems and on humans, once the 

sediment is applied to land, are less well studied [50]. 

An attempt was made to develop quality criteria for the re-use of organotin containing 

treated sediment on land as secondary building material but results were subject to large 

uncertainties as well as lack on high-quality data on plant uptake and soil sorption of OTs, the 

influence of soil properties on these processes,and long-term terrestrial toxicity data [51]. 

Biotic processes were considered the most significant mechanisms for TBT degradation 

both in soil and in fresh water, marine and estuarine sediments [52]. Data on TBT 

phytoremediation restrains to a study of TBT degradation in willow trees [53], in a created wetland 

[54] and in lagooned sediments where plantations were developed [50]. In all cases none or almost 

no uptake of TBT was found and it was shown that it depended on the vegetable species and the 

existing levels in the sediments. 

Disappearance rates of TBT in vegetated and non-vegetated treatments in a created 

wetland were similar, not constant, but correlated to temperature changes and attributed to 

microbial degradation within the sediment. S. altemiflora did not expedite the degradation of TBT, 

however further investigation was appointed to research the potential of plant biomass become a 

biovector for TBT [54]. These results are similar to those found on willow trees. No ion trap 

occurred, and the phytoextraction of TBT was not feasible. However plants were appointed to have 

a beneficial remediation effect by aeration ofthe TBT-contaminated soil or sludge [53]. 

Sediments dredged show to be rich in nutrients, salt and TBT, however fresh sediments are 

a bad substrate for plant growth for severa reasons. Lagooning dredged sediments reduce the 

salinity ofthe sediments, improving the soil stricture where it can be mixed and probably enhance 

TBT-removal. Corn of barley presented positive results in these applications [50]. 

Phytoremediation characteristics depend on a la*ge number of variables and no information 

is found on TBT degradation in salt marsh plants rhizosediment. So, developments on TBT 
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remediation on natural environments as well as it application to contaminated harbor sediments 

still pose an open field of research. 



4.3 Salt marsh systems and Halimione portulacoides 

Marshes are considered ideal areas for the phytoremediation of metals. The attractiveness 

for this low-cost option comes from the relevance of halophytes in the circulation of elements, 

immobilizing and storing them in below-ground bbmass and/or soil or in above-ground tissues 

[55]. Halimione portulacoides are low perennial shrubs of the Chenopodiaceae, occurring over a 

wide range of soil types on inundated sites as well as those with good drainage [56], and are very 

common in Portuguese estuarine environments. Severd studies exist considering the effects of this 

plant in metal dynamics on estuarine environments, and a few on organic contamination 

remediation capability. Salt marshes, colonked by several halophyte species, namely H. 

portulacoides are known to retain heavy metals in their sediments, which are largely sequestrated 

and tolerated by these plants [57]. Areas colonized by H. portulacoides are also considered 

potential sources of Cu, Cd and Pb to the marsh ecosystem [58]. Mercury and methylmercury 

(MeHg) in below-ground tissues of H. portulacoides suggest that the bioremediation of mercury-

contaminated sediments is likely to increase the formation of methyl- mercury [55 j . Investigation 

of the effect of PAHs on the uptake of Cu by the salt marsh plant// portulacoides has also been 

already carried out. Results suggest that PAHs may modify Cu solubility, the Cu sorption by plants 

and/or the passive penetration of Cu into the root cells [59]. 

H. portucaloides is capable of accumulating several metals [59], which is useful for metal 

phytoextraction. Organic contamination remediation by H. portucaloides deserves to be 

researched. 
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Chapter 5 
Experimental part 

2 7 



5.1 Introduction 

Experimental work for the determination of BTs was based on the application of a 

previously developed expeditious method for BTs speciation [34]. Ultrasonic extraction with a 

mixture of hydrochloric acid/elhanol and tetraethylborate (NaBEti) in situ ethylation with 

simultaneous headspace solid-phase microextraction (HS-SPME) followed by gas chromatography 

(GC) with tandem mass spectrometry (MS/MS) detection was used. The method is described in the 

following sections including the actual full-automated HS-SPME procedure. 

Butyltin survey in several Portuguese coastal areas andex-situ studies on BTs remediation 

are described separately. 

All BTs concentration values are expressed as mass of Sn, per mass of sediment (dry 

weight). 
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5.2 Reagents and solutions 

Solvents and reagents were analytical giade unless otherwise described. Monobutyltin 

trichloride (MBTC13, 95%), dibutyltin dichloride (DBTCk, 96%), and tributyltin chloride (TBTC1, 

96%) were purchased from Aldrich (Milwaukee, W\ USA). OTs of higher purity weren't available 

in the market. Individual stock solutions were piepared in methanol (Chromasolv®) from Sigma-

Aldrich (Darmstadt, Germany) and stored in a feezer in the dark. Daily standard mixtures were 

prepared in water. Buffer solution (pH = 4.3/2.0 M NaCIÍCOO/5.6 M CH3COOH) was prepared 

from glacial acetic acid from Panreac (Barcelona, Spain) and sodium acetate anhydrous (puriss.) 

from Riedel-de Haën (Seelze, Germany). The extraction solution for OTs in sediments was 

prepared with 37% hydrochloric acid from Riedel-de Haën and ethanol (SeccoSolv®) from Merck 

(Darmstadt, Germany). OTs were derivatized with a 2% (w/v) NaBEt solution, from ABCR 

Gmbh Co. KG (Karlsruhe, Germany), prepared weekly in methanol, under a N; atmosphere and 

stored at the freezer in the dark. The water used during the work was de-ionized with conductivity 

< 0.1 uS cm-1. For decontamination, all the glass and plastic ware was washed with soap, rinsed 

with water, soaked overnight in 20% nitric acid aqueous solutions, rinsed with water again and 

finally rinsed with methanol. Certified reference sediments PACS-2 from the National Research 

Council of Canada (Ottawa, Canada) was used for method control. 

3 0 



5.3 Materials and instrumentation 

The analytes were extracted inside SUPELCO 22 mL vials (23 mmx 85 mm) hermetically 

closed using a PFTE coated septum, in an ultrasmic-bath (HF-frequency: 50 kHz) (Sonorex TK30, 

Bandelin, Gmbh Co. KG, Berlin) and centrifuged (Certrifuge Mixtasel, Selecta, Barcelona, Spain) 

before sample solutions preparation. 

For the pre-concentration of BTs in solid phase, a fiber of poly(dimethylsiloxane) (PDMS) 

with 100 urn film thickness from Supelco (Bellefonte, PA, USA) was used. Fibers were 

conditioned in the GC injector as indicated by the manufacturer before use. The microextraction 

was performed inside SUPELCO 20 mL vials hermetically closed using 18 mm magnetic 

ultraclean closers with PFTE coated septum suitable for autosampler. HS-SPME was performed 

using an autosampler (Combi Pal model, CTC Analytics, Switzerland). 

Analysis were performed by GC-MS/MS in a Varian Saturn 2000 mass spectrometer 

(Walnut Creek, CA) coupled to a Varian 3800 gas chromatograph equipped with a split/splitless 

injector port, a SPME liner (0.75 mm ID) and a microseal septum system (Merlin, Half Moon Bay, 

CA), a CP-Sil 8CB Low Bleed/MS (Varian) column (60 m lengthx 0.250 mm diameter, 0.25 urn 

film thickness). The carrier gas was helium of high purity (99.9995%) supplied by Air Liquide. 

The Varian computer software MS Workstation 6.30 controlled the system. 
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5.4 Sampling/Experimental procedure 

5.4.1 Butyltin survey in several Portuguese coastal areas [60] 

In 2007 and 2008 sediment samples were collected at low spring tides akMinho River salt 

marsh (up and downstream); mouth of Lima River; Cávado River salt marsh; Ave River estuary 

(upstream and near a shipyard); Do wo River salt marsh at the mouth of the river and near Freixo 

marine; Sado River estuary (near Lisnave shipyard and at Comporta); and in Marim, Ria Formosa. 

Sampling site location and characteristics are presented in Figure 1 and Table 2, respectively. 

Sediment samples were manually collected using a small spade at 5-15 cm depth to a 

polyethylene plastic bag and immediately stored ina portable refrigerator. Three replicate sediment 

samples were collected randomly at each site. Until analysis, samples were kept frozen at -20°C. 

Before analysis, sediments were sieved through a2 mm mesh with deionized water, dried at room 

temperature, homogenized using a planetary ball mill(Fritsch, Pulverisette 6) and stored in a dark 

place. Organic matter (OM) contents in sediments were determined by loss on ignition (4 h at 500 

°C). Grain size analysis were performed by dry sieving. Sediments were divided into seven 

fractions: silt and clay (O.063 mm), very fine sand (0.063-0.125 mm), fine sand (0.125-0.25 

mm), medium sand (0.25-0.5 mm), coarse sand (0.5-1 mm), very coarse sand (1-2 mm) and 

gravel (>2 mm). Each fraction was weighed and expressed as percentage of the total weight. 

Sediments characteristics (OM and the fraction < 0.063 mm) are presented at Table 2. 

Figure 1 Sampling sites location (see also Table 2) 
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Table 2 Characteristics of the sampling sites and analyzed sediments of the different Portuguese 
coastal areas under study 

Site Identification3 Coordinates Activities 
Grain Size 

< 0.063 mm (%) OMi 

I - Minho estuary upstream 
2- Minho estuary downstream 
3- Lima estuary 
4- Cávado estuary 
5-Ave estuary upstream 
6-Ave estuary shipyard 
7- Douro estuary salt marsh 
8- Douro estuary marina 
9- Sado estuary Lisnave 
10- Sado estuary Comporta 
II - Ria Formosa 

41.7319 N; 8.8286 W Industrial, agricultural 15 8.4 ± 1.4 
41.8680 N; 8.8477 W Industrial, agricultural, boat traffic 19 4.7 ±0.5 
41.6855 N; 8.8209 W Shipyard, marina, seaport 9 5.3 ±0.1 
41.5228 N; 8.7846 W 67 11.4 ±0.7 
41.3494 N; 8.7408 W 20 13.8 ± 1.9 
41.3408 N; 8.7416 W Shipyard 1 0.6 ±0.1 
41.1416N; 8.6630 W Boat traffic 18 10.7 ± 0.1 
41.1438 N; 8.5794 W Effluents, marina 7 1.6 ±0.1 
38.4879 N; 8.7912 W Shipyard, industrial 99 9.2 ±0.2 
38.4425 N; 8.8312 W 97 12.1 ±0.4 
37.0300 N; 7.8172 W Agricultural 3 5.8 ±1.1 

see Fig. 1 

5.4.2 Ex-situ studies of remediation 

Ex-situ studies were divided into two campaigns. The first was carried out between January 

and October 2006. In February contaminated sediment and plants from Lisnave area, were 

collected and transplanted to Comporta area where pots with sediment, for control purposes, and 

pots with one plant and sediment were put irto holes opened in the ground (see Figure 2). 

Sediment was collected into a box for transport aid homogenization before pots preparation. Plants 

were collected in a sandy area of the sampling poirt to allow picking them up without damage and 

for an easier cleaning of the roots before transplantation. TheComporta area (where the holes were 

opened) was pre-cleaned to avoid a mixture between native plants and H. portulacoides 

transplanted. Each pot consisted of a cylinder liter bag (750 ml.), opened in the top and bottom to 

allow vertical water flow and avoid roots mixture between the native and the transplanted plants. 

Samples were collected in different seasons, February, April, August and October. For each date 

one control and four plant pots were collected. 
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The second campaign started in February 2007 in similar conditions to the previous. 

Sediments were collected again at Lisnave area and the pots were placed in the same area at 

Comporta using the same holes and cylinder litter bags. This time plants raised in hydroponic 

conditions were used to have a more homogeneous biological initial condition than the first 

campaign. Five plants were used by pot to increase the biomass of the experiments. Control pots 

with sediment were also used. Samples, five pots for control and five pots with plants were 

collected in November 2007. 

On both campaigns a sample of the initial homogenized sediment (P0) used to plant H. 

portulacoides was also collected. 

Samples were collected to a polyethylene plastic bag and immediately stored in a portable 

refrigerator. Until analysis, samples were kept frozen at -20°C. Before analysis, sediments were 

sieved through a 2 mm mesh with deionized water, dried at room temperature, homogenized using 

a planetary ball mill (Fritsch, Pulverisette 6) and stored in a dark place. 



5.5 Analytical Procedure 

The analytes were extracted from about 0.5 g of sediment with 3 mL of 6 M hydrochloric 

acid/ethanol 1:1 (v/v) mixture, using an ultrasonic-bath for 2 h, and then centrifuged. A 5(jkL 

aliquot of the extract was then put into a vial containing 500 uL of buffer solution and the required 

water to accomplish a total solution volume of lOirL per vial, where the fiber was introduced for 

headspace SPME. Attending to the complex matrix of the sediments, the analytes were always 

quantified by the standard addition method. Aliquots of the extract were then put into a vial 

containing 500 uL of buffer solution (pH=4) and the required water to accomplish a total solution 

volume of 10 mL per vial, once standard addition method was used. For analysis, pre-

concentration of BTs was performed using HS-SPME and in situ derivatization using 2% (w/v) 

NaBEtt [34]. The method used to perform the different sediment analysis was slightly different 

from the published method [34]. An automatic sampler was installed to increase the sample 

analysis throughput by allowing a full-automated SPME microextraction with exactly the same 

characteristics (p.e. temperature and time of extraction, time of desorption) as the conditions 

previous validated. 

The analytes were desorbed from the fiber to the GC-MS/MS. The method was validated 

and controlled using certified reference material PACS-2 (from the National Research Council of 

Canada), which provided LODs of 0.003 ng/g (as Sn) for MBT, 0.01 ng/g (as Sn) for DBT and 

0.003 ng/g (as Sn) for TBT and linear ranges between 0.01 and 1200 (or more) ng/g (as Sn). 

Introduction of the automatic sampler allowed attaining a better reproducibility of the HS-SPME 

extraction time and consequently an increase in the repeatability and reproducibility of the 

procedure. 
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Chapter 6 
Results and discussion 



6.1 Introduction 

Results obtained for each case study are presented and discussed separately in the 

following sections. Final remarks will be pointed to the conclusions section. Once the used method 

of analysis is already described [34], details and characteristics are not discussed here. However, it 

should be noted that after the automatic samplerintroduction the method was efficiently revaluated 

to ensure the better analytical performance, as well as periodical analysis of reference sediment 

PACS-2 were performed for control purposes. 

Tables of values used to construct the graphical figures are presented in Appendices, 

Annex 1. 
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6.2 Butyltin survey in several Portuguese coastal areas 

The levels of BTs observed in the studied areas are presented on Table 3. 

Table 3 Levels of butyltins (in ng of Super gram of dry sediment) observed in 2007-2008 in different 
Portuguese coastal sites 

Site3 MBT DBT TBT 
1- Minho estuary upstream 2.7 ± 1.5 0.1 ±0.2 0.25 ± 0.03 
2- Minho estuary downstream 83 ± 17 8.9 ±5.9 13±3 
3- Lima estuary 8.9 ±4.7 4.2 ± 1.1 1.2 ±0.5 
4- Cávado estuary 0.9 ±0.3 2.6 ±0.4 1.5 ±0.9 
5- Ave estuary upstream 17±2 7.2 ±5.7 0.8 ± 1.1 
6- Ave estuary shipyard 1.6 ±0.2 2.8 ±4.0 0.1 ±0.1 
7- Douro estuary salt marsh 23 ±5 2.0 ± 1.5 3.4 ± 1.9 
8- Douro estuary marina 1.3 ±0.6 3.3 ± 1.6 1.9 ±0.1 
9- Sado estuary Lisnave 443 ± 7 56 ±7 66 ±2 
10- Sado estuary Comporta 49 ±9 9.2 ±2.1 4.5 ±2.2 
11 - Ria Formosa 0.8 ±0.5 0.4 ± 0.2 0.4 ± 0.2 
see Fig. 1 

All the samples revealed quantifiable values of TBT, DBT and MBT with total butyltin 

concentrations between 1 and 565 ng/g. Maximun level of TBT, 66 ng/g, was observed mSado 

estuary, at Lisnave site, in the proximity of a big shipyard. Even so, the TBT concentration found at 

Lisnave site was much lower than values reported recently for very polluted areas Ç.g. in 2005 at 

Sanricu coast, Japan, observed values ranged from 2 to 14000 ng/g) [3]. The next higher TBT level 

(five times lower than that found at Lisnave site) was found at Minho River estuary, in an area 

(downstream site) where there is ferry boat traffic and a big number of small fishing boats use to be 

anchored. It is worth mentioning that Minho River estuary has been considered to be in good 

ecological conditions, although some minor foci of organic pollution existent [61]. BTs 

contamination should also betaken into consideration in future classification of sediment quality at 

Minho estuary. The next higher TBT level occurred atComporta site, in Sado River estuary, which 

displayed a level four times lower than Minho River estuary at the site mentioned above. The still 

relatively high TBT contamination at Comporta site reflects the previous high contamination 

spread on Sado estuary [38]. The other studied sites piesented lower levels, between 3.4 and 0.1 

ng/g. As concerns sediment toxicity, TBT concertrations exceed the range established by OSPAR 

(1997) [13] as provisional ecotoxicological assessment criteria that should be used to identify 

potential areas of concern: 0.002- 0.02 ng g"1. In addition, TBT level at Lisnave site was higher 

than the Australian interim sediment quality guideline ISQG-High (29 ng/g) and Minho 

downstream, Comporta and Douro salt marsh sites exceeded ISQG-Low (2 ng/g) [14]. 
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In general, the levels of DBT at each site were of similar order of magnitude as those of 

TBT, suggesting that DBT was probably a product of TBT degradation. 

MBT also decreased site by site by the same order as DBT and TBT did, but its 

concentrations were much higher in many cases, particularly atSado and Minho sites, denoting 

that TBT contamination in several Portuguese estuaries was much higher in the past. 

Lima River estuary, which includes a large shipyard,a commercial seaport and a fishing 

harbor in the mouth of the estuary, presented relatively low BTs levels for such a big naval activity. 

Cávado River estuary displayed levels of BTs relatively low. Studies of Cávado River 

estuary contamination are scarce, being available only for metals. Cávado River runs through an 

industrialized area, receiving into its estuary unteated effluents from mining activities, textile and 

ceramic manufacturers, metal plating industries, paperboard mills, and slaughterhouses [62]. 

Ave River estuarine BTs levels were lower for the site nearer the shipyard than for the 

upstream site. Such difference may be due to the change in 1993 of the shipyard from the north 

bank of Ave River, in an upper position, to the south, near the mouth of the river. The concentration 

of MBT at the upstream site may be a result of degradation of TBT proceeding from antifouling 

paints applied on boats, which have been anchored at the older shipyard before TBT has been 

banished. 

Douro River estuary, which has been considered extremely polluted by metals and organic 

contaminants [63], presented relatively low BT levels. The upstream sampling site, despite is near 

a marina and in the confluence of two contaminated rivers, Tinto and Torto, does not present 

relatively high BTs concentrations. As this marinais recent (2004) high BT contamination was not 

expected. Sampling site at the mouth of the River presented a relatively high MBT concentration, 

which may be connected with previous TBT contamination both risen in the estuary and from 

oceanic inputs, due to the southwards currents and the vicinity to the Oporto harbor [45]. 

Marin site at Ria Formosa presented very low concentration of BTs. 

To evaluate the evolution of BT contamination, in the last two decades, the results 

observed in this work were compared with previously published data whenever available for the 

same areas. However, in this task we faced some limitations as follows: (a) values of BTs from 

Diez et al (2005) [2] had to be extrapolated from a graphical representation; (b) in Coelho et al 

(2002) [41] a few different values for the same sample were presented in the text and in a graphical 

representation, being impossible to know which of them were accurate; (c) in Almeida et al ( 2007) 

[38] explicit sampling sites at each studied area have not been reported. In addition, total absence 

of previous available data prevented any comparison forCávado River and^ve River estuaries. 
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Figure 3 compares values (Table 6) that have been found atSado estuary in different date. 

TBT level observed in this work at Lisnave site was much lower than that has been observed for 

the same area in 1990 (520 ng/g TBT [35]). At Comporta area TBT concentration observed 

presently was similar to those have been observed about eight years ago in areas relatively far from 

Lisnave area [2]. At both Lisnave and Comporta areas occurred a decrease of TBT concentrations 

(which was remarkable at Lisnave area) and an increase of DBT and particularly MBT levels, 

which very probably was a result of TBT degradation. The present ratios of TBT£BT 

concentrations were very low, 0.12 and 0.07 for Lisnave and Comporta sites, respectively, which 

shows that recent TBT introduction in the aquatic medium did not take place. 

Sado estuary - Lisnave
 S n < l 0 estuary - Comporta and other 

503 '0 

m Otez Galapos 44S 
D I M P m a n c h o 45S 

■ T i l s wo"k - Comporta 

MOT OBI TOI M m D B I TBT 

Figure 3 Comparison of butyltin levels found at Sado estuary in different years. Values from Diez et 
al. (2005) [2] have been obtained in 1999-2000 dXPortancho and Galapos and were estimated from a 
graphical representation. Portancho site is located upstream in Sado River and Galapos site is near the 
mouth of Sado River, both relatively far from Lisnave area. Values from Cortez et al. (1993) [35] 
(1990 sampling) refer to a sampling site near Lisnave. 

In Table 4 all the available data were compiled. This Table shows a marked decrease of 

TBT contamination all over the last years, indicting that the main sources of TBT in Portuguese 

coastwise stopped effectively. However, for Ria de Aveiro (an area which was not included in the 

present study) Sousa et. al. (2007) [42] have reported recently levels of TBT much higher than all 

those observed in the present study in other areas, suggesting XhaXRia de Aveiro may be presently 

one of the most contaminated Portuguese coastd areas in terms of TBT and BTs in general. 
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Table 4 Levels of butyltins (in ng of Snper gram of dry sediment) observed in different years in 
Portuguese coastal areas 

Sampling Location Sampling 
Year 

MBT DBT TBI Reference 

Portugal coastwise 1990 4-2100 1 - 9600 1-520 [35] 
Portugal coastwise 1999-2000 <5.2-78 <5.3 - 65 <3.8- 12.4 [2] 
Portugal coastwise 2001-2003 NDa 0 . 3 - 12.9 0.04- 12.3 [38] 
Western Iberian Atlantic coast 2000 4 - 7 5-35 5 - 127 [37] 
Tagus estuary 1990 7-98 5-234 12-1115 [39] 
Tagus estuary 2000 NDa NDa 5-35 [40] 
Ria de Aveiro 2005 <3.2-442 0.4-658 2.7- 1780 [42] 
Minho estuary 2007-2008 2.7b/0.1c 0.1b/0.2c 0.25b/13c This work 
Lima estuary0 1999-2000 35 28 5 [2] 
Lima estuary 2007-2008 8.9 4.2 1.2 This work 
Cávado estuary 2007-2008 0.9 2.6 1.5 This work 
Ave estuary 2007-2008 17e/1.6f 7.2e/2.8f 0.8*70.lf This work 
Douro estuary8 1999-2000 32 25 4 [2] 
Douro estuary0 2001-2003 NDa 0.4- 1.1 0.04-0.4 [38] 
Douro estuary 2007-2008 23h/1.3' 2.0^3.31 2.3h/ 1.91 This work 
Sado estuary - Lisnave area1 1990 12 26 302 [35] 
Sado estuary - Lisnave 2007-2008 443 56 66 This work 
Sado estuary14 1999-2000 35 26 8 [2] 
Sado estuary1 1999-2000 8 6 4 [2] 
Sado estuary0 2001-2003 NDa 2 . 3 - 12.9 0 .4- 12.3 [38] 
Sado estuary - Comporta 2007-2008 49 9.2 4.5 This work 
Ria Formosa1" 1990 19 5 8 [35] 
Ria Formosa" 1999-2000 8 6 4 [2] 
Ria Formosa0 2001-2003 NDa 0.4-1.3 0.04-0.16 [38] 
Ria Formosa 2007-2008 0.8 0.4 0.4 This work 
Not determined; 

Sampling site:b upstream;0 downstream; 8 4S; e upstream;f shipyard;8 1 IS;h salt marsh;1 marina; J SI;k 44S; ' 45S;' 
F5;n57S;° site not reported 
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6.3 Ex-situ studies of remediation 

Samples from the first campaign were divided to carry out different experiments and, of 

the four pots with plant, only two were analyzed for BTs. Results (Table 7) are presented on Figure 

4. 
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Figure 4 First campaign ex-situ studies. Concentrations found on Control - sediment (February 2006), 
Control - sediment (October 2006) and Pots - rhizosediment (October 2006) 

Comparing the values for the control samples between the beginning of the study 

(February) and the end (October) natural degradation of TBT along time in absence of plant was 

not significant (one-way Anova atp level of less than 0.01). In spite of low belowground biomass 

tested (ca. 0.5% of sediment mass per pot)// portulacoides could reduce significantly the amount 

of TBT in the sediment, 41% and 45% reduction for Pot 1 and Pot 2, respectively, when compared 

with the control. 

These preliminary results indicated that H. portulacoides rhizoremediation deserved to be 

explored for TBT in sediments. So, for the second campaign, changes in the procedure were 

introduced for a better manipulation of the biologcal part. Grown hydroponic plants were used and 

in higher amounts than in the first campaign to increase the biomass of the pots and evaluate its 

influence on the remediation extension. Once there was no noticeable natural degradation in the 

eight months study period in 2006, for the second campaign there was no intermediate sampling. 

Values relative to the second campaign (Table 8) are illustrated on Figure 5. The number of 

samples is higher and the graphical representation shows three different patterns, the initial 
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concentration, a trend for the sediment concertrations and another trend for rhizosediment 

concentrations. DBT concentration presents the smaller variation between the difièrent samples 

(sediment and rhizosediment). As previously, natural degradation of TBT along time in absence of 

plant was not significant. The means of the TBT values for each control and the initial sediment 

were equal with 99% confidence (one-way Anova). For the same level of confidence only Control 

1 and Pot 2 presented significant differences in the TBT concentration values, however for the 

95% level, Control 1 was significantly different from Pot 2, 3 and 4, as well as Pot 2 was 

significantly different from all Controls. Remedhtion percentages for TBT ranged from 21 to 39 

%, considering the initial concentrations of the control on February and pots on November. 

Regarding total BTs concentration (£BTs) the remediation percentages were similar, between 31 

and 34 % for control of February and pots of November, denoting that not only the TBT 

degradation occurs but also the degradation of DBT and MBT in an overall remediation process. 

Considering £BTs, o n c e percentages of natural remediatbn for controls varied between 8 and 22 

%, a natural degradation in non-colonized sediment seems to occur. 
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Figure 5 Second campaign ex-situ studies. Concentrations found on Control - sediment (February 
2007), Controls - sediment (November 2007) and Pots - rhizosediment (November 2007) 

Due to the variability of the values and the high number of samples and results, an overall 

mean (Table 9) was calculated for sediment (contrd) and another for rhizosediment (pots) (Figure 

6). 
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Control Pot 

November 2007 

Figure 6 Second campaign ex-situ studies. Overall concentration means for Control - sediment 
(February 2007), Control - sediment (November 2007) and Pot - rhizosediment (November 2007) 

After mean results being analyzed (using a one-way Ano va at a 99% confidence level), it 

was found that TBT concentration mean for Contrd of February and Control of November were 

statistically equal, and mean value of Pot samples concentrations was statistically different from 

the controls. These results indicate that TBT natural degradation was not significant. Remediation 

percentages obtained were 30 % for TBT and 32 % forXBTs. For £BTs, 15 % remediation seems 

to be due to natural degradation by inference fromthe controls with non-colonized sediment (Table 

5). 

Table 5 Remediation percentages obtained in the second campaign ex-situ studies 

% Remediation % Natural Degradation 
MBT 29 11 
DBT 44 38 
TBT 30 2 
ZBT 32 15 

In rhizosediment, the concentration of TBT as well as MBT decreases relatively to the 

control, which can result from degradation of BTs or uptake by the plant. 

Complementary information is needed for the interpretation of the plants role on BTs 

remediation. Analysis of Sn in sediments and BTs and Sn in biological material from the plants 

should be performed to evaluate the occurrence ofuptake by the plant and contribute to understand 

the mechanisms of remediation. 

46 

Control j 

February 2007 



Sado sediments are known to be very polluted by POPs and trace metals, besides BTs, 

especially in the heavy industrialized area where Lisnave is placed [64]. The presence of these 

contaminants can inhibit microorganisms development and activity, which can be related with low 

potential of the plant to promote remediation of BTs. For concentration levels lower than 100 ng/g 

of TBT in sediment, the colonization of Lisnave sediment by H. portulacoides caused a 30 % 

remediation in a nine months period. 
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Chapter 7 
Conclusions 



Conclusions 

BTs were quantified in all samples collected along the Portuguese coastal areas studied. 

Maximum level of TBT, 66 ng/g, was observed in Sado estuary, at Lisnave site, even so, much 

lower than values reported recently for very polluted areas. All TBT concentrations exceed the 

range established by OSPAR (1997) as provisionalecotoxicological assessment criteria that should 

be used to identify potential areas of concern. At Lisnave site values were even higher than the 

Australian interim sediment quality guideline ISQG-High. 

Results obtained show a marked decrease of TBT contamination all over the last years, 

indicating that the main sources of TBT inPortuguese coastwise stopped effectively. 

H. portulacoides, very common in Portuguese estuarine environments, was used ïorex-situ 

remediation studies at Sado estuary, revealing a slight potential to promote remediation of BTs in 

the very contaminated sediments. For concentration levels lower than 100 ng/g of TBT, the 

sediments colonization by H. portulacoides caused a 30 % remediation in a nine months period. 

Remediation mechanisms need further investigation. 
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Annex 1 

Table 6 Levels of butyltins (in ng of Snper gram of dry sediment) obtained in this and previous works 

Sample ID MBT DBT TBT 
Lisnave area - this work 443 ±7 56 ±7 66 ±2 
Lisnave area- [35] 12 26 302 
Comporta area - this work 49 ±9 9 ± 2 5 ± 2 
Comporta area - Galapos [2] 35 26 8 
Comporta area - Portancho [2] 8 6 4 

Table 7 Levels of butyltins (in ng of Super gram of dry sediment) obtained in first campaign ex-situ 
studies 

Sample ID MBT DBT TBT 
Control February 231 ±35 91 ±34 96 ± 8 
Control October 201 ±7 76 ± 8 92 ±11 
Pot 1 October 282 ± 49 59 ±4 57±10 
Pot 2 October 360 ± 1 61 ±15 53 ±11 

Table 8 Levels of butyltins (in ng of Snper gram of dry sediment) obtained in second campaign ex-
situ studies 

Sample ID MBT DBT TBT 
Control February 464 ± 28 155 ± 23 94 ±15 
Control 1 November 428 ±8 128 ± 16 101 ± 17 
Control 2 November 401 ±28 72 ±14 84 ±23 
Control 3 November 410±31 75 ±5 86 ±4 
Control 4 November 419± 18 115 ± 20 91 ± 11 
Pot 1 November 322 ± 20 75 ±18 74 ± 1 
Pot 2 November 318±45 100 ±34 57 ±11 
Pot 3 November 337 ±23 87 ±19 59 ±2 
Pot 4 November 339 ±30 89 ± 17 67 ±13 

Table 9 Mean levels of butyltins (in ng of Snper gram of dry sediment) obtained in second campaign 
ex-situ studies 

Sample ID MBT DBT TBT 
Control February 464 ±28 155 ±23 94 ±15 
Control November 415 ± 21 96 ±28 92 ±12 
Pot November 330 ±28 87 ±21 66±11 
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