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Objectiu

L'objectiu de la present tesi ha estat el desenvolupament de métodes
analitics per a la determinacié de contaminants organics en el medi mari
mitjancant I'acoblament de la cromatografia liquida a diferents técniques.

Dintre d’aquest objectiu principal, se’'n poden destacar altres més especifics:

— El desenvolupament de diferents métodes cromatografics basats en
I’acoblament de la cromatografia liquida d’alta resolucié a diferents

detectors, com el de fluorescéncia o I'espectrometria de masses.

— L’acoblament on-line i off-line de diferents técniques d’extraccié a la
cromatografia liquida per a |'extraccié i determinacié de diferents
families de contaminants organics en mostres d’aigua i sediments

portuaris.

— L’aplicacié de diferents métodes de calibracié de segon ordre a la
quantificaci6 de contaminants en preséncia de substancies

interferents.
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Introduccié

Unes dues terceres parts de la superficie de la Terra estan cobertes d’aigua.
Aquest recurs natural, que és essencial per a la vida, ha condicionat el
desenvolupament de les espécies que habiten la Terra des dels seus inicis.
L'home, com altres espécies, també ha depés d’ella per al seu

desenvolupament.

Pero el seu Us sempre ha estat condicionat per la preséncia de
contaminants, que inicialment era el resultat de processos naturals com, per
exemple, l'erosié de les roques. Amb el desenvolupament industrial, els
problemes derivats de la contaminacié s’han agreujat degut a diferents
causes, com poden ser l'augment de la poblaci6, que ha afavorit
I"assentament en arees que en el passat no estaven habitades, I'impacte de
les activitats humanes en els sistemes mediambientals, que sovint poden
canviar la magnitud i freqiiéncia en que els processos naturals tenen lloc, o
I"aparici6 de nous contaminants degut al desenvolupament de noves

tecnologies.

Actualment, molts dels problemes de contaminacié de l'aigua es deuen a
I'abocament intermitent o continuat de substancies que incideixen
directament o indirectament en llacs i rius. Aixd fa que sigui important el
desenvolupament de metodes analitics per tal de detectar la preséncia

d’aquests contaminants i controlar-la a fi de poder utilitzar aquestes aigies.

Pel que fa al medi mari, la seva contaminacié no ha estat tan estudiada, ja
gue les substancies que s’hi aboquen, ja sigui directament des del focus
emissor o des de rius o altres corrents que hi van a parar, es dilueixin degut
al sistema de corrents marines, de manera que es disminueixen els seus
efectes en les espécies que hi habiten. Perd hi ha algunes zones on
s'aboquen aquestes substancies i en les quals aquest sistema no és tant
eficient, ja sigui a causa de |'estancament de |'aigua o degut a qué |'elevada
concentracié en queé hi arriben fa que els corrents no siguin prou efectius. En
aquestes zones, els contaminants es concentren fins a assolir nivells de

concentracié que poden ser nocives o, fins i tot, toxiques per a les espécies
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que hi habiten. Es per aixd que hi ha un creixent interés en el
desenvolupament de metodes que permetin la identificacié i determinacié de

contaminants en aquest medi.

I.1. EL MEDI MARI | LA CONTAMINACIO

Els mars i oceans s6n unes grans extensions d’aigua salada en les quals es
distribueix la majoria d'aigua de la Terra. La seva salinitat és deguda
majoritariament als ions sodi i clor, que es troben en una concentracio
mitjana de 34.75 g I'' [1]. La seva preséncia, aixi com la d'altres ions, és
principalment el resultat de |'erosié de roques continentals, que déna lloc a
la dissolucié de sals, tot i que també hi poden haver altres materials derivats
de focs d’origen natural en boscos, erupcions volcaniques i pol-lucié

atmosférica.

Altres sals presents a |'aigua marina sén els fosfats i nitrats, que provenen
de forma natural de les conques fluvials, de I|'atmosfera o de Ila
descomposicié de la matéria a l'ocea, tot i que també hi ha fonts
antropogéniques d’aquestes sals, com per exemple les aigles residuals
urbanes o I'Gs de pesticides [1]. Aquestes sals es troben presents en
concentracions variables i sén nutrients per tota una varietat d’organismes

vius.

La salinitat produida per la preséncia d’aquestes sals, juntament amb les
variacions de la temperatura i la pressié determinen la densitat de I'aigua, la
diferéncia de la qual origina moviments importants en els oceans [1-3]. Entre
ells es poden distingir els corrents que recorren tots els oceans redistribuint
Iaigua. Un altre moviment caracteristic de |I'aigua del mar sén les onades,
degudes principalment al vent, tot i que també poden ser causades per
terratremols, explosions volcaniques, etc. Aquestes onades acceleren

I'intercanvi de calor i gasos entre l'aigua i I'atmosfera. A més d’aquests
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corrents, també estan les marees, que soén el resultat de [|'atraccié

gravitacional de la Lluna i el Sol.

La superficie que ocupen els oceans és molt extensa i aquests moviments
de l'aigua fan que els residus i contaminants vessats es dilueixin. Aixo ha fet
que durant anys s’introduissin substancies d’origen antropogénic als mars i
oceans, tot i que aquests corrents de l'aigua també poden fer que la
contaminacié sigui propagada a una area més amplia i, per tant, pot
augmentar el risc ambiental. No obstant, segons el Programa Ambiental de
les Nacions Unides, els oceans i mars oberts estan encara relativament nets
[2]. En aquestes zones, les fonts més importants de contaminacié sén les
descarregues directes degudes a accidents marins, com sén els vessaments

de petroli, o les operacions de neteja.

Pero la majoria de la contaminacié marina es concentra al voltant de la zona
costanera, en mars tancats o petits, on hi viu la meitat de la poblacié del
moén. Tenint en compte que molt de I"'augment que s’espera en un futur es
concentrara en aquestes zones, |'impacte de les activitats humanes és més
obvi i pot afectar a I'Gis o explotacié de I"aigua de mar i els seus recursos. En
aquestes zones, s’ha observat que la contaminacié no es dispersa tan
eficientment com en mar obert, de manera que els contaminants es poden

concentrar i afectar als organismes que hi habiten.

Hi ha diferents fonts de contaminacié del medi mari, algunes de les quals es
mostren a la Figura 1. Com es pot veure a la Taula 1, on s’indica I"aportacié
d’algunes fonts de contaminacié al medi mari, la majoria de la pol-lucié que
afecta a les zones costaneres té un origen terrestre, i arriba al mar des dels
rius, I"'atmosfera o el vessament directe al mar des dels propis vaixells [4].
En aquest cas, es poden distingir les fonts puntuals de contaminacié, que
vessen directament a |'aigua, com per exemple algunes indlstries o el
sistema de clavegueres urbanes, que soén relativament facils d’identificar i
controlar. Per tal de disminuir-ne I'impacte sobre el medi ambient, s’han

introduit diferents normatives que regulen la preséncia d’alguns
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contaminants en els residus generats en aquests tipus de fonts de
contaminacié [5]. No obstant aixd, també hi ha les fonts de contaminacié
difuses, que poden arribar a través dels rius, I'atmosfera o la pluja acida, i
que son resultat d’activitats que moltes vegades estan lluny del mar, de

manera que sén més dificils de controlar.

Intercanvi
amb |'atmosfera

Descarregues
des de rius Descarregues

industrials i urbanes  Vessaments

£% des de vaixells

Agricultura

/ Cadena\
alimentaria e
Eca-nd

4=%<:|
w

Deposicio Resuspensid
de particules

Figura 1. Fonts de contaminacié del medi mari.

Tot i que la contaminacié més important és la d’origen terrestre, inicialment
la comunitat internacional va comencar a regular la contaminacié deguda a
vessaments i descarregues des del mar degut als accidents en el transport
d’algunes substancies i la seva manipulacié. Aquest és el cas dels accidents
de diferents petrolers que, al llarg de la historia, han vessat una gran

guantitat d'hidrocarburs al medi mari. Alguns exemples d'aquests accidents

10
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sén els soferts pels vaixells Torrey Canyon (1967), Urquiola (1976), Atlantic
Express (1979), Castillo de Bellver (1983), ABT Summer (1991) i Erika
(1999), entre d’altres [1]. Recentment, el petroler Prestige es va enfonsar a
la costa gallega degut a una esquerda al seu casc. Els efectes d’aquesta
catastrofe encara s’estan estudiant, aixi com el métode per extreure el fuel

que encara es troba als tancs del vaixell enfonsat.

Taula 1. Contribucié d’algunes fonts de contaminants a la pol-lucié marina.

Origen Contribucié
Transport maritim 12 %
Vessaments deliberats al mar 10 %
Produccié a prop de la costa 1%
Descarregues d’origen terrestre 44 %
Atmosfera 33 %

Degut a la gravetat d’aquest tipus d’accident, s’han anat creant tota una
série d’'organitzacions, agéncies i convenis internacionals per tal de regular
aquest tipus de contaminacié [3]. Els primers convenis es van signar a
escala local per a alguns tipus de contaminacié concreta, perd0 durant les
ultimes decades i tenint en compte l'augment de la problematica de la
contaminacié, s’han anat desenvolupant tota una série de convenis i
mesures a nivell internacional, ja que alguns d’aquests problemes no es
poden resoldre a nivell local o nacional. Aquests convenis pretenen fer
prendre consciéncia als estats dels problemes del medi ambient mari, aixi
com intentar unificar els diferents convenis signats a nivell local. A la Taula
2 es mostren alguns dels més importants, la majoria dels quals s’han anat

modificant posteriorment per tal d’anar incorporant noves mesures.

11
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Taula 2. Principals iniciatives en matéria de contaminacié marina [3].

Any Convenis internacionals

1954 Primer _con_veni in_ternacional que intenta establir les mesures d’actuacié front a la
contaminacié per hidrocarburs

1972 Conven! sobre prevencié de la contaminacié per vessaments de deixalles i altres matéries,
Conveni de Londres

1972 Conveni sobre prgvencié de la contaminacié marina provocada per vessaments de vaixells i
aeronaus, Conveni d’'Oslo

1973 Conveni internacional per prevenir la contaminacié de vaixells, 1973/78 MARPOL

1974 Conveni sobre prevencié de contaminacié marina d’origen terrestre

1982 Convencié de les Nacions Unides sobre el Dret del Mar

1985 Directrius internacionals per a la proteccié del medi ambient mari de la contaminacié d’origen
terrestre

1992 Agenda 21
Convenis regionals

1972 Conveni d'Oslo

1974 Conveni de Paris

1974 Mar Baltic: Conveni de Hélsinki

1976 Mar Mediterrani: Conveni per a la proteccié del mar Mediterrani de la contaminacié

1978 Area del Golf: Conveni regional de Kuwait

1981 Africa central i occidental: conveni de Abidjan

1981 Pacific SE: Conveni de Lima

1982 Mar Roig i golf d’Aden: Conveni de Jeddah

1983 Regio del Carib: Conveni de Cartagena

1985 Africa oriental: Conveni de Nairobi

1986 Pacific sud: Conveni de Noumea

1991 Protocol sobre proteccié ambiental per a I’Antartic

1992 Declaracié de Paris

A més d’aquests convenis, també s’han creat programes, com el programa

MAST 1l (1994-98), per tal de fomentar el desenvolupament de métodes

que permetin la determinacié dels contaminants per tal d’avaluar-ne la seva

preséncia en el medi ambient, aixi com els efectes que tenen en els éssers

vius que hi habiten.
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En general, aquests méetodes analitics han de ser molt sensibles donat els
baixos nivells de concentraci6 en qué es troben els diferents tipus de
contaminants al medi mari. Per aix0, es basen principalment en una técnica
d’extraccié i preconcentracié acoblada a una técnica cromatografica amb un

sistema de detecci6 sensible i selectiva.

Pel que fa a les técniques cromatografiques, tot i que hi ha alguna aplicacié
utilitzant |’electroforesi capil-lar (CE), els alts nivells de deteccié obtinguts
generalment amb aquesta técnica fan que no sigui la més utilitzada. Aixi, les
técnigues més emprades sén la cromatografia de gasos (GC) i la
cromatografia liquida d’alta resolucié (HPLC) en fase inversa. Aquesta ultima
esta essent cada vegada més emprada, degut a l'interés creixent en el
desenvolupament de meétodes que permetin la determinaci6 de compostos

de caracteristiques diferents, com per exemple els alteradors endocrins.

L'HPLC es pot aplicar a la determinaci6 de contaminants utilitzant els
detectors d’UV-visible. No obstant, tenint en compte els baixos nivells de
concentracié que s’han d’assolir en |'analisi de contaminants en mostres
reals, aquesta técnica de separacid se sol acoblar a detectors més sensibles,

com el detector de fluorescéncia (FLD) o I'espectrometria de masses (MS).

La técnica d’extraccid utilitzada depén del tipus de mostra a analitzar. Per a
I’analisi de l'aigua de mar, com en altres tipus de mostres aquoses, la
técnica d’extracci6 més emprada és l'extraccié en fase solida (SPE), tot i
que la microextraccié en fase solida (SPME) també s’ha aplicat darrerament
a aquest tipus de mostra. L’extraccié liquid-liquid (LLE) s’utilitza cada
vegada menys degut a I'elevat consum de solvents organics que requereix i
al llarg temps que es necessita per a la separacié de les fases aquosa i

organica.
Pel que fa a les mostres de sediments marins i de teixits de peixos i altres

éssers vius del medi mari, s’han utilitzat diferents técniques, si bé les més

habituals consisteixen en posar un solvent en contacte amb la mostra,

13
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afavorint el procés d’extraccié en alguns casos mitjang¢ant I'Us ultrasons o

microones 0 amb |’aportacié de calor, com en el cas de I'extraccié Soxhlet.

D’entre les espécies contaminants presents en |'aigua costanera, unes molt
estudiades sén els nutrients, especialment els nitrats i fosfats. Aquestes
espécies es troben al medi mari degut a causes naturals, com a resultat de
la descomposicié de la matéria o la deposici6 des de I'atmosfera d’altres
espécies que contenen nitrogen o fosfor i que, en entrar al medi mari, es
transformen en nitrats i fosfats. Perd també poden tenir un origen
antropogenic, ja que poden arribar al mar a través d’aigles residuals urbanes
gue continguin matéria organica rica en aquestes especies, a més de
detergents, colorants, perfums i altres substancies, o a través dels rius o
aquifers, que transportin pesticides o adobs, entre d’altres [1]. L’augment
d’aquests nutrients déna lloc a un augment en el creixement del fitoplancton
que es troba en el medi mari. Aquest procés, a més de variar la coloracié de
I'aigua i augmentar-ne la seva terbolesa, redueix I'oxigen dissolt a I'aigua
degut a que, quan aquests organismes moren, s’enfonsen i sén
descomposats per accié dels bacteris aerdbics del fons mari. La disminucié
d’aquest oxigen, que és necessari per a la vida d’altres espécies que viuen
en aquest medi, altera les cadenes alimentaries i disminueix la diversitat
biologica. Aquest procés, anomenat eutrofitzaci6 [6], és especialment
important en mars que es troben tancats, com el mar Negre o el mar Baltic
[7]. Per exemple, en aquest ultim, I'entrada de nutrients es va incrementar
en més de sis vegades durant els anys 80, de manera que |'eutrofitzacié ha

augmentat en més d'un 70 % [2].

Unes altres espécies inorganiques molt estudiades al medi mari sén els
metalls pesats, que es troben presents al medi mari com a resultat de
processos naturals com l'erosié de roques o |'activitat volcanica, aixi com
processos derivats d’activitats humanes, com per exemple el seu Us en la

fabricacié de pesticides.
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L'interés per aquestes espécies va comencar a tenir més rellevancia arrel
d’alguns incidents importants. Entre aquests, cal destacar el desastre de la
Bahia de Minamata (Japd), que va comencar a finals dels anys 30, quan una
de les principals industries quimiques del Japé va comencar a vessar
directament en aquesta zona els catalitzadors esgotats, que contenien
mercuri, principalment en forma de metilmercuri. Aquesta espécie s'anava
acumulant en els peixos i moluscs que posteriorment eren consumits pels
pescadors i les seves families. Com a conseqiiéncia d’aixd, va tenir lloc una
epidémia d’intoxicacié neuroldgica que va afectar a milers de persones i va

causar centenars de morts [8].

L"assimilacié d’aguests metalls en el medi mari té lloc mitjancant una seérie
de cicles naturals i depéen de molts factors, com per exemple el pH i la
salinitat de I'aigua. Aquests metalls s’incorporen a les cadenes trofiques i es
van concentrant en diferents esglaons a través de diferents vies, com sén la
ingestié de vegetacié o fauna contaminada o pel sistema respiratori fins que
els sistemes d’‘excreci6 dels éssers vius sén incapacos de realitzar
I’eliminacié d’aquestes espécies, de manera que apareixen els efectes

nocius.

A més, s'ha de tenir en compte que la preséncia de particules en suspensié
a l'aigua procedents de les zones continentals facilita I’adsorcié d’aquests
contaminants sobre elles, de manera que la sedimentacié d’aquestes

particules fa que aquests metalls s"acumulin en els sediments marins.

D’entre tots els metalls, sén d’especial interés la plata, el coure, el cadmi o
el plom, a més del mercuri, ja que sén particularment toxics [8-9] i s’han

trobat en elevades quantitats en alguns mars, com el mar Baltic [10].

Uns altres contaminants d’interés sén els compostos organometal-lics
derivats de l'estany. D’entre ells, cal destacar el tributilestany (TBT) aixi
com els seus productes de degradacié, el dibutilestany (DBT) i el

monobutilestany (MBT). Aquests compostos, comunament coneguts com
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compostos de tributilestany (TBTs), van comencar a utilitzar-se als anys 60
com a additius en les pintures emprades en els vaixells per evitar el
creixement d’algues i altres organismes en aquelles zones que es troben en
contacte amb I’aigua. Durant els anys 70 es van comencar a observar casos
d’alteracions de sexe d’alguns éssers marins. Tot i aixd, no va ser fins a
finals dels anys 70 i inicis dels 80 que, amb el desenvolupament de les
técniques analitiques, es va comencar a relacionar aquestes alteracions amb
la preséncia d’aquests compostos al medi. A causa d’aix0, es van comencar
a desenvolupar normatives de caracter regional que pretenien regular-ne el
seu Us. Posteriorment, per tal d’unificar aquestes normatives, la Unid
Europea (EU) va desenvolupar-ne una que prohibia I'Gs de pintures que
contenien aquests compostos en vaixells de menys de 25 m. Recentment,
aquesta normativa ha estat substituida per una altra que prohibeix |'Us

d’aquestes pintures per a qualsevol tipus de vaixell [11].

Tot i la restriccidé en el seu Us, aquests compostos encara es troben presents
al medi mari degut a la seva persisténcia, de manera que tant la seva
preséncia com la seva toxicitat encara estan essent estudiades. Actualment
i degut a aquesta toxicitat per al medi mari, aquests compostos estan
inclosos a la llista de substancies que produeixen alteracions en el sistema

endocri dels éssers vius que ha estat publicada per I'EU [12].

Degut a la restriccié en I'4s dels TBTs, s’han buscat altres compostos que
també permetin regular el creixement de les algues als vaixells. L’lrgarol
1051 va ser un dels primers compostos que es van utilitzar per a substituir
els TBTs, tot i que també se n’utilitzen d’altres, entre els quals cal destacar
el diuron, que, tot i que no és tan emprat com I'lrgarol 1051, és un herbicida

molt utilitzat en agricultura.

Aguests compostos han estat molt estudiats, essent els dos compostos
esmentats anteriorment els trobats amb més freqiiéncia degut a qué sén
molt utilitzats i sén més persistents que altres compostos emprats amb la

mateixa finalitat, com el diclofluanid, el clorotalonil o el Sea-Nine 211.
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Actualment, I'lrgarol 1051 esta inclos a la llista de substancies que estan
essent estudiades per avaluar el seu possible efecte sobre el sistema endocri
dels éssers que habiten al medi mari, mentre que el diuron ja ha estat inclos

a la llista d’alteradors endocrins [12].

A més d'aquests compostos, al medi mari es pot trobar una gran varietat de
contaminants organics derivats d’activitats antropogéniques. La majoria
d’aquests contaminants entren, com s’ha comentat anteriorment, a través
de corrents d'aigua, com per exemple els rius. No obstant, alguns estudis
sobre la distribucié de contaminants en els aerosols formats en la superficie
dels mars i oceans han posat de manifest que la deposicié de particules
solides que es troben a |I'atmosfera i sobre les quals queden adsorbits alguns

contaminants també contribueix a la contaminacié marina [13].

En conseqiiéncia, és en el medi aqués mari en el qual s’ha de trobar una
major distribucié d’aquest tipus de contaminants. No obstant aixo, I'efecte
de la dilucié del mar fa que els nivells de concentracié en qué es troben
aquests contaminants siguin molt baixos. Aixd fa que es requereixin
meétodes analitics molt sensibles, que permetin la determinacié d’aquestes

concentracions.

L"aplicacié d'aquests métodes ha permeés la deteccié d'una gran varietat de
contaminants. D’entre ells, cal destacar, a més dels plaguicides antialgues
esmentats anteriorment, els hidrocarburs aromatics policiclics (PAHs) i els
bifenils policlorats (PCBs), que pel seu caracter cancerigen i d’alteradors
endocrins i per la diversitat de fonts de contaminacié en qué es generen,
han estat bastant estudiats en el medi mari. No obstant, la concentracié en
gué es troben a |'aigua és baixa degut al seu caracter hidrofobic, que fa que
guedin adsorbits a les particules que es troben en suspensié, de manera que
apareixen en més elevades concentracions als sediments, mostres en queé

han estat més estudiats.
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Els benzensulfonats alquilics lineals (LAS) també han estat molt estudiats a
I’aigua de mar, juntament amb els acids sulfofenilcarboxilics, que sén els
seus productes de degradacié, ja que aquests compostos soén dificils

d’eliminar en els processos de tractament de les aigles residuals.

A més d’'aquests compostos, n'hi ha d’altres que, tot i que no han estat tan
estudiats al medi mari, s’han trobat en algunes mostres. Entre ells, cas
destacar alguns surfactants, com els etoxilats de nonilfenol (NPEO), alguns
fenols, alguns ftalats i adipats, alguns compostos volatils, com el ciclohexa
o el tolué, i algunes drogues i productes utilitzats en la neteja personal, com
sén I'acid clorfibric, el diclofenac, I'ibuprofen i la cafeina, entre d’altres. A
més dels antialgues, també es poden trobar altres plaguicides, com els
hexaclorociclohexans (HCHs). A la Taula 3 es mostren alguns exemples dels
nivells de concentracié en qué s’han trobat aquests compostos en mostres

d’aigua de mar, ports o estuaris.

Pel que fa als sediments marins, la majoria de compostos que s’hi troben
presents sén el resultat de processos naturals, com |'erosié de les roques, o
degut a la deposicié de les particules que es troben en suspensi6 a |'aigua
de mar i sobre les quals queden adsorbides una série de compostos que
generalment presenten una certa hidrofobicitat. Entre aquests compostos,
cal destacar, com s’ha esmentat anteriorment, els PAHs i els PCBs, que
s’han trobat en molts estudis realitzats sobre aquest tipus de mostres. A
més d’aquests compostos, perd se n'han trobat altres, com per exemple,
alguns LAS, alguns ftalats o alguns plaguicides. A la Taula 4 es mostren
alguns exemples dels nivells de concentracié6 trobats per a aquests

compostos en mostres de sediments marins i d’estuaris.
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Taula 3. Exemples de la preséncia de contaminants en mostres d’aigua de mar. Abreviacions
no incloses al text: NP, nonilfenols; PCDDs: dibenzo-p-dioxines policlorades; PCDFs:
dibenzofurans policlorats; DEET, N,N-dietiltoluenamida; DMPH, dimetilftalat; DEPH,

dietilftalat; DBPH, di-n-butilftalat; EHPH, bis(2-etilhexil)ftalat; BBPH, benzilbutilftalat.

Mostra Compostos Concentracions Referencia
- . 0.20-1.67 i
Ocea Artic o-iy- HCHs 0.11-0.53 ng I 14
Estuari . 016-0.68 i 0.36-1.38
(Essex, UK) Irgarol 1051, clorotalonil ug I 15
Costa de Diuron, Irgarol 1051 i el 2-2190, 2-665,
Catalunva i producte de degradacio, 120-440, 26-53, 16
Almer?/a demetildiuron, Sea-Nine 211, 2600-3700,
diclofluanid 230-760 ng I
. Fenol, 2,4,6-triclorofenol,
Platja de o-clorofenol, 2,4-dimetilfenol
Castelldefels L ! 0.17-8.8 ug I 17
(Barcelona) pentaclorofenol, 4-cloro-3-
metilfenol, 2,4-diclorofenol
Mar del Nord 4
(Alemanya) NP 1-33 ng | 18
Costa de .
Catalunya NPEO, NP i LAS 0811, 0.3-4.11 19
- : 2.4-92 pg |
i Almeria
Port i platja de PCDDs i PCDFs 0.09-6.51 pg I' 20
Barcelona
Port de Boston Cafeina 5.2-1600 ng I 21
L o .. 0.01-18.6, 2-16.1 i
Mar del Nord Acid clorfibric, cafeina, DEET 0.03-1.09 ng I' 22
Costa de 10 PAHs 0.06-0.27 pg I' 23
Canaries
Port de 0.3-31.7, 0.03-33.1,
Londres DMPH, DEPH, DBPH, EHPH 2.8-121.9 i 24
0.06-197.6 ug I
Port de BBPH, EHPH, DBPH 0.8,0.12i0.48 pg I 25
Tarragona
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Taula 4. Exemples de
Abreviacions no incloses al text: NP,

nonilfenols;

la preséncia de contaminants en sediments marins

d’estuaris.

PCDDs: dibenzo-p-dioxines

policlorades; PCDFs: dibenzofurans policlorats; DMPH, dimetilftalat; DEPH, dietilftalat;
DiBPH, di-i-butilftalat; DBPH, di-n-butilftalat; BBPH, benzilbutilftalat.

Mostra Compostos Concentracions Referencia
Mar del Nord i 29-39, 10-153 i
(Alemanya) NPEO, NP i LAS 72-106 ng g’ 8
Costa de Catalunya . 10-530, 15-1050 i
i Almeria NPEO, NP LAS 0.1-238 ng g’ 19
Mar del Sud de . o a1
China Dibenzotiofé 11-66 ng g 26
Costa de Canaries 10 PAHs 14-187 ug kg™ 23
Costa de Todos Suma total entre 7.6 i
Santos (Méxic) 16 PAHs 813.1 ng g" 27
Costa est del Suma total entre 2.22 i
Mediterrani 24 PAHs 1056.21 ng g’ 28
16 PAHs, 17 PCDDs i 13.4-16.4, 0.71-17 i
Costa de Catalunya PCDFs, 12 PCBs 1.1-311 ng g 29
Costa mediterrania Suma total entre 8.2 i
de Franca 20 PCBs 2376ngg’ 30
Suma total de DDTs i
. p.p’-DDT, p,p’-DDD, p,p’- HCHs de 0.2-11.4 i
Mar del Japd DDE (DDTs) i a- i y- HCHs 0.8-30.6 ng g’ 31
respectivament
Costa de Preveza I
(Grecia) Irgarol 1051 43 ngg 32
. Irgarol 1051, diclofluanid, 3.2-222.3, 7.14-688.2
Estuari (Essex, UK) clorotalonil i 16-46.5ng g 15
Port Inner, DMPH, DEPH, DiBPH, Suma total entre 2 i 33

Vancouver (Canada)

DnBPH, BBPH

3.6 mg kg
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1.2. APLICACIO DE TECNIQUES ACOBLADES A LA DETERMINACIO
DE CONTAMINANTS

Com s’ha comentat anteriorment, hi ha una gran varietat de contaminants
presents en el medi ambient i que poden ser nocius i fins i tot toxics per als
éssers vius que habiten a les zones contaminades. No obstant, els baixos
nivells de concentracié en qué es troben aquests compostos fa que sigui
necessari el desenvolupament de metodes analitics molt sensibles per a la
seva determinacié. Aquests métodes es basen habitualment en una técnica
d’extraccié i preconcentracié acoblada a una técnica de separacié que
permeti la separacié dels diferents analits entre ells i d’altres substancies
interferents presents en la mostra, i a una técnica de deteccié que permeti

detectar nivells molt baixos dels compostos estudiats.

En la present tesi, s’"han seleccionat quatre families de compostos, el control
de les quals és important al medi mari, ja sigui per la seva toxicitat o
persisténcia al medi ambient o perqué la seva eliminacié durant els
processos de tractament de les aigles residuals és dificil, la qual cosa fa que
siguin abocats al medi ambient. Aquestes families sén els benzensulfonats i
naftalensulfonats, els compostos aromatics policiclics, els ftalats i adipats i

els plaguicides antialgues.

A continuacié, es fa un estudi bibliografic que pretén resumir |'aplicacié de
diferents técniques acoblades a la determinacié d’aquests compostos en

mostres ambientals.

1.2.1. Benzensulfonats i naftalensulfonats

Dintre dels compostos aromatics sulfonats, els benzensulfonats (BZS) i
naftalensulfonats (NS) amb grups amino-, hidroxi-, nitro- o sulfonic
addicionals s6n molt utilitzats en la inddstria com a productes intermedis en

la sintesi de colorants, pigments i productes farmacéutics i agricoles. Per
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exemple, l'acid 4-hidroxi-1-naftalensulfonic s’utilitza com a component
d’uni6 en un ample interval de colorants tipus azo, mentre que l'acid
3-nitrobenzensulfonic s’utilitza com a compost intermedi per a la sintesi de

tints [34]. A la Figura 2 es mostren alguns dels compostos més utilitzats.

Una caracteristica d’aquests compostos és la seva acidesa. En general, sén
compostos molt hidrofilics, amb constants d’acidesa molt baixes (pKa<1),
per la qual cosa s6n molt solubles en aigua. Tenen un baix coeficient de
distribucié n-octanol-aigua (log Kow<2.2) [35], de forma que la seva
adsorcié a la matéria organica és limitada, fet que fa que tinguin una
mobilitat elevada. Aixd, juntament amb la seva baixa degradabilitat fa que
siguin dificils d’eliminar durant els processos de tractament d’aiglies
residuals, sobretot aquells compostos que contenen grups amino-, hidroxi- o
sulfonic addicionals [34]. Per aix0 s’han trobat en diferents mostres

ambientals, alguns exemples de les quals es mostren a la Taula 5.

Encara que aquests compostos fa temps que sén utilitzats, la seva toxicitat
no ha estat gaire estudiada. Tot i aix0, la seva baixa biodegradabilitat,
sobretot en el cas dels compostos amb grups amino, fa que sigui interessant
I’estudi de la seva preséncia al medi ambient, ja que podrien tenir una certa
perillositat [35].

Les concentracions en qué es troben aquests compostos en mostres reals
s6n baixes, de manera que els meétodes desenvolupats per a la seva
determinacid, com en el cas de la majoria de contaminants organics presents
al medi ambient, solen estar basats en una etapa d’extraccié i concentracié

prévia a una separacié cromatografica.
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Figura 2. Estructura d’alguns dels BZS i NS més utilitzats. Abreviatures no incloses al text: A,

amino; H, hidroxi; N, nitro; NDS, naftalendisulfonat.
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Taula 5. Exemples de determinaci6 de BZS i NS quantificats en mostres ambientals.

Abreviatures no incloses al text: A, amino; CI, cloro; H, hidroxi; Me, metil; N, nitro;

NDS, naftalendisulfonat; NTS, naftalentrisulfonat.

Mostra Compostos Concentracié Referéncia
5-N-2-Me-BZS,  2-A-5-Cl-4-Me-BZS,
1-NS, 2-NS, 1,5-NDS, 1,6-NDS,
1,7-NDS, 2,6-NDS, 2-A-1,5-NDS, 0.02-5.6 pg I 36
3-A-1,5-NDS, 2,7-NDS, 1,3,5-NTS,
Aigua de riu 1,3,6-NTS
2-NS, 1,5-NDS, 1,6-NDS, 2,6-NDS,
2,7-NDS,  1,3,5-NTS, 1,3,6-NTS, 0.01-0.24 pg I 37
1,3,7-NTS
Aigua residual 5\ p75 4 Me-BZS, 4-CI-BZS, 2-NS
B . - - ’ = = ’ - - r - ’ _ -1
industrial no 1-H-4-NS, 1-A-6-NS. 1-A-7-NS 0.8-2377 pg | 38
tractada
Efluents de BZS, 3-N-BZS, 4-Me-BZS, 4-CI-BZS, I
depuradora 1-NS, 2-NS 0.06-44.1 g | 39
o 1-NS, 2-NS, 1,5-NDS, 1,6-NDS, I
Lixiviats 2,7-NDS, 2-A-4,8-NDS 51-1188 ng | 40
1-NS, 2-NS 0.8i0.5 ug I” 41
. BZS, 4-Me-BZS, 4-CI-BZS, 3-N-BZS
Aigua de mar ! ! ! !
4-CI-3-N-BZS, 1-NS, 2-NS, 1-A-5-NS, 0.01-5.35 ug I 42

1-A-4-NS, 1-A-6-NS,
1-A-7-NS, 1-H-6-A-3-NS

2-A-1-NS,

1.2.1.1. Técniques de separacié

Per a la separacié dels NS i BZS, s’han utilitzat la GC i CE, si bé la técnica

més utilitzada és I'HPLC en fase inversa utilitzant la formacié de parells

ionics (IPLC).

Tot i que s’han descrit algunes aplicacions, la GC no ha estat gaire utilitzada

en la determinacié de BZS i NS, degut a quée aquests compostos sén poc

volatils, la qual cosa fa que es necessiti una etapa de derivatitzacié prévia a
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la separacié cromatografica. Aquesta etapa es pot dur a terme mitjancant
diferents processos com, per exemple, la desulfonaci6 amb acids o la
formacié de derivats amb dibutilamida [43], per0o solen ser processos llargs
gue incrementen de forma considerable el temps d’analisi [43]. Darrerament
han aparegut alguns métodes que permeten la derivatitzacié on-line,
disminuint aixi el temps d’aquesta etapa [44]. Tot i aix0, la derivatitzacié es
veu dificultada per la preséncia d’altres grups funcionals com grups amino- i
hidroxi-, la qual cosa fa que aquesta técnica tingui una limitada aplicacié en

la determinacié de BZS i NS amb diferents caracteristiques.

Pel que fa a la CE, les técniques electroforétiques més utilitzades sén
I’electroforesi capil-lar per zones (CZE) [45-47] i la cromatografia micel-lar
electrocinética (MEKC) [48-50], tot i que també s’han descrit algunes
aplicacions utilitzant |’electrocromatografia capil-lar (CEC) [51,52]. Els
detectors més utilitzats amb aquestes técniques sén els d'UV-visible
[50,53], si bé una limitacié dels métodes desenvolupats amb aquest
detector sén els elevats limits de deteccié obtinguts. Per tal de disminuir
aquests limits de deteccidé i aprofitant la propietat fluorescent dels analits,
s'ha desenvolupat diferents métodes emprant detectors de fluorescéncia
[47,54] i de fluorescéncia induida per laser (LIFD) [55,56]. EI
desenvolupament de nous sistemes d’acoblament també ha permés la

utilitzacié de I’espectrometria de masses amb electrosprai (ES-MS) [39,57].

Una altra alternativa per disminuir els limits de deteccié utilitzant la CE és
I"aplicacié d'algunes técniques de preconcentracié al capil-lar, com el sample
stacking mitjancant la injeccié de grans volums de mostra (LVSS) [58] o
aplicat a la MEKC [bO] o la isotacoforesi (ITP) [69,60]. Amb aquestes
técniques es pot arribar a tenir un augment del senyal de fins a 700 vegades
respecte a |'obtingut amb la injeccié hidrodinamica habitual, la qual cosa
permet la determinacié dels compostos estudiats en algunes mostres reals

que els continguin en concentracions de pocs ug I”.
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De totes formes, la técnica que més s’utilitza per a la separacié de BZS i NS
és I'HPLC [61]. Dintre d’aquesta, s’ha aplicat la cromatografia de bescanvi
ionic [62-64], perd aquesta técnica permet separar millor els compostos
monosulfonats que els que presenten més d’un grup sulfonic [65]. Es per
aixd que la técnica més utilitzada és I'IPLC. Els reactius més utilitzats sén el
bromur de tetrabutilamoni [66], el sulfat de tetrabutilamoni [67] o el clorur
de cetiltrimetilamoni [68]. La formacié d’aquest parell idnic depén, entre
d’altres, del pH, de manera que és necessari I'Us de solucions tampé en la

fase mobil per tal de mantenir aquest parametre constant al llarg de I’analisi.

Amb I'IPLC, la deteccié es pot dur a terme utilitzant un detector d’UV-visible
[36,66,69]. Ara bé, una de les caracteristiques d'aquest tipus de compostos
és que son fluorescents, de manera que és aconsellable I'is del FLD
[34,67,70] degut a la major sensibilitat i selectivitat que presenta aquest
tipus de deteccidé. La MS també és interessant com a técnica de deteccid,
perqué a més de qué és molt sensible i selectiva, permet la identificacié i
confirmacié dels compostos en mostres reals. Aquest detector s’ha utilitzat
amb diferents interfases, com per exemple la de feix de particules (PB) [63],

perd la més habitual és |'electrosprai (ES) [34,42,71].

Si s’utilitza la MS com a técnica de deteccid, les sals addicionades a la fase
mobil per a formar el parell idbnic amb els analits han de ser més volatils que
les emprades habitualment amb I'IPLC. S’ha descrit un sistema que,
mitjangant la introduccié d’un cartutx de bescanvi idnic préviament a la
interfase, permet I’eliminacié d’aquestes sals abans de la deteccié [72]. Tot i
gue aquest sistema és, per tant, compatible amb la MS, la solucié6 més
acceptada és I'Us de sals amb una major volatilitat. Per exemple, T. Storm et
al. [71] van comparar tres amines volatils, la trietilamina, la N,N-dimetil-n-
butilamina i la tri-n-butilamina, per a la determinacié d'un grup de compostos
aromatic sulfonats. Els resultats van ser bons per a les tres amines, si bé
finalment es va triar la tercera degut a qué permetia una millor separacié
dels compostos amb més d’un grup sulfonic. Altres treballs han fet servir la

primera sal, obtenint també bons resultats [38,42].
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1.2.1.2. Técniques d’extraccio

La técnica de preconcentracié més utilitzada és la SPE en fase inversa [61].
Pero, degut a les caracteristiques polars d’aquests compostos, la retencié és
baixa per a la majoria de sorbents, de manera que se sol addicionar un agent

de formacié de parell idnic préviament a la preconcentracié de la mostra.

Inicialment, es van emprar sorbents de silice enllacada amb grups Cis
[70,73]. Pero, tot i I'addicié a la mostra del reactiu per formar el parell idnic,
les recuperacions per als compostos més polars sén baixes. Una alternativa
per a millorar les recuperacions és saturar el cartutx amb |’agent generador
del parell idnic, de manera que es genera una columna d’intercanvi ionic
[74], perd, si bé s’obtenen recuperacions millors, els volums de mostra a
partir del qual els analits no queden suficientment retinguts en el sorbent, és

a dir, els volums de ruptura, sén baixos.

Els sorbents polimeérics també s’han aplicat a la determinacié d’aquests
compostos. Per exemple, s’han utilitzat polimers de poliestiré-divinilbenze
(PS-DVB), com el PLRP-s [41,66]. El Harrak et al. [66] van comparar el Cis i
el PLRP-s com a sorbents en la preconcentracié en linia d’una barreja de NS i
les recuperacions van ser millors per al sorbent poliméric. Perd en utilitzar
aquest polimer en I'analisi de mostres de riu, les recuperacions van disminuir
considerablement, sobretot per als compostos més polars. Aquesta
disminucié es va atribuir a la preséncia de substancies organiques i
inorganiques, que afecten a la formacié del parell idnic, com s’ha vist en
altres estudis [69].

Per tal d’intentar millorar les recuperacions en mostres reals, s’han aplicat
els polimers altament entrecreuats. Dintre d’aquests, els més utilitzats sén
els de PS-DVB, com el LiChrolut EN [34,47] i I'lsolute ENV + [34,38,53].
Alonso et al. [34] van comparar aquests dos sorbents per a la SPE off-line.
En aquest cas, no es formava el parell idonic abans de la preconcentracié,

sind que aquest Unicament s’utilitzava en |'etapa d’elucié. En aquestes
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condicions i per a un volum de mostra de 150 ml, van obtenir-se millors
resultats per I'lsolute ENV +, sobretot per als compostos amb més d'un grup
sulfonic. Un any més tard, Loos et al. [53] van dur a terme un estudi similar,
incloent un altre polimer altament entrecreuat de PS-DVB, el HR-P, que té
una area superficial superior als dos esmentats anteriorment, i en aquest
cas, les recuperacions obtingudes van ser millors per al LiChrolut EN que per
a l'lsolute ENV +. Aquest comportament diferent respecte al treball anterior
es va atribuir a un canvi en el procés de sintesi del segon polimer, que
anteriorment introduia grups nitrogen addicionals, que augmentaven la
retencio dels compostos. Tot i aixd, en aquest estudi els millors resultats es
van obtenir per al HR-P, si bé tampoc s’aconseguia millorar la recuperacié
dels compostos que tenien més d’un grup sulfonic. Per tant, es va concloure
qgue per a l'extraccié eficag d’aquests compostos s’ha d’addicionar un
reactiu generador del parell ionic a la mostra abans de la seva

preconcentracio.

També s’han utilitzat polimers altament entrecreuats que no es basen en PS-
DVB. Aquest és el cas del Oasis HLB, que és un copolimer de divinilbenzé-N-
vinilpirrolidona. Aquest polimer també es va incloure en el treball anterior
[53], perd tot i que es van obtenir bones recuperacions per a alguns
compostos, els resultats en general van ser pitjors que per als altres
polimers altament entrecreuats de PS-DVB avaluats. Els autors, pero,
apunten la possibilitat d’augmentar la quantitat de sorbent en els cartutxos,

ja que els utilitzats en aquest estudi només contenien 60 mg de polimer.

A més dels polimérics, també s’han utilitzat altres tipus de sorbents, com
per exemple, alguns sorbents d’intercanvi idonic [75]. En aquest cas, es van
obtenir bones recuperacions per als compostos monosulfonats, perd les
recuperacions per als compostos amb més d’'un grup sulfonic van ser
baixes. Un altre inconvenient quan s’utilitza aquest tipus de sorbents és que

els volums de ruptura solen ser baixos [61].
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També s’han aplicat el sorbents de carbé grafititzat per a la preconcentracié
de compostos aromatic sulfonats [40,67]. Per exemple, Alterbach et al. [67]
van utilitzar aquest tipus de sorbent per a la determinacié d'un grup de
compostos que incloia vint-i-sis BZS i NS amb grups metil, amino, hidroxi,
carboxi, nitro, cloro i sulfonic addicionals. En aquest cas, les recuperacions
per als compostos que contenien grups amino- i hidroxi- van ser baixes, tot i
gue es van obtenir recuperacions superiors al 86% per a la majoria dels
compostos estudiats.

1.2.2. Compostos aromatics policiclics

Els compostos aromatics policiclics (PACs) sén un grup de compostos que
es caracteritzen per tenir dos o més anells aromatics fusionats en la seva
estructura. Aquest grup engloba els hidrocarburs aromatics policiclics
(PAHSs) i els seus derivats, tant aquells que contenen grups amino, alquil,
carboxi o ciano, com els que inclouen atoms d’oxigen, sofre o nitrogen en

els seus anells.

Aquests compostos es formen generalment com a resultat de combustions
incompletes de matéria organica que poden originar-se tant de forma natural
(incendis forestals, erupcions volcaniques, etc.) com degut a l’activitat
humana, com pot ser el consum de combustibles fossils o la incineraci6é de
residus. En aquestes combustions, aquests compostos soén alliberats
directament a I'atmosfera on poden ser dispersats i transportats a llargues
distancies degut als vents i els corrents d'aire [76]. En I'atmosfera, aquests
compostos es troben distribuits entre la fase gas i les particules,
principalment en la fraccié respirable (particules menors de 5 um), en funcié
de la seva volatilitat. Aquestes particules sén arrossegades per les gotes de
pluja, com s’ha observat en alguns estudis en qué s’ha detectat la preséncia
d’aquests compostos [76], de manera que sén introduides a les aigles

superficials.
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A més de la deposici6 atmosferica [77], els PACs també entren a la
hidrosfera degut a descarregues de residus municipals i industrials, entre
d’altres. En els dltims anys, s’han publicat nombrosos estudis sobre la
preséncia dels PAHs en diferents tipus d’aigua i s’han trobat en aigles de
depuradora [78], riu [79,80], llac [81,82] i mar [23,83].

Tot i que es troben en mostres aquoses, la concentraci6 d’aquests
compostos en aquest tipus de mostra sol ser baixa degut a qué sén poc
solubles en aigua, la qual cosa fa que tendeixin a quedar adsorbits en les
particules que es troben en suspensié [84] i que sén dipositades als
sediments, com es demostra en alguns estudis sobre la distribucié de PAHs
a diferents profunditats en el mar, en qué s’observa un augment de la
concentracié en la zona més proxima al fons mari degut a una resuspensié
d’aquests compostos des dels sediments [85].

A la Taula 6 es mostren alguns exemples de mostres en les quals s’han
quantificat alguns PAHs.

Pel que fa a la seva toxicitat, s'han realitzat diferents estudis sobre I'efecte
en els éssers vius, sobretot en el cas dels PAHs. Aquests compostos
presenten activitat cancerigena [7,90,91] i alguns d’ells sén sospitosos de

ser alteradors endocrins [12].

Es per aixd que s’han desenvolupat diferents normatives per tal de regular-
ne la seva emissié al medi ambient. En aquest sentit, la Unié Europea (EU)
ha inclos sis compostos en la llista de contaminants prioritaris, limitant-ne la
concentracié en aiglies destinades al consum huma a 0.01 nug I' per al
benzolalpiré i 0.2 pg I" com a contingut de PAHs total [92]. Als Estats
Units, I’Agencia de Protecci6 Ambiental (EPA) ha incldos un grup de PAHSs, en
aquests cas, setze, en la llista de contaminants prioritaris [7]. A la Figura 3

es mostra |'estructura dels compostos regulats per aquestes institucions.
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Taula 6. Exemples de determinacié de PACs en mostres ambientals. Compostos: Np, naftalé;

Acy, acenaftile; Ace, acenafte; F, fluoré; An, antrace; FI, fluoranté; BI[b]F,
benzo[blfluore; Ph, fenantré; Bl[alAn, benzola]antracé; BIb]FI, benzolb]fluorante;
BIkIFI, benzolklfluorante; Chry, crisé; Py, piré; Pe: perile; BlghilPe, benzo[ghilperile;
BlalPy, benzolalpiré; BlelPy, benzolelpire; dBl[a,h]An, dibenzo[a,hlantracé; dBla,clAn,
dibenzola,hlantrace; 1[1,2,3-cd]Py, indeno[1,2,3-cdlpiré; 9-MeAn, 9-metilantrace;
1-MeNp, 1-metilnaftalé; 2-MeNp, 2-metilnaftalé.

Mostra Compostos Concentracions Referencia
Ace, FI, B[b]FII[,1Bz[k]3FI,d?|Lgh|]Pe, BlalPy, 1.6-75 ng I 80
Aigua de 1£,9-cdlFy
pluja
Np, F, An, FI, Ph, BlalAn, BIbIFI, ) 4
BIKIFI, Chry, Py, BlghilPe, BlalPy 2.5-540 ng | 86
Aigua de Np, Ace, F, An, FI, Ph, B[alAn, B[b]FI, 3-100 (entrada) i
& %radora BIKIFI, Chry, Py, BlghilPe, BlalPy, 6-100 (sortida) 78
p BlelPy, dBla,hlAn, I[1,2,3-cd]Py ng I'
Np, Ace, F, An, Fl, Ph, B[a]lAn, BIb]FlI,
BIKIFI, Chry, Py, BlghilPe, BlalPy, 5-32.1 ng I 79
dBla,hlAn, 1[1,2,3-cdIPy
A .
'gua de riu FI, BIbIFI, BIKIFI, BlghilPe, BlalPy, 1 3.90 g | 80
I[1,2,3-cd]Py : 9
F, An, FI, Ph, Py, BlalPy, I[1,2,3-cd]Py 0.1-58.8 ng I 87
. Np, F, FI, Ph, BlalAn, BIb]FI, Py, ] .
Aigua de mar BlghilPe, BlalPy 0.06-0.27 ng | 23
. Np, F, An, Fl, Ph, BlalAn, BIbIFI,
Seje'”lr‘lzgts BIKIFI, Chry, Py, BlghilPe, BlalPy, 1-60 pg kg’ 82
dB[a,h]An, I[1,2,3-cd]Py
Np, F, FI, Ph, BlalAn, BIb]FI, Py, ) .
BlghilPe, BlalPy, 9-MeAn 14-187 pg kg 23
Serf]'a':}re]':s Np, Ace, An, Fl, Ph, BlalAn, BIb]F,
BIbFI, BIkIFI, Chry, Py, BlghilPe, 0.01-34 ug ka- g8
BlalPy, BlelPy, dBla,hlAn, I[1,2,3- : Hg kg
cd]Py, 1-MeNp, 2-MeNp
Sol Np, F, Ph, BlalAn, BIbFI, Chry, Py, 3.9.65 pg g 89

BlghilPe, BlalPy, I[1,2,3-cd]Py
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Naftale Acenaftile Acenafte Fluore
Antrace Fenantré Fluorante
Crise Benzolalantrace Pire
Benzo[b]jfluoranteé Benzo[k/fluorante Benzo/a]pire
Dibenzola,h]antracé Indeno[1,2,3-cd]pire Benzol[g, h,ijperilé

Figura 3. Estructura dels compostos regulats per I'EPA en aiglies de beguda. En
negreta i cursiva, es destaquen els compostos regulats per la UE.
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Pel que fa al desenvolupament de métodes analitics que permetin la seva
determinaci6 en mostres ambientals, un problema important és la pérdua
dels compostos en el mostreig i I'emmagatzemament degut a la seva
hidrofobicitat, que fa que quedin retinguts a les parets del material amb qué
es troben en contacte. A més, es necessita una técnica que permeti la seva
extraccio de forma eficac i, si és possible, que elimini possibles substancies
interferents, aixi com |'aplicacié d’'una técnica de separacié compatible amb

sistemes de deteccié sensibles.

1.2.2.1. Técniques de separaci6

Per a la determinaci6 de PAHs, les dues técniques de separaci6 més
utilitzades s6n I’'HPLC i la GC, tot i que també s’han utilitzat la cromatografia
de fluids supercritics (SFC), la CE i la CEC.

Una técnica de separacié que s’ha aplicat a la determinacié de PAHs és la
SFC [93-95]. Pero, tot i que permet la separacié dels 16 PAHs regulats per
I’'EPA de forma rapida, aquesta técnica no s’utilitza tant com d’altres degut
a la complexitat del sistema i a les poques avantatges que presenta front
I"'HPLC.

Les técniques d’electroforesi també s’han aplicat a la determinacié de PAHSs,
pero, degut a la hidrofobicitat d’aquests compostos, la seva separacié és
dificil utilitzant, per exemple, la CZE [96]. Tot i aix0, s’han recollit alguns
estudis aplicant la MEKC, tant en medi aqués [97,98] com no aqués amb
I’addicié d’alguns dels reactius convencionals emprats per a la separacié en
IPLC, com per exemple el bromur de tetrabutilamoni o el bromur
tetraetilamoni [99]. També s’ha aplicat la CEC [100], si bé aquesta técnica
és bastant recent i encara no esta gaire estesa. Pel que fa a la deteccid, el
detector d’UV-visible és el més utilitzat amb les técniques d’electroforesi
[98,99], tot i que per incrementar la sensibilitat del métode, també s’ha
aplicat el LIFD [97,100].
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La GC és una técnica molt utilitzada per a la determinacié de PAHs. Per
exemple, el métode 610 de I'EPA [101] suggereix, a més de I'HPLC amb
deteccié UV-visible o fluorescéncia, la GC amb un detector d’ionitzacié de
flama (FID) per a la determinacié dels 16 PAHs regulats per aquesta
institucié en aiglies residuals, tot i que aquesta Ultima técnica no permet la
separacié completa de quatre parells de compostos (antrace-fenantre, crise-
benzo[alantracé, benzo[blfluoranté-benzolklfluoranté i dibenzola,h]lantracé-
indeno[1,2,3-cd]piré). Tot i que el FID s’ha utilitzat amb la GC per a la
determinacié de PAHs, el més utilitzat és la MS [87,102,103], degut a la

baixa selectivitat del primer.

L'HPLC és la tecnica més usual per a la determinaci6 de PAHs, degut a
I'existéncia de columnes cromatografiques especifiques que permeten la
separacié de tots els isomers regulats per I'EPA, inclosos els parells de
compostos que no es poden separar mitjancant la GC. La més utilitzada és
I’'HPLC en fase inversa [79,89,104], tot i que també s’han desenvolupat
metodes amb I'HPLC en fase normal [105,106] i I'HPLC miscel-lar [23,107].
Com a detectors, s’han utilitzat els d’UV-visible [89,104,108], si bé és més
recomanable I'4s del FLD [79,82,109] degut a la seva sensibilitat i
selectivitat. En aquest dltim cas, pero, I'acenaftile déna un senyal baix, de

forma que, per a aquest compost, es recomana el detector UV-visible [104].

Un altre detector que es pot utilitzar amb I"'HPLC és |’electroquimic. Nirmaier
et al. [80] van utilitzar-lo per a la determinacié de vuit PAHs, inclos
I’acenaftilé, i van obtenir una sensibilitat superior (5-10 vegades) a

I’obtinguda amb la deteccié UV-visible.

La MS també s’ha utilitzat per a la determinacié6 de PACs, realitzant
I'acoblament amb [I"HPLC mitjancant diferents tipus d’interfases. Per
exemple, Anacleto et al. [110] van avaluar I'Gs de la PB per a la
determinacié de diferents PACs en quitra [110], perd s’obtenien alts limits

de deteccid i les corbes de calibracié obtingudes no eren lineals.
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L'ES no és la interfase més adequada per a la determinacié de PAHs degut a
la baixa polaritat d’aquests compostos, que fa que sigui dificil la seva
ionitzacié6 amb aquesta interfase. No obstant, s’ha proposat la formacié de
complexos amb substancies acceptores d’electrons, com per exemple el
catio tropili [111] o la plata (l) [112], que es formen addicionant els reactius
corresponents posteriorment a la separacié i que permeten |'Us d’aquesta

interfase per a la determinacié d’aquests compostos.

La interfase més utilitzada per a l'acoblament de I'HPLC i la MS en la
determinaci6 de PAHs és la interfase d’ionitzacié6 quimica a pressid
atmosférica (APCI) [106,113,114]. En aquest cas, s’obtenen espectres que
normalment contenen Gnicament I'ié molecular [114], ja que calen voltatges
de fragmentacié molt elevats per tal d’obtenir informacié estructural [110].
A més de la dificil fragmentacié, cal esmentar que alguns autors han descrit
una disminucié de la sensibilitat deguda a una baixa ionitzacié dels
compostos de pes molecular més alt quan aquests elueixen en fases mobils

gue contenen un elevat percentatge de solvent organic [106,114].

Recentment, s'ha introduit una nova interfase, la de fotoionitzacié a pressié
atmosferica (APPI) [115], que permet millorar la ionitzaci6 mitjancant la
utilitzacié d’una substancia dopant que és ionitzada mitjancant I'aplicacié de
radiacié UV i que produeix la ionitzacié posterior dels analits. Aquesta
interfase, que és, doncs, especialment indicada per a PAHs, s’ha aplicat a la
determinacié d’alguns compostos de baixa polaritat, incloent el naftalé, i

s’ha obtingut una millor ionitzacié que amb I’APCI [115].

1.2.2.2. Técniques d’extraccio

Els PAHs han estat molt estudiats tant en mostres aquoses com en mostres

solides. Pero, pel que fa als seus derivats, aquests no han estat gaire

estudiats en mostres aquoses, probablement degut als baixos nivells de

concentracié en qué es troben presents. A continuacié, es descriuen algunes
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de les técniques més utilitzades en I'extraccié dels PACs d’aquests tipus de

mostres.

1.2.2.2.1. Mostres aquoses

Pel que fa a les mostres aquoses, s’han aplicat diferents técniques, com per
exemple la LLE, la SPME, l’extraccié per sorci6 amb barres magneétiques
agitadores (SBSE), I'extraccié de fluids supercritics (SFE) o I'extraccié en

punt de navol (CPE), si bé la més utilitzada és la SPE.

La LLE és una de les tecniques utilitzades per a la determinacié de PAHs, si
bé cada vegada s’utilitza menys degut als seus desavantatges, esmentats
anteriorment. Tot i aix0 encara hi ha métodes que utilitzen aquesta técnica
[23,116], inclos el métode 550 de I'EPA [117]. Els solvents més utilitzats
sén el n-hexa [23] i el diclormeta [102], perd també s’han utilitzat altres
solvents, com el benze, tolué i ciclohexa [116]. Aquesta técnica s’ha
comparat, per exemple, amb la SPE amb Cis [102] i, en aquest cas, es van
obtenir millors recuperacions amb la SPE per als compostos de pes
molecular més baix, mentre que per a la resta, es van obtenir millors
resultats per a la LLE. No obstant aix0, la reproducibilitat del métode va ser
millor amb la SPE que amb la LLE, obtenint-se desviacions estandard
relatives (RSD) de 3-26% i 4-67 %, respectivament.

En aquest dltim estudi [102], també es va comparar la LLE i la SPE amb la
SFE, que també s’ha utilitzat per a la determinacié de PAHs. Els resultats
obtinguts amb aquest Ultim tipus d’extraccié van ser millors que amb la SPE
per als PAHs d’alt pes molecular i millors que amb la LLE per als compostos
de baix pes molecular, ja que es van obtenir recuperacions entre 40 i 61%
per als compostos més volatils, mentre que per a la resta de compostos van
ser superiors al 66%. La reproducibilitat va ser millor que I'obtinguda amb la
LLE, si bé lleugerament pitjor que I'obtinguda amb la SPE. Com a alternativa,

també es va estudiar I'acoblament de la SPE amb la SFE i, tot i que
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s’obtenen millors recuperacions per a alguns compostos que amb les altres
técniques, el meétode utilitzant aquest sistema no és tan repetitiu amb altres

técniques.

La SPME també s’ha utilitzat per a I'extraccié d’aquests compostos
[93,99,118,119]. R.-D. Doong et al. [118] van comparar cinc tipus de fibres
diferents per a la determinacié dels 16 PAHs regulats per I'EPA en aigles
naturals, aixi com dos tipus de procediments per dur a terme |’extraccio: la
immersié directa de la fibra a la mostra i la SPME d’espai de cap (HS-SPME).
Com a conclusié d’aquest estudi, els autors recomanen les fibres de
polidimetilsiloxa (PDMS) de 100 um i de poliacrilat (PA) de 85 um. Aquesta
ultima requeria temps més elevats per arribar a |'equilibri, perd permetia
obtenir recuperacions majors per als compostos de pes molecular més baix.
Pel que fa als dos procediments de SPME, amb tots dos es van obtenir bons
resultats.

La recentment desenvolupada SBSE també s’ha aplicat en la determinacié
d’aquests compostos. Per exemple, s’'ha comparat aquesta técnica amb la
SPME convencional amb una fibra de PDMS de 100 um utilitzant la desorcié
térmica en ambdds casos [120]. En aquest cas, els compostos estudiats
eren els 16 PAHSs regulats per I'EPA i es van obtenir recuperacions superiors
per als compostos de pes molecular més baix utilitzant la nova técnica,
mentre que per a la resta, les recuperacions van ser similars. A més, amb la
SBSE es va obtenir una reproducibilitat millor que amb la SPME

convencional.

Aguesta técnica també es pot utilitzar realitzant la desorci6 amb un solvent
organic. Popp et al. [121] van seleccionar aquesta técnica juntament amb un
sistema HPLC-FLD per tal de determinar els PAHs regulats per I'EPA, a
excepcié de l|'acenaftile. El solvent seleccionat va ser acetonitril i van
utilitzant ultrasons per tal de millorar la desorcié dels analits. En aquestes
condicions, les recuperacions van ser entre 58 i 70% per a cinc dels quinze

compostos estudiants, mentre que per a la resta van ser superiors al 70%.
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A més d’aquestes técniques d’extraccid, n’hi ha d’altres que, si bé no sén
tan utilitzades, també s’han aplicat a la determinacié de PAHs. Una
d’aquestes técniques és la CPE [122,123]. A I'hora d’aplicar aquesta
técnica, es poden utilitzar diferents tipus de surfactants. Els surfactants no
ionics presenten una elevada absorcié en la regié UV, de manera que el seu
Us es limita a quan el detector emprat en el métode analitic no és un d'UV-
visible, com per exemple un MS [109], a aquells casos en qué s’utilitzen
fases mobils que contenen metanol i, per tant, que produeixen I'elucié del
surfactant abans que els analits, o quan s’afegeix una etapa de neteja que
permet l|'eliminacié del surfactant préviament a la injeccié en el sistema
cromatografic. També es pot diluir la fraccié rica en surfactant amb una
certa proporcié de solvent organic. Una altra alternativa és |'Us de
surfactants anionics com el dodecilsulfat sodic (SDS) o [I'acid
dodecansulfonic (SDSA), que no interfereixen en el senyal dels analits, si bé
els temps requerits per a la separacié de les fases en |'etapa d’extraccié sén

relativament llargs.

La tecnica d’extraccié més utilitzada per a la determinacié de PAHs en
mostres aquoses és la SPE [61]. Ara bé, com s’ha esmentat anteriorment,
un dels problemes que sorgeixen en la determinacié d’aguests compostos és
la seva tendéncia a quedar adsorbits als recipients que els contenen degut a
la seva baixa solubilitat en aigua, la qual cosa dificulta la seva determinacid,
tant en el procés d’analisi com en I'etapa de mostreig i emmagatzemament
de les mostres. Per tal d’evitar aguesta adsorcid, se sol addicionar a la
mostra un solvent organic, com per exemple acetonitrii o 2-propanol, o
alguns tensoactius, com el Brij-35. Perd la quantitat addicionada d’aquestes
substancies influeix, no només en la solubilitat dels compostos, siné també

en el seu volum de ruptura [124].

Pel que fa als sorbents, els més utilitzats per a la preconcentracié d’aquests
compostos son els de silice enllacada amb grups Cis [79,80,104], tot i que
també s’han utilitzat fases enllacades amb grups ciano- i fenil- [102] i els

sorbents polimérics de PS-DVB, com per exemple el PLRPs [104] o les reines
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XAD-2 [125]. El Harrak et al. [104] van comparar I'Gs de discs de Cis i PS-
DVB per tal de determinar els 16 PAHs regulats per I'EPA. A més, en aquest
treball també es va estudiar I'efecte de I'addicié6 de diferents percentatges
de 2-propanol o diferents concentracions d’un surfactant, el Brij-35, a les
mostres abans de la seva preconcentracié. En aquest cas, les millors
recuperacions per a 1 | de mostra es van obtenir utilitzant els discs

polimérics i addicionant un 15% de 2-propanol abans de la seva extraccid.

Els sorbents altament entrecreuats també s’han aplicat a la determinacié
d’aquests compostos [126,127]. Per exemple, Toribio et al. [127] van
comparar la SPE acoblada en linia a la SFC utilitzant LiChrolut RP-18,
LiChrolut EN, Isolute ENV +, PLRP-s i Envichrom P per a la determinacié
simultania de 35 compostos, incloent pesticides, fenols i els 8 PAHs de pes
molecular més baix dels regulats per I'EPA. Per a un volum de mostra de 2
ml, les recuperacions obtingudes amb els diferents sorbents van ser similars
per a la majoria dels PAHs, perd en el cas del fluore, s’obtenien
recuperacions superiors al 96% amb I’lsolute ENV + i el PLRP-s, mentre que

per a la resta de sorbents, els resultats eren inferiors al 65%.

L'Oasis HLB, polimer altament entrecreuat de divinilbenze-N-vinilpirrolidona,
també s’'ha utilitzat en I'extraccié6 de PAHs, juntament amb altres
compostos. S. Lacorte et al. [126] van desenvolupar un métode basat en la
GC i la MS (GC-MS) per a la determinacié de 109 compostos inclosos en la
llista de la directiva europea 76/464/CEE, incloent els sis PAHs regulats per
I’'EU, el naftalé i I’antracé. En aquest cas i mitjancant la preconcentracié off-
line d’un volum de mostra de 200 ml, les recuperacions obtingudes per als
compostos de pes molecular més baix van ser d’aproximadament un 100%,
mentre que per als compostos de pes molecular més alt les recuperacions
van ser més baixes (48-75%). Tot i aix0, el seu Us pot ser molt Gtil en la
determinaci6 de PAHs juntament amb altres compostos, com es pot

comprovar en aquest exemple.
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Els immunosorbents també s’han aplicat a I'extraccié d’aquests compostos.
Per exemple, s’ha utilitzat un immunosorbent d’anti-fluoré immobilitzat en
silice en la SPE acoblada en linia a I'HPLC amb un FLD (HPLC-FLD) per a la
determinacié dels sis PAHs de pes molecular més baix dels compostos de
I’'EPA [128]. Per tal d’obtenir recuperacions adequades, es va provar I'Us de
solvents organics i surfactants addicionats a la mostra abans de la seva
preconcentracié. Finalment, els millors resultats (recuperacions entre 15 i
65%) es van obtenir preconcentrant 20 ml de mostra que contenia Brij-35
en una concentracié6 de 3:-10* M. Els resultats es van comparar amb els
obtinguts amb la preconcentracié del mateix volum de mostra contenint un
10% d’acetonitrii amb un sorbent poliméric (PRP-1). Tot i que les
recuperacions obtingudes amb aquest sorbent poliméric (60-85%) van ser
superiors que les obtingudes amb I'immunosorbent, la selectivitat d’aquest
ultim va permetre limitar I'efecte de la matriu en mostres relativament brutes
com, per exemple, aiglies residuals. Els autors també van proposar |'Us de
barreges d'aquests immunosorbents per tal de millorar la recuperacié dels

compostos de pes molecular més alt.

1.2.2.2.2. Mostres solides

Pel que fa a I'analisi de mostres solides, s’han utilitzat diferents técniques
per a l'extracci6 de PAHs com, per exemple, l'extracci6 amb solvents,
afavorint en alguns casos el procés amb |'Us d’ultrasons o microones, o
mitjancant |'aportacié de calor, com |'extraccié Soxhlet. A més, també s’han
utilitzat la SFE, I'extracci6 amb aigua subcritica (SWE) i [I'extraccié
accelerada amb solvent (ASE). Ara bé, degut a la complexitat d’aquest tipus
de mostres, que solen contenir moltes altres substancies que poden
interferir en la determinacié dels compostos d’interés, s’utilitza una etapa de
neteja prévia a la injeccié cromatografica per tal d’eliminar aquests possibles
interferents. La técnica més utilitzada per realitzar aquesta neteja és la SPE
amb un sorbent tipus Cis [89,129,130], tot i que també s’han aplicat els

polimérics com el PLRPs [103] o fins i tot alguns immunosorbents [131]. Si
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els PAHs es determinen juntament amb altres compostos, com poden ser els
PCBs, es realitza un procés de fraccionament i purificaci6 mitjancant una
separaci6 amb cromatografia liquida, generalment utilitzant columnes
reblertes d’alimina [114] o silica [132,133].

Previament al procés d’extraccid, I'assecat de la mostra és important, ja que
aquest afecta la concentracié de PAHs. Berset et al. [133] van comparar
tres técniques per a realitzar aquest procés: I'assecat termic, la liofilitzacio i
I"assecat quimic. El primer és el més utilitzat, tot i que |I'Us de temperatures
superiors a 40 °C produeix la pérdua d’alguns dels compostos més volatils.
L'ds de temperatures inferiors és una bona eleccié, tot i que aquest
procediment pot comportar problemes de contaminacié de PAHs procedents
de |'aire, especialment si la mostra conté els analits en concentracions molt

baixes.

Pel que fa a la liofilitzacié, és una técnica més rapida que |'assecat térmic i
minimitza la contaminacié de les mostres, tot i que també provoca la pérdua
parcial d’alguns dels compostos més volatils, com per exemple el naftalé
[133].

L'assecat quimic consisteix en I'addicié d’una substancia higroscopica a la
mostra, generalment sulfat sodic anhidre [133]. Tot i que el procés és molt

rapid, aquest procediment no s’utilitza molt, ja que dilueix la mostra.

Segons |'estudi de Berset et al. [133], els resultats obtinguts amb aquestes
tres tecniques sén similars per als compostos estudiats, si bé |'assecat

quimic déna lloc a millors recuperacions per al naftale.

Pel que fa a les técniques d’extraccid, una molt senzilla és posar en contacte
un solvent organic amb la mostra solida, agitant la barreja per afavorir el
contacte entre les dues fases. Aquesta técnica s'ha aplicat a la determinacié
de PACs [103,134] i s’han obtingut bons resultats. Moltes vegades, pero,

s’utilitzen els ultrasons per tal d’afavorir I'extraccié dels analits. Aquest
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tipus d’extraccié també s’ha utilitzat per a diferents mostres, com fangs
residuals [114], sols [89,94,133] i sediments [108]. Sun et al. [89] van
comparar els resultats obtinguts amb [|'extraccié amb ultrasons utilitzant
acetona com a solvent organic i els d’un procediment amb extraccié Soxhlet
i no només amb el procediment amb ultrasons es van obtenir millors
recuperacions, sind que el procés era molt més rapid, a més d’utilitzar

menys solvent organic.

Pel que fa als solvents, se n’han utilitzat diferents en aquest tipus
d’extraccions. Per exemple, Sun et al. [89] van comparar |I'GUs de ciclohexa,
2-propanol, metanol, acetonitril, diclormeta i acetona per a |'extraccié amb
ultrasons de PAHs de sols. Aquest ultim va ser el que va donar lloc a millors
resultats. També s’han utilitzat barreges de solvents com, per exemple,
diclormeta:metanol 2:1 [135]. Pino et al. [136] han proposat també
I’extraccié amb ultrasons utilitzant un medi miscel-lar d’éter de polioxietilé
10 lauril com a alternativa a I's de solvents organics. Amb aquest métode,
s’obtenen recuperacions superiors al 86% per als compostos de pes
molecular més elevat regulats per I'EPA, mentre que les recuperacions pel

naftalé, acenafté i acenaftilé sén inferiors al 5%.

A més dels ultrasons, també s’ha fet servir |'extraccié assistida amb
microones (MAE) per afavorir el procés. Aquesta és una técnica relativament
recent, que ha permés obtenir bones recuperacions en |'extraccié de PAHs
de sols [137] i sediments marins [138]. També s’ha utilitzat per a la
determinacié de PACs en sols i particules suspeses a |'aire urba [129,139].
Els solvents que més s’utilitzen sén diclormeta o acetona o barreges de
solvents com, per exemple, metanol:acetona (1:1), hexa:acetona (1:1) o
diclormeta:tolue (1:1) [140]. Pino et al. [141] van utilitzar el medi miscel-lar
esmentat anteriorment i MAE, i van obtenir recuperacions més grans de
85% per als PAHs amb més de tres anells aromatics. Com en el cas dels
ultrasons, |'avantatge de la MAE respecte a altres técniques, com |'extraccio

Soxhlet i la SFE, és la disminucié del temps d’extraccié [140].
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Una técnica molt utilitzada és I'extraccié Soxhlet, que s’ha aplicat a la
determinacié de PAHs i altres PACs en diferents tipus de mostra, com
particules suspeses a l'aire [142], soOls [132,143] i sediments [23,144].
Perd, com s’ha comentat anteriorment, un dels inconvenients d’aquesta
técnica és el temps necessari per realitzar aquest procés, que sol ser llarg.
Per exemple, Leeming et al. [130] van utilitzar aquesta técnica combinada
amb una etapa de neteja posterior basada en una SPE amb Cis. En aquest
cas, |'extraccié Soxhlet es va dur a terme amb 40 ml de diclormetd a 55°C
durant 8 hores a 6 cicles per hora i les recuperacions obtingudes per als 10

compostos estudiats van ser superiors al 60%.

La CPE també s’ha utilitzat per a I'extraccié de PAHs. Per exemple, Pino et
al. [145] van aplicar aquesta tecnica a l'extracciéo d'aquests compostos de
sediments marins utilitzant ultrasons i microones i en ambdés casos es van

obtenir bones recuperacions per als PAHs amb més de tres anells aromatics.

Una altra tecnica molt utilitzada en la determinaci6 de PAHs és la SFE,
majoritariament amb didoxid de carboni [84,133,146]. En aquestes
condicions, s'obtenen bones recuperacions per als PAHs de més baix pes
molecular, mentre que per als de pes molecular més elevat s’obtenen
recuperacions baixes degut a la solubilitat d’aquests compostos en el
solvent supercritic. Per tal d’augmentar la recuperacié d'aquests compostos,
es poden addicionar alguns modificadors [133], com diclormeta o metanol,
per0 en aquest cas, també augmenta la recuperacié d’altres substancies
presents en la matriu de la mostra i que poden interferir en la determinacié
dels analits [146].

La SWE [147,148] i I'ASE [149,150], que permeten augmentar la solubilitat
dels compostos augmentant la temperatura i la pressié perd sense que el
solvent arribi al punt de solvent supercritic, també s’han utilitzat per a
I’extraccié dels PAHs, obtenint-se bones recuperacions. Hawthorne et al.
[146] van comparar aquestes dues técniques amb la SFE amb dioxid de

carboni pur i I’extraccié Soxhlet amb una barreja de diclormeta-acetona 1:1.
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Tot i que les diferéncies entre les recuperacions obtingudes amb les quatre
técniques van ser petites, els extractes obtinguts amb la SFE donaven lloc a
cromatogrames amb menys substancies interferents sense que es requeris
cap etapa de neteja dels extractes abans de la seva injeccié al sistema

cromatografic.

1.2.3. Ftalats i adipats

Els additius polimérics sén substancies que s’afegeixen als polimers per tal
de millorar les seves propietats i facilitar el seu processat. Depenent de la
seva funcié, se’'n poden distingir diferents tipus, com per exemple els
plastificants, que milloren la flexibilitat del polimer, els estabilitzants, que
allarguen la vida util del polimer, els lubricants, que disminueixen la
viscositat del polimer durant el seu processat, o els colorants, que

modifiquen la coloracié del producte acabat [151].

Entre els plastificants, els esters d’acids ftalics o ftalats s6n un dels grups
de compostos més utilitzats [152]. El principal Us d’aquests compostos és
donar flexibilitat als productes basats en el clorur de polivinil (PVC). De fet,
més d’'un 90% dels ftalats produits a Europa s’utilitzen en la indastria del
PVC [153]. Perdo aquests compostos també tenen altres aplicacions en la
sintesi d’altres plastics i polimers, per exemple, el di-n-butilftalat (DBPH)
s’utilitza en la sintesi de reines epoxi, i el dimetilftalat (DMPH) i el dietilftalat
(DEPH) s’utilitzen en els plastics basats en esters de cel-lulosa [152]. A més
de la inddstria dels plastics, aquests compostos tenen altres usos en la
fabricaci6 de cosmetics, pintures, alguns adhesius i lubricants per a
automobils. Per exemple, el DEPH s’utilitza com a solvent i vehicle per a

ingredients cosmetics i fragancies [154].
Tot i que els ftalats sén molt utilitzats, també hi ha altres tipus de

plastificants com, per exemple, els esters adipics o adipats [155]. Aquests

compostos donen millors propietats a alguns polimers degut, entre d’altres,
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a la seva baixa viscositat. Es per aixd que moltes vegades s’utilitzen
conjuntament amb els ftalats per obtenir un compromis en les propietats del
polimer resultant. Per exemple, el bis(2-etilhexil)adipat (BEHA) també

s’utilitza molt en les formulacions de pesticides, pintures i cosmétics [156].

Com a exemple, a la Figura 4 es mostren les estructures d’alguns dels

plastificants més utilitzats a la indudstria.
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Figura 4. Estructura d’alguns dels plastificants més utilitzats.
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Aquests compostos so6n, en general, poc solubles en aigua i bastant
lipofilics. Degut a aquestes propietats i a la seva estesa utilitzacié, aquests
compostos s’han trobat en diferents tipus de mostres, alguns exemples de
les quals es mostren a la Taula 7. No obstant, la seva preséncia en aigles
costaneres no ha estat tan estudiada com en altres tipus de mostra. També
es pot observar que hi ha una série de compostos que sén més estudiats
que els altres, degut a la seva toxicitat o a la seva preséncia en una gran

varietat de mostres.

Pel que fa a la seva toxicitat, diferents estudis han revelat que alguns
d’aquests compostos sén cancerigens. A més, compostos com el DBPH, el
bis(2-etilhexil)ftalat (EHPH) i el benzilbutilftalat (BBPH) sén alteradors
endocrins segons |'Gltima Comunicacié de la Comissié de I'EU referent a
aquest tipus de substancies [12], si bé alguns altres, com el BEHA o el
di-n-octilftalat (DOPH), entre d’altres, també estan essent estudiats i sén
sospitosos de tenir aquest tipus d’efectes. Degut a la seva toxicitat 'EPA ha
establert una concentracié maxima admissible en aigua potable de 6 ug I
per al EHPH i 0.4 mg I per al BEHA [165]. En el cas de I'EU, si bé encara
no s’han establert uns nivells de concentracié, I'EHPH ha estat inclos a la

llista de substancies prioritaries en materia de politica d'aigies [166].

Un dels principals problemes en la determinacié d’aquests compostos és el
risc de contaminacié durant les diferents etapes del métode [167], ja que
molt del material utilitzat per dur a terme |'analisi de mostres ambientals
conté plastic. En general, es recomana utilitzar métodes tan simples i rapids
com sigui possible, evitant en la mesura del possible I'Us de material de
plastic i netejant i desactivant el material de vidre utilitzat. Tot i aix0, els
metodes estan basats en una etapa d’extraccié degut a les baixes
concentracions en qué es troben en el medi ambient i una etapa de
separacié cromatografica. En aquests casos, es recomana injectar en el
sistema cromatografic una Unica aliquota de cada extracte per tal de
minimitzar la contaminacié a causa dels septums. En aquells casos en que

s'hagin de dur a terme més d’una injeccié, es recomana la preparacié de
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diferents vials que continguin diferents aliquotes de I’extracte d’interés

[167].

Taula 7. Exemples de determinacié de ftalats i adipats en mostres ambientals. Abreviatures

dels compostos no incloses al text: DiBPH, di-iso-butilftalat.

Mostra Compostos quantificats Concentracions Referencia

DBPH, EHPH 0.18-9.78 ug I 157

Aigua mineral
DBPH, EHPH 0.19-0.52 pug I 158
DBPH, EHPH, BEHA 0.02-0.3 ug I 25
Aigua de I'aixeta DMPH, DEPEHAP?_IBPH' DBPH, 0.002-0.66 g I 157
DMPH, DEPH, DBPH, EHPH 0.02-9.26 ug I 158
DMPH, DEPH, DBPH, EHPH 0.03-75.6 ug I 24
Aigua de riu BBPH, DBPH 0.08 ug I 25
DEPH, DBPH, EHPH 0.4-1.1 pg I 156
Aigua de llac DEPH, DBPH, EHPH 0.02-0.4 pug I'" 159
DMPH, DEPH, DBPH, EHPH 0.03-1028.1 pg I 24
Aigua costanera BBPH, DBPH, EHPH 0.08-0.48 pug I 25
PMeion, oopH, pErA | 0532nal] 156
DEPH, DBPH 0.23-2.02 pg I 160

Efluents industrials

DMPH, DBPH, EHPH 0.66-3 pug I 161
Sediments de llac EHPH 6.5-29.7 mg kg’ 162
Sediments de riu DMPH, BBPS(SF?HBPH’ EHPH, 16-620 ug kg™ 163
Sediments portuaris DEPH, DBPH, DiBPH , EHPH 2-20ng g™ 88
Peix DBPH, DOPH 1.3-1.8 mg kg™’ 164
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1.2.3.1. Técniques de separaci6

La GC és la técnica de separaci6 més utilitzada per a la determinacié de
ftalats. Amb aquesta técnica, el detector més habitual és la MS [168-170]
degut a la seva selectivitat. També s’han utilitzat el detector de captura
electronica (ECD) [157,159] o el FID [158,171]. Per exemple, el métode
8061A de I'EPA proposa la combinacié de GC i ECD per a la determinacid
de ftalats en mostres aquoses i solides, incloent aigua superficial, lixiviats,

soOl, aigUes residuals i sediments [172].

En el cas de qué es vulgui utilitzar aquesta técnica per a la determinacié
simultania dels diesters, monoesters i l'acid ftalic, es requereix una

derivatitzacié prévia, per exemple amb tetrametilsila (TMS) [173].

No obstant, la GC té algunes limitacions [33]. Una d’elles és la necessitat
d’utilitzar sistemes de neteja dels extractes obtinguts en les etapes
d’extraccié previes a la separacié cromatografica, sobretot en el cas de
mostres complexes com sediments o sols, la qual cosa augmenta el risc de
contaminacié anteriorment esmentat. A més, en el cas dels ftalats, I'Us de la
MS amb ionitzacié per impacte electronic déna lloc a espectres caracteristics
gue contenen majoritariament I'id m/z=149, corresponent a I'anhidrid ftalic,
la qual cosa pot ser una limitacié a I’hora d’identificar i quantificar barreges
d’aquests compostos que continguin diferents cadenes alquiliques i que
coelueixin, degut a la falta de fragments que permetin la confirmacié de la

seva estructura.

Es per aixd que I'HPLC s'utilitza cada vegada més en la determinaci6
d’aquests additius polimeérics, sobretot quan es pretén determinar
simultaniament compostos que pertanyen a diferents families, com és el cas
de la determinacié d’alteradors endocrins. Per exemple, aquesta técnica s’ha
utilitzat en la determinacid6 de contaminants organics en aigles residuals
provenint de la industria [161,174]. Pel que fa a la detecci6, s'ha utilitzat el
detector d’'UV-visible [175,176], pero el detector més utilitzat és la MS. La
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interfase més emprada per a |'acoblament d’aquesta técnica de deteccid
amb I'HPLC és I’APCI [161,177], tot i que I'ES s’ha utilitzat en algunes
aplicacions. Per exemple, Lin et al. [33] van emprar aquesta ultima técnica,
pero, en aquest cas, el senyal obtingut de I'id [M+H]* era molt feble,
mentre que s’obtenia un senyal abundant corresponent a I'aducte [M +Nal™,
de manera que els autors proposaven |'addicié d’acetat sodic a la fase mobil
del sistema cromatografic per tal de produir la supressié del primer i6 i que
I’aducte passés a ser el pic base. En aquestes condicions, els limits de

deteccidé van ser comparables als obtinguts amb GC-MS.

K. Inoue et al. [178] també van emprar I'ES per a la determinacié de DEPH i
mono(2-etilhexil)ftalat (MEHPH) en mostres de plasma huma. En aquest cas,
la fase mobil contenia Unicament acetonitril i aigua acidificada amb acid
formic, i els ions monitoritzats van ser [M+H]" i [M-H]', respectivament. En
aquestes condicions i utilitzant una SPE acoblada en linia a la separaci6
cromatografica, els limits de deteccié obtinguts per al DEPH i MEHPH van

ser de 10 i 1 nug I'' respectivament.

1.2.3.2. Técniques d’extracci6

Com s’ha esmentat anteriorment, un dels principals problemes en la
determinacié d’aquests compostos és el risc de contaminacié durant les
diferents etapes del métode, sobretot en les etapes prévies a la separacid
cromatografica [167]. Es per aixd que en l'etapa d’extraccié s’ha d’evitar
gqualsevol contacte amb material que contingui plastic i netejar i desactivar el
material de vidre utilitzat. A més, es recomana restringir I'is d’etapes de
neteja dels extractes obtinguts en l'etapa d’extraccié Unicament a aquells
casos en queé siguin estrictament necessaries. Generalment, aquesta neteja
només es realitza en el cas de mostres solides, com sediments o sols, degut

a la seva complexitat.
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1.2.3.2.1. Mostres aquoses

Pel que fa a l'extraccié dels ftalats i adipats de mostres aquoses, s'han
utilitzat diferents técniques. Per exemple, la LLE s’ha aplicat a I'extraccié
dels ftalats utilitzant diferents solvents. El més usual és el n-hexa
[164,179], si bé hi ha alguns treballs que utilitzen una barreja de n-hexa i
acetat d’etil en diferents proporcions [180,181]. Amb aquesta técnica
s’obtenen recuperacions superiors al 70% per als ftalats més estudiats.
Perd, com s’ha comentat anteriorment, |'Us d’elevats volums de solvents
organics i I'elevat risc de contaminacié que presenta aquesta técnica ha fet
gue es busquin técniques alternatives. Per intentar disminuir els volum de
solvent organic utilitzat, Holadova et al. [179] han aplicat la microextraccio
liquid-liquid (LLME) utilitzant isoocta com a solvent, perd0 amb aquesta
técnica les recuperacions obtingudes per als compostos més polars, com el
DMPH i DEPH, sén baixes (4 i 42%, respectivament).

També s’ha aplicat la SPE amb diferents tipus de sorbents a la determinacié
d’additius polimérics en mostres aquoses. S’han utilitzat, per exemple, els
sorbents de silice enllacada amb diferents grups. Ritsema et a/. [159] van
utilitzar-ne un amb Cs i van obtenir recuperacions superiors al 83% per als
sis ftalats estudiats en preconcentrar un volum de mostra de 500 ml. També
s’han utilitzat sorbents de silice enllacada amb Cis (ENVI C1s) per a 2 | de
mostra [24] i es van obtenir recuperacions similars a les obtingudes en el
treball anterior. Holadova et al. [179] van comparar el sorbent Cs amb el Cis
(Bakerbond) en I'extracci6é de sis ftalats i els resultats van ser similars per a
un volum de mostra de 200 ml, excepte en el cas dels compostos menys
polars (EHPH i DOPH), per als quals es van obtenir recuperacions inferiors al
30%.

A més dels sorbents de silice enllacada, també s’han utilitzat els sorbents
polimérics. Per exemple, Brossa et al. [25] van aplicar el PLRP-s per a
I’extraccié acoblada en linia a la GC d’una barreja d’alteradors endocrins,

incloent alguns ftalats i el BEHA. En aquest cas, es van observar problemes
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d’adsorcié dels compostos en el sistema degut a la seva hidrofobicitat. Per tal
d’evitar |'adsorcid, els autors proposen I'addicié d'un 50% de metanol a la
mostra abans de la seva preconcentracid, obtenint-se aixi recuperacions

superiors als 42% per als plastificants en preconcentrar 15 ml de mostra.

Els sorbents polimérics altament entrecreuats com, per exemple, el LiChrolut
EN [161,177] i I'lsolute ENV+ [175], també s’han utilitzat en la
determinacié d’additius polimérics en mostres aquoses, sobretot a I’hora de
determinar aquests compostos juntament amb altres families de compostos,
com és el cas dels alteradors endocrins. Per exemple, el LiChrolut EN s’ha
aplicat a la determinacié de contaminants organics en efluents industrials,
incloent alguns ftalats [177]. En aquest cas, es van obtenir recuperacions
per als ftalats estudiats (DMPH, DBPH i EHPH) d’entre 54 i 69%
preconcentrant 300 ml de mostra. Jara et al. [175] van desenvolupar un
meétode amb I'lsolute ENV + per a I'analisi de mostres d’aigua d’aquari. En
aquest cas i degut a la baixa solubilitat d’aquests compostos a l'aigua, els
autors van proposar l’addicié de solvents organics, com el metanol, a la

mostra abans de la seva preconcentracio.

Recentment, Casajuana et al. [182] han comparat |'Oasis amb el sorbent de
silice enllacada amb Cis convencional per a I'extraccié de cinc ftalats,
juntament amb el nonilfenol, el bisfenol A i el bisfenol A diglicileter, d’aigua
embotellada. Pel que fa als ftalats, les millors recuperacions, obtingudes
amb el sorbent Cis, van ser superiors al 68% per a tots els compostos
estudiats, excepte per al EHPH, per al qual la recuperacié va ser de 42% en

preconcentrar 200 ml de mostra.

La SPME també s’ha utilitzat per a |'extraccié d’additius polimérics de
mostres aquoses. Pel que fa a les fibres emprades, s’han realitzat diferents
estudis de comparacié. Per exemple, Penalver et al. [156] van comparar les
fibres de PDMS de 30 um, de polidimetilsiloxa-divinilbenzé (PDMS-DVB) de 65
pm, de carbowax-divinilbenzé (CWX-DVB) de 65 um, de carboxen-divinilbenzé
(CX-DVB) de 75 um i de PA de 85 um per a I’extraccié de sis ftalats i el BEHA.
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D’aquestes fibres, es va seleccionar la segona degut als bons resultats
obtinguts. Prokupkova et al. [157] també va comparar les fibres de PDMS de 7
pm, 30 pm i 100 um amb la de PA de 85 um. En aquest cas, aquesta ultima
va ser seleccionada, ja que amb ella s’obtenien els millors resultats per als
compostos més polars i de polaritat moderada. Luks-Betlej et al. [170] van
comparar les fibres de PDMS de 7 um i de 100 um, de PA de 85 um, de
PDMS-DVB de 65 um, de divinilbenzé-Carboxen-polimetilsiloxa (DVB-CX-
PDMS) de 30-50 um i de CWX-DVB de 70 pum. Finalment, els autors
recomanen les fibres que contenen la fase de divinilbenzeé i, especialment, la
fibora de CWX-DVB, ja que amb aquesta ultima la repetitivitat de les extraccions

és major.

A més de la SPME convencional, també s’ha aplicat la SPME in-tube. Saito et
al. [183] van comparar capil-lars d’extraccié6 amb tres configuracions diferents
d’aquesta técnica: la configuracié in-tube convencional i les anomenades wire-
in-tube i fiber-in-tube. Els millors resultats es van obtenir amb aquesta dltima,
gue consisteix en disposar longitudinalment una série de filaments polimeérics a
I'interior d’'un tub PEEK. Aquest sistema, acoblat en linia a HPLC-UV, es va
aplicar a la determinacié de DBPH i EHPH en aigua de depuradora i els limits de

quantificacié obtinguts van ser de 0.1 i 0.5 ng ml” respectivament.

1.2.3.2.2. Mostres solides

Pel que fa a l'analisi de mostres solides, s'ha utilitzat I'extraccié Soxhlet
amb diclormeta [163] o ciclohexa:acetat d’etil 98.5+100 (v/v) [184] i la
SFE amb dioxid de carboni [162]. Pero el métode més utilitzat per la seva
simplicitat és |’extracci6 amb solvents organics sense aportacié de calor
[159,167], moltes vegades utilitzant els ultrasons per afavorir |'extraccié
[33,181]. Per a aix0, s’han utilitzat diferents solvents com |'acetat d’etil
[167], i diferents barreges de solvents, com hexa:acetona 50:50 [181] o
2:1 [179], diclormeta:hexa 1:1 [33,185] o diclormeta:dietileter 1:2 [186].
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Degut a la complexitat d’aquest tipus de mostra, tot i que no és
recomanable per evitar la possible contaminacié, és bastant habitual incloure
una etapa de neteja dels extractes abans de la seva injeccié en el sistema
cromatografic. Per dur a terme aquesta neteja, s’utilitzen els sistemes
recomanats per I'EPA (métodes 3610, 3620 i 3640) [187]. Aquests
metodes utilitzen columnes d’Aldmina i de Florisil. El métode 3640 utilitza el
fraccionament amb cromatografia de permeacié en gel (GPC). Aquests
meétodes s’han utilitzat, per exemple, per a la determinacié de plastificants

en sediments marins [33] o mostres vegetals [179].

Petrovic et al. [188] van utilitzar |'extracci6 amb wuna barreja de
metanol:diclormeta 7:3 (v/v) i ultrasons seguida d’'una etapa de neteja
basada en la SPE amb cartutxos Cis per a la determinacié de DEPH, DBPH i
EHPH, juntament amb altres compostos alteradors endocrins, en mostres de
llots de plantes municipals de tractament de residus. Amb aquest sistema,
les recuperacions obtingudes per als ftalats estudiats van ser superiors al
78%.

1.2.4. Plaguicides antialgues

Els plaguicides antialgues sén una familia de compostos que s’afegeixen a
les pintures utilitzades per a cobrir les superficies dels vaixells que es troben
en contacte amb I'aigua per tal d’evitar el creixement d’algues i altres
microorganismes. Aquest grup comprén alguns fungicides, com el
clorotalonil, el diclofluanid i el (2-tiocianometiltio)benzotiazol (TCMTB), i
alguns herbicides, com els TBTs, I'lrgarol 1051, el diuron i el Sea-Nine 211
[189].

Com s’ha comentat a I'apartat 1.1, fins a finals dels anys 80, els antialgues

més utilitzats eren els TBTs. Perd degut a la seva toxicitat, I'EU va prohibir

el seu Us en aquells vaixells que tenien una eslora menor de 25 m.
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Recentment, ja ha entrat en vigor a I'EU una nova regulacié que prohibeix

totalment |I'Gs d’aquests plaguicides [11].

Es per aixd que es van buscar altres compostos per tal de substituir als
anteriors. Actualment, s’utilitzen uns divuit compostos com a additius per a
les pintures amb aquesta finalitat [190]. Les estructures dels més utilitzats

es mostren a la Figura 5.
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Figura 5. Estructura dels antialgues més utilitzats com a additius en pintures per a vaixells.
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Aquests compostos, com en el cas dels TBTs, també poden ser toxics per al
medi ambient si es troben a elevades concentracions. De fet, I'EU ha inclos
compostos com el diuron, el Ziram i el Tiram en la llista d’alteradors
endocrins inclosa en I'tltima Comunicacié de la Comissié de I'EU referent a
aquest tipus de substancies [12] degut als efectes produits per aquests

compostos en els organismes del medi ambient mari.

Pel que fa a la degradacié, sembla que la majoria de compostos, com el
clorotalonil, diclofluanid i el Sea-Nine 211, es degraden de forma rapida, tot i
que l'lrgarol 1051 i el diuron sén més persistents [191,192]. No obstant,
s'ha de tenir en compte que hi ha pocs estudis que avaluin la preséncia i
toxicitat dels productes de degradacié. En un d'aquests, Tixier et al. [193]
van estudiar la toxicitat d'alguns dels productes de degradacié del diuron
mitjancant el test Microtox i van concloure que aquests Ultims eren més
toxics que el diuron. Fernandez-Alba et al. [189] van realitzar un estudi
similar per a I'lrgarol 1051 i el diuron utilitzant altres tests. Per al primer, els
resultats obtinguts per al seu principal producte de degradacid, el 2-metiltio-
4-tert-butilamino-6-amino-s-atrazina, indiquen que aquest compost és tan

bactericida com I'lrgarol 1051.

Es per aixd que darrerament ha augmentat l'interés per avaluar la seva
preséncia en mostres mediambientals, especialment en ports, ja que en
aquestes zones es realitzen les operacions de pintura dels cascs dels
vaixells, on hi romanen durant un cert temps, la qual cosa afavoreix
I"alliberament d’aquestes substancies al medi, a més de que |'aigua sol tenir
poca circulacié en aquestes zones, la qual cosa afavoreix I'acumulacié de
contaminants. A la Taula 8 es mostren alguns exemples d’estudis sobre la
preséncia d’aguests compostos en mostres marines. Aquests estudis s’han
realitzat basicament en mostres aquoses, degut a qué sén compostos
bastant solubles en aigua, de manera que no tenen una elevada tendéncia a
quedar adsorbits en els sediments. Per exemple, s’estima que només un

4.4% de I'lrgarol 1051 present en aiglies de port és susceptible d'aparéixer
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en els sediments [190]. Tot i aixd, també hi ha alguns estudis sobre la

preséncia d’aquests contaminants en sediments.

Taula 8. Exemples de determinacié d’antialgues en mostres ambientals.

Mostres aquoses Compostos quantificats (concentracio) Referéncia
Diuron (2-2190 ng I'"), Irgarol 1051 (2-665
. . ng I'"), Sea-Nine 211 (2600-3700 ng I'"),
(PEO:;‘:”;' mar Mediterrani diclofluanid (230-760 ng I')) i productes de 16
pany degradacié del diuron (26-53 ng I'") i
I'Irgarol 1051 (120-440 ng I'")
Estuari del riu Crouch Diuron (0.6-117 ng I'") i Irgarol 1051 (1.2- 194
(Anglaterra) 1426 ng I'")
Estuari del riu Humber A
(Anglaterra) Irgarol 1051 (1-39 ng I'') 195
Llac Geneva (Suécia) Irgarol 1051 (2.5-145 ng I'") 196
Ports de Jap6 Irgarol 1051 (19.5-264 ng I'") 197
Ports del mar del Nord i mar I
Baltic (Alemanya) Irgarol 1051 (11-170 ng I'") 198
Ports en el Mar Mediterrani 1
(Cote d’Azur) Irgarol 1051 (1.8-640 ng I'") 199
Ports de la costa oest de Diuron (0.030-3.054 pg I'") i Irgarol 1051 200
Japé (0.010-0.262 pug I'")
Sediments
Ports de UK Irgarol 1051 (10-132 ng g") 190
Llac Geneva (Suécia) Irgarol 1051 (2.5-8 ng g") 196
Ports del Mar del Nord i mar Irgarol 1051 (3-220 ng g'') 198

Baltic (Alemanya)

Com es pot veure en aquesta taula, un dels antialgues que es troben

habitualment en el medi mari és I'lrgarol 1051, ja que aquest compost és un
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dels més utilitzats. El diuron és un altre compost que apareix de forma
freqlient a les mostres. Tot i que aguest compost no s’utilitza tant com
Ilrgarol 1051, s’ha de tenir en compte que és un herbicida molt emprat en
I’agricultura, de manera que la seva preséncia també és deguda a

I’abocament d'aquest compost des dels rius.

En el cas de compostos que apareixen de forma continuada en les mostres
ambientals, a més d’avaluar la seva preséncia de forma puntual, també és
interessant determinar la variacié de la concentracié al llarg del temps, per
tal d’evitar "aparicié d’aquests contaminants en concentracions que siguin
toxiques per als éssers del medi. En el cas dels plaguicides antialgues, en
alguns estudis [198,201] s’ha observat un augment de la concentracio
d’aquests compostos al final de la primavera i a I'estiu, ja que en aquestes
epoques hi ha una major activitat en els ports degut a qué molts vaixells sén
pintats. Per tant, és important realitzar estudis de monitoritzacié de la

concentracié d'aquests compostos.

1.2.4.1. Técniques de separaci6

En la determinacié dels plaguicides antialgues, l'eleccié de la técnica de
separaci6é utilitzada, habitualment la GC o I'HPLC, depén dels compostos

estudiats, ja que alguns d’ells no es poden determinar mitjancant la GC.

La GC s’ha utilitzat en la determinacié d’aquests compostos, habitualment
amb MS com a sistema de detecci6é [202-204], tot i que també hi ha alguns
estudis emprant tandem MS [205,206], un detector de nitrogen-fosfor
(NPD) [199,207] o un FID [198]. Amb aquesta técnica es poden determinar
compostos com l'Irgarol 1051, el diclofluanid o el Sea-Nine 211, entre
d’altres. Perd hi ha compostos, com el diuron, que sén dificils de determinar
mitjancant la GC degut a que es descomposen rapidament a causa de les
elevades temperatures [208-210]. Per tal de determinar aquest compost

amb aquesta técnica, es pot utilitzar una derivatitzacié prévia mitjancant, per
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exemple, una metilacié [202]. No obstant, I'alternativa més usual és I'analisi
per HPLC, ja que aquesta técnica permet la separacié i deteccié de la

majoria dels antialgues.

L'HPLC s’ha utilitzat per a la determinacié de diferents compostos amb
detectors UV-visible [211-214], pero I'Gs de la MS ha augmentat en els
ultims anys pels avantatges esmentats en els apartats anteriors.
L'acoblament entre I'HPLC i la MS se sol dur a terme mitjancant |"’APCI
[201,211,215], tot i que Piedra et al. [209] van utilitzar I'ES per a la
determinacié de sis antialgues. També hi ha algunes aplicacions utilitzant
tandem MS [212,216].

1.2.4.2. Técniques d’extraccio

Com s’ha comentat anteriorment, la preséncia dels antialgues s’estudia
habitualment en mostres aquoses, tot i que alguns autors també han
estudiat la preséncia d’aquests compostos en sediments, com es mostra a la
Taula 8. A continuacié, es descriuen les técniques més utilitzades en

I’extraccié d’aquests compostos de diferents tipus de mostres.

1.2.4.2.1. Mostres aquoses

Com per a la resta de compostos estudiats en la present tesi, s’"han emprat
diferents tecniques d’extraccié per a la determinacié dels plaguicides

antialgues.

Per exemple, la LLE s'ha utilitzat en diferents estudis per a la determinacié
d’aquests compostos en mostres costaneres [202,207,217]. Per exemple,
Tolosa et al. [207] van desenvolupar un meétode per a la determinacié dels
TBTs i I'lrgarol 1051 realitzant simultaniament la derivatitzacié dels TBTs i

I’extraccié amb diclormeta, obtenint una recuperacié del 88% per a I'lrgarol
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1051. Amb aquest solvent, Voulvoulis et al. [202] també van extreure el
diuron, I'lrgarol 1051, el diclofluanid i el clorotalonil de mostres d’aigua de

mar, obtenint recuperacions superiors al 90%.

La SPME també s’ha utilitzat per a la determinacié d’antialgues en mostres
aquoses. Penalver et al. [218] van utilitzar una fibra de PA de 85 um per a
extreure I'lrgarol 1051, el diclofluanid i el 4-cloro-3-metilfenol.
Lambropoulou et al. [219] van comparar diferents fibres per a la
determinacié de I'lrgarol 1051 i el Sea-Nine 211 utilitzant la HS-SPME. Les
fibres estudiades van ser les de PDMS de 100 um, de PDMS-DVB de 65 um,
de CWX-DVB de 65 um i de PA de 85 um. En aquest cas, els autors proposen
la fibra de PDMS-DVB, amb la qual obtenien recuperacions superiors al 82%.
En aquestes condicions, la repetitivitat del métode va ser bona, obtenint RSD

inferiors al 15% per a tres replicats.

Tot i que s’han utilitzat les técniques esmentades anteriorment, la més
emprada per a I'extraccié d’aquests compostos és la SPE, utilitzant diferents
tipus de sorbents. Un dels sorbents més utilitzats sén els de silice enllacada
amb grups Cis, tant en cartutxos [196,198,215] com en discs [199,214].
Per exemple, Thomas [215] va utilitzar aquest sorbent en cartutxos per a la
determinacié de diuron, Kathon 5287, TCMTB i 2,3,5,6-tetracloro-4-
metilsulfonil de piridina (TCMS piridina) i es van obtenir recuperacions

superiors al 91% preconcentrant 2.7 | d'aigua de mar.

També s’han utilitzat sorbents polimérics de PS-DVB [203,205,211].
Pocurull et al. [203] van utilitzar el PLRP-s en la SPE acoblada en linia a la
GC per a la determinacié de diclofluanid, Irgarol 1051 i 4-cloro-3-metilfenol
de mostres d'aigua de mar. En aquest cas, es va observar I'adsorcié dels
analits en el sistema i es va optar per addicionar un 10% de metanol a les
mostres abans de la seva preconcentracié, a més d'un 1% d’acid acétic per
tal de tenir els compostos de forma neutra. En aquestes condicions, es van
obtenir recuperacions superiors al 67% per a un volum de 10 ml d’aigua de
mar.
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Els sorbents de PS-DVB també s’han utilitzat en format de disc. Per
exemple, Steen et al. [205] van utilitzar discs d’aquest sorbent per a
I’extraccio de l'lrgarol 1051 de 200 ml d’aigua de riu i es va obtenir una

recuperacié del 101%.

Ferrer et al. [211] van comparar el sorbent de silice enllacada amb grups Cis
amb el PLRP-s per a la SPE en linia a HPLC de 5 antialgues (clorotalonil,
diclofluanid, diuron, Irgarol 1051 i TCMTB). Per a un volum de 100 ml
d’aigua de mar, les recuperacions obtingudes amb els dos sorbents van ser
superiors al 63%, excepte per al diclofluanid, per al qual es van obtenir
recuperacions inferiors al 10%. Finalment, els autors van triar el sorbent
polimeéric, ja que la recuperacié obtinguda per al clorotalonil era superior que

en el cas d’utilitzar |'altre sorbent.

Darrerament, també s’han aplicat els sorbents polimérics altament
entrecreuats a la determinacié dels antialgues en mostres aquoses. Per
exemple, en diferents estudis, s’han utilitzat el LiChrolut EN [201,216],
I'lsolute ENV + [201,209,217] i I'Oasis HLB [204,206]. Martinez et al.
[201] han comparat el LiChrolut EN i I'lsolute ENV + per a I'extraccié de
diferents antialgues i alguns dels seus productes de degradacié en mostres
d’aigua de mar. En aquest cas, els resultats per a 500 ml de mostra van ser
millors utilitzant I'lsolute ENV +, ja que s’obtenien recuperacions superiors al
92% per a sis dels nou compostos estudiats, mentre que per al clorotalonil i
el TCMTB van ser inferiors al 20%. Els autors suposen que una de les raons
que expliquen aquestes baixes recuperacions és la pérdua d’aquests
compostos en el procés d’evaporacié6 de solvent que es realitzava
posteriorment a |'etapa de preconcentracié. Pel que fa al diclofluanid, amb
aquest sorbent va ser recuperat en un 52%, mentre que amb el LiChrolut

EN, la recuperaci6 va ser del 20%.
En general, amb els sorbents altament entrecreuats s’obtenen millors

recuperacions que els altres sorbents. Piedra et al. [209] van comparar el

Cis, I'lsolute ENV + i I’Oasis HLB per a I'extraccié de sis antialgues i es van

60



Introduccié

obtenir millors resultats amb aquest dltim, ja que, preconcentrant 600 ml
d’aigua de mar, s’obtenen recuperacions superiors al 82%, excepte en el
cas del Sea-Nine 211 i el diclofluanid (recuperacions del 46 i 40%,

respectivament).

L'EnviCarb, un sorbent de carbd negre grafititzat, també s’ha comparat amb
els polimers altament entrecreuats abans esmentats [201,209]. Martinez et
al. [201] van obtenir resultats considerablement millors amb aquest tipus de
sorbent que amb d’altres (recuperacions superiors al 76%, inclos el
diclofluanid), pero, contrariament, Piedra et al. [209] van obtenir
recuperacions inferiors al 76% per a tots els compostos estudiats, sense

aconseguir retenir el diclofluanid.

A més d’aquests sorbents, també s’han aplicat els immunosorbents per a
I’extraccio d’antialgues i herbicides [220,221]. Per exemple, Ferrer et al.
[221] van aplicar la SPE acoblada en linia a la HPLC emprant cartutxos amb
80 mg de silice i 2 mg d’anticossos d’anti-atrazina i d’anti-clortoluron per a
I’extraccio d’una barreja de plaguicides de mostres d'aigua de mar i d’estuari
i van obtenir recuperacions de 91 i 86% per al diuron i I'lrgarol 1051,

respectivament.

1.2.4.2.2. Mostres solides

Per a l'extraccié d’antialgues de mostres solides s’ha utilitzat |'extraccié
Soxhlet amb metanol [221] o acetona [198], si bé es prefereix posar
directament en contacte un solvent organic amb la mostra sense aportar
calor degut a qué el procés és més senzill i rapid. En aquest dltim cas, s'han
utilitzat barreges d’hexa:acetona 85:15 [196] o amb acetona:diclormeta
6:5, seguit per éter de petroli com a etapa de neteja [202], obtenint bons

resultats en ambdéds casos.
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Lambropoulou et al. [32] van utilitzar I’extracci6 amb solvents i ultrasons
combinada amb una SPME emprant fibres de PDMS de 100 um. Com a
solvent, els autors proposen l|’acetona, pero abans d’aplicar la SPME,
I’extracte és concentrat mitjancant un corrent de nitrogen i seguidament es
dilueix amb aigua destil-lada (pH 4) per tal d’obtenir un contingut d'acetona
final d'un 5%. Aquest métode es va aplicar a la determinacié de clorotalonil,
diclofluanid, Sea-Nine 211 i Irgarol 1051 en sediments marins i es van

obtenir recuperacions superiors al 75% en tots els casos.

Com s’ha comentat en els apartats anteriors, degut a la complexitat de la
mostra, en molts casos es requereix un sistema de neteja dels extractes
previ a la injeccié en el sistema cromatografic. Els sistemes més habituals
per dur a terme aquest procés son les columnes de Florisil [196] i d’Aldmina
[198]. Com a alternativa, Ferrer et al. [221] van utilitzar la SPE amb
immunosorbents com a etapa de neteja per a la determinacié d’una barreja
de plaguicides, incloent I'lrgarol 1051 i el diuron, en sediment d’estuaris, i
les recuperacions obtingudes per a aquests dos antialgues van ser de 86 i

91%, respectivament.

Carrasco et al. [222] van desenvolupar un métode per a la determinacié
d’lIrgarol 1051 en sediments marins utilitzant la SFE com a técnica
d’extraccié i la cromatografia d’immunoafinitat com a sistema de neteja
previ a la injeccié cromatografica. En aquest estudi es va comparar la SFE
amb |'extraccié amb solvents organics i ultrasons convencional. Tot i que
amb aquesta dultima les recuperacions obtingudes van ser lleugerament
superiors, els autors van triar la SFE degut a qué, a diferéncia de I'extraccié
convencional, el solvent utilitzat en la SFE és compatible amb I'etapa de
neteja, de manera que no es requereix un canvi de solvent, a més de qué el

volum de solvent utilitzat és menor.
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1.2.5. Determinacié de contaminants organics en aigua de mar

Com s'’ha comentat a la seccié |.1, la determinacié de contaminants
organics en aigua de mar és d’especial interés degut a la gran varietat de
fonts de contaminacié. Perd per a aquesta determinacié es requereix |I'Gs de
meétodes molt sensibles degut a les baixes concentracions en qué es troben

aquest compostos.

Hi ha un gran nombre de compostos que s’han trobat en el medi mari
mitjancant I'is de métodes basats en I"acoblament de diferents técniques. A
continuacié es presenta un estudi bibliografic que pretén recollir alguns
exemples rellevants de la determinacié de contaminants organics mitjancant
aquests meétodes, entre ells, els compostos esmentats en els apartats
anteriors i que sén objecte d’estudi en la present Tesi Doctoral, en aigua de
mar a I'EU. Aixi, en una primera part es realitza un recull de les principals
fonts de contaminacié del medi mari i es resumeixen aquelles accions de
caracter legislatiu que, de forma directa o indirecta, estan relacionades amb

la proteccié del medi mari a I'EU.

Seguidament, es descriuen algunes de les técniques analitiques més
emprades en el desenvolupament de meétodes per a l’'analisi de mostres
d'aigua de mar. La majoria d’'aquests meétodes utilitzen una técnica
cromatografica amb técniques de preconcentracié prévies per tal d'assolir
els baixos nivells de concentraci6 en qué es troben els diferents

contaminants en aquestes mostres.

Finalment, es descriuen alguns dels estudis de la preséncia dels compostos

gue s'han trobat més freqientment en el medi aqués mari.

Aquest estudi ha estat enviat a la revista Trends in Analytical Chemistry per

a la seva publicacié. A continuacid, se n'adjunta una copia.
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Per tal de facilitar la identificacié de les referéncies utilitzades en aquest
treball, incloses a la pagina 87 s’ha modificat el format en qué estan
expressades les mateixes respecte a la resta de referéncies utilitzades al text

de la present Tesi Doctoral.
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DETERMINATION OF ORGANIC CONTAMINANTS IN SEAWATER

ABSTRACT

In this paper we discuss the determination of organic contaminants in
seawater samples. These compounds are determined with methods based
on a chromatographic separation. In order to achieve the low concentration
levels found in real samples, a preconcentration technique before
chromatographic analysis is required, so especial attention is given to these

enrichment techniques.

The development of these methods and the low concentration levels that can
be achieved with them allow the presence of contaminants in real seawater

samples to be determined, so we also discuss their occurrence in seawater.

Keywords: Organic contaminants; Seawater
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INTRODUCTION

As most industrial residual waters are discharged into the river flow after
treatment, and river water is sometimes used for drinking purposes,
contamination in river water has been widely studied. There has been less
research into sea pollution, however, because of a self-regulation system that
dilutes the contaminants when they enter the sea. This system is not too
effective in areas such as the coast or ports, where the pollutants are
discharged directly or the water is stagnant. In these areas, compounds can be
found at high concentrations. Also, some hydrophobic compounds, such as
polycyclic aromatic hydrocarbons (PAHs), can deposit and occur in sediments.
Their resuspension can increase the concentration of these kinds of
pollutants’. Such compounds can therefore become toxic to certain organisms.
Some studies have revealed, for example, that some compounds present in
coastal waters have an endocrine-disrupting activity, thus affecting the
reproductive function of species such as fish and molluscs 2. This is one of the
reasons for the increasing interest in sea pollution, particularly in coastal

waters.

Seawater pollution is caused by several factors. The most important of these
are human activities, such as the dumping of urban and industrial waste, but it
can also be caused by natural activities. As far as anthropogenic contamination
is concerned, pollutants can enter the environment in several ways 3. One of
these is the exchange between water and atmosphere at the seawater
interface. This is the case, for example, of the incomplete combustion of
organic material from industrial processes, traffic, etc, which generates a
variety of hydrocarbons that are discharged directly into the atmosphere.
These pollutants are diluted and transported in the air. Although they are
diluted, they can be adsorbed onto solid particles in the atmosphere. These will

later sediment or be carried off by the rain to occur in surface water.

Direct discharge into surface water is the most important way in which

contaminants find their way into the marine environment 3. Urban and
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industrial wastewater is dumped into the sea after its treatment, and
agricultural pesticides can filter through the soil to re-appear in underground
water or flow to the sea. To minimise dumping, there are several regulations
governing the discharge of contaminants *. Treatment plants have been built to
remove contaminants from water before it is discharged into the river flow or
into the sea. Sometimes, however, these processes do not remove certain
compounds completely. This is the case, for example, of some phthalates °,
which are included in the preliminary list of endocrine-disrupting compounds

that also includes compounds such as pesticides and PAHSs 2.

Contamination can also be caused by the transportation of certain substances,
not only due to accidental dumping such as crude oil spills into the sea, which
can pollute large areas with several kinds of compounds such as hydrocarbons,
but also due to ballast operations, even though these are banned by the

European Union (EU).

This is how substances such as polychlorinated biphenyls (PCBs), phenols,
surfactants, hydrocarbons, pesticides, etc., which may be toxic to animal or
plant species, find their way into the marine environment. As well as toxicity,
another important parameter with these compounds is degradability. Some
compounds can be considered non-toxic because of their fast degradation in
water, but the degradation products can sometimes be more toxic than the
initial compound. Also, if the compounds are not biodegraded, they
accumulate in the environment and make the problem worse. It is important,

therefore, to control the presence of these substances in the environment.

In the last few vyears, several initiatives, such as those arising from
conventions held in Barcelona, Bucharest, Helsinki (HELCOM), and Oslo and
Paris (OSPAR), have been taken to protect the marine environment ©. Today,
all the seas belonging to the members of the EU are covered by regional
agreements. However, there is no specific legislation in the EU on pollution in
the marine environment, though there is increasing interest in it 7. Other

directives do indirectly contribute to the protection of the marine environment,
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however. Table 1 summarises some of the most important of these initiatives
58 Most attention has concentrated on the presence of metals and inorganic
species, like anions such as nitrates, which can lead to the growth of algae
that in some cases can be dangerous. In the last few years, interest in organic
compounds has grown because they are widely used in industry. Such studies
mainly focus on compounds found in tap water or surface river water that are

known to be toxic.

In this paper, we have selected some of the most important methods for
determining the most common organic contaminants in seawater samples to
present an overview of the trends in seawater analysis. We also discuss the

occurrence of these compounds on the coasts of the EU.

METHODS FOR DETERMINING ORGANIC POLLUTANTS IN SEAWATER

Interest in developing analytical methods for detecting and monitoring
contaminants in the marine environment is increasing. Because of the
complexity of the samples, most of these methods are based on a
chromatographic technique. A system of pretreatment is required before
separation either because the levels of concentration are low or because
substances may be present that can interfere the determination of the analytes
of interest or make it more difficult. Table 2 shows some important methods
for determining contaminants in seawater samples. Generally, the most often
used separation techniques are high-performance liquid chromatography
(HPLC) with UV-visible (UV) or diode-array detector (DAD), fluorescence (FLD)
or mass-spectrometry (MS) and gas chromatography (GC) with MS or flame
ionization detection (FID). Other techniques have also been reported. For
example, capillary electrophoresis (CE) separation with UV detection has been
used to determine linear alkylbenzene sulfonates (LAS) in seawater 34, though
sensitivity and selectivity were lower than with an HPLC-MS system using an

electrospray (ES) interface.
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Table 1. Summary of the most important initiatives of the European Union related to the marine

environment.

Initiative

Description

Directive 76/160/EEC
(amended by directives
90/656/EEC and
91/692/EEC)

It establishes parameters to achieve and maintain a good quality of
bathing water. It also indicates their mandatory limit and indicative
values.

Directive 76/464/EEC
(amended by directives
90/656/EEC and
91/692/EEC)

The aim is harmonizing the legislation about discharging certain
dangerous substances into the aquatic environment.

Directive 76/769/EEC
(amended by directives
1999/51/EC and
2002/62/EC)

The aim is the approximation of the laws, regulations and administrative
provisions relating to restrictions on the marketing and use of certain
dangerous substances and preparations in the EU. One of these
substances are organotin compounds.

Directive 79/923/EEC
(amended by directive
91/692/EEC)

It establishes parameters to control and monitor the water quality for
shellfish. It also indicates their mandatory limit and indicative values.

Decision 2850/2000/EEC

The aim is establishing a Community framework for cooperation in the
field of accidental or deliberate marine pollution.

Directive 2000/60/CE
(amended by
2455/2001/EC

The aim is establishing a Community framework for the protection of
inland surface waters, transitional waters, coastal water and
groundwater.

Barcelona Convention

Convention for reduction of the contamination in the Mediterranean Sea.
The Parties must reduce and prevent contamination in this area, specially
pollution caused by dumping from ships and aircraft, pollution from ships,
pollution resulting from exploration and exploitation of the continental
shelf and the seabed and its subsoil and pollution from land-based
sources.

Helsinki Convention

Convention for reduction of the contamination in the Baltic Sea. The
Parties must ban the discharging of some contaminants, such as
dichlorodiphenyltrichloroethane (DDT) and its derivatives (DDE and DDD),
polychlorinated biphenyls (PCBs) and polychlorinated terphenyls (PCTs)
and control and minimize pollution from land-based sources.

Paris Convention

Convention for the protection of the marine environment of the north-east
Atlantic. The Parties must prevent and eliminate pollution coming from land-
based sources, due to dumping or incineration of wastes or other matter or
coming from offshore.
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The most common preconcentration technique is solid-phase extraction
(SPE) because it has several well-known advantages. Sometimes, however,
the main problem with this technique is the different breakthrough volumes
of the compounds studied, which Ilimit the sample volume to be
preconcentrated. For instance, phenols, which are regulated by the EU in
bathing waters, comprise a variety of compounds with different polarities
and, therefore, different breakthrough volumes. For phenols, various
sorbents are used. The most common ones in the analysis of seawater are
Cis and poly(styrene-divinylbenzene) (PS-DVB). For example, two disks of
PS-DVB were used in an off-line preconcentration of 250 ml of sample
containing a mixture of phenol and six alkyl- and chlorophenols 7. In this
case, recoveries were between 70 and 108%. When Cis cartridges were

used, recoveries were between 36 and 106% for the same sample volume.

Polymeric sorbents have also been used in the preconcentration of other
kinds of compounds. An Amberlite XAD-2 column has been compared with
a Cis disk for a mixture of n-alkanes, PCBs and PAHs ®'. For spiked Milli-Q
water, recoveries were higher when the XAD-2 resins (65-96% for a sample
volume of 50 ) were used than when the Cis disk was used (43-76% for a
sample volume of 10 I). However, for real seawater samples, the 3-4
aromatic ring PAHs were recovered better when the Cis disk was used. This
was attributed to the binding of humic and fulvic substances on the

uncapped silanol groups of the adsorbent.

Highly crosslinked polymers have recently been used with SPE. These
sorbents have been applied, for instance, to the determination of antifouling
agents in seawater. For these compounds, LiChrolut EN was used in an on-
line extraction ?® and recoveries for a sample volume of 200 ml were higher
than 85% for all the compounds studied (diuron, Irgarol 1051, folpet and
dichlofluanid).

A comparative study used Isolute ENV +, LiChrolut EN and Envicarb for the

off-line preconcentration of dichlofluanid, diuron and its byproduct
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(demethyldiuron and 1-[3,4-dichlorophenyl] urea), chlorothalonil, Sea-nine
211, 2-thiocyanomethylthiobenzothiazole (TCMTB), Irgarol 1051 and one of
its byproducts (2-methylthio-4-tert-butylamino-s-triazine) 2°. For a sample
volume of 500 ml, the best results were with Envicarb, for which recoveries
were above 76% for all compounds. Oasis HLB has also been used in an

25 but recoveries

off-line extraction to determine antifoulings in seawater
were less than 60% for dichlofluanid and Sea-nine 211 when 200 ml of

sample was preconcentrated.

In other cases, compounds are ionic in solution, and good recoveries are
difficult to obtain with the common sorbents. Examples of these kinds of
compounds are aromatic sulfonates, which are ionized even at very low pH
values. In this case, the usual solution is to add an ion-pairing reagent to the
sample before preconcentration. The presence of salt in the seawater
sample matrix is expected to affect the formation of the ion-pair, because
this depends on the ionic strength of the sample. Recoveries were
acceptable when highly crosslinked polymers such as LiChrolut EN were
used in an on-line SPE process %, although low recoveries were obtained for

the most polar compounds.

Immunosorbents have also been used to determine organic contaminants in
seawater. For example, antiatrazine and anti-chlorotoluron immunosorbents
were used to determine a mixture of triazine and phenylurea pesticides in an
on-line SPE '8, Recoveries were good (above 86%) for the atrazine
pesticides with the antiatrazine sorbent when 20 ml of sample was
preconcentrated. This was not true for deisopropylatrazine, which was not
recovered at all. With the anti-chlorotoluron sorbent and for the same
sample volume, phenylurea pesticides were extracted with recoveries above

80%. This was not true for diflubenzuron, whose recovery was only 42%.
Another problem is that compounds such as PAHs can get adsorbed onto

the walls of the sampling bottles or onto the system, thus polluting the

system. To solve this, an organic solvent is added to the sample, but in an
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SPE the breakthrough volume strongly depends on this variable *°. Also,
because of the high salt content, some problems have also been reported in
the analysis of seawater samples with a high percentage of solvent “5.
These are solved by adding a filtration step before preconcentrating the

sample to remove the precipitated salt.

Liquid-liquid extraction (LLE) is still used, despite its disadvantages. For

41 In this case, 5 | of

example, LLE has been used to determine PAHs
sample was extracted with 3x100 ml of n-hexane, and the extracts were
concentrated to 1-2 ml. In these conditions, recoveries were good (71-
91%). This extraction technique is usually used when a mixture of
compounds with different properties are determined simultaneously. It
sometimes includes a prior derivatization step to improve the extraction of
some of the compounds. For example, a mixture of organotin compounds
was extracted from 750 ml of sample by derivatization with sodium
tetraethylborate and simultaneously extracted with dichloromethane,

together with Irgarol 1051 24, and recoveries were between 88 and 100%.

There are other techniques for extracting organic compounds from seawater
samples. Solid-phase microextraction (SPME), for example, is interesting,
mainly when coupled to GC separation. SPME has been used to determine

2122 or phthalates *°. For example, a method

compounds such as pesticides
for determining eight organophosphorus compounds in different kinds of
water, using a polyacrylate fiber, has been developed ?2. This method
determined the analytes in spiked seawater samples. Recoveries increased in
some cases due to the presence of salts, which enhanced the adsorption of

the analytes by the fiber.
Cloud point preconcentration has also been used to determine PCBs *’. After

optimisation, 2% (w/v) Genapol X-080 was selected as the surfactant, and

recoveries were above 86%.
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Volatile organic compounds (VOCs) have also been determined in seawater
samples. These can enter the marine environment via exchange with the
atmosphere. The usual technique is the purge and trap system coupled to
GC. For this, several sorbents have been checked to maximise the
adsorption of the analytes. Porapak N, Carboxen-1000 +Porapak N and
Carboxen-1000 were compared for determining a mixture of 18 halogenated
organic compounds *. Porapak N showed the best adsorption properties for
almost all the compounds studied. With a combination of Carboxen 1000
and Carboxen 1001, recoveries were above 68% for a mixture of 27 non-

44

halogenated compounds **, except for toluene and 1,4-dichlorobenzene,

which gave recoveries of 54 and 64 % respectively.

OCCURRENCE OF POLLUTANTS IN SEAWATER SAMPLES

The low concentration levels achieved using the above mentioned methods
have allowed the study of the presence of a variety of compounds in

samples of seawater.

One of the most studied compounds are a group of pesticides, the
antifouling agents. These are added to paints for boats to prevent algae and
other organisms from growing on the hull. This means that they are directly
discharged into the aquatic coastal environment in areas such as ports.
Here, because the waters are stagnated, such contaminants can

concentrate.

Of the antifouling agents, organotin compounds have been widely used in
the last few decades, though recently the EU only allowed them to be used
with small vessels of less than 25 metres. A new directive has recently
banned them totally (directive 2002/62/EC; Table 1), but because of their
toxicity it is still interesting to control their presence in the marine

environment. The most common organotin compounds to be used were
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tributyltin (TBT), which has been studied in some coastal water samples,
and dibutyltin (DBT) and monobutyltin (MBT), which are its main

degradation products.

Samples taken at two-monthly intervals from the port of Genoa, ltaly,
between 1997 and 1998 were analysed by LLE-HPLC with hydride
generation and induced coupled plasma with atomic emission spectroscopy
(ICP/AES) “8, and all these compounds were found. Concentrations were
between 161 and 1041 ng I for TBT, between 40 and 872 ng I for DBT
and between 48 and 213 ng I" for MBT.

In other studies, the levels of concentration were generally lower for the
same seasons. For example, samples taken at various sites in Corsica in the
Mediterranean were analysed by simultaneous derivatization-LLE followed by
GC with flame photometric detection (FPD) *°. Levels of concentration were
between 2 and 200 ng I for TBT, between 0.3 and 107 ng I for DBT and
between 1 and 39 ng I" for MBT.

A similar method was used to determine these compounds in samples taken
on the Céte d’Azur along the coastlines of France and Monaco °°. TBT, DBT
and MBT were found at concentrations of less than 459, 221 and 30 ng I,

respectively.

Since the butyltin compounds have also been banned in vessels of less than
25 m, other antifouling biocides have been used. One of the most common
of these, Irgarol 1051, has been determined in several sites. For example, a
method based on SPE and GC with FID was used to determine Irgarol 1051
in samples taken from various German marinas and harbours in the North

and Baltic Seas °'

, and it was found in all samples at concentrations
between 11 and 170 ng I'. As expected, concentrations were highest in
marinas with the highest boating activity. It is also interesting that
concentrations in the Baltic Sea marinas and harbours were higher than

those in the North Sea. This was because the stronger tidal cycles lead to
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higher water exchange rates. How the concentration levels depended on the
seasons was investigated. As we can see in Figure 1, levels were maximum
between March and May 1997 and between July and September 1997, and
minimum in winter (December 1997-January 1998).
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Figure 1. Variation in the concentration of Irgarol 1051 found in water samples
taken from the North and Baltic Sea marinas °'.

Some of these compounds have also been found in samples taken from the
Spanish Mediterranean coast. For example, samples taken in 1999 from
three marinas in Almeria, in the south-east of Spain, were analysed by SPE
with GC-MS and LC-MS 52, In most of these samples, diuron and Irgarol
1051 were present at concentrations of between 40 and 800 ng I and
between 50 and 1000 ng I, respectively. Concentrations were highest in
the summer, probably due to higher shipping activity. Other biocides, such
as chlorothalonil and TCMTB, were also found, but at concentrations of

below 10 ng I".
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To determine these compounds, an on-line SPE-HPLC-MS method using
atmospheric pressure chemical ionization (APCIl) was applied to samples

) 28, and diuron

taken from the coast of Catalonia (in the north-east of Spain
and Irgarol 1051 were found at concentrations of between 27 and 420 ngl”’
and between 15 and 511 ng I”", respectively. Dichlofluanid, demethyldiuron,
Sea-nine 211 and an lIrgarol by-product (2-methylthio-4-tert-butylamino-s-
triazine) were also determined in samples taken from the coast of Catalonia
using several methods °3. In this study, the highest concentrations were for
dichlofluanid (760 ng I') and Sea-nine 211 (3700 ng I'"). Sea-nine 211 is a

relatively new biocide, so these high concentrations are surprising.

A similar study was carried out during the yachting season (April to October
1998) in the United Kingdom (UK) using simultaneous derivatization-LLE
followed by GC-MS for TBT and SPE with HPLC-MS for the other organic
antifouling agents °*. In this study, only TBT, Irgarol 1051 and diuron were
detected. In general, TBT and Irgarol 1051 were found at concentrations
between 1 and 80 ng I', except at one sampling site, where the
concentration of Irgarol 1051 was 1421 ng I"', probably because the study
was carried out at a locked marina. Diuron was found at concentrations of
between 0.6 and 117 ng I'".

PAHs are another group of compounds found in various samples. For
example, they have been detected in seawater taken from sampling sites in
the western Mediterranean, which includes the coastline of Catalonia, the
straits of Gibraltar and Sicily, and the Gulf of Lyons and the Rhéne
estuary®®. These samples were analysed by SPE with GC-MS, and the
concentration levels were between 400 and 2170 pg I"'. The distribution of
the compounds was lower than expected if we take into account the
concentration levels in the input sources. This was attributed to the fact
that, because of their low solubility in water, these compounds tend to get
adsorbed onto the sediments. This is in agreement with other studies on the
vertical distribution of these compounds in the marine environment. For

example, one study analysed the behaviour of the concentration of PAHs
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'. In this case, a

along the water column in the North-western Black Sea
near-bottom enrichment of PAH concentration was found and attributed
both to sediment resuspension from the continental shelf and to transport

phenomena.

Sometimes, for example with PCBs and PAHs, the concentration of the
compounds in the water samples depends on the presence of suspended
solids. Yang et al. ®® applied SPME with GC-ECD to determine a mixture of
PCBs in a spiked ocean water sample (content of suspended solids around
3% w/w, including salt) before and after storing the sample for 24 hours.
Losses of between 5 and 50% were observed. Results of other studies °/, in
which concentration levels of these compounds were higher for sediment

samples than for seawater samples, were similar.

Phenols have been determined by SPE with HPLC and electrochemical (EC)
detection in various samples, for example, from the coastal area of Taranto,

ltaly '°.

Some of the chlorophenols included in the Priority List of the
Environmental Protection Agency (EPA) were detected, as well as other
nitro- and methyl phenols, at concentrations between 0.03 and 0.32 ug I"".
Figure 2 shows the chromatograms for two seawater samples contamined

by phenols.

LAS are the surfactants that are most often studied in seawater samples
because they are difficult to remove in treatment plant processes. These
compounds have been determined in samples taken from different sites. In
marine water samples taken up to 100 km from the coast of the German
Bight of the North Sea using SPE and HPLC-(APCI)-MS/MS, Bester et al. 58
found LAS at concentrations of up to 30 ng I''. These compounds have also
been monitored in an industrial area of the Mediterranean coast of Catalonia,
where the outflows of wastewater treatment plants are discharged 3% Here,
a method based on SPE with HPLC-ESI-MS found concentrations of between
3 and 70 pg I, which are typical of sea areas where densely populated

cities discharge their wastewater directly into the sea.
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Figure 2. Chromatograms obtained for two seawater samples taken from
Taranto coast (Italy), contaminated by (a) oil refinery wastes
and (b) iron and steel factory wastes. Peaks: (1) phenol; (2) 4-
nitrophenol; (3) 4-methylphenol; (5) 2-nitrophenol; (6) 4-
chlorophenol; (7)  2,4-dinitrophenol; (9) 2-methyl-4,6-
dinitrophenol; (10) 2,4-dichlorophenol; (I.S.) thymol; (12) 2,4,6-
trichlorophenol; (13) 2,3,4,5-tetrachlorophenol 5.

It is also interesting to identify and quantify some of the degradation
products of these compounds, such as sulfophenylcarboxylic acids (SPC),
because these are very abundant in areas where LAS are discharged. Some

studies have determined the persistence of these compounds in seawater
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samples and the variability of their concentration as a function of the

distance to the focus of emission. For example, Riu et al. 3¢

analysed marine
samples taken from six sites in the bay of Cadiz, in the south-west of Spain,
using SPE with HPLC-MS with an ionspray (ISP) interface, and identified
several SPC. In these samples, LAS concentration levels ranged from 2 to
347 ug I", while the concentrations of some of the SPC detected ranged

from 0.53 to 64 ng I,

Another study of the same area 3 determined these compounds using SPE
with HPLC and FLD or ISP-MS and studied their degradability in the aqueous
phase of the marine environment. The LAS concentration levels were
studied as a function of the distance between the sampling site and the
industrial discharge point. An exponential decrease was observed, but the
decrease was greater than expected. The authors attributed this rapid
decline to the tendency of the compounds to get adsorbed by matter in
suspension and by the sediments, and the biodegradation, since the

degradation products were also found at medium-to-high concentrations.

Other kinds of surfactants have also been determined in seawater samples.
For example, non-ionic surfactants such as nonylphenol-ethoxylates (NPEO)
and nonylphenols (NP), their main degradation products, have been found in
the German Bight of the North Sea using SPE and HPLC-(APCI)-MS/MS &,
Here, the concentration of NP decreased considerably the further from the
coast the samples were taken, ranging from 33 ng I in the estuary to less
than 1 ng I in the middle of the North Sea. NPEO were not found within
the concentration limits of the method.

These compounds were found in samples taken along the coast of Spain
using a method based on SPE and HPLC-(ES)-MS 3°. The highest
concentrations were 15 ug I for alcohol ethoxylates (AEO), 11 pg I for
NPEO and 3.8 pg I" for NP. This study used an HPLC-(APCI)-MS system to
monitor coconut diethanol amides (CDEA), which are surfactants containing

amide groups, and found them in some samples at concentrations of less
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than 24 pg I'. The seasonal variation in the concentration of the analytes
(LAS, AEO, NPEO and CDEA) was also evaluated. Concentration was lowest
in the warmer periods, probably because biodegradation was more efficient.
As an example, Figure 3 shows the seasonal variation in the concentration
of these compounds in seawater taken from two sites in Tarragona, on the

coast of Spain.

Another kind of surfactant that has been studied are benzene- and
naphthalenesulfonates. On the coast of Catalonia *’, 1-naphthalenesulfonate
and 2-naphthalenesulfonate were found at 0.8 and 0.5 ug I, respectively,
using on-line SPE-HPLC-(ES)-MS.

Other kinds of contaminants, such as polymer additives, have been studied
in coastal water. For example, dimethylphthalate (DMP), diethylphthalate
(DEP), di-n-butylphthalate (DnBP), butylbenzylphthalate (BBP), bis(2-
ethylhexyl)phthalate (DEHP), bis-n-octylphthalate (BnOP) and bis(2-
ethylhexyl)adipate (BEHA), studied along the coast of Catalonia using SPME-
GC-MS % and on-line SPE-PTV-GC-MS %%, were found at concentrations of
between 0.5 and 3.2 ug I"".

VOCs have also been determined in seawater. For example, cyclohexane,
tetrachloroethene, toluene and chlorobenzene were determined along the
Scheldt estuary in Belgium by purge and trap with GC-MS and found at
concentrations between 0.33 and 461 ng I **. The results of this study
suggest that other removal mechanisms besides dilution in the sea were
responsible for the drop in tetrachloroethene concentration. The mechanism
proposed was volatilization because, if we take into account the low
octanol-water partition coefficient logarithm (log Kow), sorption onto the
sediment is unlikely. The concentration profiles of the other compounds

were more difficult to explain.
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Figure 3. Variation of the concentration of NPEO, AEO, CDEA and
LAS in seawater taken from Tarragona (Catalonia, Spain) 3°.

Recently, pharmacological drugs have been found in seawater. North Sea
water samples were analysed using SPE and GC-MS to determine some

8 The presence was observed of a pharmacological drug,

herbicides
clofibric acid, which is mainly used as a lipid regulator in human medicine in

the form of the ethyl ester (clofibrate). This compound was quantified at
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' used a

concentrations of between 0.5 and 7.8 ng I'. Another study ®©
filtration-extraction system with GC separation and MS detection to
determine various compounds in samples taken from the German Bight and
the North Sea. Propyphenazone, carbamazepine and caffeine were identified

and quantified at concentrations of between 0.6 and 2 ng I”".

CONCLUSIONS

There is a wide variety of conditions and contamination sources in European
seas. Though the determination of metals is very important, attention is
increasingly being paid to organic industrial contaminants. The development of
methods allow the determination of very low concentration levels. Their use
has allowed the investigation of the presence of many kinds of compounds,
such as antifouling agents or surfactants, and many of them have been found

in numerous samples taken along the coastlines of Europe.

However, the development of new methods is still required in order to achieve
lower limits of detection to control and quantify these contaminants and their
main degradation products and to identify new contaminants in the sea
environment. Moreover, methods for determining mixtures of families of
contaminants with several properties, are also needed in order to evaluate

overall pollution in several areas.
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1.3. DESCRIPCIO DE LES TECNIQUES DE CALIBRACIO DE SEGON
ORDRE EMPRADES EN LA DETERMINACIO DE CONTAMINANTS

La majoria de métodes analitics que s’utilitzen en I|'analisi mediambiental
determinen la concentracié dels analits d’interés de forma indirecta, és a dir,
mitjancant la construccié d’'un model matematic que relaciona el senyal
obtingut en I|'analisi de la mostra amb la concentracié de l'analit d’interées.
Els models més utilitzats sén els métodes de calibracié univariant degut a
qué son models matematics facils de construir. A més, moltes vegades el
seu Us esta justificat per alguna llei experimental de I'instrument utilitzat,
com per exemple la llei de Beer, que relaciona |'absorbancia obtinguda amb

un detector d’UV-visible amb la concentracié de I'analit.

Un requisit a I'hora d’aplicar aquest tipus de calibracié és que el senyal
obtingut per a dur a terme la quantificaci6 només ha de ser degut a I'analit
d’'interés [223]. Per tant, i tenint en compte que no és habitual que es
disposi d’'un sistema de detecci6 totalment selectiu per a un analit d’interés,
es requereix la separacié dels analits d’altres substancies presents en la

mostra analitzada.

En I'analisi de mostres ambientals, aquesta separacié es duu a terme
mitjancant I'Gs de técniques cromatografiques i, moltes vegades, amb
detectors d’elevada selectivitat, com el FLD. Pero per a les mostres més
complexes, com per exemple els sols, agquesta separacié no sempre es pot
aconseguir i, en aquells casos en qué es pot obtenir, déna lloc a temps

d’analisi molt llargs.

El desenvolupament de noves tecnologies en el camp de la deteccidé ha fet
gue apareguin detectors que permeten |I'adquisicié d’'informacié addicional a
la necessaria per a dur a terme una calibracié univariant. Per exemple, el
DAD permet enregistrar I’espectre de |'eluient d’un sistema cromatografic de
manera que no només s’'obté I'absorbancia a una longitud d’ona, siné per a

tot un interval de longituds d’ona. Aquesta informacié addicional ha permeés
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el desenvolupament de nous meétodes de calibracié que utilitzen aquesta
informacié per a quantificar els analits d’interés en preséncia d’altres
substancies presents en la mostra. D’aquesta manera, s’'aconsegueix
quantificar els analits en mostres complexes en aquells casos en qué la
separaci6é de les substancies interferents és dificil o no es pot aconseguir, a
més de disminuir el temps d’analisi, ja que la separaci6 completa no és

necessaria.

1.3.1. Tipus de dades i calibracié

En funcié de l'instrument utilitzat per a l'analisi d’'una mostra, es poden
obtenir diferents tipus de dades [224], com es pot veure a la Figura 6. Aixi,
si I'instrument déna com a resposta un valor com, per exemple, la lectura
d’un pHmetre o l'area d'un pic cromatografic, es diu que s’obtenen dades
d’ordre zero. Si el que s’obté és un vector de dades, com és el cas de
I’espectre d’una mostra obtingut en un espectrofotometre, les dades sén de
primer ordre. Si la resposta obtinguda de l'instrument és una matriu de
dades, es diu que les dades s6n de segon ordre. Aquest Ultim resultat és el
que s’obté, per exemple, amb els espectrofluorimetres que enregistren
simultaniament |'espectre d’excitacié i emissié, o amb un sistema HPLC-

DAD, que enregistra I'espectre de I'eluient dels sistema cromatografic.

De la mateixa manera, els métodes de calibracié es classifiquen en funcié
del tipus de dades utilitzades per a cada una de les mostres. Segons aix0, la

calibracié pot ser d’ordre zero, de primer ordre o de segon ordre [224,225].

A la Taula 9 es fa un resum d’algunes de les caracteristiques més
importants dels diferents tipus de calibracié. Com es pot veure, I'Gs d'un
tipus de calibracié determinat permet superar les limitacions d’un tipus de

calibracié d’ordre inferior.
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Ordre0 —» @ — >

Area d’'un pic cromatografic

Espectre obtingut d’'una mostra
amb un espectrofotdmetre UV-
visible

Cromatograma obtingut
mitjangant HPLC-DAD

Figura 6. Exemples dels tipus de dades que es poden obtenir en I'analisi d’'una mostra.

S’ha de tenir en compte que també es poden utilitzar dades d'un ordre
determinat per a un tipus de calibracié d’ordre inferior mitjancant un
tractament previ de les dades. Per exemple, les dades contingudes en una

matriu es poden transformar en un vector i aplicar-hi una calibracié de
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primer ordre en comptes d’'una de segon ordre. No obstant, aquesta no és
I’aproximacié més utilitzada degut a qué en aquests processos es pot perdre

informacié que pot ser important a I’hora de construir el model de calibracié.

Taula 9. Principals caracteristiques dels diferents tipus de calibracié.

Calibracié Caracteristiques

Utilitza dades d’ordre zero

Ordre zero o Per a una correcta quantificacié, I'analit d’interés ha d’estar totalment
univariant separat d’altres substancies

No es poden detectar punts discrepants

Utilitza dades de primer ordre

Primer ordre o Permet la quantificacié6 en preséncia de substancies interferents, perd
multivariant aquestes substancies han d’estar incloses en el model de calibracié

Es poden detectar punts discrepants

Utilitza dades de segon ordre

Permet la quantificaci6 en preséncia de substancies interferents no
incloses en el model de calibracid

e Es poden detectar punts discrepants

Segon ordre

1.3.2. Métodes de quantificacié a partir de dades de segon ordre

L'adquisici6 de dades de segon ordre per a cada mostra i I'aplicacié dels
algorismes per a aquest tipus de dades presenta diferents avantatges. Un
d’ells és que aquests algorismes permeten la determinacié dels analits
d’interés en preséncia de substancies interferents, la qual cosa no és
possible utilitzant els métodes de calibracié univariant. Amb els algorismes
multivariants o de primer ordre, la quantificacié en aquestes condicions és
possible perd només es pot realitzar en aquells casos en qué els interferents
han estat inclosos en el model de calibraci6 i s6n constants per a les
diferents mostres analitzades. Pel que fa als métodes de segon ordre, els

analits poden ser quantificats en preséncia d’interferents, fins i tot quan
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aquestes substancies no es troben presents en les mostres de calibracio.
Aquest és I'anomenat “avantatge de segon ordre” [226-228].

Hi ha diferents tipus d’algorismes matematics que extreuen informacié de
les dades de segon ordre. Es poden agrupar en dos blocs: els métodes de
resolucié de corbes i els métodes de calibracio.

Els métodes de resolucié de corbes descomposen el senyal obtingut per a
una mostra problema com a suma dels senyals corresponents a les diferents
substancies contingudes en la mateixa. Per exemple, en el cas de dades
obtingudes amb un sistema HPLC-DAD, I|'aplicacié d’aquest tipus de
meétodes permet obtenir els perfils i espectres per a la mostra. Amb aquests
meétodes, doncs, es poden identificar els analits d’interés comparant els
espectres obtinguts amb els corresponents a |’analisi de solucions patré.
Donat que permeten |'obtencié dels espectres, aquests métodes s’apliquen
més freqlientment amb una finalitat qualitativa. Alguns exemples d’aquests
meétodes soén |'/terative Target Transformation Factor Analysis (ITTFA)
[229,2301], el Multivariate Curve Resolution by Alternating Least Squares
(MCR-ALS) [231,232] i I’Evolving Factor Analysis (EFA) [233].

Els métodes de calibracié tenen com a objectiu la quantificacié dels analits
presents en les mostres analitzades. Per a dur a terme aquesta determinacio,
es necessita, a més de la mostra problema, un conjunt de mostres de
concentracié coneguda per a la calibracié. Alguns exemples d’aquest tipus
de métodes son el Parallel Factor Analysis (PARAFAC) [234], el Generalized
Rank Annihilation Method (GRAM) [235], el Tucker3 [236] i el Three-way
Partial Least Squares (3-PLS) [237].

Aquests algorismes s’han utilitzat per a la resolucié de problemes en la

determinacié de contaminants en diferents tipus de mostres. A la Taula 10

se’'n mostren alguns exemples.
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Taula 10. Exemples d’aplicacions d’algorismes de segon ordre per a la determinacié de
contaminants.

Compostos determinats Meétode de calibracié Referencia
PAHSs en aigua de |'aixeta PARAFAC i 3-PLS 238
Dioxines en oli de peix PARAFAC i 3-PLS 239
PAHs en aigua d’ocea PARAFAC 240
NS en aigua de depuradora GRAM 241
Pesticides en aigua GRAM 242
I(\j/!(;gitt)()i;iit;(::ié dels perfils de degradacio MCR-ALS 227
Compostos de trifenilestany en aigua de mar MCR-ALS 243

PARAFAC, MCR-ALS,

TUCKER3 244

Pesticides organofosforats en aiglies naturals

A continuacié es descriuen els metodes de calibracié de segon ordre que
s'han utilitzat en alguns dels estudis inclosos en la present tesi. Seguint les
recomanacions de Kiers [245], els cubs de dades s’expressen amb lletres
majuscules, negreta i subratllat (per exemple, X). En el cas de les matrius,
s'utilitzen lletres majdscules i negreta (per exemple, X). Els diferents
elements d’una matriu s’indiquen amb lletres minudscules i cursiva (per
exemple, xi, on /i j indiquen la fila i columna). Els vectors es representen
mitjancant lletres mindscules i negreta (per exemple, x). Finalment, els

escalars s’expressen utilitzant lletres mindscules (per exemple, x).

1.3.2.1. Regressié amb minims quadrats parcials de tres vies (3-PLS)
El métode 3-PLS [237] és una generalitzacié per a dades de segon ordre del

metode de regressié amb minims quadrats parcials (Partial Least Squares, PLS)

aplicat a dades de primer ordre [236].
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El PLS és un meétode bilinear que es basa en la reduccié del nombre de
variables que expliquen les dades, de manera que s’elimina el soroll,
mantenint-se la informacié més rellevant. Per exemple, si es vol estimar la
concentracié dels analits i si se suposa que la major variacié produida en les
dades és deguda a la variaci6 d’aquesta concentracié, la reduccié de
variables permet eliminar I'efecte d’altres variables, com per exemple el
soroll instrumental. D’aquesta forma, no només s’aconsegueix disminuir el
nombre de variables a modelar, siné que també es pot triar només aquella

part de la informacié que és necessaria per a la calibracié.

El PLS, com en el cas de la regressi6 en components principals (Principal
Component Regression, PCR), busca les direccions que expressen la maxima
variacié en la informacié de qué es disposa. Aixi, es defineixen uns nous
eixos anomenats components o factors, de manera que el primer eix explica
la maxima variacié, el segon eix és perpendicular al primer i explica la
maxima variacid6 una vegada restada la del primer component, i aixi

successivament.

De forma general, els models de calibraci6 com el PCR i el PLS es poden

expressar segons:

R=TP' +E (1)
C=TQ' +F (2)

on R és la matriu que conté les respostes instrumentals, C és la matriu que
conté les concentracions dels analits, T és la matriu que conté les
projeccions de les respostes obtingudes per a les diferents mostres de
calibracié en I'espai definit pels nous eixos (scores), P i Q sén les matrius
gue contenen els angles formats entre els nous eixos i els inicials (loadings) i
E i F s6n les matrius que contenen tota la informacié no inclosa en els

models. Utilitzant aquestes expressions, en |'etapa de calibracié es busquen
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T, P i Q, de manera que una vegada coneguts, la concentracié d’un analit en

la mostra desconeguda pot ser estimat a partir de I'equacié (2).

A diferéncia del PCR, amb el PLS no es descomposa primer la matriu de
dades en els /oadings i els scores per després utilitzar-los per dur a terme la
regressié front a les concentracions, sinéd que les concentracions també es
tenen en compte en l|'etapa de descomposicié de la matriu. Per a aixo,

I’expressié que s’utilitza per a descriure el model de PLS és la seglUent:

ro=tw. (3)

on rij és cada una de les respostes, ti és la projeccié de la resposta i en el

nou espai (score) i wj és un pes estadistic (loading weight).

En el cas del 3-PLS, I'objectiu és la descomposicié del cub de dades R que
conté les matrius obtingudes per a les diferents mostres de calibracié en un
conjunt de triades, segons I'expressid (4). Aquestes triades consisteixen en
un vector de scores t i dos vectors pes (w” i wX). A la Figura 7, es mostra
una representacié grafica d’aquesta representacio.
J K

El procés de calibracié consisteix en el calcul de t, w’, w* i q per a cada un
dels factors, de manera que els valors obtinguts per a un factor / s’utilitzen
per modificar les dades inicials i calcular de nou aquests parametres per al

factor /+ 1. Aquest procés es repeteix fins que les dades inicials es troben

descrites de forma adequada pel model de calibracié.

A mode de resum, a la Figura 8 es mostra el procés de calibracié a seguir
utilitzant 3-PLS.
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o]

Figura 7. Representacié grafica de la descomposicié del cub
de respostes R en la calibracié6 amb 3-PLS.

De forma analoga al procés de calibraci6 multivariant amb PLS, inicialment
es calculen els pesos w’ i wX utilitzant el métode de minims quadrats per al
primer factor, de manera que s’obtingui la maxima covarianca amb la part
no explicada de la variable depenent (concentracions) [237], segons

I’expressio:

J 1K J K2
VrvT}% cov(t,c)mln(jglglkél(rijk—tiijk) ) 5)

Utilitzant I'equaci6 (4), I’expressié anterior déna lloc a:

max | cov(t,c)t. = i Er-- wiwl (6)
wlwK B L o kT Tk
Aix0 implica:

max(% Ezjkwfwfj )

wIwK\ j=1k=1
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Calcul de la matriu Z=RTc

!

Determinaci6 de w’ i wK mitiangant la

descomposici6 en valors singulars de Z

!

Calcul de t

}

Obtencié del coeficients de regressié

q segons l'expressi6 q=(T"T)*T'c

!

Substituci6 de cada mostra R; per

R-twl(wX)Ti c=c-Tq

)

f=f+1; repeticié del procés fins a obtenir

una descripcié de ¢ adequada

Figura 8. Procés de calibracié utilitzant 3-PLS.

on zi; sO6n els elements d’una matriu Z que esta definida com:

Z=R'c (8)

Per tal de maximitzar I'expressié (7), es formula aquesta en forma de

matrius, de manera que es poden obtenir w’ i wX a partir de la matriu Z
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mitjancant la seva descomposicié en valors singulars (SVD) com es mostra a

I’equacié (9):

vrvr}?ﬁ [(WJ)TZWK]:> (W‘],WK) = SVD(2) 9

Una vegada es coneixen w’ i wX, es calcula t segons I’equacié (4) mitjancant
el model de minims quadrats. A continuacié, es determinen els coeficients

de regressié q que relacionen t amb la concentracié segons I'expressié (2).
Finalment, es modifiquen Ri i ¢ segons les expressions:

R; = R; —tw  (w')" (10)
c=c-Tq (11)

Aquest procés es repeteix per a tots els diferents factors f.

Aquest métode s'ha utilitzat en diferents treballs, com la determinacié de
PAHs en aigua [238], la quantificaci6 de barreges dels isdmers 2-, 3- i
4-etilpiridina utilitzant la injeccié directa en un sistema tandem MS/MS [246]
o la determinacié d’acid oxolinic i flumequina en muscul de pollastre, porc i
salmé [247].

Com a métode de calibracié de segon ordre, presenta |'avantatge de qué pot
quantificar els analits d’interés en preséncia de substancies interferents,
perd també l'inconvenient de qué no permet la identificacié dels analits
presents en la mostra [238].

1.3.2.2. Métode generalitzat d'anihilacié de rang (GRAM)

El GRAM és un métode de calibracié de segon ordre que es basa en I'analisi

de components principals (Principal Component Analysis, PCA), en el qual es
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descomposa la matriu de les dades en dues matrius P i T, segons |'expressio
(1).

Una de les caracteristiques per les quals aquest métode és interessant és
gue permet la quantificacié dels analits d’interés amb només una mostra de
concentracié coneguda. Per tant, només utilitza dues matrius: una de
calibracié (Ro) i una de prediccié6 (Ru). Aquestes dues matrius es poden

escriure de la seglient forma [248]:

Ry = XCoY' +E, (12)
R, = XC,Y' +E, (13)
on X(JixK) i Y(J2xK) contenen els espectres i perfils normalitzats

respectivament, Co i Cu sén matrius diagonals (KxK) que contenen les
concentracions relatives dels diferents factors i Eo i Eu (J1xJ2) contenen els
termes d’error. En aquestes matrius, J1 indica el nombre de longituds d'ona
enregistrades durant |'adquisici6 de cada espectre, J2 és el nombre
d’espectres obtinguts al llarg del cromatograma i K és el nombre total de

constituents en les dues matrius.

Aixi, suposant que els errors Eo i Eu sén negligibles, la diferéncia que hi ha
entre les matrius de dades és deguda a la diferéncia en les concentracions
dels analits, ja que els espectres (X) i els perfils (Y) sén els mateixos. Per
tant, el métode pot estimar la diferéncia entre les concentracions de dues

mostres a partir de la diferéncia entre les matrius de dades corresponents.

Aquest meétode, a més de permetre la quantificacié dels analits, també
permet la seva identificacié, com en el cas dels métodes de resolucié de
corbes, ja que, a diferéncia d’altres métodes com el 3-PLS, és capac

d’extreure els perfils i espectres a partir de les dades inicials.
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La Figura 9 mostra el procés de calibracié i quantificacié dels analits en una

mostra desconeguda.

Per fer la descomposicié de les dades inicials segons les expressions (12) i
(13), Sanchez et al. [235] van definir una matriu L com la suma de les dues
matrius Ro i Ru i van proposar la seva descomposicié en valors propis segons

I’equacio:

L=R +R =USV'+E (14)
0 Q

u

on U (JixF) i V (J2xF) contenen els vectors singulars i S (FxF) és una matriu
diagonal que conté els valors singulars. Per a trobar aguesta descomposici¢,

cal resoldre I'equacié (15), que és un problema de valors i vectors singulars:
(sUR,V)"M = MII (15)
on la matriu IT és una matriu diagonal que conté els valors propis 7 .

Aquesta descomposicié és un bon procediment per dur a terme un PCA, ja
que els scores (T) i loadings (P) (veure equacié (1)) es poden expressar com
aT=USiP=V",

Una vegada coneguts la matriu de valors propis IT i la resta de matrius de

I’equacié anterior, es calculen les matrius X i Y segons les expressions:

X =UIIM (16)

Yy=vimHT (17)
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Rg=XCoYT+Eq
Ru=XCyYT+E,

|

Descomposicié en

L =R0+Ru

valors singulars segons

L=USVT+E

'

Resolucié del sistema
(SWTRyV) TM=MIT

|

Calcul dels perfils (X)

i espectres (Y):

X=UIIM
Y=v(M-4HT

|

Calcul de la

concentracié de 'analit

c _ Cok™k
U,k - 1—72'k

Figura 9. Procés de calibracié i quantificacié utilitzant GRAM.
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Finalment, una vegada coneguts X i Y, es pot calcular la concentraci6 de

I’analit d’interés en la mostra de prediccié segons |I'expressio:

_ Cokk

= (18)
1—7Z'k

Cu,k

Aquest meétode s’'ha utilitzat en diferents treballs, com per exemple la
determinaci6 de compostos aromatics en gasolina d’avié mitjancant un
sistema d’acoblament bidimensional GCxGC [249] o per determinar

cinétiques de reacci6 [250].

Tot i aixd, aquest algorisme no ha estat molt utilitzat per a la quantificacié
de compostos en mostres ambientals emprant dades obtingudes mitjancant
sistemes com I'HPLC-DAD amb técniques d’extraccié prévies a la separacio,
degut a les petites variacions que es poden produir en els temps de retencié
als quals elueixen els analits en diferents analisis. En el cas d’altres métodes
de calibracié de segon ordre, com és el 3-PLS, en el qual s’utilitzen diferents
mostres per a la construccié del model de calibracié, aquestes variacions
estan incloses al model, de manera que la quantificacié no es veu afectada.
Pero en el cas del GRAM, en el qual la quantificacié es duu a terme utilitzant
una Unica mostra de calibracié, els efectes s6n més notables, ja que pot fer
que no es compleixi el model de descomposicié assumit inicialment,
expressat en les equacions 12 i 13, degut a qué la matriu X d’aquestes
expressions, és a dir, els perfils cromatografics, no sén totalment iguals, la

gual cosa pot impedir la correcta quantificacio.

Recentment han aparegut alguns estudis que proposen la utilitzacié de
metodes de resoluci6 de corbes com I'ITTFA [251] o la Trilinear
Decomposition (TLD) [242] per a alinear els pics cromatografics, evitant aixi
I’efecte de la irreproducibilitat de I'elucié dels analits en la quantificacié dels

mateixos.
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Part experimental i resultats

Tenint en compte que, com s’ha comentat al capitol anterior, la
contaminacié al medi mari deguda a substancies organiques no ha estat
gaire estudiada, en la present Tesi Doctoral s’'han desenvolupat diferents
meétodes per a la determinacié d’aquest tipus de contaminants en aquest
medi. Els estudis es van centrar en els ports de Tarragona, tot i que també
es va avaluar la preséncia d’alguns contaminants en diferents ports de la
costa de la provincia de Tarragona. Les families de compostos seleccionades
pel seu interés mediambiental van ser els benzensulfonats i naftalensulfonats,
els compostos aromatics policiclics, els ftalats i adipats i els plaguicides

antialgues.

En aquest capitol s’inclou la part experimental i els resultats obtinguts en els
estudis realitzats durant la present Tesi Doctoral. Aquests resultats han
estat publicats en diferent revistes cientifiques, de manera que es presenten
en forma d’articles. Préviament a cada un d’aquests articles s’inclou una
introduccié en la qual s’indiquen els objectius, aixi com la innovacié de cada

treball respecte a la investigacié en el moment de la seva realitzacié.

Els métodes desenvolupats en aquests treballs s’han basat en |'acoblament

de diferents tecniques d’extraccié i deteccié a la cromatografia liquida.

La técnica d’extraccié6 emprada per a la determinacié de contaminants en
mostres aquoses ha estat la SPE, que s’ha acoblat a la cromatografia liquida
tant de forma on-line com off-line. En funci6 de les propietats dels
compostos, s’han utilitzat diferents sorbents polimérics. Aixi, en dos dels
treballs presentats a continuacié s'ha utilitzat el PLRP-s en la SPE acoblada
en linia. Degut al desenvolupament i comercialitzacié dels sorbents polimeérics
altament entrecreuats i tenint en compte els bons resultats obtinguts en
I'extraccié d’altres contaminants organics en altres tipus de mostres aquoses,
aquests han estat els sorbents emprats en alguns dels estudis. D’entre els
diferents sorbents de qué es disposava, es van triar dos polimers de poliestirée-
divinilbenzé, el LiChrolut EN i I'lsolute ENV +.
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Per a I'analisi de sediments marins, la técnica que s’ha utilitzat és |'extraccié
amb solvents organics degut a la seva senzillesa. Concretament, aquesta
técnica s'ha aplicat a I'extraccié de diferents compostos utilitzant diclormeta
i acetonitril com a solvents. Per afavorir I’extraccié d’alguns compostos, en

un dels treballs s’han utilitzat ultrasons.

Com a detectors, s’han desenvolupat métodes emprant el detectors UV-
visible i DAD, ja que aquests detectors s’utilitzen de forma habitual. No
obstant aix0, i degut als baixos nivells de concentracié que s’han d’assolir
en l'analisi de mostres ambientals, és preferible utilitzar detectors més
sensibles, com el detector de fluorescéncia. Es per aixd que es va triar
aquest detector per a la determinacié de compostos aromatics policiclics. En
un dels treballs que es presenten a continuacio, si bé també es va utilitzar
aquest tipus de deteccié, es va optar per I'espectrometria de fluorescéencia
d’escanejat rapid, ja que permet |'adquisicié6 de dades de segon ordre per a
cada mostra. A més d’aquests detectors, una técnica cada vegada més
utilitzada és la MS, ja que permet la confirmacié dels analits estudiats en la
mostra, aixi com la identificacié d’altres substancies presents en la mateixa.
Degut a la disponibilitat d’un nou equip, aquesta és, doncs, la técnica que es
va utilitzar en els ultims treballs. Pel que fa a I'acoblament d’aquesta técnica
i la cromatografia liquida, es va triar la interfase APCI degut a les

caracteristiques d’ionitzacié dels compostos estudiats.

Com s’ha esmentat a I'apartat 1.3, els métodes de calibracié de segon ordre
poden ser una bona eina matematica per resoldre alguns dels problemes
sorgits en la determinacié de contaminants. D’entre aquests metodes, en la
present Tesi s’han emprat el 3-PLS i el GRAM. El 3-PLS s’ha utilitzat per tal
de quantificar els compostos a partir de pics parcialment solapats, la qual
cosa permet la disminucié del temps d’analisi, que és considerablement llarg
en la determinacié dels compostos aromatics sulfonats degut a I'etapa de
separacié cromatografica. EI GRAM, a més de permetre la quantificacié a
partir de pics parcialment solapats, permet quantificar els analits en mostres

complexes mitjancant Unicament una mostra de calibracié, la qual cosa
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permet la quantificacié sense realitzar de nou la calibracié per a cada nova
mostra. Es per aixd que aquest algorisme es va utilitzar en la determinaci6

d’una barreja de compostos policiclics aromatics en sediments marins.

En tots els treballs que es presenten a continuacié, els métodes
desenvolupats s’han aplicat a I'analisi de mostres reals. Aquestes mostres
han estat preses a diferents ports de la costa de Tarragona, tot i que també
s’han analitzat algunes mostres d’aigua residual urbana de la depuradora
d’aigua d’aquesta ciutat per tal d’avaluar la seva incidéncia sobre la
contaminacié del medi mari. A més, també s’han analitzat algunes mostres
d’aigua del riu Ebre. També cal destacar d’entre aquests metodes el
desenvolupat per a la determinacid de plaguicides antialgues i que ha
permeés la monitoritzacié durant un periode de cinc mesos en mostres de

diferents ports.
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Com s’ha comentat a la introduccié, els compostos aromatics sulfonats sén
molt utilitzats en la indlstria com a productes intermedis en la sintesi de
colorants, pesticides, farmacs, etc. [1]. Entre aquests compostos es poden
destacar els BZS i NS, sobretot els que contenen grups amino-, hidroxi- o
sulfonic addicionals, que, a més de ser poc biodegradables, tenen una
elevada polaritat, la qual cosa fa que siguin dificils d’eliminar en els
processos de tractament d’aiglies, com s’ha vist en alguns estudis sobre la

seva presencia en aigles de depuradora [2].

Aquests compostos s6n normalment analitzats utilitzant la SPE de parell
ionic com a tecnica d’extraccié i la IPLC amb detector d’'UV-visible, FLD o

MS com a técnica de separaci6 i determinacié [3,4].

Pel que fa al procés d’extraccié, els sorbents més emprats fins a la data de
realitzacié d’'aquest estudi eren els sorbents Cis i polimérics de PS-DVB [6].
En el nostre grup s’havien fet estudis en els quals s’havien obtingut bons
resultats utilitzant aquests sorbents per a |’analisi d’aigua de l'aixeta o de
riu, pero en el cas d’aiglies amb una elevada forca idnica, com és I'aigua de
mar, els volums de ruptura disminuien considerablement degut a I'efecte de
les substancies inorganiques presents en aquest tipus de mostra en la

formacié del parell idonic [6].

L'aparicié6 dels sorbents altament entrecreuats, que permeten una major
retencié dels analits degut a la seva major area superficial, va fer que es
proposés la utilitzaci6 d'un d’aquests sorbents, el LiChrolut EN, per a la
determinacié d'una barreja de divuit BZS i NS, que contenien grups hidroxi-,
amino- i sulfonics addicionals, en mostres d’aigua de mar. Fins a la data de
realitzacié d’aquest treball, aquest sorbent no s’havia utilitzat per a la SPE
acoblada en linia a I'IPLC, si bé s’havia utilitzat per a l'extraccié off-line

d’aquests compostos sense la formacié de parells idnics [7].

Per tant, I'objectiu d’aquest treball va ser 'aplicacié del LiChrolut EN a la

SPE de parell idnic per a la determinacié d’aquests compostos en aigua de la
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costa de Tarragona. Per a aix0, es va desenvolupar un metode basat en

I’acoblament en linia d’aquesta técnica amb I'IPLC i un detector UV-visible.

En la primera part del treball es va optimitzar la separacié dels compostos
estudiats partint de les condicions obtingudes en un estudi previ realitzat al
nostre grup [bB]. Per a aixd, i tenint en compte que en les proves prévies
realitzades en aquestes condicions es va posar de manifest que la forca
elutropica de la fase mobil utilitzada per a la separacié cromatografica no era
suficient per eluir els compostos retinguts al sorbent de la SPE, es va
utilitzar un sistema cromatografic que permetia I'elucié dels analits utilitzant
Unicament la fraccié organica de la fase mobil i que s’havia emprat
anteriorment en altres treballs realitzats al nostre grup per a altres

compostos [8].

En I'etapa d’extraccié, les recuperacions obtingudes en les condicions
optimes van ser millors que les obtingudes utilitzant Cis o els sorbents
polimérics convencionals [5]. En mostres d'aigua de mar s’observa |'efecte
de la forca idonica de la mostra abans esmentat, pero la disminucié de les
recuperacions no va ser tan significativa com en el cas dels sorbents

convencionals [5].

El métode desenvolupat es va aplicar a la quantificacié dels compostos en
mostres del port comercial de Tarragona, on hi ha alguns dels emissaris
d’algunes empreses de la indUstria petroquimica. En les mostres, van ser
trobats dos dels compostos estudiats. Tot i que els compostos no es van
poder identificar de forma inequivoca degut al tipus de detector utilitzat en
aquest estudi, un d’ells havia estat identificat anteriorment en mostres

similars analitzades pel nostre grup utilitzant la MS com a detector [4].

Posteriorment a aquest treball, s’han fet altres estudis utilitzant sorbents
polimérics altament entrecreuats per a lI'extraccié off-line d'aquest tipus de
compostos, com per exemple l'lsolute ENV + [9]. En aquest cas, pero, el

reactiu de formacié del parell idnic s’utilitzava en |'etapa d’elucié dels
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analits, obtenint-se també bones recuperacions. Aquest sistema es va
utilitzar per avaluar la preséncia d’alguns dels compostos inclosos en el
present treball en mostres d’aigua d’alguns ports de la costa de Barcelona i

Tarragona i es van detectar el 1-naftalensulfonat i el 2-naftalensulfonat.

El treball que s’adjunta a continuacié i que ha estat publicat en la revista

Chromatographia, 53 (2001) 22-26, inclou els resultats obtinguts en aquest

estudi.
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DETERMINATION OF AROMATIC SULFONATES IN COASTAL WATER BY
ON-LINE ION-PAIR SOLID-PHASE EXTRACTION/ION-PAIR LIQUID
CHROMATOGRAPHY WITH UV DETECTION

ABSTRACT

A method for determining aromatic sulfonates in seawater is presented. lon-
pair solid-phase extraction is coupled on-line to ion-pair liquid
chromatography with UV detection. In the enrichment step, the recoveries
from 100 ml of seawater were higher than 65% for most analytes. Linearity
was good and detection limits were between 0.02 and 1 pg I'. The
repeatability of the method, expressed as % of relative standard deviation
(n=3) was between 1 and 15%. The method was checked in coastal water
near the commercial port of Tarragona, where effluents from the
petrochemical industry are discharged. All the samples taken were found to

contain 2-naphthalenesulfonate.

Keywords: Column liquid chromatography; lon-pair chromatography; lon-pair

solid-phase extraction; Aromatic sulfonates; Coastal waters
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INTRODUCTION

Aromatic sulfonates such as benzene- and naphthalenesulfonates are widely
used as intermediates in the chemical industry, particularly in the production of
pharmaceuticals, dyes, tanning agents, pesticides, cement, concrete and so
on. For instance, 4-amino-1-naphthalenesulfonate and 4-amino-1-
benzenesulfonate are commonly used as precursors of mono- and
diazochromophores in dye synthesis [1]. These compounds are highly soluble
in water. For this reason, it is difficult to remove them totally from wastewater
in treatment plants and they are discharged into the aquatic environment [1].
Little is known about their toxicology and ecotoxicology, but their
biodegradability is low [2] which makes them potentially hazardous. These
compounds have recently been found in river waters and for this reason,

increasing attention is being paid to control their presence in coastal water.

Various analytical techniques have been proposed for determining these
compounds in water [3]. A gas chromatography (GC) analysis needs a
previous step to convert them into volatile derivatives [3,4]. However, this
process is difficult when there are amino- and hydroxy- groups in the molecule
because they can react with the derivatising reagents in different and
competing ways [3]. When capillary electrophoresis is used, results have been
good particularly using laser-induced fluorescence detection [5-9]. The
preferred technique, however, is still ion-pair liquid chromatography with UV

[8-15], fluorescence [13-17] or mass-spectrometry [17-21] detectors.

The detection and quantification limits obtained for these compounds with
these techniques are not low enough for them to be determined in real water
samples. For this reason, an enrichment step is necessary. lon-pair solid-phase
extraction (ion-pair SPE) using Cis [10,14] or polymeric [10,12,17-19]
sorbents is the most commonly used preconcentration technique. With these
sorbents, the recovery values of many aromatic sulfonates have been quite
good when tap or river waters are analysed. However, when these compounds

are determined in seawater, the breakthrough volumes decrease considerably
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[19] due to inorganic species such as chloride and sulphate, which increases
the ionic strength of samples and can compete in the formation of the ion-pair,

thus interfering with the solid-phase extraction process [22].

LiChrolut EN is a highly crosslinked polymeric sorbent used in SPE. It is a
styrene-divinylbenzene copolymer and due to the high degree of
crosslinking, its specific surface area (1200 m? g') is larger than other
conventional sorbents, like PLRP-s (600 m? g') or C1s (600-600 m? g'). This
allows greater m-n interactions between analytes and sorbent [23-25] and
there is, therefore, a greater retention of polar analytes [23,24]. Recently, it
has been used in off-line SPE of these aromatic sulfonates. Loos et al. [5]
enriched the sample without the formation of an ion-pair, but the recoveries
for benzenesulfonates and naphthalenedisulfonates were low. Alonso et al.
[17] added an ion-pairing reagent to the elution solvent for preconcentrating
these compounds and used another highly crosslinked polymeric sorbent,
Isolute ENV +, and results were better, although only 150 ml was

preconcentrated in the off-line mode.

LiChrolut EN had never previously been used in the on-line SPE of these
compounds. Initial experiments revealed that the elutropic strength of the
mobile phase used in the separation step was not high enough to elute
retained analytes because it did not contain enough methanol and the peaks
obtained were wide. For this reason, the elution must be done with only the

organic solvent of the mobile phase [26].

The aim of this paper is to develop a method for determining a mixture of
benzene-, naphthalene- and naphthalenedisulfonates, some of which have
amino- and hydroxy- groups, in seawater. The method is based on ion-pair
liquid chromatography with UV detection, coupled on-line to solid-phase
extraction. The set-up of the analytical system means that the retained
compounds are only eluted by means of the organic component of the mobile

phase of the separation step. To our knowledge, this sorbent has not
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previously been used coupled directly to LC to determine these compounds,

and the presence of these compounds in seawater has scarcely been studied.

EXPERIMENTAL

Reagents and standards

The compounds studied were the following: (1) 4-aminobenzenesulfonate, (2)
3-aminobenzenesulfonate, (3) 4-hydroxybenzenesulfonate, (4) 5-amino-1-
naphthalenesulfonate, (5) 6-amino-4-hydroxy-2-naphthalenesulfonate,
(6) 2-aminobenzenesulfonate, (7) 7-amino-4-hydroxy-2-naphthalenesulfonate,
(8) 1-benzenesulfonate, (9) 5-amino-2-naphthalenesulfonate, (10) naphthalene-
2,6-disulfonate, (11) naphthalene-1,5-disulfonate, (12) 3-nitrobenzensulfonate,
(13) naphthalene-2,7-disulfonate, (14) 4-hydroxy-1-naphthalenesulfonate,
(15) 8-amino-2-naphthalenesulfonate, (16) 2-amino-1-naphthalenesulfonate,

(17) 1-naphthalenesulfonate and (18) 2-naphthalenesulfonate.

These compounds were all obtained as free acids or sodium salts from Fluka
(Buchs, Switzerland), Aldrich Chemie (Beerse, Belgium) or Across (Geel,
Belgium). Standard solutions of each compound in a concentration of 1000
mg I" were prepared in Milli-Q quality water. Several drops of 0.1 M sodium
hydroxide were added to increase solubility, except for
2-naphthalenesulfonate, which was solubilized in Milli-Q water/methanol
(Merck, Germany) 85:15 (v/v). All the mixtures of compounds used in this

work were prepared from these solutions.

Disodium hydrogen phosphate (Panreac, Barcelona, Spain), sodium dihydrogen
phosphate (Probus, Badalona, Spain), phosphoric acid 85% (Probus),
tetrabutylammonium bromide (Fluka) and methanol (Merck) were used to

prepare the mobile phase and samples.

138



Part experimental i resultats

Apparatus

The chromatographic system consisted of two LC-10ADBves pumps, an on-
line degasser DGU-14A and a CTO-6AS column oven (all from Shimadzu
(Kyoto, Japan)), an injection valve (Rheodyne, California, USA) with a 20-pl
loop and a HP1100 UV detector (Hewlett Packard, Waldbronn, Germany).
The chromatographic column was 25.0 cm x 0.46 cm 5-um Kromasil 100

Cis (Teknokroma, Barcelona, Spain).

The solid-phase extraction system consisted of an LC-10AS pump
(Shimadzu), which was used to preconcentrate samples through a stainless-
steel precolumn (10 x 3 mm |[|.D.) (Free University, Amsterdam, The
Netherlands) laboratory-packed with 40-120 um LiChrolut EN (Merck).

Chromatographic and extraction systems were coupled on-line by means of

two LabPRO 6-port valves (Rheodyne).

Figure 1 shows the scheme of the chromatographic system. Because of this
set-up, the retained compounds were eluted only by means of the organic
solvent.

Experimental conditions

The aqueous component of the mobile phase was prepared in Milli-Q water
and contained 8 mM of disodium hydrogen phosphate, 8 mM of sodium
dihydrogen phosphate and 7 mM of tetrabutylammonium bromide. The pH
was adjusted to 6.5 with phosphoric acid and the resulting solution was
filtered through a 0.45-um membrane filter. Analysis was performed with
the following gradient: first, 10% of methanol was used and it was linearly
changed to 30% in 40 min, and then to 50% in 20 min. After 5 min at
50%, the mobile phase was returned to initial conditions in 5 min. The

column was reequilibrated in 10 min. The temperature of the
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chromatographic column was 40°C and the mobile phase flow rate was
1 ml min'. The wavelengths for detection were 230 nm up to 38 minutes

and 260 nm from 38 min to 43 minutes.

Valve B

Pump B

Degasser

Pump A

-/ Valve A

Detector —{ Chromatographic Column }—

— Valve position 1

--- Valve position 2

Figure 1. Set-up of the analytical system. (A) Aqueous phase, (B) methanol, (C)
sample delivery system, (l) injector, (L) LiChrolut EN precolumn. For more
details, see text and Table 1.

For the preconcentration step, tetrabutylammonium bromide was used as the
ion-pairing reagent. It was added to samples at a concentration of 3 mM. To
ensure the ion-pair formation, the pH of samples was adjusted to 7 by adding
a disodium hydrogen phosphate/sodium dihydrogen phosphate buffer. These

conditions were optimised in a previous study [10]. Samples were collected in
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2.5 | precleaned amber glass bottles, filtered through a 0.45-um membrane
filter and kept at 4°C until analysis.

The process of on-line solid-phase extraction can be seen in Table 1, which
shows the program for preconcentrating 100 ml of sample. When the
position of valve B was changed to 2, retained analytes were injected into
the chromatographic system and therefore both the separation and detection
programs started. Throughout the preconcentration process, the flow rate of
pump C was 4 ml min'. As can be seen in Figure 1, before the organic
phase was mixed with the agqueous phase, it eluted the retained analytes in
backflush mode. These analytes were then directly injected into the

chromatographic column.

Table 1. Preconcentration process (for more details on valve position, see Figure 1).

Time (min) Valve A position Valve B position Solvent Delivered
0 2 1 methanol
3 1 1 methanol
4 2 1 water
7 1 1 water
8 2 1 sample
12 1 1 sample
37 2 2 injection

RESULTS AND DISCUSSION

In the first step, the chromatographic separation was optimised by checking

different gradients of concentration of methanol in the mobile phase. The
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concentrations of disodium hydrogen phosphate, sodium dihydrogen
phosphate and tetrabutylammonium bromide that are indicated in
Experimental Conditions section were taken from previous studies by our
group [10] and some additional experiments. The gradient was optimised for
the compounds studied in the present work and the separation was good.
As an example, Figure 2 shows a chromatogram obtained with these

conditions.

120000 4

100000 4
] 18
80000 -

60000 4

40000 1

20000 4

10

Response

10 20 30 40 50 60
Time (min)

Figure 2. Chromatogram of a standard solution of 10 mg I"' under optimum conditions.
For peak identification, see Reagents and Standards section.

As mentioned in the introduction, a solid-phase extraction was coupled on-
line to the chromatographic system to improve detection and quantification
limits and LiChrolut EN was chosen as the sorbent because good recoveries
have been reported for very polar analytes [23,24]. When LiChrolut EN was
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used in the off-line preconcentration of 200 ml of sample without the
addition of an ion-pairing reagent, naphthalenedisulfonates could not be
extracted and the sample pH had to be adjusted to 1 to obtain a recovery of
around 40% for some compounds [b]. Some experiments were carried out
without the addition of the ion-pairing reagent to see whether the same
effect was observed with an on-line SPE process. In this case, the sample
pH was adjusted to 2.5 with hydrochloric acid and results were similar. To
enhance the retention of benzene- and naphthalenedisulfonates, we added
an ion-pairing reagent to the sample as given in the Experimental Conditions

section.

Recoveries and breakthrough volumes in the SPE process were determined
by percolating different volumes (10, 20, 50, 100 and 200 ml) of standard
solutions with different concentrations of analytes, so that the amount of
each analyte in the sample was constant (200 ng injected). For 10 ml,
recoveries were good for most compounds but the higher the volume was,
the lower the recovery of most benzenesulfonates. For the remaining
compounds, however, the recoveries were acceptable even at 200 ml
sample volume. Table 2 shows the recoveries obtained. When 100 ml of
sample was preconcentrated, these values were higher than 80%, except
for most of the benzenesulfonate compounds (compounds 1-3 and 8), the
recoveries of which were lower than 60%. For naphthalenesulfonates, these
recoveries were better for most compounds than when a Cis or a PLRP-s
was used [10]. In particular they were better for the most polar compounds,
like 6-amino-4-hydroxy-2-naphthalenesulfonate, 7-amino-4-hydroxy-2-
naphthalenesulfonate and 5-amino-2-naphthalenesulfonate [10]. For
naphthalenedisulfonates, recoveries were also better than with other

sorbents.
From the previous results, 100 ml of sample was selected because of the

decrease in the recovery values obtained for the most polar compounds

when a higher sample volume was preconcentrated.
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Recoveries were then calculated by preconcentrating seawater samples
spiked at a concentration of 2 ug I'. The results are shown in Table 3.
Compounds 1 and 8 could not be quantified due to the low signal. For
naphthalenesulfonates, recoveries were higher than 70% for most of the
compounds. The recovery of naphthalenedisulfonates (compounds 10, 11
and 13) was lower, which suggested that they were affected by the ionic

concentration. This is in agreement with previous observations [22].

Table 3. Recoveries, linear range and detection limits when 100 ml of spiked seawater is

preconcentrated (n=3).

Compound Recovery (%) % RSD Linear range (ug I'") Detection limit (ug I'")
1 n.d. - - -
2 10 15 3-40 1
3 6 11 3-60 1
4 66 3 1.5-6 0.5
5 68 11 1.5-6 0.5
6 17 8 1-25 0.5
7 68 7 0.3-8 0.1
8 n.d. - - -
9 82 2 0.1-5 0.05
10 54 6 0.06-8 0.02
11 39 10 0.5-10 0.2
12 103 7 0.5-4 0.2
13 49 8 0.2-8 0.04
14 69 1 0.2-6 0.02
15 85 2 0.2-5 0.05
16 87 1 0.1-5 0.04
17 87 1 0.1-5 0.04
18 104 2 0.06-4 0.02

n.d.: not detected
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Calibration was carried out by preconcentrating seawater samples spiked at
different concentrations. A seawater sample which did not contain any

aromatic sulfonates was used as a blank.

Figure 3 shows the chromatogram of a seawater sample and the

chromatogram of the same sample spiked at 2 ug I' of each analyte.

1 18
100000 -
| 10 13
80000 -
] 2 3 14 16
) 15 | 17
2 60000 -
o
o
UJ -
i
40000 { An, A . a
20000 4ty A po o N b

10 20 30 40 50 60
Time (min)

Figure 3. Chromatograms obtained when 100 ml of seawater sample was preconcentrated:
(a) sample spiked at 2 pg I'"; (b) sample without the addition of the analytes. For
peak identification, see Reagents and Standards section.
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The correlation coefficients were higher than 0.998 for most of compounds.
The linear ranges and detection limits are also shown in Table 3. It should
be mentioned that the linear coefficients were good even for those
compounds whose recoveries were low (naphthalenedisulfonates). Low
concentrations (only a few ug I'') can be quantified and, in some cases,
concentrations as low as 60 ng I can be quantified. The detection limits of
the analytes were between 20 and 1000 ng I''. These analyses were carried
out using an UV detector, which is the most commonly used detector for
monitoring tasks. However, if more sensitive detection, such as
fluorescence or mass spectrometry, were to be used, these levels could be
decreased considerably.

The method was applied to analyse seawater from the Tarragona coast,
near the commercial port, where the effluents from petrochemical industry
are discharged. The samples were taken near these effluent outlets.
2-naphthalenesulfonate was tentatively identified in all the samples and
4-hydroxy-1-naphthalenesulfonate was in one of them. Figure 4 shows the
chromatogram of a coastal water sample in which 2-naphthalenesulfonate
was quantified at 0.14 pg I (% RSD= 8%, n=3) and the peak at the same
retention time as 4-hydroxy-1-naphthalenesulfonate could not be quantified
because its concentration was between the detection limit and the
quantification limit. The presence of these two compounds could not be
confirmed and an additional technique (for example mass spectrometry)
would have to be used for such confirmation. However, the method
developed involves simple instrumentation and is very useful for control
analysis. 2-naphthalenesulfonate has already been found in samples of the
same origin using MS with electrospray interface as the detection technique
[19].
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Figure 4. Chromatogram of 100 ml of coastal water. Peak identification: (14) 4-hydroxy-1-
naphthalenesulfonate and (18) 2-naphthalenesulfonate.

CONCLUSIONS

On-line ion-pair solid-phase extraction coupled to ion-pair liquid
chromatography with UV detection was developed to determine aromatic
sulfonates in seawater. By using LiChrolut EN as the sorbent in the
enrichment step and adding an ion-pairing reagent to the sample, analytes
were retained to a greater extent. These conditions enabled 100 ml of
sample to be preconcentrated. Under these conditions, analytes could be
quantified at concentrations of only a few ug I and concentrations between
20 and 1000 ng I'" could be detected.

The method was applied to the analysis of coastal water taken from

different places near the chemical industry outfalls and 4-hydroxy-1-

naphthalenesulfonate and 2-naphthalenesulfonate were detected.
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Com s’ha explicat al capitol anterior, la determinaci6 de compostos
aromatics sulfonats, com els NS, es realitza habitualment utilitzant I'IPLC
amb detectors UV-visible [1,2], encara que el FLD és també interessant
degut a l'elevada sensibilitat i selectivitat que presenta i la menor

complexitat respecte a altres sistemes, com la MS [3,4].

Tot i que els métodes basats en I'IPLC permeten la separacié d’'un nombre
significatiu d’aquests compostos, el temps requerit per a aquesta separacié
sol ser bastant llarg, com s’ha pogut observar en |'estudi presentat a
I"apartat anterior. Perd la disminuci6 d’aquest temps mitjancant la
modificacié dels diferents parametres cromatografics que afecten |la
separacié, com la composicié de la fase mobil o la temperatura, és dificil

degut a les caracteristiques similars dels compostos.

Com s’ha comentat a l'apartat 1.3 de la present Tesi Doctoral, una
alternativa a I'optimitzacié de parametres cromatografics és I'aplicacié de
meétodes de calibraci6 de segon ordre. Aquests meétodes permeten la
quantificacié6 de compostos a partir de pics cromatografics que no estan
totalment resolts, de forma que no es requereix una separacio
cromatografica completa. Per tant, aquests métodes poden ser utils a I'hora

de disminuir el temps d’analisi en el cas dels compostos aromatics sulfonats.

Per dur a terme aquest tipus de calibracid, és necessari disposar de dades de
segon ordre per a cada mostra com, per exemple, les que s’obtenen amb un
sistema HPLC acoblat a un DAD, que enregistra I'espectre de I'efluent del
sistema cromatografic al llarg de la separacié. Pel que fa als detectors de
fluoresceéncia, tot i que existeixen equips que permeten |’adquisicié d’aquest
tipus de dades, s’han desenvolupat métodes per tal d’emprar els equips
convencionals i obtenir resultats similars. Per exemple, Ferrer et al. [5] van
utilitzar |'espectrometria de fluorescéncia d’escanejat rapid (fast-scanning
fluorescence spectrometry, FSFS) en la determinacié de PAHs emprant
I'HPLC com a técnica de separacié cromatografica. Aquest detector permet

I"adquisici6 de I|'espectre de fluorescéncia de I|'efluent del sistema
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cromatografic mitjancant I’escanejat rapid de longituds d’ona d’emissié.
Aixi, aquest sistema permet |'"adquisicié de matrius de dades de segon ordre
que contenen |'espectre d’emissié de I'efluent del sistema cromatografic a

una longitud d’ona d’excitacié determinada.

En el present treball es va proposar I'Us d’aquest detector i d’'un métode de
calibracié de segon ordre, el 3-PLS [6], per tal de disminuir el temps de
I’etapa de separacié en la quantificacié dels compostos aromatics sulfonats.
Per a aix0 es va seleccionar una barreja de dotze naftalensulfonats i
naftalendisulfonats i es va desenvolupar un meétode per a la seva
determinacié en aigua de |'aixeta i aigua de riu basat en |'acoblament en linia
de la SPE de parell ionic amb I'IPLC utilitzant la deteccié amb FSFS. Pel que
fa a I'etapa d’extraccié, es va utilitzar un sorbent polimeéric, el PLRP-s, per
tal de retenir els compostos estudiats. Tot i les bones recuperacions
obtingudes en el treball anterior, no es va utilitzar un polimer altament
entrecreuat, ja que el sistema cromatografic de qué es disposava no
permetia l'elucié dels compostos retinguts uUnicament amb la fraccié
organica de la fase mobil. Aixi, si s’hagués utilitzat el polimer altament
entrecreuat s’haurien obtingut pics cromatografics molt amples, que haurien
dificultat la quantificaci6 de baixos nivells de concentracié dels analits a

partir dels mateixos.

Es va optimitzar una separacié parcial dels compostos de manera que per a
cada analit s’adquirissin un minim de deu espectres. Per a aix0, es va optar
per un sistema isocratic, ja que aixi es facilita el processament de les
matrius de dades obtingudes. En aquestes condicions, es va poder utilitzar

per a la quantificacié una separacié de només 25 minuts.

Finalment, es va avaluar la capacitat de prediccié del métode en mostres
fortificades. Els resultats obtinguts van ser acceptables tenint en compte els
baixos nivells de concentracid6 que s’estaven determinant. Per tant, el
meétode desenvolupat és Util en el control rapid de la preséncia d’aquests

compostos en aquest tipus de mostres.
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A continuacidé, s'adjunta una copia del treball publicat en la revista Journal
of Chromatography A, 890 (2000) 289-294, que resumeix els resultats

obtinguts.

Bibliografia

[1]

[2]

[3]

(4]

[5]
[6]

R. El Harrak, M. Calull, R. M. Marcé, F. Borrull, Int. J. Environ. Anal.
Chem. 69 (1998) 295.

E. R. Brouwer, J. Slobodnik, H. Lingeman, U. A. Th. Brinkman,
Analusis 20 (1992) 121.

F. Th. Lange, H.-J. Brauch, M. Wenz, J. High Resol. Chromatogr. 18
(1995) 243.

0. Zerbinati, G. Ostacoli, D. Gastaldi, V. Zelano, J. Chromatogr. A 640
(1993) 231.

R. Ferrer, J. Guiteras, J. L. Beltran, J. Chromatogr. A 779 (1997) 123.
R. Bro, J. Chemom. 10 (1996) 47.

155






Part experimental i resultats

DETERMINATION OF NAPHTHALENESULFONATES IN WATER BY ON-LINE
ION-PAIR  SOLID-PHASE EXTRACTION AND ION-PAIR LIQUID
CHROMATOGRAPHY WITH FAST-SCANNING FLUORESCENCE DETECTION

ABSTRACT

A fast analytical method for quantifying a mixture of 12
naphthalenesulfonates and naphthalenedisulfonates has been developed.
This method consists of on-line ion-pair solid-phase extraction with PLRP-s
sorbent and ion-pair liquid-chromatography using fast-scanning fluorescence
spectrometer as a detection system and multivariate calibration. As
complete separation is unnecessary, the compounds were analysed in
isocratic conditions and the chromatographic analysis took only 25 minutes.
Three-way partial least-squares (PLS) was used to carry out multivariate
calibration for spiked tap water. In these conditions, quantification limits
were between 0.01 and 3 pg I'. Repeatability was also evaluated and
relative standard deviations (n=3) were between 0.5 and 4%, depending on
the compound. Finally, spiked tap and Ebro river waters were analysed to

evaluate prediction capability of the method.

Keywords: Water analysis; Solid-phase extraction; Partial least square
calibration; Fast-scanning fluorescence detection; Detection; LC;

Naphthalenesulfonates
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INTRODUCTION

Naphthalenesulfonates and their amino- and hydroxy- derivatives are widely
used in the pharmaceutical and textile industries [1]. But these compounds are
not easily eliminated from water by conventional methods and can occur in
water that may be used as drinking water [2,3]. Their low biodegradability
[4,5] makes them potentially hazardous and an efficient analytical system is

therefore required to control their presence in water.

Gas chromatography analysis with a process of derivatization to increase
the volatility of analytes may be used [1,4], but liquid chromatography [2-4]
or capillary electrophoresis [6-10] are preferred. The limitation of capillary
electrophoresis is the low  sensitivity [9,10] although  for
naphthalenesulfonates good results have been obtained using an ultraviolet
laser-induced fluorescence detection [7,8]. But, at present, liquid
chromatography is still the preferred technique. Due to the high polarity of
naphthalenesulfonates with amino- and hydroxy- functional groups, the
most frequently used technique is ion-pair liquid chromatography [2-4,11-
13], although analysis with ion-exchange liquid chromatography is also
described [1,14].

UV or DAD is used as the detection system [12,13], although recently
mass-spectrometry detection has also been applied with interesting results
[15,16]. However, the fluorescence detector is still preferred for aromatic
sulfonates because of the higher sensitivity than UV detection and simpler
instrumentation than mass-spectrometry [2-4,11]. Recently, the fast-
scanning fluorescence spectrometer (FSFS) has been developed, which
records spectra of the effluent from the chromatographic system at a fixed
excitation wavelength by scanning emission wavelengths at a high rate
[17,18]. In this case, coeluted analytes can be quantified by different
emission wavelengths, deconvolution methods or multivariate calibration.
Complete separation of chromatographic peaks is therefore not necessary

and analysis time considerably decreases.
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Since low concentrations of naphthalenesulfonates had to be detected and
quantified, a preliminary enrichment step is required. The most frequently
used preconcentration technique for determining aromatic sulfonates in
water is ion-pair solid-phase extraction (SPE) using Cis or polymeric sorbents
[11-13,15,16].

The aim of this paper is to develop a fast method for determining 12
naphthalenesulfonates and naphthalenedisulfonates with amino- and
hydroxy- functional groups in tap and river waters. For this purpose, an on-
line ion-pair solid-phase extraction and ion-pair liquid chromatography were
used and, in order to quantify overlapped peaks and decrease the analysis
time, a fast-scanning fluorescence spectrometer was used and a three-way

PLS was chosen for calibration.

EXPERIMENTAL

Reagents and standards

All the compounds studied were obtained as free acids or sodium salts from
Fluka (Buchs, Switzerland), Aldrich Chemie (Beerse, Belgium) or Across (Geel,
Belgium). Standard solutions of each compound in a concentration of 1000
mg I" were prepared in Milli-Q quality water. To increase solubility of some
compounds, several drops of sodium hydroxide 0.1 N were added, except for
2-naphthalenesulfonate, which was solubilized in Milli-Q water-methanol
(Merck, Germany; 85:15, v/v). From these solutions, mixtures of compounds

in different concentrations were prepared to perform the calibration.

Disodium hydrogen phosphate (Panreac, Barcelona, Spain), sodium dihydrogen
phosphate (Probus, Badalona, Spain), phosphoric acid 85% (Probus),
tetrabutylammonium bromide (Fluka) and methanol (Merck) were used to

prepare mobile phase and samples.
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Apparatus

The chromatographic system consisted of a System 525 pump (Bio-Tek
Kontron Instruments) and a 25-ul injection loop. The chromatographic
column was a 15.0x0.4 cm Kromasil 100 Cis with a 5-um particle size

(Teknokroma, Barcelona, Spain).

The detection system was an Aminco Bowman Series 2 spectrofluorimeter
(SLM-Aminco, Rochester, NY, USA), equipped with a 25-ul flow cell (Hellma
176.752, Baden, Germany).

Extraction was carried out with a 10x3 mm precolumn packed with 20 um
PLRP-s (Polymer Laboratories, Shropshire, UK). This precolumn was on-line

coupled to the chromatographic system by a Rheodyne 7010 valve.

An Applied Biosystems (Ramsey, USA) pump was used to preconcentrate

samples through the extraction precolumn.

Experimental conditions

Chromatographic separation

Chromatographic separation was performed in isocratic conditions. The
mobile phase was 35% methanol and 65% aqueous phase, which contained
6.9 mM of a disodium hydrogen phosphate-sodium dihydrogen phosphate
buffer and 4.6 mM of tetrabutylammonium bromide. The pH of the agueous
phase was adjusted to 6.5 with phosphoric acid and filtered through a 0.45-
pm membrane filter. The mobile phase was degassed with a stream of
helium. Analysis was performed at room temperature. The mobile phase

flow-rate was 1 ml min™.
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Detection

With fast-scanning fluorescence detection, two different excitation
wavelengths were used: 293 nm for compounds 1-8 and 308 nm for
compounds 9-12. The emission wavelengths were scanned from 350 nm to
450 nm at 50 nm s and readings were taken every 1 nm. In this way, one
spectrum was recorded every 2.7 s (the time required by the

monochromator to return to the initial position is included).

Data were obtained in a flow cell, so every spectral point corresponds to a
different composition of chromatographic eluent. Moreover, a fluorescent
blank (due to the mobile phase and the flow cell) and a background noise
caused by the low integration time in the fast-scanning system are added to
the fluorescence of the analytes. Our data therefore had to be corrected
[17]. The rectification process was as follows: blank was first substracted
from the initial chromatogram; the fluorescent intensities were then
corrected by spline interpolation to obtain the spectra at a fixed time; finally,
the resulting spectra were smoothed out to minimise background noise [17].
This process was carried out using a computer program written in MATLAB
language (Mathworks, Natick, MA, USA).

Solid-phase extraction

Tetrabutylammonium bromide was added to samples at a concentration of 3
mM as the ion-pairing reagent. Disodium hydrogen phosphate-sodium
dihydrogen phosphate buffer was also added at a concentration of 2.5 mM to

ensure that the pH of the samples were appropriate for ion-pair formation [12].

The process of on-line solid-phase extraction was as follows: the precolumn
was washed with 8 ml of methanol at 4 ml min”'; the position of the valve
was then changed and the precolumn was conditioned by mobile phase; the

position of valve was then changed again and 20 ml of sample was
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preconcentrated at 4 ml min”'; finally, the retained analytes were eluted in
backflush mode and injected into the chromatographic column by mobile

phase.

RESULTS AND DISCUSSION

Because the characteristics of the compounds are very similar, the gradient
for acceptable separation of the naphthalenesulfonates has to have a gentle
slope and the analysis wusually took 1 hour [12]. A fast-scanning
fluorescence spectrometer was used as a detection system because this can
measure coeluted analytes and complete separation is therefore not
necessary. An isocratic analysis was selected because of the simpler
instrumentation and blank subtraction. For this purpose, a partial separation
of the compounds was optimised, taking into account that at least 10
spectra had to be acquired for every chromatographic peak [17], and 35 %
methanol was selected. In this way, the analysis took less than 25 min,

although the 10 first eluted peaks were eluted in only 10 min (see Figure 1).

Different mixtures of the compounds were injected to determine linear
range. The lower limit of this range was obtained from quantification limit,
calculated as 10 times the standard deviation of the noise of a blank
chromatogram, and the upper limit was taken from the maximum quantity of

analyte that can be read before the detector is saturated.

For the SPE process, the preconcentration volume was checked for tap and
river water using PLRP-s as a sorbent. From previous work [12] and
additional experiments, 20 ml of sample was preconcentrated. Results are
shown in Table 1. Recoveries for the first eluted compounds are lower
because of the polarity, but they are slightly greater than with other
sorbents like Cis for most compounds [2,11]. This table also shows the

linear ranges obtained for each compound, which were determined by
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preconcentrating different samples containing non-overlapped peaks. We
can see that the quantification limits were low and a few ng I’ in some
cases could be quantified. These limits are lower than those obtained by UV
detection [12] and quite similar to those obtained by mass spectrometry

[15] at the same extraction conditions.

Fluorescence intensity
(relative units)

9
10 11 ]
12 a
1 ]
b
0 L L . L :
0 5 10 15 20 25

Retention time (min)

Figure 1. (a) Profile plot of spiked Ebro river water obtained with fast-scanning
fluorescence spectrometer. Concentration (ug I''): 0.1 (compounds 3, 4, 7,
9), 0.3 (compounds 1, 5, 6, 10), 0.8 (compound 8), 3 (compounds 2, 11)
and 6 (compound 12). For peak identification, see Table 1. (b) Profile plot of
unspiked Ebro river water.
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For calibration, eight tap water samples spiked at different concentrations of
compounds were analysed. These concentrations were chosen in such a
manner that all the linear range for each compound was included and different
ratios of concentration were used. The three-way PLS was chosen as the
calibration method [19]. The optimum model was built with the minimum
number of factors that give an error of prediction which is not significantly
different from the minimum. This error was calculated by a leave-one-out
cross-validation procedure. The number of factors for every compound and the
relative error in each case are shown in Table 2. For most compounds, this

error is small enough, if we take into account that the concentrations are low.

Table 2. Parameters of three-way PLS calibration.

Relative error of

No. Compound No. of factors
calibration (%)
1 6-amino-4-hydroxy-2-naphthalenesulfonate 3 9
2 5-amino-1-naphthalenesulfonate 6 10
3 7-amino-4-hydroxy-2-naphthalenesulfonate 3 55
4 4-amino-1-naphthalenesulfonate 5 27
5 naphthalene-2,6-disulfonate 4 15
6 b-amino-2-naphthalenesulfonate 5 15
7 naphthalene-1,5-disulfonate 6 32
8 naphthalene-2,7-disulfonate 3 10
9 4-hydroxy-1-naphthalenesulfonate 3 3
10 8-amino-2-naphthalenesulfonate 2 9
11 2-amino-1-naphthalenesulfonate 2 10
12 2-naphthalenesulfonate 2 19
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Three tap water samples were analysed to evaluate repeatability and the
results, expressed in %RSD, were between 0.5 and 4, depending on the

compound.

For checking the prediction capability of the method, three tap water
samples spiked with naphthalenesulfonates were analysed. The comparison
of real and predicted concentrations is included in Table 3. The values are
very similar and errors are acceptable taking into account the low levels of
concentration. So, the method enabled low levels of naphthalenesulfonates

to be quantified in a short time and with an isocratic elution.

Table 3. Real and predicted concentrations in tap and Ebro river waters for n=3.

Real Predicted concentration (ug I')
No. Compound conc(:jgtlrf;tion Tap water Ebro river
water

1 6-amino-4-hydroxy-2-naphthalenesulfonate 0.3 0.24 + 0.04 0.36 + 0.05

2  5-amino-1-naphthalenesulfonate 3 2.9+0.1 45+0.5
3  7-amino-4-hydroxy-2-naphthalenesulfonate 0.1 0.14 + 0.04 0.21 £ 0.06
4 4-amino-1-naphthalenesulfonate 0.1 0.08 + 0.01 0.17 £ 0.02
5 naphthalene-2,6-disulfonate 0.3 0.23 +0.01 0.09 + 0.02
6  5-amino-2-naphthalenesulfonate 0.3 0.23 + 0.04 0.45 + 0.03
7  naphthalene-1,5-disulfonate 0.1 0.16 + 0.11 0.13+£0.01
8 naphthalene-2,7-disulfonate 0.75 0.70 + 0.04 1.32 +0.05
9 4-hydroxy-1-naphthalenesulfonate 0.1 0.08 + 0.01 0.16 £ 0.01
10 8-amino-2-naphthalenesulfonate 0.3 0.31 £ 0.07 0.58 + 0.01

11 2-amino-1-naphthalenesulfonate 3 1.5+0.56 2.3+0.1

12 2-naphthalenesulfonate 6 5.2+1.6 7.7+0.1

The calibration model was also tested for river water sample in order to
check if it can be applied to this kind of samples. Three spiked river water
samples were analysed at the same levels than in tap water and results are

shown in Table 3. Results are not so good as for tap water which may be
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due to the differences in sample matrix and the possible interference of
humic and fulvic acids, which may be significant when river water is
analysed. However, for a fast control of the presence of these compounds
the method may also be suitable. As an example of spiked Ebro river water
analysis, a profile plot including the blank signal is shown in Figure 1, where
the partial separation of the compounds can be seen and a three-
dimensional chromatogram obtained using the fast-scanning fluorescence
spectrometer for a spiked Ebro river water is shown in Figure 2.

10
Fluorescence
g intensity
6

450

Emission
wavelength
(hm)
350

5 10 15
Retention time (min.)

Figure 2. Chromatogram of spiked Ebro river water obtained with fast-scanning
fluorescence spectrometer. For concentration of compounds, see Figure 1.
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CONCLUSIONS

An analytical method consisting of on-line ion-pair solid-phase extraction with
PLRP-s sorbent and ion-pair liquid chromatography with a fast-scanning
fluorescence spectrometer has been developed for quantifying a mixture of 12
naphthalenesulfonates and naphthalenedisulfonates using a three-way PLS to
perform calibration. The method is simple because an isocratic elution is used
and fast since a reduction in analysis time from 1 hour to about 25 min has
been achieved, since complete separation of analytes is not needed. In these
conditions, a concentration of 0.01-3 pg I'', depending on the compound, can
be quantified in tap water with good repeatability.
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I.3.

DETERMINACIO D’HIDROCARBURS AROMATICS POLICICLICS
I COMPOSTOS AROMATICS HETEROCICLICS DERIVATS DE
SOFRE MITJANCANT LA CROMATOGRAFIA LIQUIDA D’ALTA
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MASSES AMB IONITZACIO QUIMICA A PRESSIO
ATMOSFERICA EN MOSTRES D’AIGUA DE MAR | SEDIMENTS
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La MS és una técnica que, acoblada a I'HPLC, s’utilitza cada vegada més
per a la determinacié de contaminants en mostres ambientals ja que, a més
de permetre la seva quantificaci6, també permet la confirmacié dels

compostos detectats en les mateixes.

Tot i aixd, hi ha compostos per als quals aquest sistema encara no ha estat
molt utilitzat. Un exemple d’aquests compostos s6n els hidrocarburs
aromatics policiclics (PAHs). Fins al moment de realitzacié d’aquest treball,
aquests compostos es determinaven generalment utilitzant sistemes
acoblats HPLC-UV-visible o HPLC-FLD [1]. Pel que fa a I'Gs de I"acoblament
HPLC-MS, tot i que se n’havien realitzat algunes aplicacions, aquest sistema
no estava molt estés degut a la dificultat d’ionitzacié d’aquests compostos
[2]. D’entre les interfases que permeten I'acoblament de I'HPLC i la MS, hi
havia algun métode que emprava I'ES addicionant substancies m-acceptores
com el catié tropili per tal de millorar-ne la ionitzacié [3], o la recentment
desenvolupada APPI, que facilita la ionitzacié dels analits mitjancant I’aplicacié
de radiaci6 UV [4]. No obstant, I"APCI era la interfase més emprada en els
treballs que s’havien realitzat fins al moment de realitzacié d'aquest treball
[3].

A més dels PAHs, hi ha altres compostos com els compostos aromatics
heterociclics derivats de sofre (PASHs) que, tot i no estar regulats per I'EU
com els primers [5], també sén potencialment cancerigens i tenen una
elevada bioacumulacié [6]. No obstant, aguests compostos no han estat

gaire estudiats, sobretot en el medi mari.

Per tant, es va proposar el desenvolupament d'un métode per avaluar la
preséncia dels PAHs i PASHs en el medi costaner, no només en aigua
procedent de ports, sind també en els sediments marins degut a la tendéncia
d’aquests compostos a sedimentar. Aquest métode es va basar en la MS
acoblada a HPLC mitjancant la interfase d’APCIl. Donat que el métode

habitual per obtenir bona sensibilitat utilitza la FLD [7], es va pensar també
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en el desenvolupament d’un meétode utilitzant aquest tipus de detector per

poder comparar aixi els resultats obtinguts amb ambdés detectors.

Per tant, l'objectiu d’aquest treball va ser el desenvolupament de dos
meétodes per a la determinacié d'una barreja de deu PAHs i PASHs en aigua
de mar i en sediments marins, ambdds basats en HPLC, utilitzant dos tipus
de deteccié diferents: un detector de fluorescéncia i la MS amb APCI (APCI-
MS).

En l'optimitzacié del métode basat en I|'acoblament HPLC-MS, la millor
ionitzacié dels compostos es va obtenir quan s’utilitzava una barreja
d’aigua:metanol 40:60 com a fase mobil, tot i que altres autors havien
observat una disminucié en la sensibilitat degut a la preséncia d’aigua en la
fase mobil. Donat que en aquestes condicions la separacié era molt llarga,
es va optar per una separacié cromatografica emprant metanol a flux 0.75
ml min™” i una addicié post-column d’aigua a flux 0.5 ml min”. En aguestes
condicions, tres dels compostos estudiats no van poder ser determinats
mitjancant aquest tipus de deteccié. Per a la resta de compostos, cal
remarcar la falta de fragments obtinguts a I’espectre, fins i tot aplicant
voltatges de fragmentacio elevats, aixi com |’obtencié de I'i6 [M]'* com a

pic base, mentre que I'i6 [M+H]* apareixia de forma minoritaria.

Pel que fa al pretractament de les mostres aquoses, es va optar per la SPE
acoblada en linia al sistema cromatografic. Com a sorbent, es va seleccionar
un sorbent poliméric de PS-DVB, el PLRP-s, que ja havia donat bons
resultats en treballs anteriors realitzats al nostre grup per a l’extraccié de
PAHs de mostres aquoses [7]. Com s’ha comentat en la introduccid, un dels
problemes que es presenten a |'hora de determinar aquests compostos és la
tendéncia que tenen de quedar adsorbits en el sistema degut al seu caracter
hidrofobic. Una forma d’evitar aquest problema és afegint un percentatge de
solvent organic, habitualment acetonitril o 2-propanol, a la mostra abans de
la seva extraccié [7]. Per tant, en l'optimitzacié d’aquesta etapa, es va

estudiar el volum de ruptura dels compostos quan s’addicionen diferents
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percentatges d’aquests solvents a la mostra abans de la seva

preconcentracié.

D’entre les técniques d’extraccié per a sediments, es va triar |'extraccié amb
solvents organics degut a la seva simplicitat [8]. Pel que fa al solvent, es va
triar el diclormeta tenint en compte les bones recuperacions obtingudes en

altres treballs [8].

Una vegada optimitzats els dos métodes, es van aplicar a l'analisi de
mostres dels ports esportiu i pesquer de Tarragona. Tot i que en l'aigua de
mar no es van detectar els compostos estudiats, en les mostres de
sediments es van poder quantificar cinc dels compostos: el
benzo[blfluoranté, el benzolklfluoranté, el benzolalpiré, el benzolg,h,ilperilé i

I'indeno[1,2,3-cd]pire.

Comparativament, els dos métodes sén complementaris per a la
determinacié dels compostos estudiats en mostres ambientals. El métode
amb deteccié mitjancant MS, si bé no permet la determinacié de tres dels
compostos estudiats, permet assolir nivells de concentracié similars als que

s'obtenen utilitzant un FLD per a la majoria de compost restants.

Seguidament, s’inclou una copia del treball publicat en la revista Journal of
Chromatography A, 958 (2002) 141-148, que resumeix els resultats

obtinguts en aquest estudi.
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DETERMINATION OF POLYCYCLIC AROMATIC HYDROCARBONS AND
POLYCYCLIC AROMATIC SULFUR HETEROCYCLES BY HIGH-PERFORMANCE
LIQUID CHROMATOGRAPHY WITH FLUORESCENCE AND ATMOSPHERIC
PRESSURE CHEMICAL IONIZATION MASS SPECTROMETRY DETECTION IN
SEAWATER AND SEDIMENT SAMPLES

ABSTRACT

Two methods for determining ten polycyclic aromatic compounds were
developed. Both methods were based on high-performance liquid
chromatography (HPLC), but one method used fluorescence detection, while
the other used atmospheric pressure chemical ionization mass spectrometry
(APCI-MS) detection. For water analysis, a solid-phase extraction (SPE) was
on-line coupled to the separation system. Using a styrene-divinylbenzene
copolymer (PLRP-s) as sorbent in the SPE and adding 20% of acetonitrile to
the water sample before its preconcentration, recoveries were above 70% for
most of the compounds. For the fluorescence method, all compounds were
detected and six of them could be quantified at concentrations higher than
0.02 nug I'". For the MS detection method, only seven of the compounds were
detected and six were quantified at a concentrations higher than 0.06 pg I".
To analyse sediment samples, an extraction with dichloromethane was used
and, due to the complexity of the matrix, a standard addition calibration was
carried out. Seawater and sediment samples taken from the Tarragona fishing
port and marina on the coast of Catalonia (Spain) were analysed, and five
compounds (benzo[blfluoranthene, benzolklfluoranthene, benzolalpyrene,
benzol[ghilperylene and indeno[1,2,3-cdlpyrene) were quantified in the

sediment samples.

Keywords: Water analysis; Sediment; Polynuclear aromatic hydrocarbons;

Polynuclear aromatic sulfur heterocycles
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INTRODUCTION

Polycyclic aromatic hydrocarbons (PAHs) are reported to have mutagenic
and/or carcinogenic effects. The European Union (EU) has therefore

developed a directive for controlling six PAHs in drinking water [1].

Some analogues of these compounds, such as polycyclic aromatic sulfur
heterocycles (PASHs), are also potentially mutagenic and carcinogenic [2].
But, although they have a high bioaccumulation [3] and have been found in
some water and sediment samples [4], they have not been studied as

extensively as PAHSs.

These compounds occur in the environment as a result of natural or
manmade incomplete combustion of organic materials, discharge from
industrial processes, oil spill accidents, ballast operations, petroleum
transport, traffic, etc [5]. This is why it is very important to develop

analytical methods for monitoring their presence in the environment.

The most common techniques used to separate PAHs are gas-
chromatography (GC) [6-10] and high-performance liquid chromatography
(HPLC) [9-13]. With HPLC, the most common detection systems are UV-
visible or diode-array (DAD) detectors [10-12] and fluorescence [9-11,13].
MS has not been as extensively used because these compounds are difficult
to ionize. Some studies have been reported [14-18] using interfaces such as
electrospray (ES), atmospheric pressure chemical ionization (APCI) or
atmospheric pressure photoionization (APPI). The last one is a new interface
that makes it possible to analyse compounds which are difficult to ionize
due to their low polarity [18]. For ES, the addition of the tropylium cation to
form the PAH-tropylium (rn donor-n acceptor) complexes is proposed [17] in
order to improve the ionization. APCI can also be used to determine PAHs,
although for some compounds some authors found a decrease in sensitivity

due to the presence of water in the mobile phase [14,15].
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Because of the low concentration levels to be quantified in water samples,
an enrichment step is needed before chromatographic analysis. This step
has not been studied as much for PASH compounds. For PAHs, several
preconcentration techniques have been used, but the most common
preconcentration technique is solid-phase extraction (SPE) [19,20]. The
sorbents that are most often used with SPE are Cis and styrene
divinylbenzene  copolymers [5,11,19,20] like  PLRP-s, although
immunosorbents have also been used [10,21].

The main problem with these compounds is that they tend to become
adsorbed onto the walls and surfaces they come into contact with. To avoid
this, an organic solvent such as acetonitrile or 2-propanol or a surfactant
must be added to the sample [11,19,22].

As mentioned above, the solubility of these compounds in water is very low
and they tend to deposit in sediment samples. For this, it is also important
to determine them in such samples. One of the most common techniques
for the extraction of the analytes from solid samples is using an organic

solvent that is kept in contact with the sample [23,24].

The aim of this paper is to develop and compare two methods for determining
polycyclic aromatic compounds, including the six PAHs regulated by the EU,
and four PASHSs, selected from bibliography. One method involves HPLC
separation with fluorescence detection and the other involves APCI-MS
detection, as an alternative to the previous method. To analyse seawater, an
on-line SPE step with a polymeric sorbent (PLRP-s) is used. For sediment
sample analysis, the compounds are determined after extraction with an
organic solvent. Finally, these methods are applied to determine these
compounds in seawater and sediment samples from the marina and fishing

port of Tarragona in Catalonia (Spain).
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EXPERIMENTAL

Reagents and standards

Figure 1 shows the structures of the studied compounds. All were obtained
from Fluka (Buchs, Switzerland), Aldrich Chemie (Beere, Belgium), Sigma
(Alcobendas, Madrid, Spain), Across (Geel, Belgium) or Supelco (Bellefonte,
PA, USA), and all had a purity of more than 97%. Standard solutions of
each compound at a concentration of 500 mg I' were prepared in
acetonitrile (SDS, Peypen, France) and stored at 4°C. All the working
solutions were prepared by diluting these solutions.

For the mobile phase, HPLC gradient-grade acetonitrile and methanol (SDS)
were used. To optimize the preconcentration step, HPLC gradient-grade 2-
propanol (Merck, Germany) was also used. Ultra pure water was prepared
by ultra filtration with a Milli-Q water purification system (Millipore, Bedford,
MA, USA).

Apparatus

An HP1100 system (Agilent Technologies, Barcelona, Spain) was used for
HPLC separation. For detection, an HP1046A programmable fluorescence
detector (Hewlet Packard, Barcelona, Spain) and an HP1100 mass-selective
detection system with an APCI interface (Agilent Technologies) were used.
The chromatographic column was a 15x0.46 cm Pinnacle PAH with a 5 um
particle size (Restek, Bellefonte, USA). For direct injection experiments, 20 pl

of sample volume was injected using an autosampler.

An HP1100 isocratic pump was used to add water into the mobile phase

and improve the MS detection.
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Benzo[b]thiophene (1) Dibenzothiophene (2) Fluoranthene (3)
MwW=134 MW=184 MW=202

O g OI Olcc
S

Benzo[b]naphtho[2,3-d]thiophene (4)  Benzo[b]naphtho[2,1-d]thiophene (5) Benzo[b]fluoranthene (6)
MW=234 MW=234 MW=252

Benzo[k]fluoranthene (7) Benzo[a]pyrene (8) Benzo[ghi]perylene (9)
MW=252 MW=252 MW=276

Indeno[1,2,3-cd]pyrene (10)
MW=276

Figure 1. Structures of the studied compounds. The identification numbers used in the figures
and text are in brackets. The molecular weight (MW) of the compounds are also
indicated.

For the SPE step, a 10x3 mm stainless steel precolumn (Free University,
Amsterdam, The Nederlands) laboratory-packed with 20 um PLRP-s sorbent
(Polymer Labs, Shropshire, UK) was used. The precolumn was on-line
coupled to the chromatographic system with a Rheodyne 7000 valve, and
an Applied Biosystems pump (Ramsey, NJ, USA) was used to

preconcentrate the samples.
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HPLC-fluorescence conditions

For HPLC separation with fluorescence detection, the mobile phase
contained Milli-Q water and acetonitrile. The analysis started with 40% of
acetonitrile, which was increased linearly up to 100% in 30 min. This
percentage was maintained for 10 min to return to the initial conditions in 3
min. The column was equilibrated for 5 min. The column temperature was

30°C and the mobile phase flow-rate was 1 ml min™.

For fluorescence detection, the following program of wavelengths was used:
at O min, Aex=233 nm and Aem=312 nm; at 15 min, Aex=233 nm and
Aem=341 nm; at 18 min, Aex=233 nm and Aem=420 nm; at 23 min,
Aex=267 nm and Aem=387 nm; at 26 min, Aex=271 nm and Aem=363 nm;
at 27.5 min, Aex=255 nm and Aem=420 nm; at 33 min, Ae&x=230 nm and
Aem =450 nm.

HPLC-APCI-MS conditions

For the MS detection, an isocratic separation with methanol as the mobile
phase was used. The flow-rate was 0.75 ml min' and the column
temperature was 45°C. Water at a flow rate of 0.5 ml min' was added

between the separation and the MS systems to increase the response.

The positive ionization mode was selected and, after optimization, the
vaporizer temperature was 500 °C, the nebulizer gas pressure was 60 p.s.i.,
the APCI drying gas was nitrogen at a 6 | min™ at a temperature of 350 °C,
capillary voltage was 4000 V and the corona current was 6 uA
(1 p.s.i.=6894.76 Pa). The fragmentor voltage was set to 175 V and the

gain was 16.

Chromatograms were recorded under selected-ion monitoring (SIM)

acquisition. The molecular ion [M]'* was selected for each compound. Under
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these conditions, only compounds 4-10 could be quantified because no

signal was obtained for the rest.

Extraction methods

In the SPE process, the precolumn was first washed with 20 ml of
acetonitrile and then with 20 ml of Milli-Q water at 4 ml min". The tubes
were then purged with the sample and finally 25 ml of this sample was
preconcentrated at 2 ml min'. To inject the compounds into the
chromatographic system, the retained analytes were eluted in backflush

mode by mobile phase.

To analyse sediment sample, the enrichment step involved adding 2x30 ml
of dichloromethane to 1 g of sample [25]. The mixture was shaken
vigorously and kept for 30 min at each step. The supernatant was
evaporated to dryness in a rotary evaporator. Finally, the residues were
dissolved in 0.5 ml of acetonitrile. This solution was filtered through a 0.2-
pm nylon syringe filter (Teknokroma, Barcelona, Spain) before being directly

injected into the chromatographic system.

Sampling

Seawater samples were taken from the fishing port and marina in Tarragona,
Catalonia (Spain). Seawater was also taken from the open sea as a blank
sample. The samples were collected in 2.5-1 precleaned amber glass bottles.
20% of acetonitrile was added to prevent the compounds from being adsorbed
onto the wall of the bottles. The samples were then filtered through a 0.45-um

membrane filter (Whatman, Maidstone, UK) and kept at 4 °C until analysis.

Sediment samples were collected from the port of Tarragona and dried at

room temperature.
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RESULTS AND DISCUSSION

Optimization of HPLC with fluorescence detection

The chromatographic column specified in Apparatus section was selected
because it separates PAHs with high resolution. Moreover, mobile phase and
wavelength program were optimized and the conditions are specified in
HPLC-fluorescence Conditions section. Under these conditions, all ten

compounds were separated in 35 min.

Calibration models were constructed and the highest concentration of the
linear range was between 1 and 20 mg I and the quantification limits
ranged from 0.0005 to 0.075 mg I'. Linearity was good for all the
compounds and correlation coefficients (R?) were above 0.9997.

Optimization of HPLC-APCI-MS

The operational parameters of the APCI interface and MS detection were
optimized for positive ionization mode because for the negative mode there
was no response for most of the compounds. These parameters and their
studied ranges were: drying gas flow (1-13 | min”) and temperature (150-
400 °C), corona current (1-10 pA), nebulizer pressure (10-60 p.s.i.),
capillary voltage (1000-6000 V), vaporizer temperature (200-500 °C),
fragmentor voltage (25-350 V) and gain (4-16). The optimization was
carried out by flow injection analysis (FIA) of several solutions containing
the individual compounds at a concentration of 5 mg I"'. An increase in the
signal of most of compounds was observed when water was added to the
carrier stream, although some authors [15,16] observed the opposite effect.
So several percentages of water were checked. Acetonitrile and methanol
were also checked as organic solvent in the carrier stream. Results were

best with a water-methanol 40:60 solution, although compounds 1-3 were
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not detected, so this mobile phase was chosen for separating the

compounds.

However, since at this mobile phase composition the analysis time was too
long, the separation was established using methanol at a flow-rate of 0.75
ml min”' as mobile phase and a post-column addition of water at a flow-rate
of 0.5 ml min' before MS detection. Under these conditions, separation
took only 20 min.

The optimum conditions outlined in HPLC-APCI-MS Conditions section were
chosen for the MS detection taking into account the results for the
individual compounds. For all compounds, the molecular ion [M]* was
obtained as base peak, and with a relative abundance (RA) between 8 and
15%, the ion corresponding to the addition of a proton [M+H]*.

Calibration models were constructed for the MS detection. The highest
concentration of the linear range was 20 mg I'' and the quantification limits
were between 0.007 and 0.06 mg I"'. Linearity was good for all compounds

and correlation coefficients (R?) were above 0.997.

Optimization of SPE process

The studied compounds tend to be adsorbed onto the walls and surfaces of
the system and an organic solvent has to be added to the samples. This
parameter has been studied for PAHs [19], but it had to be optimized for
PASHs. For PAHs, the most common solvents are 2-propanol and
acetonitrile [19], so both of these at different percentages were checked. In
both cases some interferences from solvent coeluted with the first eluted
compounds. Comparing optimum percentages of them, similar results were
obtained, but less interferences were obtained for acetonitrile, so this
solvent was chosen. In Table 1, some results are shown as an example. At

low concentration of organic solvent, some of the last compounds were lost
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because they were adsorbed onto the system. Also, the more organic
solvent added to samples, the lower the recoveries for the first eluted

compounds. Finally, 20% of acetonitrile was chosen.

Table 1. Recoveries obtained when 25 ml of Milli-Q water spiked at 0.8 ug I'' containing
different percentages of acetonitrile was preconcentrated (n=3).

Acetonitrile
Number  Compound

20% 25% 30%
1 Benzo[blthiophene 108 42 17
2 Dibenzothiophene 104 102 104
3 Fluoranthene 100 95 96
4 Benzo[blnaphtho[2,3-d]thiophene 86 86 88
5 Benzo[blnaphtho[2,1-d]thiophene 86 86 89
6 Benzol[blfluoranthene 88 89 91
7 Benzo[k]fluoranthene 78 79 83
8 Benzolalpyrene 71 69 72
9 Benzolghilperylene 64 72 78
10 Indeno[1,2,3-cd]lpyrene 40 51 58

The RSD was under 15% in all cases.

Recoveries were checked when a spiked seawater sample was
preconcentrated and were similar to those obtained when Milli-Q water
samples were preconcentrated.
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Calibration

Seawater samples

Linearity for all the compounds was studied under optimum conditions for
both methods by preconcentrating 25 ml of seawater sample spiked at
different concentrations. Table 2 shows the linear ranges and limits of
detection for a signal-to-noise ratio of 3. For both detectors, good linearity
was obtained and correlation coefficients (R%) were higher than 0.9996 for
fluorescence and higher than 0.9967 for MS. For compounds 4, 8 and 9,
the quantification and detection limits are similar when comparing both
detection systems. For compounds 5-7, the results are lower with
fluorescence detection but for the last compound, the quantification limit is

lower with MS detection.

Repeatability was also evaluated by preconcentrating three seawater
samples spiked at different concentrations of all the compounds. For
fluorescence detection, the concentration was 0.3 pg I’ for compounds 1,
2, 4,5, 9 and 10, and 0.02 ug I" for compounds 3 and 6-8. The results,
expressed as relative standard deviation (RSD), were between 2 and 15 %,

although most of the results were lower than 10 %.

For MS detection, the concentration was 1 ug I’ for compounds 5 and 6,
0.1 ug I'" for compounds 4, 7, 9 and 10, and 0.01 ug I for compound 8. In

this case, the results were between 3 and 8 %.

Figure 2 shows the chromatograms obtained at these conditions for both

detection systems.

Reproducibility between days (n=3) was also evaluated for both methods at
the same concentrations as for the repeatability analysis. Results were
between 2 and 20 % for fluorescence detection, being lower than 15 % for

most compounds, and between 6 and 13 % for MS detection.
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Figure 2. Chromatograms obtained at the optimum conditions for SPE-HPLC-
fluorescence and SPE-HPLC-APCI-MS when 25 ml of seawater sample
was preconcentrated. Signal identification: (A) and (B), blank and spiked
sample for fluorescence detection; (C) and (D), blank and spiked sample
for MS detection. The concentration levels for the spiked samples are
specified in the text. For peak identification, see Figure 1.

Sediment samples

From the different techniques available to analyse sediment samples, an

extraction with an organic solvent was chosen because of the simplicity of
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this technique. As explained in Extraction Methods section, dichloromethane
as organic solvent was selected from literature [25], and because of the

complexity of the sample, a standard addition calibration was carried out.

Application to real samples

The developed methods were applied to analyse seawater and sediment

samples from Tarragona fishing port and marina in Catalonia (Spain).

In seawater samples no compound was detected within the Ilimits
established in the methods, but when sediment samples were analysed,
some of the studied compounds were detected. To quantify them, standard
addition calibration was carried out. Sediment samples spiked at
concentrations of between 75 and 600 ug kg' were treated as explained in
Extraction Methods section and analysed by both fluorescence and MS
detection. Three unspiked sediment samples were also analysed for

quantification. Figure 3 shows the chromatogram for each method.

Because of the different quantification limits of the methods, not all the
compounds could be guantified with the two methods. With fluorescence
detection, compounds 6-8 could be identified and quantified at
concentrations of 230, 86 and 174 pg kg'. With the APCI-MS system,
compounds 7-10 were identified and quantified. The results were 526, 218,
281 and 123 pug kg', respectively. For both detection systems, the RSDs
were less than 15% in most cases. As can be seen, there are some
difference between the concentration of compound 7 when calculating it
using the different detection systems. These could be explained by the
presence of interfering peak because in the MS chromatogram under SIM
acquisition mode there are some other peaks that appear at similar retention
time to the studied PAHs. These interferences could not be identified under

full-scan acquisition mode because of the low concentration levels.
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Figure 3. Chromatograms obtained for a sediment sample with fluorescence (A) and
MS (B) detection.

Therefore, to detect whether there is any interference, we suggest on-line
coupling between fluorescence and MS detection, since each detector

provides complementary information.
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CONCLUSIONS

Two methods have been optimized for determining a mixture of polycyclic
aromatic compounds in seawater and sediment samples. Methods consist
on fluorescence or APCI-MS detection after HPLC separation. APCI-MS
detection was found to be not an alternative technique to the mostly used
fluorescence but a good complementary technique for the detection of these
compounds. To analyse seawater samples, 25 ml of sample was
preconcentrated by on-line SPE with PLRP-s as sorbent and 20% of
acetonitrile was added to the sample prior to preconcentration. For the
fluorescence detection method, quantification limits ranged from 0.004 to
0.3 ug I'" depending on the compound. Using the APCI-MS detection, only
seven of the studied compounds could be detected and the quantification
limits for these compounds ranged from 0.006 to 0.7 pg I'. To analyse
sediment samples, an extraction with dichloromethane was used and a
standard addition calibration was carried out. These methods were used to
quantify these compounds in seawater and sediment samples from
Tarragona fishing port and marina on the coast of Catalonia (Spain).
Although no compound was detected in the seawater samples, five
compounds were quantified in the sediment samples using both detection

systems.
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La determinacié de contaminants en mostres complexes, com els sediments
marins, és important, ja que molts compostos hidrofdbics, com per exemple
els PAHs, tendeixen a aparéixer en aquest tipus de mostra. Perd, com s’ha
vist en el treball anterior, aquesta determinacié és una tasca dificil degut a la
complexitat de la mostra, ja que és possible que quan s’apliqui el metode
optimitzat amb patrons a I|'analisi de mostres reals, apareguin pics que
corresponen a substancies contingudes a la mostra i que coelueixin amb els
compostos estudiats, de manera que la quantificacié pot ser errdonia. Per
solventar aquest problema, s’ha d’optimitzar una nova separacié que
permeti la resolucié dels pics cromatografics per tal de poder quantificar
I"analit d’interés. Tot i aixi, si la mostra és molt complexa i el detector és
poc selectiu, pot succeir que la separaci6 completa sigui molt dificil

d’aconseguir.

Com s’ha explicat en la introduccié de la present tesi, una alternativa a la
utilitzacié de la separaci6 cromatografica per a la quantificacié de
substancies aplicant la calibracié univariant és I'aplicacié de la calibracié de
segon ordre [1]. Aquest tipus de calibracié, que requereix dades de segon
ordre per a cada mostra, permet la quantificaci6 de compostos a partir de

pics cromatografics que no estan totalment separats.

Hi ha diferents algorismes que permeten realitzar aquest tipus de calibracid,
com per exemple el 3-PLS, que s’ha utilitzat en el treball presentat a
I"apartat II.2. Un altre d’aquests algorismes és el GRAM [2], que és
especialment interessant degut a qué permet la quantificacié de I'analit
d’interés utilitzant Unicament una mostra de calibracié. Aquest meétode ja
havia donat bons resultats en un treball anterior en el qual es quantificaven
naftalensulfonats en aigua de depuradora utilitzant una mostra d’aigua

ultrapura fortificada com a mostra de calibracié [3].
Perd en el cas de mostres com els sediments marins, la complexitat de la

mostra fa que moltes vegades aquesta presenti efecte matriu, de manera

que la quantificacié dels analits es duu a terme habitualment mitjancant
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mostres fortificades com a mostres de calibracié i una calibracié univariant
per addicions estandard. Quan aquesta metodologia s’aplica a |'analisi de
mostres reals, el procés de quantificacié és llarg, ja que per a cada nova
mostra s’ha de realitzar una nova calibracié. En aquests casos, |'aplicacio
del GRAM podria ser util, ja que si s'utilitza només una mostra per a la
calibracié, el temps requerit en aquesta etapa es veuria considerablement

reduit.

Per tant, I'objectiu d’aquest treball va ser la quantificaci6 de contaminats
organics en mostres complexes mitjancant |'aplicacié del GRAM. Els
compostos que es van triar van ser els compostos aromatics policiclics que
s’havien estudiat en el treball presentat a |'apartat anterior de la present
tesi, en el qual ja s’havia vist que aquests compostos podien estar presents
en sediments marins i que aquest tipus de mostra complexa produia efecte
matriu en la resposta dels compostos. A més, també s’havia observat la
preséncia de substancies interferents degut a la complexitat de la mostra,
tot i I'Us de detectors amb una elevada selectivitat. El métode desenvolupat
es va basar, doncs, en el metode cromatografic desenvolupat al treball
anterior, si bé es va utilitzar un DAD per tal d’obtenir dades de segon ordre

per a les mostres analitzades.

Els compostos estudiats no van ser detectats en la mostra analitzada, tot i
gue en el treball presentat en |'apartat anterior aquests compostos van ser
trobats i quantificats a concentracions entre 86 i 526 pg kg' en mostres
similars, de manera que el present estudi es va realitzar utilitzant mostres
fortificades com a mostres desconegudes. La quantificacié es va dur a terme
utilitzant una mostra de sediments fortificada per tal de tenir en compte

I’efecte matriu que produia la mostra en el senyal dels compostos estudiats.

Per tal de validar el métode, es va desenvolupar un segon métode per a dur
a terme la calibracié univariant habitualment utilitzada per a la quantificacié
de compostos en mostres reals. Aquest métode requeria un temps d’analisi

considerablement més llarg i només permetia la separacié total de les
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substancies interferents per a dos dels compostos estudiats. Per a aquests
dos compostos, els resultats obtinguts amb els dos métodes de calibracié

van ser estadisticament molt similars.

Pel que fa a la resta de compostos, les dades obtingudes utilitzant el GRAM
es van comparar amb la concentracié teodrica i els resultats van ser bastant
similars estadisticament, amb errors relatius menors del 20% per a la
majoria de compostos, que sén acceptables tenint en compte els baixos

nivells de concentracié quantificats.

Segons els resultats obtinguts, aquest tipus de calibracié pot ser molt Gtil en
I’analisi de mostres complexes, ja que a més de permetre la quantificacié de
compostos a partir de pics que no estan totalment resolts, fa que aquesta
sigui més rapida degut a |'Gs d’'una Unica mostra fortificada per a la
calibracié, que evita el procés de -calibraci6 univariant per addicions
estandard convencional que pot ser llarg, sobretot en aquells casos en que
I’analisi de les mostres requereix molt de temps. A més, en el cas de
mostres complexes que presenten efecte matriu, com els sediments marins,
no es necessita realitzar I'analisi de mostres fortificades per a dur a terme
una nova recta de calibratge per a cada nova mostra, siné que lI'analisi d'una
Unica mostra fortificada és suficient per dur a terme la quantificacié, la qual
cosa fa que el procés de quantificaci6 en aquest tipus de mostres sigui

considerablement més rapid.

Els resultats obtinguts en aquest treball han estat acceptats per la revista

Analytica Chimica Acta per a la seva publicacié. A continuacid, se n’adjunta

una copia.
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SECOND-ORDER BILINEAR CALIBRATION FOR DETERMINING POLYCYCLIC
AROMATIC COMPOUNDS IN MARINE SEDIMENTS BY SOLVENT
EXTRACTION AND LIQUID CHROMATOGRAPHY WITH DIODE ARRAY
DETECTION

ABSTRACT

A method based on solvent extraction followed by chromatographic
separation with diode-array detection has been applied to determine
polycyclic aromatic hydrocarbons in marine sediment samples. Because
interfering substances coeluted with the compounds studied, second-order
calibration using the Generalized Rank Annihilation Method (GRAM) was
used for quantification. For calibration, a spiked sample was used instead of
a standard solution because the complexity of the samples made us suspect
the presence of matrix effect. With this method, the compounds do not
need to be completely separated from the interferences and quantification
can be carried out with only one spiked sample for calibration. Hence the
quantification process is shorter than the one based on univariate

calibration.

The ability of the method to quantify the studied compounds was evaluated
by comparing the results with those of a univariate standard addition

calibration, which involved the previous isolation of the analytes.

Keywords: Polycyclic aromatic hydrocarbons; Polycyclic aromatic sulfur
heterocycles; Marine sediment; Second-order calibration; GRAM;
Standard additions; HPLC-DAD

201



Part experimental i resultats

INTRODUCTION

Polycyclic aromatic hydrocarbons (PAHs) are well-known mutagenic and
carcinogenic compounds, which are produced by the incomplete combustion
of organic materials [1]. These compounds are suspected of having
endocrine disrupting effects [2]. Some homologues of these compounds,
such as polycyclic aromatic sulfur heterocycles (PASHSs), are also suspected
of having potentially mutagenic and carcinogenic effects [3]. For these
reasons they need to be determined in real environmental samples and
particularly in coastal waters because of the variety of possible sources of
contamination. For these compounds and specially for PAHs, marine
sediment is a particularly interesting sample because the compounds are
hydrophobic, which makes them to sediment and occur in this kind of

samples [4].

The most common technique for separating these compounds is high-
performance liquid chromatography (HPLC) [1], although gas
chromatography (GC) [1] and supercritical fluid chromatography (SFC) [5]
have also been applied. For HPLC, the most common detectors are UV-
visible or diode-array detectors (DAD) [6,7], and fluorescence detector (FLD)
[8,91, although interest in mass-spectrometry detection (MSD) is increasing

because of its selectivity and sensitivity [4,10].

A step before chromatographic separation is required in order to extract the
analytes from the sample. For solid samples, such as sediments, analytes
are extracted by mixing the sample with an organic solvent [4], although
other techniques have also been reported; for example, microwave-assisted
extraction [11], Soxhlet extraction [12], supercritical fluid extraction (SFE)

[12] or accelerated solvent extraction (ASE) [9].
These extraction processes are usually not selective enough, so a number of

interfering substances are extracted. If the compounds studied are to be

quantified by univariate calibration, these interferences have to be separated
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from the analytes. However, in most occasions, complete separation cannot

be achieved or the separation time is too long.

In these cases, second-order calibration algorithms, which do not require
complete separation of the analytes, can be used for quantification [13]. These
algorithms use data matrices for each sample. These matrices can be obtained,
for example, by an HPLC-DAD system, which can record the spectra of the
chromatographic system’s effluent. In this way, a data matrix (elution time x

wavelength) is obtained for each sample.

Several algorithms that use second-order data are described in the literature
[14-16]. Of these, the Generalized Rank Annihilation Method (GRAM) [17-
19] has interesting properties since it only requires two data matrices for
quantification: one from the calibration sample and the other from the
unknown sample. Recently, it has been proved that GRAM predicts similarly
to the Parallel Factor Analysis (PARAFAC) when only two samples are used
[16], so both methods can be useful as calibration methods for second-order
data. But, unlike PARAFAC, GRAM is a non-iterative method and several
figures of merit like the limits of detection, the sensibility and the variance
of the predicted concentrations can be easily calculated [20]. Then, we

focused our attention to the application of GRAM.

As a calibration sample, a pure standard is commonly used, but it can lead
to erroneous quantification for very complex samples in which matrix effect
is present. In these cases, a standard addition method is recommended. In
univariate calibration, this method is very time-consuming, because
calibration has to be carried out for every new sample. GRAM, however,
makes this process shorter, because only one spiked sample is needed for

quantification.
The aim of this paper is the application of GRAM to quantify a mixture of

ten PAHs and PASHs in marine sediment samples. Calibration is carried out

using a spiked sample, since matrix effect is suspected in these very
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complex samples. The results will be validated by comparison with those

obtained with univariate standard addition calibration.

EXPERIMENTAL

Reagents and standards

The compounds studied were: (1) benzolblthiophene (Aldrich Chemie,
Beere, Belgium), (2) dibenzothiophene (Aldrich Chemie), (3) fluoranthene
(Sigma, Alcobendas, Madrid, Spain), (4) benzo[blnaphtho[2,3-d]thiophene
(Across, Geel, Belgium), (5) benzolblnaphthol[2,1-d]lthiophene (Aldrich
Chemie), (6) benzo[b]fluoranthene (Aldrich Chemie),(7) benzo[k]fluoranthene
(Fluka, Buchs, Switzerland), (8) benzola]pyrene (Sigma), (9)
benzol[ghilperylene (Aldrich Chemie), (10) indenol[1,2,3-cdlpyrene (Supelco,
Bellefonte, PA, USA). They were all more than 97% pure. Standard
solutions of each compound were prepared in acetonitrile at a concentration
of 500 mg I" (SDS, Peypen, France) and stored at 4°C. All the working
solutions were prepared by diluting these standard solutions.

HPLC gradient grade acetonitrile (SDS) was used for the mobile phase in the
chromatographic separation and the extraction process. Ultra pure water was
prepared with a Milli-Q water purification system (Millipore, Bedford, MA,
USA).

Instrumentation
The chromatographic system was an HP1100 (Agilent Technologies,

Waldbronn, Germany), which consisted of a degasser, a binary pump, a

manual injector provided with a 20 pl-loop, a column oven and a DAD. The
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chromatographic column was a 25 x 0.46 cm Kromasil 100 Cis with a

particle size of 5 um (Teknokroma, Barcelona, Spain).

In the extraction process, the extraction solvent was evaporated using a
R-114 rotary vacuum evaporator (Blchi, Flawil, Switzerland) equipped with
a B-480 water bath (Btchi).

Chromatographic conditions

Two chromatographic separation conditions were used in this study. In both
cases, the temperature of the column was 30 °C and the mobile phase,
which consisted of ultra pure water and acetonitrile, was pumped at 1 ml

min~'.

Conditions 1

For quantification with univariate standard additions calibration, the gradient
started with 20% acetonitrile, which was increased linearly to 100% in 80
min. This percentage was maintained for 20 min and returned to initial
conditions in b min. The column was also equilibrated for 5 min. Under

these conditions, analysis lasted 105 minutes.

Analytes were detected at 290 nm.

Conditions 2
For quantification with GRAM, the gradient started with 40% acetonitrile

and it was linearly increased to 100% in 30 min. This percentage was

maintained for 10 min and returned to initial conditions in 3 min. The
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column was equilibrated for 5 min. Under these conditions, analysis lasted
43 minutes.

The spectra of the effluent were recorded every 0.4 s between 220 and

300 nm every 0.4 nm.

Extraction process

The extraction process consisted of adding 2 x 30 ml of dichloromethane to
1 g of dry sample. For spiked samples, a suitable volume of standard
solution was added to the sample, which was then left to dry before
dichloromethane was added. The mixture was shaken and kept for 30 min
at each step. The supernatants were separated from the sediment and
evaporated to dryness in a rotary evaporator. The residue was redissolved in
0.5 ml of acetonitrile and the resulting solution was filtered through a 0.2-
pm nylon syringe filter (Teknokroma) before it was injected into the

chromatographic system.

Sampling

Sediment samples were collected from the fishing port of Tarragona,

Catalonia (Spain) and dried at room temperature.

RESULTS AND DISCUSSION

A method based on a previous study [4] was used to determine a mixture of
PAHs and PASHs in marine sediment samples using a DAD. In univariate
calibration, analytes must be completely separated if they are to be correctly

quantified. However, because of the complexity of the sample and the low
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selectivity of the detector, the sediment sample produced a chromatogram
with several peaks, most of which coeluted with the compounds studied. In
these conditions, and taking into account the low concentration levels to be
quantified, the separation had to be optimized to separate the analytes from
the interferences. Several conditions were tested, and the temperature,
composition and flow rate of the mobile phase, and the wavelength were all
varied. Finally, only compounds 4 and 5 did not coelute with interferents
(peak purities higher than 985 in both cases) using the conditions specified
in Conditions 1 section (see Figure 1). Note that, under these conditions,
separation lasted 80 minutes, which is too long. Moreover, the wavelength
selected to avoid interferences is not the one that provides a maximal
absorbance for the studied analytes, and, consequently, the sensitivity of

the method decreases.

Taking into account that the optimized method led to long analysis times
and that not all the analytes studied could be quantified, second-order
calibration, which does not require the analytes to be completely separated,
was chosen. Of the algorithms available, GRAM was selected because of its
simplicity and speed (it only requires one calibration sample). This algorithm
has already been applied to determine contaminants in spiked treatment
plant wastewater samples, using standard solutions for quantification [19].
The results were statistically very similar to those obtained using the more

time-consuming univariate calibration.

For complex samples, such as soil or sediment, in which matrix effect may be
present, calibration with pure standards can lead to errors in the quantification
because the signal of the analyte depends on the sample. So analytes have to
be quantified using standard additions. This calibration is often long and
tedious, since it has to be carried out for every new sample. For this reason,
GRAM was chosen to quantify the analytes in marine sediment samples. In
order to take into account a possible matrix effect in the sample, a spiked
sediment sample was used as the calibration sample instead of a standard

solution.
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Figure 1. Chromatograms obtained under conditions 1 for: a) marine sediment sample; b)
marine sediment sample spiked at a concentration of 1 mg kg'. For more details and
identification of the peaks, see text.

In this way, four replicates of a marine sediment sample were spiked at a
concentration of 2 mg kg'. These samples were treated as explained in
Extraction Process section. Two repetitions of each sample were injected
into the chromatographic system and analysed under conditions 2 (see
Conditions 2 section). As an example, the chromatogram at 224 nm for one

of these samples is shown in Figure 2. All the compounds eluted in 36 min.
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Figure 2. Chromatogram of a calibration sample in conditions 2 and extracted chromatogram at
224 nm. For more details and identification of the peaks, see text.
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The analytes were not detected in the studied sample within the limits of
the method, although these compounds have been found in similar samples
[4]. To check how well GRAM performed in quantifying the analytes, four
replicates were spiked at 0.5 mg kg' and considered as unknown samples.
Each sample was analysed under conditions 2. Like other second-order
calibration methods, GRAM assumes that the data follow a mathematical
structure [14]. For chromatographic data, this means that the analyte of
interest must elute at the same retention time in different samples and also
that its peaks must be proportional among them. But due to general
indeterminations, time-shift between repetitions is not unusual. For this
reason, a time-shift correction algorithm was applied before GRAM [21].
First, it is selected the part of the data to be used in the model, what is
called a time window. This time window corresponds where the peak
elutes. This window is not the same in both matrices but the one where the
analyte of interest is aligned (elute at the same time sensor). To detect that,
and as we are working with overlapped peaks, a curve resolution method is
applied to determine which is the retention time of the analyte of interest in
both matrices. Then the analyte of interest is selected and a time window

for the test sample is considered.

To build a GRAM model, it is also necessary to specify the number of
factors, which corresponds to the number of analytes present in both
samples. Estimating the number of factors in a GRAM model is much easier
than estimating the pseudorank of a simple data matrix. Hence, it was
determined by looking at the singular values calculated in a step of GRAM
[19].

To validate the GRAM results, univariate calibration was carried out. This
study focused on compounds 4 and 5, which were the only analytes that
could be separated from the interferences under conditions 1. Because of
the complexity of the sample, a matrix effect was investigated by carrying
out calibration by direct injection of standard solutions containing the

studied compounds at different concentration levels. Another calibration
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was done by injecting the solutions obtained from the extraction of
sediment samples spiked at concentrations between 0.5 and 10 mg kg'. A
t-test was used to compare the slopes of the calibration models [22] for
both compounds, and they were found to be significantly different for a
confidence interval of 95%. Since there was matrix effect for the studied

compounds, a standard addition procedure was used for calibration.

The results obtained for compounds 4 and 5 using the GRAM and univariate
calibration procedures are shown in Table 1. The results of the calibration
approaches were compared with a t-test for both compounds. They were

not significantly different for a confidence interval of 95%.

Table 1. Concentrations (mg kg') of the compounds studied in the spiked
marine sediment samples using GRAM and a standard addition
univariate calibration.

Analyte 4 Analyte b

Replicate L —
GRAM Univariate GRAM Univariate
calibration calibration calibration calibration

A 0.54 0.50 0.66 0.68

B 0.58 0.50 0.70 0.66

C 0.57 0.54 0.67 0.64

D 0.55 0.48 0.69 0.65

The rest of the compounds were also quantified in the unknown sample.
The results are shown in Table 2, where they are compared to the real
concentration added into the samples. In most cases, the results are similar
to the spiked concentration, and relative errors are lower than 20%, which
is acceptable taking into account the low concentration levels being

determined. The relative error is higher than 30% only for compound 10.
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The similarity of these results shows that the GRAM method can be very
advantageous in situations in which the analytes cannot be completely
separated or the analysis is too long. In our case, we have the added
advantage that we are quantifying analytes in samples in which matrix
effect is present. This means that it is not necessary to determine whether
this effect is present or not, often a tedious and time-consuming process, or
to calibrate for every new sample. Moreover, calibration is also shorter

because only one calibration sample is needed for quantification.

Table 2. Comparison between the concentration added to the samples
(mg kg') and the concentrations obtained when GRAM was
used to study the compounds in spiked marine sediment

samples.

Compound GRAM concentration Spiked concentration
1 0.43 0.51
2 0.49 0.53
3 0.69 0.52
4 0.57 0.51
5 0.68 0.53
6 0.53 0.50
7 0.64 0.54
8 0.59 0.50
9 0.51 0.51
10 0.88 0.53
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CONCLUSIONS

The Generalized Rank Annihilation Method (GRAM) proved to be very useful
for quantifying contaminants in complex samples. In this study, it was
applied to determine PAHs and PASHs in marine sediment samples. It
requires only one spiked sample for quantification, which makes it easier.
The use of a spiked sample for calibration allowed the analytes to be
quantified in samples in which matrix effect is present. Moreover, this
procedure does not require the new separation conditions to be optimised
when the sample contains interferences that coelute with the analytes
studied. This optimisation process is also time-consuming, particularly when

the analysis is long.
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Uns contaminants d’especial interés a la costa, tot i que no han estat gaire
estudiats en aquesta zona, sén els ftalats i adipats, ja que s’han trobat en
algunes mostres d’efluents industrials [1], d’aigua [2] o sediments portuaris
[3] i alguns d’ells han estat recentment classificats com a alteradors
endocrins per I'EU [4]. Donat que aquests compostos sén utilitzats en la
fabricacié de polimers, és interessant la seva determinacié en la costa del
tarragoneés, ja que en aquesta zona hi ha nombroses empreses dedicades a

aquesta activitat.

Tot i que I'HPLC acoblat a la MS no ha estat gaire utilitzat per a la
determinacié dels compostos, la seva aplicacié és interessant degut a que
I’Gs de I'HPLC permet la determinacié conjunta d’aquests compostos amb
d’altres, com per exemple altres alteradors endocrins, que no es poden
determinar mitjancant la GC, i als avantatges d’utilitzacié d’aquest técnica
de deteccié en mostres reals. D’entre les interfases emprades per a aquest
acoblament, la més utilitzada és I’APCI [5], ja que la sensibilitat amb altres,
com I'ES, és baixa, tot i que també s’ha proposat |I'Us de I'electrosprai (ES)

adquirint el senyal corresponent a |I'aducte [M + Na]* [6].

Per tant, es va pensar en el desenvolupament d’'un métode basat en I"'HPLC-
APCI-MS per a la determinacié d’'una barreja de sis ftalats i el bis(2-
etilhexil)adipat per tal d’avaluar la seva preséncia en el medi ambient
costaner de Tarragona, no només en |'aigua del port, siné6 també en mostres
de sediments. A més, també es va proposar la determinacié de la preséncia
d’aquests compostos en |'aigua de la depuradora de la mateixa ciutat per tal

d’avaluar-ne la seva aportacié com a font de contaminaci.

En aquest cas, la ionitzacié dels compostos no va ser dificil com en el cas
dels PAHs, de manera que a un voltatge de fragmentacié baix (25 V) I'i6
[M+H]* era present per a tots els compostos i |'aplicacié de voltatges
superiors permetia |I'obtencié d’altres fragments per tal de confirmar la

preséncia en mostres reals.
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Per extreure els compostos de les mostres aquoses es va triar la SPE. Per a
aquest procés, s’havien utilitzat sorbents altament entrecreuats com el
LiChrolut EN, que s’havia emprat per a la determinacié de diferents
alteradors endocrins, incloent alguns ftalats, en mostres d’efluents
industrials, obtenint recuperacions d’entre 54 i 69% [1]. En el present
estudi, perd, es van utilitzar cartutxos d’extracci6 d'un altre sorbent
altament entrecreuat, |'Isolute ENV +. Aquest sorbent s’havia utilitzat
anteriorment per a l’extraccié de quatre ftalats d’aigua d’aquari i de llac [7].
En aquest udltim treball, els autors proposen la utilitzaci6 de metanol per
augmentar la solubilitat dels compostos en la mostres i evitar la seva
adsorcié en les parets del sistema. Aquesta adsorcié ja s’havia observat
anteriorment en altres compostos hidrofdobics com els hidrocarburs policiclics
aromatics, de manera que es va optar per I'addicié d'un solvent organic a la
mostra aquosa abans de la seva preconcentracié, com es fa en el cas

d’aquests altres compostos.

Pel que fa als sediments marins, la técnica d’extraccié triada d’entre les
utilitzades per a la determinacié d’aquests compostos en aquest tipus de
mostra va ser |’extraccié amb un solvent organic i ultrasons degut a la seva
senzillesa. Utilitzant acetonitril com a solvent organic, les recuperacions van

ser acceptables.

El metode desenvolupat es va aplicar a la determinacié de les mostres de la
depuradora i dels ports de Tarragona i, si bé els compostos estudiats no es
van detectar a les mostres d’aigua dels ports, alguns d’ells van poder ser

quantificats en les mostres de la depuradora i dels sediments marins

A continuacié es presenten els resultats obtinguts en aquest estudi i que
han estat publicats en la revista Chromatographia, 58 (2003) 37-41.
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DETERMINATION OF PLASTICIZERS BY HIGH-PERFORMANCE LIQUID
CHROMATOGRAPHY AND ATMOSPHERIC PRESSURE CHEMICAL
IONIZATION MASS SPECTROMETRY IN WATER AND SEDIMENT SAMPLES

ABSTRACT

Two methods based on high-performance liquid chromatography and
atmospheric pressure chemical ionization mass spectrometry have been
developed for determining phthalates and bis(2-ethylhexyl)adipate in water
and marine sediment samples. A solid-phase extraction method using Isolute
ENV + as sorbent has been optimised for water samples and an ultrasonic
extraction with acetonitrile was used to extract the compounds from
sediment samples. In the solid-phase extraction method, 100 ml of sample
containing a 20% of acetonitrile was preconcentrated. Under these
conditions, recoveries were between 32 and 95% and the quantification
limits ranged from 0.03 to 4 ug I'. To analyse sediment, 1 g of sample was
extracted and recoveries were up to 70% for all the compounds, and

standard addition calibration was carried out.

When these methods were applied to real samples, no compound was
detected in the coastal water samples. In treatment plant wastewater, five
compounds were quantified at concentration levels between 0.2 and 3.8
pug 1", while in sediment samples, five compounds were quantified at

concentrations between 0.13 and 9.4 mg kg™.

Keywords: Phthalate esters; Bis(2-ethylhexyl)adipate; Atmospheric pressure
chemical ionisation-mass  spectrometry; Column  Liquid

chromatography; Coastal water; Marine sediment
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INTRODUCTION

Plasticizers, such as some phthalate esters and bis(2-ethylhexyl)adipate, are
widely used because they are added to polymers to increase their flexibility.
However, some of these compounds have been classified by the European
Union (EU) as endocrine disruptors [1]. So it is important to develop
analytical methods to determine the occurrence of these compounds in
environmental samples. These compounds have been determined in different

water samples, but they have been scarcely determined in coastal waters.

Several separation techniques have been used to determine these
compounds. The most common technique is gas chromatography (GC) with
mass spectrometry (MS) [2,3] or flame ionization detector (FID) [4]. High-
performance liquid chromatography (HPLC) has also been applied using a UV
detector [5] or atmospheric pressure chemical ionisation/mass spectrometry
(APCI-MS) [6,71, specially when these compounds are determined with
other endocrine disruptors which are not amenable by GC.

As the concentration levels in real environmental samples are low, an
enrichment step is needed before performing the chromatographic analysis.
For water samples, this is usually done using liquid-liquid (LLE) [4] or solid-
phase (SPE) [5-7] extraction, though solid-phase microextraction (SPME) has
also been used [2,3,8,9]. For the SPE, Cs or C1is have been used as sorbents
[3], but low recoveries for some compounds were obtained. This is why
highly crosslinked polymeric sorbents such as LiChrolut EN [6,7] or Isolute
ENV + [5] have been used to preconcentrate these compounds. Slightly
better results have been obtained in both cases, but only some of the

phthalate esters were studied.
For solid samples like sediments, there are several techniques to extract the

analytes, for example, supercritical fluid extraction (SFE) [10], but one of

the most common ones, because of its simplicity, is to extract them with an
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organic solvent that is kept in contact with the sample in an ultrasonic bath
[4].

The aim of this paper is developing two methods for determining six
phthalates and bis(2-ethylhexyl)adipate in water and marine sediment
samples. These methods involve HPLC separation and APCI-MS detection.
For water samples, an SPE using Isolute ENV+ will be optimised. For
sediment samples, the analytes will be extracted by ultrasonic extraction
with an organic solvent. These methods will be applied to evaluate the

occurrence of these compounds in the coastal environment.

EXPERIMENTAL

Reagents and standards

Dimethylphthalate (DMPH), diethylphthalate (DEPH), benzylbutylphthalate
(BBPH), di-n-butylphthalate (DBPH), bis(2-ethylhexyl)phthalate (EHPH) and
di-n-octylphthalate (DOPH) were obtained from Riedel-de Haen (Seelze-
Hannover, Germany), bis(2-ethylhexyl)adipate (BEHA) from Dr. Ehrenstorfer
(Augsburg, Germany). Their purity was over 97%. Standard solutions of
each compound at a concentration of 1000 mg I' were prepared in
acetonitrile (SDS, Peypen, France) and stored at 4°C. All the working

solutions were prepared by diluting these solutions.

HPLC gradient grade acetonitrile (SDS) was used in the mobile phase and
extraction steps. HPLC gradient grade 2-propanol (Merck, Germany) was
also used in the SPE. Reagent water was prepared with a Milli-Q water
purification system (Millipore, Bedford, MA, USA).
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To prevent contamination problems, plastic materials were avoided when
handling reagents, and materials were cleaned carefully by rinsing them with

acetonitrile after the usual cleaning procedure.

Apparatus

An HP1100 series LC-MSD system (Agilent Technologies, Waldbronn,
Germany) equipped with a degasser, a quaternary pump, an autosampler, an
oven and an APCI interface was used. The chromatographic column was a
25x0.46 cm Kromasil 100 Cis with a particle size of 5 um (Teknokroma,

Barcelona, Spain).

For the water samples, a solid-phase extraction manifold (Teknokroma)
connected to a vacuum pump (Gast Manufacturing Company,
Buckinghamshire, United Kingdom) and 200-mg Isolute ENV + cartridges
(International Sorbent Technology, Mid. Glamorgan, UK) were used.

For the sediment samples, an ultrasonic bath (Selecta, Madrid, Spain) was
used to enhance the extraction of analytes and a Centromix S-549
centrifuge (Selecta) to separate the sediments and the extraction solvent.
The extraction solvent was eliminated using a R-114 rotary vacuum
evaporator (Blchi, Flawil, Switzerland) equipped with a B-480 waterbath
(Blichi) set at 50 °C.

Experimental conditions

Chromatographic and mass spectrometry conditions

The mobile phase consisted of acetonitrile and water. The elution gradient

started with 50% of acetonitrile, which was increased linearly to 60% over
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5 min. Then, over 5 min, this was changed to 100%, and this percentage
was maintained for 13 min before returning to the initial conditions in 5 min.
The column was equilibrated for 10 min. Column temperature was 30°C and

the mobile phase flow rate was 1 ml min”'. The injection volume was 20 pl.

APCI-MS detection was performed in positive ionization mode. After
optimization, the operational parameters were set as follows: the vaporizer
temperature was 350°C; the nebulizer gas pressure was 60 p.s.i.; the drying
gas was nitrogen at 8 | h' at 350°C; the capillary voltage was 4000 V; the
corona current was 5 pA; the fragmentor voltage was programmed as

shown in Table 1.

Table 1. Program of fragmentor voltage and ion monitoring under SIM acquisition mode.

Fragment ion under SIM

Time (min) Fragmentor (V) acquisition Compound
0] 75 163 DMPH
8 50 177 DEPH
12 25 313 BBPH
13 25 279, 205 DBPH
15 50 391, 371 EHPH, BEHA, DOPH

Chromatograms were recorded under full-scan (m/z=100-400) and
selected-ion monitoring (SIM) acquisition modes. Table 1 shows the program

of the ions selected for each compound for the SIM acquisition.

For identification, higher fragmentor voltages were used in the full-scan

acquisition mode in order to obtain more fragment ions in the spectra.
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Extraction

Water samples were collected in 2.5-1 pre-cleaned amber glass bottles.
Seawater was also taken from the open sea as a blank sample. 20% of
acetonitrile was added to samples to prevent the compounds from being
adsorbed onto the walls of the bottle. All these samples were then filtered
through a 0.45-um membrane filter (Whatman, Maidstone,UK) and kept at
4°C until analysis.

In the enrichment step, an off-line SPE was used. All solvents were
percolated through the cartridge at a flow rate of 5 ml min™. The cartridge
was first washed with 10 ml of acetonitrile and 10 ml of reagent water
before preconcentrating 100 ml of sample. Elution of the retained
compounds was performed with 10 ml of acetonitrile. The enriched solution
was evaporated to dryness in a rotary vacuum evaporator and the residues
were re-dissolved in 0.5 ml of acetonitrile. For seawater samples, a clean-up
step using 5 ml of reagent water was performed before elution of the

retained analytes to eliminate the salts contained in the sample.

Marine sediment samples were dried at room temperature. For the sediment
sample, 2x5 ml of acetonitrile were added to 1 g of dry sample. For spiked
samples, the suitable volume of stock solution was added to the sample and
it was left to dry before the addition of acetonitrile. The mixture was shaken
vigorously and kept in an ultrasonic bath for 10 min at each step. To
improve the separation between the solid sample and the supernatant, the
mixture was centrifuged at 2500 r.p.m. for 5 min. Both enriched extracts
were combined and evaporated to dryness in a rotary vacuum evaporator.
Finally, the residues were dissolved in 0.5 ml of acetonitrile. This solution
was filtered through a 0.2-um nylon syringe filter (Teknokroma) before

injecting it into the chromatographic system.
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RESULTS AND DISCUSSION

Chromatographic separation and mass spectrometry optimization

The separation of the compounds was optimized by injecting a standard
solution of 20 mg I'' of each compound. Methanol and acetronitrile were
checked as solvents for the mobile phase, but acetonitrile was chosen
because the analysis time was shorter and resolution was similar. The
gradient specified in Experimental Conditions section was selected. Under

these conditions, separation lasted 23 min.

In HPLC-APCI-MS, the positive ionization mode was selected because the
response of most of the compounds for the negative mode was low. The
ranges optimized of the operational parameters of the APCI interface and
MS were: drying gas flow (1-11 | min") and temperature (300-400°C),
corona current (1-10 pA), nebulizer pressure (10-60 p.s.i.), capillary voltage
(1000-6000 V), vaporizer temperature (350-450°C) and fragmentor voltage
(25-250 V). This optimization was done by flow injection analysis (FIA) of
several solutions containing the individual compounds at 20 mg I'. The
optimum conditions specified in Experimental Conditions section were

chosen by taking into account the results for the individual compounds.

One of the most important parameters of the APCI-MS is the fragmentor
voltage, which is related to the molecule fragmentation. Table 2 shows, as
an example, the most important fragment ions for each compound for two
fragmentor voltages (25 and 75 V). At 25 V, [M+H]" ion appear for all
compounds and, in most of them, as the base peak, although at 75 V the
relative abundance of this ion decreased and, for some compounds, it did

not appear.
To obtain higher sensitivity, the program of fragmentor voltages especified

in Table 1 was used. But for confirmation in real samples, higher fragmentor

voltages were also used in order to obtain additional structural information.
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Table 2. Summary of the most important ions for each compound for different values of
fragmentor voltages. R.A.: relative abundance.

25V 75V
Compound
m/z % R. A. m/z % R. A.
DMPH 195 [MH]* 10 163 [MH-CH3OH]* 100
163 [MH-CHsOH]* 100
DEPH 223 [MH]* 100 177 [MH-C2HeO1* 38
177 [MH-C2HeO1* 52 149 [CeHs03] * 100
BBPH 313 [MH]* 100 205 [MH-C4H1001* 23
205 [MH-C4H100]* 12 149 [CsHsOs]* 100
DBPH 279 [MH]* 100 279 [MH]* 26
205 [MH-C4H100]* 19 205 [MH-C4H1001* 81
149 [CeHs03] * 100
EHPH 391 [MH]* 100 391 [MH]* 53
279 [MH-CsH1s] * 49
167 [CeH4(COOH)2 +H]* 23
149 [CeHs03]* 100
113 [CsHi7] " 46
BEHA 371 [MH]* 100 371 [MH]* 80
259 [MH-CsH1s] * 65
241 [MH- CsH1801* 43
147 [MH-2CsH1s]* 45
129 [CsH170]* 100
DOPH 391 [MH]* 100 391 [MH]* 40
149 [CeHs03] * 100
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Extraction optimization

Water samples

An off-line SPE was used to extract the compounds from the water
samples. A highly crosslinked polymer (Isolute ENV +) was chosen because

it has a higher retention for other contaminants [11].

In the optimization process, adsorption problems were suspected. They have
also been reported for other compounds with low solubility in water, such
as polycyclic aromatic hydrocarbons (PAHs) [12]. Since acetonitrile and 2-
propanol had given good results for PAHs [12], these solvents were checked
for the studied compounds. For this purpose, 25 ml of reagent water spiked
at a concentration of 40 pg I' of the compounds and containing different
percentages of organic solvent was preconcentrated. The results for both
solvents were similar and, as example, recoveries obtained with acetonitrile
are shown in Table 3. The recoveries for the last eluting compounds are low
because they are adsorbed onto the system for low concentrations of
organic solvent. On the other hand, when more organic solvent is added to
samples, the recoveries for the most polar compounds are lower. Finally,
20% of acetonitrile was chosen. To determine the sample volume to be
preconcentrated, different volumes of spiked reagent water samples
containing a 20% of acetonitrile were preconcentrated. These samples were
spiked at different concentrations of the analytes so that the concentration
of each compound in the resulting enriched solution was 1 mg I'. The
results are shown in Table 4. From these results, the sample volume chosen

was 100 ml because for higher volumes, recoveries decreased considerably.

Recoveries were checked when spiked coastal water or wastewater samples
were preconcentrated. For coastal water, salt from the sample appeared
when the solvent was evaporated. To prevent this, a clean-up step with 5

ml of reagent water was added before the elution of the retained
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compounds in the SPE process. In these conditions, recoveries were similar

to those when reagent water samples were preconcentrated.

Table 3. Recoveries obtained when 25 ml of reagent water spiked at 40 ug I'' containing
different percentages of acetonitrile was preconcentrated (n=3). In all cases,
the relative standard deviation (RSD) was lower than 21%.

Compound 15% 20% 25%
DMPH 65 60 11
DEPH 72 80 27
BBPH 82 94 72
DBPH 70 92 67
EHPH 54 58 62
BEHA 32 48 54
DOPH 33 43 47

Sediment samples

From the different techniques available to extract the analytes from the solid
sample, an extraction with an organic solvent in an ultrasonic bath was
chosen because of the simplicity of this technique. Acetonitrile was initially
chosen as the organic solvent because of the good results obtained as the
elution solvent in the SPE. Recoveries were checked by extracting a sample
spiked at a concentration of 1 mg kg'. Using a spiked sample has the
limitation that some analytes strongly retained on the particles may not be
extracted. However, since no certified material was available, this method
was used. Results were between 70 and 102% with relative standard

deviations (RSD) (n=3) between 3 and 8%. Since these recoveries were
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acceptable for the studied compounds, this solvent was used in the

following experiments.

Table 4. Recoveries for SPE of different volumes of standard solutions. In all cases, RSD was
lower than 18% (n=3).

Compound 25 ml 50 ml 100 mi 200 ml
DMPH 60 54 38 26
DEPH 80 85 82 75
BBPH 94 99 95 91
DBPH 92 96 92 90
EHPH 58 49 58 41
BEHA 48 44 45 35
DOPH 43 35 32 28

Performance of the methods

Calibration was performed by injecting ten standard solutions of different
concentrations. The highest concentration injected was 20 mg I'. In SIM
acquisition mode, quantification limits (signal-to-noise ratio of ten) were
between 0.004 and 0.2 mg I"'. In full-scan acquisition mode, quantification
was performed using the base peak for each compound and quantification
limits were between 0.05 and 2 mg I'. Linearity was good for all
compounds in both acquisition modes and correlation coefficients (R%) were
above 0.992.
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Water samples

Linearity of the method was studied under optimum conditions. To do this,
100 ml of coastal water spiked at different concentrations was extracted. A
blank was carried out by preconcentrating 100 ml of open seawater with
20% of acetonitrile. One small peak, which coeluted with EHPH, appeared.
When 10 ml of acetonitrile were evaporated in the rotary vacuum
evaporator the peak also appeared, which confirmed this peak corresponded
to the system. The same experiment was carried out using a higher
fragmentor voltage (100 V) in the detection in order to determine if the peak
corresponded to EHPH and both spectra in full-scan acquisition coincided.
This peak was taken into account in the calibration. Table 5 shows the
linear ranges and limits of detection (L.O.D.) for a signal-to-noise ratio of 3.
Good linearity was obtained and correlation coefficients (R?) were above
0.992. Data were recorded simultaneously in both full-scan and SIM modes
because SIM provides higher sensitivity and full-scan provides more

structural information and allows identification.

With this method the detection limits of the most common technique (GC-
MS) [3] can be achieved for most of the compounds. So the HPLC with
APCI-MS can be a good alternative, for example for determining a group of
compounds with different characteristics, such as endocrine disruptors,

some of which can not be determined by GC.

Repeatability and reproducibility were also evaluated. For this purpose, a
coastal water sample spiked at 10 pg I of all the compounds were
preconcentrated in triplicate in each case. The results, expressed as RSD,

were between 12 and 21% and between 15 and 25%, respectively.
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Table 5. Calibration results for spiked seawater samples in full-scan (quantified using the
base peak) and SIM acquisition modes after preconcentrating 100 ml of sample.

Full-scan SIM
Compound
Linear range L.O.D. Linear range L.O.D.
(ug I'") (ug I'") (ug 1) (ug I
DMPH 45-100 15 4-100 1
DEPH 3-100 1 0.7-100 0.5
BBPH 1-100 0.5 0.04-100 0.02
DBPH 0.3-100 0.2 0.03-100 0.01
EHPH 1-100 0.4 0.2-100 0.1
BEHA 1-100 0.6 0.1-100 0.05
DOPH 2-100 1.5 0.1-100 0.05

The developed method was applied to the determination of the studied
compounds in real water samples. Outflow water from the wastewater
treatment plant was analysed since it can be a source of phthalates in
coastal environment and in one sample some peaks appeared at the same
retention time as DEPH, BBPH, DBPH, EHPH, BEHA and DOPH under SIM
acquisition. In these samples, DEPH was detected but it could not be
quantified within the limits established in the method. The other compounds
could be quantified at concentrations of 0.2, 2.2, 3.8, 3.3 and 3.4 pg I
respectively. RSD ranged from 8 to 14% (n=3). Figure 1 shows the
chromatogram obtained for this sample. Confirmation of the compounds
was carried out analysing the same sample using a higher fragmentor
voltage in the full-scan acquisition mode in order to obtain more structural
information. Under these conditions, only DEPH and BBPH could not be

confirmed because of the low concentration levels.
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Figure 1. Chromatogram at the optimum conditions for a wastewater sample taken from the
outflow of the water treatment plant of Tarragona.

Coastal water samples taken from the industrial and fishing ports were also
analysed, but no compound was detected within the limits established in the
method. This can be explained because of the dilution effect of the sea and
the low solubility of these compounds in seawater, that makes them to tend
to be adsorbed into sediment and appear in water at very low concentration

levels.

Sediment samples

For this kind of sample and due to its complexity, a standard addition
calibration between 0.1 and 20 mg kg"' was carried out, since matrix effect
was observed. Using this calibration, a sediment sample taken from the
fishing port was analysed. Figure 2 shows the obtained chromatogram,

where some peaks appeared at the same retention time as DMPH, DEPH,
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BBPH, DBPH and EHPH. These compounds were quantified in SIM mode at
the following concentrations: DMPH, 0.35 mg kg"'; DEPH, 0.41 mg kg™;
BBPH, 0.13 mg kg'; DBPH, 0.42 mg kg'; and EHPH, 9.4 mg kg'. RSDs
(n=3) were between 5 and 8%. Confirmation was carried out in the same
way as for the wastewater treatment plant samples. In this case, only the
last two compounds were confirmed. As an example, Figure 3 shows the
spectra obtained at a fragmentor voltage of 75 V for the peak corresponding
to DBPH and the one obtained for a stock solution of 20 mg I at the same
fragmentor voltage. As can be seen, spectra are similar, so the peak which

appeared in the sample was confirmed as DBPH.

EHPH
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100000 -

Abundance
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50000 BBPH
25000 1 DMPH o u J
S S S - -
04
0 ‘ 5 ‘ 1'0 ‘ 15 ‘ 2‘0 '
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Figure 2. Chromatogram at the optimum conditions for marine sediments taken from the

fishing port of Tarragona.

Repeatability and reproducibility of the method were also evaluated. For this
purpose, a sample spiked at 1 mg kg™’ of all the compounds were extracted
in triplicate for each case. The results, expressed as RSD, were between 7

and 10 % and between 10 and 19%, respectively.
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Figura 3. Spectra obtained for DBPH at fragmentor voltage of 75 V:
(A) spectrum obtained in marine sediment samples; (B)
spectrum obtained for a 20 mg I stock solution.

CONCLUSIONS

High-performance liquid chromatography and atmospheric pressure chemical
ionization mass spectrometry has demostrated to be a good alternative to
the commonly used gas chromatography-mass spectrometry for determining
phthalates and bis(2-ethylhexyl)adipate. Two methods based on this
technique have been developed to analyse water and marine sediment

samples. The off-line solid-phase extraction of 100 ml of water sample
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containing a 20% of acetonitrile using Isolute ENV + cartridges allowed
good recoveries to be obtained for most of the compounds. The ultrasonic
extraction of 1 g of sediment sample with acetonitrile as organic solvent
also involved good recoveries of the compounds. These methods enabled
the compounds to be quantified in real samples at concentrations between
0.2 and 3.8 ug I'" in the effluent water from the wastewater treatment plant
and between 0.13 and 9.4 mg kg’ in marine sediment samples. The use of
different fragmentor voltages in the high-performance liquid chromatography
and atmospheric pressure chemical ionization mass spectrometry enabled

these compounds to be confirmed in real samples.
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En I"analisi de mostres mediambientals és important el desenvolupament de
métodes que permetin [‘automatitzacié, ja que permeten evitar la
contaminacié que es pot produir en la manipulacié de les mostres. Aquests
meétodes poden ser molt atils a I'hora d’analitzar un gran nombre de
mostres, com per exemple en els estudis de monitoritzacié de la preséncia
de contaminants al medi ambient. Per aixd, és important el
desenvolupament de métodes que permetin |'acoblament en linia de les

técniques d’extraccié a les técniques de separacié i deteccid.

En el medi mari, una familia de compostos d’especial interés sén els
plaguicides antialgues. Com s’ha comentat en |'apartat 1.2.4, actualment,
s’utilitzen compostos que substitueixen els compostos organometal-lics
d’estany (TBTs), I'Gs dels quals no estava permés a I'EU per a vaixells de
menys de 25 m d’eslora fins al present any, en qué ha entrat en vigor la
seva prohibicié total [1]. Entre aquests nous plaguicides, uns dels més
utilitzats sén I'lrgarol 1051 i el diuron, tot i que també se’n fan servir
d’altres, com poden ser el folpet, diclofluanid, clorotalonil o Sea-Nine 211
[2]. Per tant, també és interessant controlar la seva preséncia, ja que, per
exemple, el diuron ha estat incldos en la llista de compostos alteradors
endocrins i l'lrgarol 1051 esta inclos a la llista de substancies |'efecte
alterador de les quals esta essent estudiat [3]. Per aixd, es va considerar
interessant el desenvolupament d’'un métode analitic per a la monitoritzacio
de la preséncia d’alguns d’aquests compostos en aigles costaneres. Els
compostos que es van triar per a aquest estudi van ser el diuron, |'lrgarol
1051, el folpet i el diclofluanid.

La técnica de separacié triada va ser I’'HPLC, ja que, tot i que la GC s’havia
emprat per a la determinacié de plaguicides antialgues, les elevades
temperatures emprades provoquen la degradacié del diuron, i impedeixen la

seva determinacié mitjancant aquesta técnica.

Per a I’'HPLC s’han utilitzat diferents sistemes de deteccié, com els d'UV-

visible [4], si bé la MS [b] és cada vegada més emprada degut als
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avantatges que presenta aquest sistema de deteccidé, esmentades en les
seccions anteriors. En el cas d’aquests compostos, la interfase més emprada
per a I’acoblament d’aquesta técnica amb el sistema cromatografic és I’APCI

[5], de manera que es va triar aquesta interfase.

Com a sistema de preconcentracié, es va utilitzar la SPE acoblada en linia al
sistema cromatografic. Per a aix0, es va utilitzar un sorbent poliméric
altament entrecreuat, el LiChrolut EN, ja que aquest tipus de sorbents tenen
un elevat poder de retencié [6]. La utilitzacié d'aquest sistema va permetre
obtenir bones recuperacions per a tots els compostos estudiats, fins i tot per
a un volum de mostra de 200 ml, si bé en aquest treball es va triar
preconcentrar només 100 ml, ja que aixd permetia arribar als nivells de
concentracié6 trobats habitualment en les mostres i disminuia

considerablement el temps d’analisi.

El meétode desenvolupat es va utilitzar per controlar la preséncia dels
compostos estudiats en aigles de diferents ports de la costa de Tarragona
durant un periode de cinc mesos. El diuron i lI'irgarol 1051 van apareixer en
totes les mostres a nivells de concentracié similars als trobats en altres
estudis realitzats en altres ports de I'EU com, per exemple, en ports del

Regne Unit [7] o la costa holandesa [8].

L'as de la MS pot ser molt atil en el control de contaminants al medi mari,
no només perque permet la identificacié dels compostos estudiats, siné
perque també permet la identificacié d’altres substancies presents a la
mostra. En aquest treball, tot i que el diclofluanid no va ser detectat en cap
de les mostres analitzades, la utilitzacié d’aquesta técnica de deteccié en el
meétode desenvolupat va permetre la identificacié d'un dels productes de

degradacié d’aquest compost, aixi com d’un ftalat, el DEPH.
Els resultats obtinguts en el present estudi s’han publicat en la revista

Journal of Chromatography A, 915 (2001) 139-147. A continuacio,

s'adjunta una copia d’aquest treball.
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MONITORING OF ANTIFOULING AGENTS IN WATER SAMPLES BY ON-LINE
SOLID-PHASE EXTRACTION-LIQUID CHROMATOGRAPHY-ATMOSPHERIC
PRESSURE CHEMICAL IONIZATION MASS SPECTROMETRY

ABSTRACT

An automatic method for determining diuron, Irgarol 1051, folpet and
dichlofluanid in seawater samples have been developed. This method is based
on the on-line coupling of solid-phase extraction (SPE) with a highly crosslinked
polymeric sorbent, LiChrolut EN, to liquid chromatography followed by
atmospheric pressure chemical ionization (APCI) and mass spectrometry. The
operational parameters affecting the APCI interface have been studied in both
positive and negative ionization modes. The use of LiChrolut EN in the SPE
produced recoveries of over 85% for all the compounds when 100 ml of
seawater sample was preconcentrated. Calibration was carried out in both
ionization modes and in full-scan and selected-ion monitoring (SIM). The
method allowed all the analytes to be detected at 5 ng I in SIM acquisition
mode except folpet, which, because of its low response, could only be
detected at 250 ng I''. The method was used to analyse water samples taken
from five different marina and fishing ports along the coast of Tarragona,
Catalonia (Spain), over a 5-month period. Diuron and Irgarol 1051 were
detected and quantified in most samples at concentration levels ranging from
27 to 420 ng I"" for diuron and from 15 to 511 ng I for Irgarol 1051.

Keywords: Water analysis; Pesticides; Diuron; Irgarol 1051; Folpet;
Dichlofluanid
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INTRODUCTION

Antifouling compounds are used as additives in boat paints to prevent algae
and other organisms from growing on the surface of the hull. Tributyltin
(TBT) had been extensively used from the mid-1960s, but this compound
and other organotin-copper-based antifouling agents were banned by the
European Union (EU) in 1989 from being used on boats under 25 m because
of their effects on aquatic organisms [1]. As an alternative, new biocides
like diuron and Irgarol 1051 were introduced, but these are also toxic for
marine algae, even at low concentrations [1-4]. Since some of them, such
as Irgarol 1051, have been found in seawater samples [1,5-7], there is a
considerable interest in developing new analytical methods to determine
simultaneously groups of antifouling agents and control their presence in

seawater samples.

Gas chromatography (GC) using nitrogen-phosphorus detection (NPD) [8] or
mass spectrometry detection (MS) [8-11] has been used to determine
antifouling compounds in water samples. However, some compounds, like
diuron, cannot be determined under these conditions because it degrades at
high temperatures. For this reason, liquid chromatography (LC) has also
been applied to the analysis of these types of pollutants, mainly with diode-
array detection (DAD) system [11], although in the last few years MS has
been increasingly used because it can identify the analytes unambiguously
[11-13]. Atmospheric pressure ionization techniques have become the most
widely used interface for on-line coupling LC and MS because it is highly
sensitive and it is possible to obtain additional structural information by
fragmenting the quasimolecular ion by applying sufficient voltage. This

mode of operation is called preanalyser collision-induced deionization (CID).

Because these compounds are present in real samples at low concentration
levels, a preconcentration step is necessary before chromatographic analysis.
Liquid-liquid  extraction (LLE) [8,10,11] and, recently, solid-phase

microextraction (SPME) [14] have been used, but the most common

246



Part experimental i resultats

enrichment technique is solid-phase extraction (SPE) because of its numerous
advantages. Different kinds of sorbents, such as Cis [5-8], graphitized carbon
black, like Envi-carb [12], immunosorbents [15-17], or polymeric sorbents, like
PLRP-s [5,9], have been used in the analysis of antifouling agents. Recoveries
were generally good for all compounds, except the most polar ones, like
dichlofluanid [9].

New highly crosslinked polymeric sorbents, such as LiChrolut EN and Isolute
ENV +, have recently been developed. These sorbents have a higher degree of
crosslinking than conventional polymeric sorbents and, therefore, a larger
specific surface area which allows a greater retention for polar analytes
[18,19].

The aim of this study was to develop an automatic method for determining
four antifouling compounds in seawater samples: diuron, Irgarol 1051,
folpet and dichlofluanid. The method was based on the on-line coupling of
SPE-LC-APCI-MS and the use of a highly crosslinked polymer, LiChrolut EN,
as SPE sorbent. Finally, the method was used to monitor the presence of
these compounds in seawater samples from five different ports along the

coast of Tarragona, Catalonia, over a 5-month period.

EXPERIMENTAL

Reagents and standards

Figure 1 shows the structure of the four antifouling agents used in this
study. Three of these (diuron, folpet and dichlofluanid) were obtained from
Riedel-de Haen (Seelze-Hannover, Germany) and had purities of over 98%,
and one (Irgarol 1051) was supplied by Ciba-Geigy (Barcelona, Spain), and
had a purity of 100%. Stock standard solutions of each compound at a
concentration of 2000 mg I' were prepared in methanol HPLC grade (SDS,
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Peypen, France) and stored at 4°C. Working standard solutions of all the

compounds were prepared by diluting the stock solutions in methanol and

these were stored in the same way.

Cl

N ,CH
NH-C—N_
CH

Cl

Diuron

@]

Cl
N—S—(IZ—CI
Cl

Folpet

N“ "N
CH, |
| X

HC—C=NH “N™ “NH
eH, A

Irgarol 1051

Cl

HC. i I
SN ~ST¢TF
HC o Cl

Dichlofluanid

Figure 1. Structures of the compounds.

Acetonitrile HPLC grade (SDS, Peypen, France) was used as the organic
component of the mobile phase. Acetic acid (Probus, Barcelona, Spain) was
used to adjust mobile phase and sample pH. Ultra-pure water was prepared by

ultrafiltration with a Milli-Q water purification system (Millipore, Bedford, MA,

USA).
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Apparatus

An HP1100 series LC-MSD system (Agilent Technologies, Barcelona, Spain)
with an APCI interface was used for the analysis. This system allowed full-
scan and SIM acquisition modes to be used simultaneously. The
chromatographic system was equipped with an automatic injector, a degasser,
a quaternary pump and a column oven. The chromatographic column was a
25.0 cm x 0.46 cm Kromasil 100 Cis with a 5-um particle size (Teknokroma,

Barcelona, Spain).

SPE was carried out with a 10 x 3 mm stainless-steel precolumn (Free
University, Amsterdam, The Netherlands), laboratory-packed with 40-120
pum LiChrolut EN (Merck, Germany). This precolumn was on-line coupled to
the chromatographic system by a Rheodyne 7010 valve, and an HP1100

isocratic pump was used to deliver samples and condition the precolumn.
Chromatographic separation

The mobile phase consisted of acetonitrile and water acidified to pH 3 with
acetic acid. The gradient elution was as follows: the mobile phase started
with 40% of acetonitrile, which was linearly increased to 55% in 12 min;
then, in 12 min, the percentage was changed to 85% and returned to initial
conditions over 4 min. The column was equilibrated for 5 min.

Column temperature was 65°C and the mobile phase flow-rate was 1 ml
min™'. For direct injection, the volume was 10 pl.

Mass spectrometry

The different operating parameters of the interface, including drying gas (N2)

flow, nebulizer gas pressure, vaporizer temperature, capillary voltage,
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corona current and fragmentor voltage, were optimized for each compound.
Table 1 shows the optimum conditions for a mixture of all compounds for

both positive and negative ionization modes.

Table 1. Optimum conditions of the APCI interface for the simultaneous analysis of
studied compounds.

lonization mode

APCI| Parameter

Positive Negative
Drying gas (N2) (I min™) 5 6
Nebulizer gas pressure (p.s.i.) 50 50
Vaporizer temperature (°C) 425 425
Corona current (nA) 5 7
Capillary voltage (V) 3000 3000
Fragmentor voltage (V) 75 75

Chromatograms were simultaneously recorded in full-scan (m/z=50-400) and
under selected-ion monitoring (SIM) acquisition modes. Irgarol 1051 was
quantified in the positive mode by selecting ions 198 and 254. Folpet and
dichlofluanid were quantified in the negative mode; in this case, the selected
ions were 146 for folpet and 199 and 155 for dichlofluanid. We were able to
quantify diuron in both positive and negative modes. In the positive mode, the

selected ions were 233 and 72, and in the negative mode it was 231.

To improve sensitivity, quantification in full-scan mode was carried out by

extracting the suitable peak from the obtained chromatogram.
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Solid-phase extraction

All solvents and samples were percolated through the precolumn at a flow-
rate of 4 ml min”'. The precolumn was sequentially washed with 15 ml of
methanol and 15 ml of water at pH 3, adjusted with acetic acid. The tubes
were then purged with the sample solution, which had previously been
acidified to pH 3 with acetic acid. A 100-ml volume of this sample was then
preconcentrated and finally, the analytes were desorbed in the backflush
mode by the mobile phase and on-line transferred into the chromatographic

system.

Sampling

Seawater samples were collected at a depth of 1 m from the surface once a
month between March and July 2000 from five different ports along the
Mediterranean coast near Tarragona, Catalonia: the marina and the fishing
ports of Tarragona and Cambrils and the port of Salou. As blank samples,

seawater samples were also taken from the open sea.
All the samples were collected in 2.5-| precleaned amber glass bottles. They
were filtered through a 0.45-um membrane filter (Whatman, Maidstone,

UK), acidified to pH 3 with acetic acid and kept at 4°C in the dark until

analysis.

RESULTS AND DISCUSSION

APCI-MS optimization

The operational parameters of the APCI interface were optimized in both

positive and negative ionization modes by the flow injection analysis (FIA) of
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a solution of each compound in a concentration of 50 mg I"" into a carrier
stream of acetonitrile-acidified water (pH 3) (50:50). As optimum
conditions, those in Table 1 were chosen. Under these conditions, folpet
and dichlofluanid gave the highest abundance in the negative mode and
Irgarol 1051 gave the highest abundance in the positive mode. For diuron,

results were similar in the two modes.

The fragmentor voltage, which is related to the molecule fragmentation, was
studied for each compound in the 25-200 V range in both positive and
negative ionization modes. Generally for low voltages, no fragmentation
occurs and only the molecular ion is present in the corresponding spectra.
However, at high voltages, fragmentation increases and there is a
simultaneous decrease in sensitivity for the molecular ion, although more
structural information is obtained. For example, Figure 2 shows the
abundance of the ions obtained for diuron in positive ionization mode as a
function of the fragmentor voltage. We can see that the abundance of
molecular ion (m/z 233) decreases when the fragmentor voltage is increased
whereas the abundance of the ion with m/z 72, corresponding to the
fragment [MH-CsHsCI2N]*, increases. The other compounds behave in a
similar way. Table 2 shows the most important fragment ions for each
compound in its optimum ionization mode for two fragmentor voltages (75
and 125 V). No molecular fragment is obtained for folpet and dichlofluanid

since fragmentation occurs even at low voltages.

Chromatographic separation

The separation of the compounds was optimized by injecting a solution
containing all the compounds at a concentration of 10 mg I directly into
the chromatographic system. Finally, the gradient specified in Experimental
section was selected. Under these conditions, separation lasted 21 min. The

retention time for each compound is shown in Table 3.
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Figure 2. Influence of the fragmentor voltage on the response in positive mode of a standard
solution of diuron (50 mg I'") in a flow injection analysis using a carrier stream of
acetonitrile-water (50:50).

Calibration models were constructed by injecting different standard solutions
containing all the compounds at different concentration levels directly into
the chromatographic system. The linearity was good for all the compounds
between 0.1 and 100 mg I"' under the SIM acquisition mode, except for
folpet, which could only be quantified in concentrations above 2.5 mg I
because of its low response. The correlation coefficients were over 0.999.
Calibration models were also constructed in full-scan acquisition mode. In
this case, quantification was carried out by using the highest abundance
peak for each compound. This was selected through the corresponding
spectra to increase sensitivity but, as expected, quantification limits were
higher (0.25-1 mg I"") than those under SIM acquisition. The correlation

coefficients were over 0.994.
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Table 3. Retention time (tsr) and mean recoveries (n=3) for the on-line SPE-LC-APCI-MS
analysis of spiked Milli-Q water samples with LiChrolut EN as a sorbent in the
enrichment step.

Recovery (%) ?

Compound tr (Min)
10 mi 50 ml 100 ml 200 ml
Diuron 10.1 97 97 98 99
Irgarol 1051 15.7 95 93 92 91
Folpet 17.8 88 90 88 85
Dichlofluanid 20.3 89 89 89 87

? %RSD between 1 and 8% (n=3)

Optimization of SPE process

As previously mentioned, LiChrolut EN was chosen as sorbent in the
preconcentration step because of its high retention for polar analytes. To
determine the recoveries and the breakthrough volumes for the antifouling
compounds, different volumes of Milli-Q water samples (10, 50, 100 and
200 ml) were percolated through the precolumn. These samples were spiked
at different concentrations of the analytes, so that the amount of each
analyte injected into the chromatographic system was kept constant (200
ng). The pH of these samples was adjusted to 3 with acetic acid. Table 3
shows the recoveries for each compound after preconcentration. For all the
compounds, these were above 85%, even for dichlofluanid which could only
be recovered at 67% in an on-line preconcentration of 10 ml of sample
using PLRP-s as a sorbent [9] or at 20 % in an off-line preconcentration of

500 ml of sample using LiChrolut EN cartridges [12].
Although a sample volume of 200 ml gave good recovery values, 100 ml

was finally chosen because this was enough to achieve the concentration

levels required for the determination of these compounds in real samples
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and because analysis time was considerably longer for a higher sample

volume.

To study the capacity of the sorbent, the recoveries were checked for all
compounds at different concentration levels. A 100-ml volume of seawater
samples spiked with a concentration of between 0.05 and 100 nug I" was
preconcentrated. The recoveries were calculated and no significant

differences were found.

On-line SPE-HPLC-APCI-MS calibration

Under optimum conditions, linearity was studied by preconcentrating 100 ml
of seawater samples spiked with the antifouling compounds at a
concentration of between 0.01 and 5 pg I'. The pH of the sample was
adjusted to 3 with acetic acid. The calibration models were constructed
using SIM and full-scan acquisition mode quantifying by extracting the

highest abundance peak for each compound.

Table 4 shows the linear ranges, correlation coefficients and limits of
detection for both SIM and full-scan acquisition modes. When SIM
acquisition was used, models for diuron (negative ionization mode), Irgarol
1051 and dichlofluanid were linear between 0.01 and 5 pg I’ and
correlation coefficients were above 0.993. For diuron, calibration model
under positive ionization mode was also possible, but in this case the
quantification limit was 0.025 nug I, although linearity was also good, with
a correlation coefficient over 0.999. For folpet, the quantification limit was
higher (0.5 pg I'") due to its low abundance. These results are similar to
those from the off-line preconcentration of 500 ml of sample using an
HPLC-APCI-MS [12] and are slightly lower than those from SPE-GC-MS
analysis [9], where 50 ng I'' was the quantification limit for Irgarol 1051.

For SPME-GC-MS, the quantification limit was higher (200 ng I'") [14].
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The detection limits shown in Table 4, were calculated using a signal-to-

noise ratio of 3.

Under full-scan acquisition mode, the compound abundances were studied in
the same range of concentrations, and quantification limits were between
0.025 and 0.5 pg I'". Linearity was also good, with correlation coefficients
above 0.998, and detection limits were between 10 and 100 ng I"'. For
folpet, these limits were 1 and 0.5 ug I, respectively. Full-scan sensitivity
was lower than in the SIM acquisition mode, but full-scan supplies some
very useful information that could allow the analytes in real samples to be
identified.

Repeatability and reproducibility between days of the method were
evaluated by analysing five seawater samples spiked at a concentration of
0.1 pg I'" of diuron, Irgarol 1051 and dichlofluanid and 1 ug I of folpet.
Repeatability, expressed as relative standard deviation (RSD,%), was
between 1 and 8%. As expected, reproducibility between days was higher,
but this was acceptable taking into account the low levels of quantification.
Expressed as RSD, results were between 12 and 18%, except for folpet, for

which higher values were obtained due to its low response.

Application to real samples

The method was used to analyse seawater samples from five different ports
along the coast of Tarragona (Catalonia, Spain) between March and July
2000.

Diuron and Irgarol 1051 appeared in most of the samples. Figure 3 shows
the concentrations of diuron and Irgarol 1051 obtained during this period.
The highest levels of concentration correspond to periods when boats and

yachts are painted or to the summer, when yachting activity is increased.
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Figure 3. Concentration of diuron and Irgarol 1051 found in the samples from five
different ports along the coast of Tarragona taken between March and

July 2000.

Diuron was found in all samples. In most of the ports, the highest

concentration was generally found in March and June. Cambrils marina had

the highest concentrations of diuron during the period (0.10-0.33 ug I''), but
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the most concentrated sample was taken in March from the fishing port of

Tarragona.

Low levels of Irgarol 1051 were generally found, although they increased
considerably in most of the ports in June and July. The lowest
concentration was found in the Tarragona fishing port (0.015-0.095 ng I”")
and the highest levels appeared in Cambrils marina (0.08-0.37 nug ),
although the most concentrated sample corresponded to one taken in June

from the Tarragona marina.

The concentration levels are high when compared to those that were
reported in the coast of Tarragona in 1999 [14], where diuron and Irgarol
1051 were detected but could only be quantified in some samples because
the concentrations were bellow the determination level (0.05 pg I'"). The
highest concentrations of these compounds found corresponded to the
Cambrils marina for diuron (0.6 pg I'') and the Salou port for Irgarol 1051
(0.05 ug I'").

Figures 4 and 5 show the chromatograms obtained in negative and positive
ionization modes from a sample taken from the Tarragona marina in June
2000. In this sample, diuron and Irgarol 1051 were found at concentrations

of 0.30 and 0.51 pg I", respectively.

Folpet was not found in these samples, nor was dichlofluanid, although a
peak which appeared in some chromatograms obtained in negative ionization
mode was tentatively identified as N’,N’-dimethyl-N-phenylsulfonyldiamide,
which has been reported to be a degradation product of this compound [20].
The obtained spectrum and the structure of this compound is shown in
Figure 4, which Y. Akiyama et al. [20] determined using a GC-MS system.
For this reason, their spectra cannot be compared to ours, but some peaks
do coincide. Moreover, all the majority peaks could be tentatively identified:
these were 199, 155, 108, 91 and 65, which corresponded to the
fragments [CeHsNHSO2N(CHs)2-H]', [CeHsNHSO2], [CsHsNH], [SO2N(CHs)2]
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and [SO:z], respectively. They could not be identified by retention time
because the standard of this degradation product was not available.
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Figure 4. Chromatograms obtained under full-scan (a) and SIM (b) acquisition in negative ionization
mode for a Tarragona marina sample taken in June 2000. The concentration of diuron
was 0.30 ug I'. Peaks: 1=diuron; 2=tentatively identified as N’,N’-dimethyl-N-
phenylsulfonyldiamide. The MS spectrum of peak 2 and the structure of N’,N’-dimethyl-

N-phenylsulfonyldiamide are also included.
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Figure 5. Chromatograms obtained under SIM (a) and full-scan (b) acquisition in positive ionization
mode for a Tarragona marina sample taken in June 2000. The concentrations of diuron
and Irgarol 1051 was 0.30 pg I" and 0.51 pg I, respectively. Peaks: 1=diuron;
2 =Irgarol 1051; 3 =tentatively identified as diethylphthalate. The MS spectrum of peak
3 and the structure of diethylphthalate are also included.

Another peak was tentatively identified as a phthalate because it presented
ions 149 and 177, as can be seen in Figure 5, where the spectrum is
shown. The first is a typical fragment that appears in the spectrum of this
kind of compounds and corresponds to [CeH4COOCO +H]* [21]. The second
is typical of diethylphthalate and corresponds to [CeHsCOOCOCH2CH2]*. A

standard of this compound was available, so it was directly injected into the
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chromatographic system and the spectrum and the retention time were

similar.

CONCLUSIONS

An automatic method based on the on-line coupling of SPE-HPLC-APCI-MS has
been developed to determine four antifouling compounds in seawater samples.
The highly crosslinked polymer LiChrolut EN, used as sorbent in the SPE step,
allowed all the compounds, even the most polar ones such as dichlofluanid, to
be recovered at more than 85% when 100 ml of sample was preconcentrated.
These recovery values and the high sensitivity of the MS detection under SIM
acquisition mode with an APCI interface allowed the quantification of all the
compounds at low concentration levels (10 ng I''), except folpet which could
only be quantified at 500 ng I"" because of its low response. Repeatability and
reproducibility of the method between days were also evaluated and good
results were obtained. This automatic method allowed for monitoring the
presence of some of the compounds in samples taken from different ports
along the coast near Tarragona. Only diuron and Irgarol 1051 could be
detected and quantified at concentration levels of 27-420 and 15-511 ng I,

respectively.

Moreover, some additional peaks were tentatively identified as diethylphthalate

and a degradation product of dichlofluanid.
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Conclusions

Dels treballs realitzats en la present Tesi Doctoral es poden extreure les

seglients conclusions :

1. L'acoblament de sistemes de preconcentracié i deteccié a I'HPLC
permet desenvolupar métodes per a la determinacié de compostos

organics a concentracions baixes en mostres d'aigua de mar.

2. La utilitzacié del sorbent poliméric PLRP-s permet |'obtencié de
recuperacions acceptables en la SPE acoblada en linia a la
cromatografia liquida per a la determinacié de NS en mostres d'aigua
de l'aixeta i de riu, aixi com de PACs en mostres d’aigua de mar i de

depuradora.

3. L'UGs dels sorbents polimérics altament entrecreuats LiChrolut EN i
Isolute ENV + en I'extraccio en fase sodlida de contaminants organics de
mostres d’aigua de mar i de depuradora fa possible I'obtencié de
recuperacions elevades per a la majoria dels compostos estudiats en la

present Tesi.

4. L’acoblament en linia de la SPE utilitzant el LiChrolut EN a I'HPLC
permet obtenir bons resultats per a la determinacié de BZS i NS en
mostres d'aigua de mar a baixes concentracions, si bé s’ha de realitzar
I’elucié Gnicament amb la fraccié organica de la fase mobil emprada per
a la separacié cromatografica. Tot i que pels compostos més polars les
recuperacions son baixes, aquestes son superiors a les obtingudes amb

els sorbents polimérics convencionals.

5. Donada la hidrofobicitat dels PACs i els ftalats i adipats estudiats en la
present tesi, ha estat necessaria I'addicié d’'un 20% d’acetonitril a la
mostra abans de la seva preconcentracié per tal d’augmentar la

solubilitat dels compostos i evitar la seva adsorcié6 a les parets del
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10.

material en qué es posen en contacte. D'aquesta forma, s’han obtingut

unes recuperacions acceptables per a tots els compostos estudiats.

L’extracci6 amb solvents organics, combinada en alguns casos amb
ultrasons, és una bona técnica per a l|'extracci6 de contaminants
organics de mostres de sediments marins, ja que és una técnica
senzilla i permet obtenir bones recuperacions. En la present tesi,
aquesta técnica s'ha aplicat a la determinacié de compostos aromatics
policiclics i ftalats i BEHA, utilitzant com a solvents organics acetonitril
i diclormeta respectivament i s’han obtingut recuperacions superiors al

70% per a tots els compostos estudiats.

L'acoblament de I'HPLC i la MS mitjancant la interfase APCI permet el
desenvolupament de métodes analitics sensibles que permeten assolir
els nivells de concentraci6 en qué es troben els contaminants en
mostres reals. A més, |'is de la MS com a sistema de deteccié permet

la confirmacié dels contaminants en les mateixes.

L’APCI-MS és una bona técnica complementaria a la FLD per a la
deteccié i quantificaci6 de PACs en mostres reals, tot i que aquest
sistema de detecci6 no va permetre la determinacié d’alguns dels

compostos estudiats.

Juntament amb I|'ds de les técniques d’extraccié anteriorment
esmentades, el meétode basat en [|'acoblament HPLC-APCI-MS ha
permés la identificacié i quantificacié dels ftalats i BEHA estudiats en
mostres de depuradora i en sediments marins, si bé aquests compostos

no han estat detectats en aigua portuaria.

L'as de la MS com a técnica de deteccié no només permet assolir els
nivells de concentracié en que es troben els contaminants en mostres

reals i confirmar la preséncia, sind que també permet la deteccié
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11.

12.

13.

14.

d’altres substancies presents en les mostres. Aquesta técnica,
acoblada a un sistema on-line SPE-HPLC mitjancant la interfase APCI,
ha permés la determinacié de diuron i Irgarol 1051 en mostres d’aigua
costanera, aixi com la identificacié d’un dels productes de degradacié
del diclofluanid i d'un ftalat, el DEPH.

Els algorismes de calibraci6 de segon ordre poden ser una bona
alternativa a |I’hora de solventar alguns problemes sorgits en |'aplicacid
de les tecniques acoblades, com per exemple, la quantificacié dels
analits a partir de pics cromatografics parcialment solapats que no
poden separar-se mitjancant la modificacié dels parametres que afecten
a la separacié cromatografica, com la composicié de la fase mobil o la

temperatura.

Per a la determinacié de compostos la separacié cromatografica dels
quals és dificil i requereix molt de temps, com és el cas dels NS,
I’aplicacié de I'algorisme de calibracié de segon ordre 3-PLS ha estat
molt uatil per a disminuir el temps d’analisi, ja que permet la
quantificacié a partir de pics parcialment solapats, la qual cosa fa que

no sigui necessaria una separacié completa dels analits.

El GRAM ha permés la determinaci6 de contaminants organics en
sediments marins, mostres complexes que presenten efecte matriu.
Aquest algorisme no només permet la quantificacié en preséncia de
substancies interferents sense haver d’optimitzar una nova separacio
cromatografica, sindé que per a aquesta quantificacié Unicament es
requereix una mostra de calibracié, la qual cosa permet determinar la
concentracié dels analits sense haver de realitzar una nova recta de

calibracié univariant per a cada nova mostra.

L'aplicacié dels metodes analitics desenvolupats en la present Tesi

Doctoral ha permés la determinacié d’alguns dels compostos estudiats
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15.

16.

en mostres d'aigua de depuradora i de diferents ports de la costa de
Tarragona, tot i que les concentracions en qué han estat trobats no sén
alarmants. Concretament, en aigua costanera s’ha detectat la preséncia
del 4-hidroxi-1-naftalensulfonat, el 2-naftalensulfonat, el diuron i
Ilrgarol 1051. Mentre que el primer compost no ha pogut ser
quantificat degut al baix nivell de concentracié, la resta han estat
quantificats en concentracions de 0.14 nug I'', 27-420 ng I' i 15-511

ng I'' respectivament.

Tot i que no han estat trobats en mostres d’aigua de mar dintre dels
limits de concentracié establerts pel meétode, en les mostres de
sediments portuaris es van trobar alguns PAHs (benzo[blfluorante,
benzolk]fluoranté, benzolalpire, benzo[ghilperile i indeno[1,2,3-cd]pire)
i alguns ftalats (DMPH, DEPH, BBPH, DBPH i EHPH). Els limits de
quantificacié dels diferents métodes desenvolupats ha permés la seva

quantificacié en concentracions que varien entre 0.086 i 9.4 mg kg™.

El métode desenvolupat per a la determinacié de plaguicides antialgues
ha permés avaluar la preséncia d’aquests compostos en mostres de la
costa de Tarragona. En totes les mostres analitzades es van trobar el
diuron i I'lrgarol 1051, mentre que folpet i diclofluanid no van ser
detectats en cap d’elles. Tot i aix0, un dels productes de degradacié
d’aquest ultim, el N’,N’-dimetil-N-fenilsulfonildiamida, va ser detectat

en algunes de les mostres.
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Estructura quimica dels compostos analitzats:

Nom Familia Estructura
|
0=s=0
2-aminobenzensulfonat  benzensulfonats ©/NH2
o
|
0=s8=0
3-aminobenzensulfonat  benzensulfonats @\
NH,
o
|
0=s=0
4-aminobenzensulfonat  benzensulfonats ©
NH,
(0]
n
s -0
6-amino-4-hidroxi-2- Il
naftalensulfonats 0
naftalensulfonat
HZN
OH
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Nom Familia Estructura
(0]
n
H,N S -0
7-amino-4-hidroxi-2- Il
naftalensulfonats 0
naftalensulfonat
OH
o
|
0=s=0

2-amino-1-
naftalensulfonat

5-amino-1-
naftalensulfonat

5-amino-2-
naftalensulfonat

8-amino-2-
naftalensulfonat

naftalensulfonats

naftalensulfonats

naftalensulfonats

naftalensulfonats

NH,
0]
1]
S
Il
0
NH,
0
NH 1
S
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Nom Familia Estructura
o
|
0=s=0
1-benzensulfonat benzensulfonats
0

benzilbutilftalat (BBPH)

benzo[alpiré

benzo[b]fluorante

benzol[b]nafto[2,1-
dltiofe

benzo[b]nafto[2,3-
dltiofe

i

ftalats
(plastificants)

o
oy

OO0

hidrocarburs
aromatics

hidrocarburs
aromatics

hidrocarburs
aromatics
heterociclics

hidrocarburs
aromatics
heterociclics
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Nom

Familia

Estructura

benzo[b]tiofé

benzolghilperilé

benzolk]fluoranté

bis(2-ethilhexil)adipat
(BEHA)

bis(2-ethilhexil)ftalat
(EHPH)

dibenzotiofé

hidrocarburs
aromatics
heterociclics

hidrocarburs
aromatics

hidrocarburs
aromatics

adipat
(plastificants)

ftalats
(plastificants)

hidrocarburs
aromatics
heterociclics

oW
i
b

L
oy
S
Ses
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Nom Familia Estructura
Cl
HSC\N Isl, S (I: F
plaguicides N- H3C/ IIoNTT
dichlofluanid trihalometiltio 0 ¢
(antialgues)
(0]
ftal 0"
dietilftalat (DEPH) (plastt?ff::n )
Ov
(0]
(0]
-~
ftalats °
dimetilftalat (DMPH) "
(plastificants) 0
~N
(0]
o]
O/\/\
. . ftalats
di-n-butilftalat (DBPH) (plastificants) o
W
o]
(0]
e N
. . ftalats 0
di-n-octilftalat (DOPH) (plastificants) O\/\/\/\/
(0]

279



Annexos

Nom

Familia

Estructura

Diuron

fluorante

folpet

4-hidroxibenzensulfonat

4-hidroxi-1-
naftalensulfonat

plaguicides,
triazines
(antialgues)

hidrocarburs
aromatics

plaguicides,
triazines
(antialgues)

benzensulfonats

naftalensulfonats

Cl

Cl

N—S—C—ClI

Cl
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Nom Familia Estructura
. hi
indeno[1,2,3-cd]pire |drocejrpurs .
aromatics ‘
ji-|3
. N °N
plaguicides CH, |
irgarol 1051 triazines J\\ )\
(antialgues) H,C—C—NH N NH

naftalen-1,5-disulfonat

naftalen-2,6-disulfonat

naftalen-2,7-disulfonat

naftalensulfonats

naftalensulfonats

naftalensulfonats

|
o=w =0
oO=w =0
|
o

0
|
0=s=0
0=s5=0
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Nom Familia Estructura
o
|
0=s=0
1-naftalensulfonat naftalensulfonats
0
I B
s -0
2-naftalensulfonat naftalensulfonats g
o
|
0=s=0

3-nitrobenzensulfonat benzensulfonats
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Abreviatures utilitzades en la present tesi:

3-PLS:

APCI:
APCI-MS:

APPI:
ASE:
BBPH:
BEHA:
BZS:
CE:
CEC:
CPE:
CWX-DVB:
CX-DVB:
CZE:
DBPH:
DBT:
DEPH:
DMPH:
DOPH:

DVB-CX-PDMS:

ECD:
EFA:
EHPH:
EPA:
ES:
ES-MS:
EU:

Regressié amb minims quadrats parcials de tres vies (Three-
way Partial Least Squares)

lonitzacié quimica a pressié atmosfeérica
Espectrometria de masses amb ionitzacié quimica a
pressié atmosferica

Fotoionitzacié a pressié atmosférica

Extracci6 accelerada amb solvent

Butilbenzilftalat

Bis(2-etilhexil)adipat

Benzensulfonat

Electroforesi capil-lar

Electrocromatografia capil-lar

Extraccié en punt de ndvol

Carbowax-divinilbenzé

Carboxen-divinilbenze

Electroforesi capil-lar per zones

Di-n-butilftalat

Dibutilestany

Dietilftalat

Dimetilftalat

Di-n-octilftalat
Divinilbenzé-Carboxen-polimetilsiloxa

Detector de captura electronica

Evolving Factor Analysis

Bis(2-etilhexil)ftalat

Agencia de Protecci6 Ambiental dels Estats Units
Electrosprai

Espectrometria de masses amb electrosprai

Unié Europea
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FID:
FLD:
FSFS:
GC:
GC-MS:
GPC :
GRAM:

HCHs:
HPLC:

HPLC-FLD:

HS-SPME:
IPLC:

ITP:
ITTFA:
LAS:
LIFD:

LLE:
LLME:
LVSS:

MAE:
MBT:

MCR-ALS:

MEHPH :
MEKC:
MS:
NPD:
NPEO:
NS:

PA:

Detector d'ionitzacié de flama

Detector de fluorescéncia

Fast-Scanning Fluorescence Spectrometry

Cromatografia de gasos

Cromatografia de gasos amb espectrometria de masses
Cromatografia de permeacié en gel

Métode generalitzat d'anihilacié de rang (Generalized Rank
Annihilation Method)

Hexaclorociclohexans

Cromatografia liquida d’alta resolucié

Cromatografia liquida d’alta resolucié amb detector de
fluorescencia

Microextraccié en fase solida d’espai de cap
Cromatografia liquida de parell idnic

Isotacoforesi

Iterative Target Transformation Factor Analysis
Benzensulfonats alquilics lineals

Detector de fluorescéncia induida per laser

Extracci6 liquid-liquid

Microextraccié liquid-liquid

Sample stacking mitjancant la injeccié de grans volums de
mostra

Extracci6 assistida amb microones

Monobutilestany

Multivariate Curve Resolution by Alternating Least
Squares

Mono(2-etilhexil)ftalat

Cromatografia micel-lar electrocinética

Espectrometria de masses

Detector de nitrogen-fosfor

Etoxilats de nonilfenol

Naftalensulfonat

Poliacrilat
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PACs:
PAHs:
PARAFAC:
PB:

PCA:
PCBs:
PCR:
PDMS:

PDMS-DVB:

PLS:
PS-DVB:
PVC:
RSD:
SBSE:
SDS:
SDSA:
SFC:
SFE:
SPE:
SPME:
SVD:
SWE:
TBT:
TBTs:

TCMS piridina:

TCMTB:
TLD:
TMS:

Compostos aromatics policiclics
Hidrocarburs aromatics policiclics
Parallel Factor Analysis

Interfase de feix de particules
Principal Component Analysis
Bifenils policlorats

Principal Component Regression
Polidimetilsiloxa
Polidimetilsiloxa-divinilbenze

Partial Least Squares
Poliestire-divinilbenze

Clorur de polivinil

Desviaci6 estandard relativa
Extraccié per sorci6 amb barres magneétiques agitadores
Dodecilsulfat sodic

Acid dodecansulfonic
Cromatografia de fluids supercritics
Extraccié de fluids supercritics
Extracci6 en fase solida
Microextraccié en fase solida
Descomposicié en valors singulars
Extraccié amb aigua subcritica
Tributilestany

Compostos de tributilestany
2,3,5,6-tetracloro-4-metilsulfonil de piridina
(2-tiocianometiltio)benzotiazol
Trilinear Decomposition

Tetrametilsila
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Els treballs que han sorgit de la present Tesi Doctoral, inclosos als capitols |
i Il, que s’han publicat o estan pendents de publicaci6 en revistes

cientifiques, sén els seglents:

— R. A. Gimeno, R. M. Marcé, F. Borrull, Determination of organic
contaminants in seawater, Trends Anal. Chem., (pendent de
publicacié) (apartat [.2.5).

— R. A. Gimeno, R. M. Marcé, F. Borrull, Determination of Aromatic
Sulfonates in Coastal Water by On-Line lon-Pair Solid-Phase
Extraction/lon-Pair Liquid Chromatography with UV Detection,
Chromatographia, 53 (2001) 22-26 (apartat 11.1).

— R. A. Gimeno, J. L. Beltrdn, R. M. Marcé, F. Borrull, Determination of
naphthalenesulphonates in water by on-line ion-pair solid-phase
extraction and ion-pair liquid chromatography with fast-scanning
fluorescence detection, J. Chromatogr. A, 890 (2000) 289-294
(apartat 1.2).

- R. A. Gimeno, A. F. M. Altelaar, R. M. Marcé, F. Borrull,
Determination of polycyclic aromatic hydrocarbons and polycyclic
aromatic sulfur  heterocycles by  high-performance liquid
chromatography with fluorescence and atmospheric pressure chemical
ionization mass spectrometry detection in seawater and sediment
samples, J. Chromatogr. A, 958 (2002) 141-148 (apartat I1.3).

— R. A. Gimeno, E. Comas, R. M. Marcé, J. Ferré, F. X. Rius, F. Borrull,
Second-order bilinear calibration for determining polycyclic aromatic
compounds in marine sediments by solvent extraction and liquid
chromatography with diode array detection, Anal. Chim. Acta
(acceptat) (apartat 11.4).
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— R. A. Gimeno, R. M. Marcé, F. Borrull, Determination of plasticizers
by high-performance liquid chromatography and atmospheric pressure
chemical ionization mass spectrometry in water and sediment
samples, Chromatographia, 58 (2003) 37-41 (apartat I1.5).

— R. A. Gimeno, C. Aguilar, R. M. Marcé, F. Borrull, Monitoring of
antifouling agents in water samples by on-line solid-phase extraction-
liquid chromatography-atmospheric pressure chemical ionization mass
spectrometry, J. Chromatogr. A, 915 (2001) 139-147 (apartat 11.6).

Durant la realitzacié de la present Tesi Doctoral, també s’ha contribuit a la

realitzacié dels seglients treballs relacionats amb el tema de la mateixa:

— E. Comas, R. A. Gimeno, J. Ferré, R. M. Marcé, F. Borrull, F. X. Rius,
Time-shift correction in second-order liquid chromatographic data with
iterative target transformation factor analysis, Anal. Chim. Acta, 470
(2002) 163-173.

— E. Comas, R. A. Gimeno, J. Ferré, R. M. Marcé, F. Borrull, F. X. Rius,
Using second-order calibration to identify and quantify aromatic
sulfonates in water by high-performance liquid chromatography in the
presence of coeluting interferences, J. Chromatogr. A, 988 (2003)
277-284.

— E. Comas, R. A. Gimeno, J. Ferré, R. M. Marcé, F. Borrull, F. X. Rius,

Quantification of high drifted and overlapped peaks using second

order calibration, (en preparacio).
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