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Objeto

Los trabgjos desarrollados en esta Memoria se inscriben en la linea de
investigaciéon del grupo FOQM 215 “Simplificacién, automatizacion 'y
miniaturizacién del proceso anditico” de la Junta de Andalucia. Los objetivos
globales que se han marcado son:

a) introducir innovaciones en e dambito de la especiacién medioambiental;

b) demostrar las ventgjas que implica € empleo de los fullerenos en la

especiacion;

¢) desarrollar metodologias analiticas que ofrezcan ventajas sustanciales

respecto alas ya descritas; y

d) demostrar la utilidad de la criba previa de muestras (pre-screening) en €l

ambito de la especiacién medioambiental.

Como es habitud en € desarrollo de la investigacion cientifica, también
han surgido nuevos objetivos relevantes tades como € empleo de derivados de
fullerenos, la simplificacién de los procesos andliticos, la comparacion
sistematica de los detectores acoplados en linea con un cromatografo de gases,
etc.
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Objeto

La Memoria se estructura de tal forma gque en sus capitulos se muestra la
combinacion de los eementos basicos que la componen y que se muestran en €
siguiente esquema:

ESPECIACION
FULLERENO C,,
- DERIVADO DEL
AUTOMATIZACION DE FULLERENO
LA DERIVATIZACION
q mip-AES

o d

q ToF-ms

ot

Asi, cada apartado ofrece una orientacién inicia en funcion del sorbente utilizado
para la preconcentracion y € clean-up (fullereno y su derivado
dietilditiocarbamico), de la metodologia desarrollada (automatizacion de la
derivatizacion y/o screening de muestras) y de los instrumentos utilizados para

llevar a cabo la determinacion dd las distintas especies de interés (AAS, GC/MS,
GCI/MIP-AES, GC/ICP-TOFMS).
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Objeto

The work described in this Report was conducted within the research
framework of Group FQM 215 “Simplification, Automation and Miniaturization
of the Analytica Process’, under the auspices of the Andalusian Regiona
Government. The principa goals of this research were as follows:

(@ Tointroduce innovations in the area of environmental speciation;

(b) to demonstrate the advantages of using fullerenes for speciation;

(c) to develop anaytical methodologies substantidly improving on

existing ones; and

(d) to demonstrate the usefulness of pre-screening in environmental

speciation.

As usua while conducting scientific research, new aims arose such as
exploiting the potential of fullerenes, simplifying analytica processes,
systematically comparing the types of detectors usually coupled on-line to gas
chromatographs, etc.
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This Report is organized in such a way that its chapters expound the
combination of its basic elements as shown in the following scheme:

SPECIATION
FULLERENE C,,

FULLERENE
AUTOMATION OF THE DERIVATIVE
DERIVATISING STEP
Qe reD
T
d ToF-ms)

Thus, each section introduces the specific methodology used (to automate
derivatization and/or screen samples) and the instruments employed (AAS,
GC/MS, GC/MIP-AES, GC/ICP-TOFMS) to determine the different target
Species.
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Listado de Acrénimos

LISTADO DE ACRONIMOS

AAS Espectrometria de absorcion atémica

ADTP Acido dietilentriamino pentaacético

AEDT Acido etilendiamintetraacético

AES Espectrometria de emision atbmica

AFM Microscopia de fuerza atdbmica

APDC Pirrolidin ditiocarbamato amonico

CCP Plasma por acoplamiento capacitativo

CE Electroforesis capilar

CFS Sistemas de flujo continuo

Cl lonizacion quimica

DCP Plasma generado por corriente directa

DEL Dietilplomo

DML Dimetilplomo

ECD Detector de captura de electrones

El Impacto eectrénico

ETAAS Espectrometria de absorcidn atdmica con atomizacion
electrotérmica

EV Vavulade ducion

FAAS Espectrometria de absorcion atdmica con atomizacion por
[lama

Fl Inyeccion en flujo

FID Deteccion de ionizacion de llama

FPD Deteccion fotométrica de llama

FTIR Espectroscopia infrarroja con transformada de Fourier

GC Cromatografia de gases

HG Generacion de hidruros

HIV Virus inmunodeficiencia humana

IBMK Isobutil metil cetona

ICP Plasma acoplado por induccién

INSHT Instituto nacional de seguridad e higiene en d trabajo




Listado de Acrénimos

LC Cromatografia liquida

MIP Plasma inducido por microondas
MRC Materia de referencia certificado
MS Espectrometria de masas

MTEL Metiltrietilplomo

NaDDC Dietilditiocarbamato sodico

NMR Resonancia magnética nuclear
OoDS Silice con grupos octadecilo

PAHs Hidrocarburos policiclicos arométicos
PCBs Bifenilos policlorados

PTFE Politetrafluoro etileno

PV Vavulade preconcentracion

Pz Piezoel éctrico

QOMB Microbalanza de cuarzo

RF Radiofrecuencia

RSD Desviacion estandar relativa

SAW Sensor de ondas acusticas

SIM Monitorizacion selectiva de iones
SPE Extraccion en fase sdlida

STM Microscopia de barrido electrénico
TBL Tributilplomo

TeEL Tetraetilplomo

TEL Trietilplomo

TeML Tetrametilplomo

THF Tetrahidrofurano

TML Trimetilplomo

TOFMS Espectrémetro de masas con analizador de tiempo de vuelo
TPhL Trifenilplomo

TPL Tripentilplomo

VLA Vaor limite admisible

XRD Difraccién de rayos X
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1.1. Aproximacion general ala especiacion

1.1 APROXIMACION GENERAL A LA ESPECIACION

La invegtigacién medioambienta ha puesto de manifiesto e hecho de
gue metales y metaloides pueden aparecer en la naturaleza en diversos estados de
oxidacion y formando parte de muy diferentes compuestos; estas distintas formas
guimicas son normamente conocidas como “especies’ y su distribucion, asi
como su efecto sobre los distintos organismos, es muy variable. Algunos
elementos son esenciales para varias formas de vida, pero pueden ser toxicos a
dosis dtas; en muchas ocasiones, los efectos producidos en € organismo
dependen de la forma en la que se encuentre presente e elemento, variando su
toxicidad en intensidad e incluso en @ mecanismo de actuacion. La informacion
clésica sobre e contenido total de un elemento en una muestra determinada ya no
es suficiente para definir esa muestra. Por € contrario, cada vez se extiende més
laidea generd de que es necesario conocer la distribucién del elemento entre sus
diversas especies para satisfacer las demandas informativas planteadas por
multitud de areas. toxicolOgica, clinica, quimica medioambiental, geogquimica,
industrial, etc.

DEFINICIONES

El término “especiacién” ha sido reiteradamente empleado en la multitud
de metodologias desarrolladas recientemente para redlizar esta discriminacion
entre especies. Sin embargo, se ha aplicado tanto a la transformacién de especies
como a su digtribucion asi como a procedimiento anditico empleado para
detectar su presencia y/o determinar su concentracion de forma discriminada. La
confusion derivada de la gran variedad de acciones englobadas bajo € mismo
término' revela la necesidad de una definicion Unica y directa, de vital
importancia para la comunicacion interdisciplinar y aplicable dentro y fuera de la
comunidad cientifica para implicar a los responsables de la legidacion y a los
grupos de consumidores. Desde 1784, se conocen varios significados para €
término “especiaciéon’: uno de elos se emplea actuamente con poca frecuencia
en e ambito de la Quimica Organica y se refiere a “reaccion especifica”; los
restantes significados aln mantienen su vigencia 'y conviene hacer una distincion
entre ellos. Para ello se han utilizado las recomendaciones de la IUPAC en este
contexto® que se materializan en los vocablos que deben ser sustituidos para
conseguir una terminologia estandar que se esquematizaen laFigural.l.
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Capiulo |. Introduccién

IUPAC AREA TEMATICA
. MOLECULAS
) IONES, S s —p ESPECIE QuiMICA

,/ ASOCIACIONES, ETC ) QUIMICA

g ™ ———3 | TRANSFORMACION QUIMICA

EVOLUCION DE ESPECIES MEDIOAMBIENTAL

e "ESPECIACION N A
——__._INDIVIDUAL __~* _

’//éél;ECIAclo;\l 1: """" \ ANALISIS QU“V”CA
. DEGRUPO_// - ’ DELA [ ANALITICA

e CRBA DE Y ESPECIACION

1 3 ]

\._ ESPECIACION _/

e . ESPECIACION )
{_ DISTRIBUCION e DE UN ESPECIACION

________________ ELEMENTO

‘_________\ ‘QPERACIONA‘I;/ \
" ESPECIACION | SEPARACION
' P | FRACCIONAMIENTO DE ESPECIES

\._ FUNCIONAL _-*

Figural.1l. Terminologia relacionada con la especiacion

En biologia, la palabra especiacion se emplea para describir 1a evolucién
de las especies, en € sentido del desarrollo por parte de una subpoblacién aislada
de cambios genéticos en que la transforman en un grupo de individuos
estadisticamente distintos de la poblacion original. Basandose en este concepto,
el término especiacion se ha empleado frecuentemente en Geoguimica y Quimica
Medioambiental para designar las transformaciones que tienen lugar durante los
ciclos en los que toman parte los eementos (g. la acumulacién de elementos
traza en sudo y lodos y su posterior distribucién en e medio acuético). Para
evitar confusiones, la IUPAC® recomienda emplear “transformacion de
especies’ en estos casos.

En € ambito de la Quimica Anditica, € uso mas extendido ddl término
especiacion se refiere a la actividad analitica implicita en la identificacién y
cuantificacion de las distintas especies quimicas y su distribucion, normamente
para indicar que la informacion que suministra una nueva metodologia es mas
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1.1. Aproximacion general ala especiacion

completa que la proporcionada por métodos convencionales que ofrecen una
informacion global no discriminada. En funcion de la extension del andlisis, se ha
distinguido entre “criba de especiacién’, s e objetivo de andisis es la
deteccidn y/o determinacién de una Unica especie, “ especiacion de grupo”, si se
pretende obtener informacién sobre un grupo especifico de compuestos o
elementos que muestran una respuesta global a un determinado parametro, o
“especiacion individual” , si se obtiene la maxima informacion sobre todas las
especies presentes en cuanto a identificacion (estructura molecular, electrénica o
nuclear) y a determinacion®. El término “andlisis de la especiacion”” esta
explicitamente recomendado por la IUPAC para englobar estas actividades
analiticas.

La ultima acepcion reconocida por la IUPAC aconsga € empleo de
“egpeciacion de un eemento” para indicar la distribucion de especies de un
determinado elemento en una muestra o matriz en particular, y sélo en este caso.
El equivalente empleado hasta ahora seria la “ distribucion de especies’*® muy
usado en andlisis de tipo medioambiental o ecotoxicoldgico, entre otros campos.

La separacion de las digtintas especies en grupos con similares
propiedades no puede ser considerada especiacion, aunque es una herramienta
muy Util para llevar a cabo la determinacion de las especies de interés. El
concepto de “ especiacion fisica”® entendido como la determinacion de las
diferentes formas de una misma especie quimica (g. fraccion soluble y fraccién
suspendida, empleo de extracciones secuenciales, etc.), asi como los términos de
“especiacion  operaciond” o0 “especiacion  funcional” para definir la
caracterizacion de grupos formados por compuestos diferentes entre si, pero que
reaccionan de forma similar a una operacién metodoldgica determinada o que
provocan una idéntica respuesta bioldgica en € organismo, respectivamente, no
deben ya ser empleados. En su lugar la IUPAC introduce d término
“fraccionamiento” que abarca los procesos de clasificacion de un analito o
grupo de analitos segin sus propiedades fisicas (gf. tamafio, solubilidad) o
guimicas (g. tipo de enlace, carga, reactividad).

Una vez definida la especiacién como la digtribucion de un elemento
entre distintas especies quimicas en un sistema dado, se impone la necesidad de

" Latraduccion al castellano del término “speciation analysis’ propuesto por la lUPAC
no es fécil. Se ha optado por la opcibn més directa para evitar confusiones
terminoldgicas. En realidad |a palabra andlisis deberia referirse més alas muestras que a
los analitos (especies).
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Capiulo |. Introduccién

definir claramente la palabra “especie’ en € area que nos interesa. Segun la
IUPAC, “especie quimica” es una forma especifica de un elemento definida por
Su composicion isotépica, su estado electrénico o de oxidacion, y/o su estructura
molecular o complgja.

Todos estos términos estén claramente relacionados entre si (Figura 1.2),
de manera que d concepto de especie quimica es la base que permite la
definicion de la especiacion de un elemento. A su vez, las distintas formas en las
gue se distribuye un elemento dependen de las transformaciones que sufran las
especies como consecuencia de su interaccién con otros componentes de la
matriz o las dteraciones a las que se someta durante € proceso de la
determinacion de su concentracion (andlisis de la especiacion). Este proceso
cuenta con el apoyo del fraccionamiento de la muestra como una herramienta de
gran utilidad.

ANALISSDE LA
ESPECIACION

Monitorizacion dela

dindlicade
transformecion ,
% . .....
Speaes A ’ ‘ FRACCIONAMIENTO

TRANSFORMACION
DE
ESPECIES

ESPECIE QUIMICA

Figural.2. Relacién entre los términos rel acionados con la especiacién
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1.1. Aproximacion general ala especiacion

EVOLUCION HISTORICA DEL CONCEPTO DE ESPECIACION

El concepto de especiacién eemental, interpretado como €
reconocimiento de la existencia de distintas formas de un metal, data de la década
delos 50's, cuando un grupo de investigadores geoquimicos separé las fracciones
de “metal disuelto” y “meta particulado” con una simple filtracion a través de
una membrana de 0.45 nm. Més adelante, € desarrollo de la electroquimica hizo
posible la discriminacién entre metal libre y metal complgado en muestras de
agua. Sin embargo, no fue hasta 1976 cuando se publicd una metodologia que
podia ser considerada como “especiacion globa”. Por primera vez se llevd a
cabo la separacion minuciosa de cada una de las siete formas quimicas y fisicas
gue € autor estimaba posibles en muestras de agua (metal libre, metal en
complejos organicos l&biles, metal en complejos organicos estables, metal en
complejos inorganicos labiles, metal en complgos inorgénicos estables, meta
adsorbido en materia orgénica y metal adsorbido en materia inorgénica).” Por
otra parte, € desarrollo de las técnicas instrumentales era emergente, y en 1966
se describié € primer acoplamiento entre un cromatégrafo de gases y un
espectrOmetro de absorcién atdmica con atomizacion por llama, para la
determinacion de compuestos organoplomados en gasolina. Aundgue la eficacia
de estas primeras metodologias pueda ser cuestionable, son un claro reflgo de la
inquietud que la comunidad cientifica ha mostrado por € conocimiento de la
distribucion de metales y metaloides en  medioambiente, especiamente en los
ultimos cinco afios. Sin embargo, esta preocupacion no fue compartida por las
autoridades y la poblacion en general hasta que una serie de desastres naturales o
econdmicos alertaron ddl acance de su importancia: la enfermedad de Minamata,
causada por la emisién de compuestos organomerclricos en la bahia de
Minamata (Japdn), € naufragio en d Mar Mediterraneo del buque SS Cavtat,
cargado con 200 toneladas de compuestos organoplonados, |a e evada mortalidad
de odras en las granjas de la bahia de Arcachon (Francia) provocada por la
contaminacién con compuestos organoestannosos, o0 la contaminacion del agua
potable con compuestos organoarsenicales detectada en varias zonas de
Bangladesh. Actuamente, la legidacidn es bastante ambigua en este tema, y en
la mayoria de los casos solo considera los niveles totales de metales, pero no las
concentraciones de las especies individuales. Este es e caso de gran parte de las
directivas europesas, junto con la “WHO Drinking Water Guidelines’ o lalista de
contaminantes acordada en la Tercera Conferencia del Mar del Norte de 1990.
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Capiulo |. Introduccién

Aun en las directivas en las que se contemplan especies metdlicas, la definicion
es muy imprecisa, Y se refiere a “mercurio y sus compuestos’, “arsénico y sus
formas inorganicas’, o “cadmio y sus derivados organicos’. Por lo tanto, existe
una evidente necesidad de megorar la legisacion existente respecto a las formas
guimicas de los elementos y de desarrollar estandares escritos que permitan una

mejor comunicacién entre los investigadores y la sociedad en general.
AREASDE INTERES EN ESPECIACION

Los objetivos principaes de la especiacion de metales y metaloides se
centran en aspectos relacionados con la toxicidad respecto a diversos sistemas
biolégicos. En esquema (ver Figura 1.3), las areas implicadas en andisis de
especiacion son medio ambiente, aimentacion, salud e industria. Los efectos
nocivos de conocidas formas metdlicas (g. organoplomados, organoestannosos,
especies de mercurio) sobre diversos compartimentos medioambientales (aire,
aguas naturales, sedimentos, suelos) se han estudiado ampliamente y han

LEGISLACION
Estudios ’Agua Alre Suelo | : \
Sistemas de Control
de /
Transformacion
MEDIOAMBIENTE

ANALISIS
DE LA
ESPECIACION

ALIMENTACION

‘ Estudios

Contr_ol —Toxicidad  ge Control Higien_e
de Calidad del Proceso  Industrial
| Asimilacion de Produccién
Comercializacién /
ASpeCtOS Control de
Terapéuticos Productos

Farmacéuticos

Figura|.3. Campos de aplicacion del andlisis de la especiacion
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1.1. Aproximacion general ala especiacion

congtituido e nicleo del desarrollo del andlisis de especiacién. Consecuencia
directa del mejor conocimiento de la toxicidad de ciertas especies es la aparicién
de regulaciones y legidacion para € tema, aunque diste mucho de ser especifica
Otros objetivos secundarios de la investigacion de las diversas especies son la
evaluacion de los efectos de una exposicion prolongada a niveles de
concentracion bgjos, los estudios de transformacion biolégica y geoldgica, y la
mejora de la calidad de los resultados analiticos para la implantacién de sistemas
de control. No obstante, existen otros muchos sectores interesados en la
determinacién de las diversas especies de metdes y metaoides,
fundamentalmente en € control de procesos industriales, la industria relacionada
con laaimentacion, y las é&reas de bioguimicay farmacia.

La especiacion de dementos traza en productos alimenticios esta
justificada desde varios aspectos. En primer lugar, la asimilacion de un demento
en e proceso metabdlico depende criticamente de la forma quimica en la que esta
presente en la dieta. La cantidad total de un elemento contenida en un alimento
no nos proporciona mucha informacién acerca de como serd4 absorbido y
utilizado por e organismo que lo ingiere. Necesitamos conocer su naturaleza
guimica, cdmo se comporta en € tracto gastro-intestinal, como se absorbe y qué
ocurre una vez que se ha absorbido, sin olvidar que pueden producirse
interacciones con otros elementos que tengan efectos tan dispares como la mejora
de la asimilacion o la variacion de la toxicidad. En funcion de la informacion
obtenida, puede adaptarse la forma Optima de ingestion en cada caso para €
tratamiento més efectivo de carencias de elementos esencides. El Codex
Alimentarius recoge algunas consideraciones acerca de la especiacion de estos
elementos, pero no existen recomendaciones legales que puedan orientar a
consumidor. El segundo aspecto de interés concierne a la discriminacién entre
formas toxicas y no toxicas del demento traza en cuestion. Se necesitan datos
concretos sobre las especies predominantes en los adimentos y su
comportamiento en € intestino para un estudio realista de las evaluaciones de
riesgo que permitan e establecimiento de los limites en los que se sobrepasan los
requisitos bioldgicos y se da la intoxicacion. También se contempla € caso de
contaminacién de productos aimenticios por contaminantes especificos (g.
organoestannosos en ostras y megjillones, metilmercurio en pescado), que ha
originado la aparicion de rigidos controles en los mercados de exportacion para
formas particulares de elementos o compuestos. En este sentido, un estricto
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Capiulo |. Introduccién

control de caidad de los productos destinados a la alimentacion exige la
implantacion de andlisis de especiacion.

La quimica clinica es un campo muy prometedor para € andlisis de
especiacion. Los metales son componentes de una gran variedad de drogas
terapéuticas, y se estudia € empleo de metales como platino, oro y selenio en
tratamientos contra € cancer. Los compuestos organoestannosos se emplean
como catalizadores en los procesos de produccion de productos farmacéuticos, y
también como estabilizadores de polimeros usados como materiales de relleno.
La ausencia de estas especies en € producto final debe asegurarse mediante €
andlisis de especiacion pertinente.

Uno de los sectores que experimenta una mayor demanda de especiacion
es € de la indudria, tanto en € control del proceso de produccion como en
higiene industrial. En la sociedad actual, la toma de decisiones se apoya en la
calidad de la informacion. Las decisiones en este sector suelen tener importantes
consecuencias econdmicas y no siempre pueden estar basadas en la informacién
incompleta obtenida por determinaciones totales del contenido en metal. Por ese
motivo, la identificacién de especies metdlicas tiene gran importancia en €
proceso industrial de produccion. Muchas industrias emplean compuestos
organometdicos como catalizadores; la implantacion de un sistema de control de
la integridad molecular del catalizador reduciria € coste de produccion y
mejoraria la eficiencia global de todo € proceso de produccidon, ademés de
asegurar la calidad adecuada del producto final. Respecto a la higiene industrial,
la industria se compromete a efectuar un seguimiento de sus productos en todo
momento, Yy es responsable de la salud de sus trabagjadores, los consumidoresy €
publico en general. La identificacién de riesgos es de suma importancia y
requiere un cuidadoso estudio epidemiolégico y toxicoldgico de las diferentes
especies; la evaluacion méas compleja se presenta en la evaluacion del impacto de
las especies presentes en la superficie de particulas generadas por la actividad
industrial. En concreto, la caracterizacion de la capa superficial de aerosoles
metdlicos encontrados en la atmésfera de trabgjo de la industria del cromo es
especialmente preocupante, porque es posible que estas especies sean capaces de
interaccionar con las células, membranas y otros componentes del sistema
respiratorio.
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PROBLEMASDE LA ESPECIACION

Segun la nomenclatura recomendada por la IUPAC, cada una de las
distintas conformaciones, estados de oxidacién, o formas transitorias de un
elemento, junto con sus atomos de coordinacién y las moléculas de las que forma
parte congdtituye técnicamente una especie diferenciada. La identificacion y
determinacién de cada una de las especies de un elemento que estan presentes en
una muestra determinada es una tarea complicada que et sometida a severas
dificultades (Figura 1.4), especidmente por los aspectos que se detdlan a
continuacion:

0 Diversidad de andlitosy de muestras,
Bajos niveles de concentracion de los anditos,
o Distribucion de los compuestos entre los diferentes sustratos
medioambiental es,
0 Inestabilidad de las especies metdlicas,
Asequibilidad y calidad de los estandares de medida, y
o Dificultades en los procesos analiticos
- Toma, conservacion y preparacion de la muestra
- Separacion y deteccion de especies
- Vadidacion de datos

O

O

El nimero de especies a determinar en cada muestra depende de las
formas quimicas en las que se distribuye € elemento en cuedtion, de las
caracteristicas intrinsecas de la muestra que pueden estar intimamente
relacionadas con la distribucion del metal, y por Ultimo de los objetivos concretos
gue se deben satisfacer con € andisis de especiacion (fit for purpose).
Ciertamente, € problema de la especiacién de sedlenio en un ecosstema
determinado ha de ser abordado de forma muy diferente a problema originado
por e uso de catdizadores organometdlicos en € proceso de produccién de un
producto farmacéutico. En € primer caso, han de determinarse todas las especies
posibles (meta libre, metal complgado en digtintos complejos, compuestos
organometdlicos, etc.) en varios tipos de muestra (aire, agua, suelo, sedimentos)
para conocer la distribucion del edemento en los distintos compartimentos
medioambientales mientras que en e segundo es suficiente un control del
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catdizador y sus compuestos de degradacion en e efluente de la linea de
produccion.

El nimero de especies a las que puede dar origen un Unico eemento y la
concentracion en la que pueden encontrarse es muy variable. Una de las
especies 0 un grupo de dlas puede ser la predominante en una muestra dada
mientras que las restantes congtituyen un porcentaje menor y esta situacion puede
invertirse en una matriz diferente en funcién de la estabilidad relativa de las
especies. La distribucion de un elemento entre sus especies es primordia
fundamentamente en e caso de que aguna de €elas presente una toxicidad
elevada a niveles de concentracién muy bajos, como de hecho suele ocurrir. Por
giemplo, los compuestos organometdlicos suelen ser mas toxicos que las formas
inorganicas del mismo elemento, excepcion hecha del arsénico. La mayor parte
de los compuestos organometdicos gque aparecen actualmente en € medio
ambiente han sido generados por e hombre para utilizarlos como catalizadores
en procesos industriales (Ni, Ru, Hg), agentes de limpieza para embarcaciones y
fungicidas (Sn), antidetonantes en gasolina (Pb), etc. Una vez en € medio
ambiente, se degradan parcialmente a la forma inorganica, pero también pueden
sufrir procesos de aquilacién natura (especialmente metilacion y etilacién),
produciendo asi un nimero de especies intermedias muy €elevado y en
concentraciones que suden oscilar entre los ng/l y los ng/L. Estas
concentraciones son suficientes para inducir graves efectos téxicos en diversos
organismos, como es € caso dd tributilestafio, que produce esterilidad a
concentraciones de 5 ng/L.
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Concentraciones bajas Distribucién
de analitos de las especies

Diversidad de I nestabilidad
analitosy muestras de las especies

SISTEMA MEDIOAMBIENTAL

b

PROBLEMATICAS
‘ MAS RELEVANTES |

EN EL ANALISIS
DE LA ESPECIACION
MEDIOAMBIENTAL
SEGUN SU ORIGEN

%

PROCESO ANALITICO

Toma, conservacion Validacion
y preparacion de muestra dedatos
Separacion y deteccion
de especies

Figural.4. Dificultades en el andlisis de |a especiacion medioambiental

Uno de los aspectos mas preocupantes de la contaminacion es que no se
reduce a sustrato en e que se origina, Sho que se extiende répidamente al resto
de los compartimentos medioambientales. Los mecanismos de distribucion de
los compuestos son muy variados y dependen en gran medida de su naturaleza y
edabilidad. Las sustancias volétiles pueden recorrer grandes distancias
arrastradas por las corrientes de aire como moléculas independientes o adsorbidas
sobre particulas. Estas compuestos pueden sufrir reacciones de degradacion que
suelen tener origen fotogquimico, bien por fotolisis directa o bien por interaccion
con radicales generados por esta via, y cuyo producto son especies idnicas que
vuelven a la superficie terrestre arrastradas por la lluvia. Una vez en € suelo, la
velocidad de degradacion dependerd de la actividad fotoquimica a la que esté
sometido € compuesto y de los metales con los que pueda entrar en contacto y
actuar como cataizadores. Por otra parte, pueden darse reacciones de
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complgjacién con sales inorganicas, compuestos organicos, que pueden facilitar
la asmilacion de los elementos metdlicos por parte de los organismos del
sistema. Las especies pueden distribuirse a través de las aguas superficiales hasta
alcanzar depdsitos naturales, lagos, océanos, etc; simultdneamente, y en funcién
de la composicion del terreno, se producira la difusion hasta una cierta
profundidad en la que encuentre una capa impermeable, llegando a aparecer
también en los acuiferos a los gque tenga acceso. De igua forma, una especie
liberada en el mar puede ser absorbida en las costas y difundida a través de los
acuiferos tierra adentro, no necesariamente como la especie original. También es
comin la acumulacion en sedimentos, en los que la concentracion de acidos
himicos y fllvicos es relativamente adtay tienen una gran capacidad para retener
especies metdlicas. Se han descrito casos de biometilacion anaerdbica de metales
en estas acumulaciones naturales, aunque la contribucién de estas especies
naturales es minima comparada por la generada por la actividad industrial. El
equilibrio de distribucién de las especies entre los distintos sustratos (agua,
particulas suspendidas, sedimentos, suelos, aire) y la propia inestabilidad de las
especies esta influenciada por propiedades fisico-quimicas como la solubilidad y
e coeficiente de distribucién entre fases, siendo muy importante €l papel que
giercen los complgantes de diversos tipos. A partir de una especie inicid se
produce por tanto la formacion de multitud de especies ditintas, que aparecen en
diversas matrices y en concentraciones muy pequefias. En consecuencia, €
estudio de la especiacion de un elemento se convierte en un problema dindmico
tanto espacial como temporamente, lo que presenta un gran nimero de
dificultades en todos los campos implicados, incluyendo la Quimica Analitica.

La gran diversidad de analitos y la creciente complejidad de las muestras
(9. sedimentos, residuos industriales) requiere € desarrollo de metodologias
analiticas avanzadas y a menudo técnicas ingtrumentales sofisticadas capaces
de discriminar entre las diversas especies sin alterar la informacion original. El
objetivo es satisfacer dos requisitos indispensables. selectividad para asegurar
gue la medida corresponde a las especies de interés, y sensibilidad para al canzar
e nivel de concentracion del analito en la muestra, que normalmente es muy
bajo. La nueva generacion de instrumentacion surgida se basa en el acoplamiento
de una técnica de separacion de dta resolucion (g. cromatografia liquida, de
gases y de fluidos supercriticos, o electroforesis capilar) con un detector selectivo
para € elemento metdico en cuestion y extraordinariamente sensible en algunos
casos (g. espectrometria de absorcibn o emision atdmica, de masas,
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fluorescencia atémica, ICP, MIP). Los acoplamientos més comunes se describen
en la Tabla I.1. En genera, la cromatografia de gases (GC) es la técnica de
separacion més utilizada por su gran capacidad de resolucion y sensibilidad.
Entre los acoplamientos méas utilizados se encuentran aguellos en los que se
emplea una técnica de espectrometria atomica, AS, (MIP-AES, ICP-AES) debido
ala eficiencia en la introduccién de la muestra (casi 100%), la escasa pérdida de
energia asociada a la vaporizacion del disolvente, y la selectividad de la respuesta
hacia d demento metdlico. La aparicién en € mercado de un instrumento
GC/MIP-AES y la cada vez mayor facilidad con que se pueden adaptar las
fuentes de plasma en los laboratorios ha contribuido a crecimiento exponencia
gue ha experimentado € nimero de aplicaciones del acoplamiento GC/AS.
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Tabla 1.1. Acoplamientos de técnicas usados en el ambito de la especiacion
medioambiental

Técnica Tipo de acoplamiento Observaciones Ejemplos de aplicaciones

GCIEI-MS Acoplamiento sencillo Sdlo aplicable aanalitos Determinacién de

vol&ilesotrasuna compuestos organometélicos
derivatizacion. Existen en matrices
instrumentos comerciaes medioambientales,

metal oporfirinas en petréleo

GCIFAAS Tubo de boro como lineade Sensibilidad amenudo Determinacion de
transferencia, lo més corto insuficiente para muestras compuestos organometélicos
posible para evitar medioambientales (Pb, Sn, As, Se) en muestras
ensanchamiento de picos. Se medioambientales
evita el nebulizador

GC/ETAAS Lamuestrasellevad tubode El tiempo devidadel tubose  Determinacion de especies de
grafito, que se mantiene ala reduce drésticamente Snh en sedimentos derio,
temperatura de atomizacion. especiacion de cromo en

muestras biol 6gicas

GC/FPD Acoplamiento sencillo Determinacién de

compuestosde Sny Geen
muestras de aguay
sedimentos

GC/IMIP-AES  El efluente del GC puede El sangrado de la columna Determinacién de
introducirse en el plasmasin puede dafiar € tubo de compuestos de Pb, Hgy Sn
apagarlo, através de una descarga. El instrumento se en muestras
linea a alta temperatura puede adquirir medioambientalesy de Hg en

comercialmente sangre

GC/ICP-AES  Losanditosllegana plasma  GrandesvolUmenesmuertos.  Andlisis de especiacion de Pb
atravésde unalineade Laionizacion delos y Hg en nievey muestras de
transferenciaaalta elementosno metdicosnoes  agua.
temperatura efectiva

GC/ICP-MS Lamismainterfase que en Determinacién de Sb, Pb, Se,
GC/ICP-AES Te, Hgy Bi en aguas

naturales tras una
preconcentracion.
LC/EI-MS Variostipos de interfases: Lacomposicion de lafase Especiacion de compuestos
particle beam, ionizacion mévil puede dafiar a organoestannosos
quimicaapresién detector. Equipos comerciaes
atmosférica, €lectrospray
LC/IFAAS Acoplamiento sencillo El mechero o € nebulizador Determinacién de
pueden blogquearse. La organoestannosos en agua,
diferencia de flujos produce sedimentosy tejidos de
unadilucién de los analitos: moluscos
menor sensibilidad

LC/IETAAS El efluente formaun aerosol Sdlo aplicable aespecieshien  Determinacion de especies de

en un capilar de silicequelo
conecta con € horno

Separadasy aciertos
disolventesy tampones

Sn'y compuestos
organoplomados. Especiacién
de Cr en suelos
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Tablal.1. (Continuacion)

Técnica Tipo de acoplamiento Observaciones Ejemplos de aplicaciones
LC/AES Acoplamiento sencillo Especiacion de V en aguas
mediante un nebulizador naturales
LC/ICP-AES Aspiracion convenciona a Pocaeficienciaen e Especiesde Fe, Mn, Py Pten
través del nebulizador transporte. El ICP no es aguas, complejosde Al, Fey
neumético del ICP directamente compatible con Mn en suelos
|os disolventes organicos
LC/ICP-MS Hay que separar los analitos L os disolventes organicos Especiacion de Al, Sb, Hg,
delafase movil pueden apagar € plasma Pby Cr. Distribucion de Se
en el organismo
HG/AAS Acoplamiento muy simple Sdlo aplicable ametales que Determinacion de As, Se, Sn,
HG/ICP-MS forman hidruros vol&tiles Bi, Te, Sb, Pby Hg
LC/UV-ICP- Igual que LC/ICP-MS, tras Especiacion de Al, Fey Cu
MS pasar por laceldade UV en suelos
LC/R Deteccion on-line Complejos de Cu, Cr y &cidos
fdlvicos en suelos
CE/FAAS Acoplamiento complicado Losflujos no suelen ser
técnicamente compatibles
CE/EI-MS
CE/ICP-MS Inyeccion directaatravésde  Lainterfase provocaunagran  Especiacion de Se,
un nebulizador dilucién delos analitos determinacion de
metal oproteinasy complejos
de Cdy Fe en muestras
biolégicas
CE- Photon- Determinacion de As, Pb, Se
induced X-ray en aguas
emission

La cromatografia liquida también ha sido empleada en sus diversas
modalidades (exclusién por tamafio, cambio iénico, cromatografia en fase
reversd) aunque los detectores mas comunes asociados a esta técnica (UV-Vis)
no ofrecen una sensibilidad adecuada. En su lugar, se sude emplear la
fluorescencia, detectores eectroquimicos 0 acoplamientos con espectrometria
atémica o de masas. La electroforesis capilar ha surgido recientemente como una
técnica aternativa en especiacion que presenta la ventgja de ser compatible con
medios acuosos y tienen mayor capacidad de resolucién y frecuencia de muestreo
gue la cromatografia de liquidos para anditos cargados. Sin embargo, no esta
muy extendida por la dificultad de acoplar un detector selectivo en continuo.
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En casos concretos, no son necesarios |0s acoplamientos instrumentales y
pueden cumplirse los objetivos con herramientas més simples. Asi, la
polarografia y la voltamperometria son técnicas que permiten diferenciar entre
los digtintos estados de oxidacion de los eementos y andizar muestra que
contengan &cidos humicos y fllvicos y que se usan muy a menudo en
laboratorios instalados en barcos que desarrollan estudios oceanicos. La
resonancia magnética nuclear es otra técnica cuyo campo de aplicacion se va
ampliando cada vez més a pesar de |a escasa sensibilidad para agunos ntcleos.

Laclave del éxito en € andlisis de la especiacion es la conservacion de la
informacion original contenida en la muestra durante € proceso analitico global,
desde @ muestreo hasta la deteccién final de las distintas especies. Para dlo es
necesario que ninguna de las etapas del proceso dtere las concentraciones
inicidles de las especies presentes; de hecho, la mayoria de los resultados
erréneos tienen su origen en esta alteracion. La operacidn de muestreo es una de
las etapas més importantes de cualquier proceso analitico, pero en € caso de la
especiacion cobra una especia relevancia ya que e equilibrio existente entre las
distintas especies metélicas puede verse facilmente afectado. Deben tomarse las
precauciones generales, como € empleo de contenedores de material y forma
adecuados para evitar pérdidas de los analitos por adsorcion en las paredes del
recipiente o contaminacién por alguno de los componentes dd mismo. Si las
especies metalicas son susceptibles de oxidacidn, la recogida de la muestra debe
redlizarse en atmésfera de nitrégeno.  Ciertos tipos de muestra requieren
precauciones especiales, como evitar € uso de agujas de acero para redizar la
toma de muestra en sangre, ya que puede originar contaminacion por Fe, Cr o Ni;
las agujas de diametro interno pequefio también deben ser evitadas
independientemente de su compasicidn, porque pueden destruir los eritrocitos.
Para € resto de tgjidos bioldgicos, se recomienda € uso de instrumentos de
cuarzo en lugar de acero, € tiempo de muestreo corto y la congdacion inmediata
de las muestras. En & caso de muestras sdlidas como suelos o sedimentos, la
representatividad se consigue tomando una cantidad de muestra suficientemente
grande; de esta manera los equilibrios en los que estan implicadas las distintas
especies se conservan intactos en la fraccion central. En el caso de los sedimentos
la perturbacién del equilibrio entre e sedimento y la fase liquida sobrenadante es
inevitable.

Durante la preparacion de la muestra es probable que surjan problemas
de inestabilidad en € amacenamiento, 0 en etapas posteriores como la extraccion
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en muestras sdlidas o la preconcentracién en muestras liquidas. En concreto, es
particularmente dificil que la etapa de extraccién no lleve asociada ninguna
pérdida, contaminacién o ateracion de las especies iniciaes, ya que no existe
ningin esguema de extraccion general aplicable a los problemas de especiacion.
Una de las dternativas es e procedimiento de la extraccion secuencial, que
consiste en someter a la muestra solida (suelo 0 sedimento) a atague sucesivo de
varios reactivos con diferentes propiedades quimicas (acidez, potencia redox,
actividad quelatante) para extraer distintas fracciones del elemento.” El esquema
de extraccion secuencia més conocido es e descrito por Tessier y col..® que asu
vez ha originado multitud de modificaciones posteriores.” Sin embargo, estos
procedimientos presentan como inconvenientes la poca sdectividad de los
reactivos empleados en d fraccionamiento y la redistribucion de los metales
extraidos entre las fases?® lo gue conduce a una fata de uniformidad en los
resultados obtenidos utilizando diferentes procedimientos de extraccién. En un
intento de armonizar los métodos existentes para € andisis de especiacion de
metales para muestras con matrices complicadas en las que es necesaria una
etapa de extraccion sblido-liquido, e BCR ha propuesto un protocolo de
extraccion secuencial en tres etapas’ en las que los metales se dividen en solubles
0 intercambiables en medio &cido, oxidantes o reductores. El méodo ha
demostrado ser reproducible y proporciona buenas recuperaciones respecto a la
digestion &cida, pero, a igua que otros esguemas de este tipo, adolece de falta de
especificidad.™

Las metodologias andliticas desarrolladas para hacer posible e andlisis
de especiacion con la suficiente sensibilidad suelen hacer uso de técnicas
instrumentales en las que un cromatégrafo de liquidos o de gases se acopla con
un detector selectivo del metal a determinar. Los compuestos organometalicos
vol&tiles pueden detectarse de forma directa en un cromatografo de gases y
algunas especies pueden ser determinadas a través de su espectro UV tras su
separacion empleando cromatografia liquida. Sin embargo, las propiedades
fisco-quimicas de la mayoria de los compuestos metdlicos no permiten su
determinacion directa (volatilidad insuficiente, inestabilidad térmica, espectro
UV con poca informacién), y los analitos deben ser modificados quimicamente
para facilitar su andlisis. A pesar del notable aumento de la sensibilidad que se
consigue con la derivatizacién, normamente no es aconsgable ya que se
introduce un cambio que puede inestabilizar las especies presentes. Por giemplo,
s las especies de interés presentes en la muestra son menos estables que los
complgjos formados como consecuencia de la adicion de un agente complgjante
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adicional, la identificacion de las especies originaes es practicamente imposible
y se produce una pérdida importante de la informacion inicial de la muestra. En
genera, las reacciones de derivatizacién suelen ser poco selectivas y sus
mecanismos no estén totalmente controlados, especidmente en matrices
complejas,™* motivo por e cual deben ser cuidadosamente estudiadas en cuanto a
los efectos que pueda producir sobre la muestra real antes de su aplicacion. La
cromatografia de gases es la técnica més utilizada debido a su elevada eficiencia
de separaciéon y a su versatilidad respecto a los sistemas de deteccion, pero
presenta € serio inconveniente de que la volatilidad y estabilidad térmica de la
mayoria de los analitos deben ser modificadas para hacer posible su andlisis. Las
opciones de derivatizacion empleadas en este &rea se basan en dos tipos de
reacciones. generacion de hidruros y aquilacion (con reactivos de Grignard o
con sales de boro tetravalente). La generacion de hidruros presenta la ventgja de
ser muy rdpida y relativamente smple de mangar, pero sdlo es aplicable a
aquéllas especies cuyos hidruros metdlicos sean estables frente a reacciones de
disociacién o desproporcion en las condiciones de trabgo. En cambio, las
reacciones de alquilacion utilizando reactivos de Grignard tienen un campo de
aplicacion mucho més amplio. En funcién de las caracteristicas del analito se
puede escoger d grupo aquilico mas adecuado, teniendo en cuenta que los
grupos de cadena corta dan lugar a especies muy volétiles, optimas desde €
punto de vista de la separacién cromatogréfica, pero cuyo mangjo implica una
serie de precauciones para evitar pérdidas parciales durante € tratamiento de la
muestra y resultados errénecs. El principal inconveniente de este sistema de
derivatizacion se deriva de la inestabilidad del reactivo de Grignard frente a la
humedad y d aire, que exige € desarrollo de la reaccion en atmosfera inerte en
un medio organico libre de trazas de agua y la posterior diminacién del exceso
de reactivo. Esto hace que d tratamiento sea especiamente largo y tedioso.
Como dternativa, e empleo de sales de borato permite llevar a cabo la reaccién
de adquilacién “in situ” en medio acuoso, 1o que supone un gran ahorro de tiempo
y esfuerzo; la destruccion del reactivo derivatizador ya no es necesaria, pero esto
implica un mayor tiempo de contacto con la muestra y un aumento del riesgo de
induccion de reacciones de transal quilacion entre las especies a determinar.

En cromatografia liquida, la derivatizacion tiene dos objetivos
claramente diferenciados. en primer lugar se pretende afectar a los coeficientes
de particién de los analitos para controlar la distribucion entre la fase mévil y la
fase estacionaria y mejorar asi los tiempos de retencion y la resolucién. En
segundo lugar, la modificacion post-columna de los analitos puede tener la
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finalidad de aterar alguna propiedad, normalmente dptica, que permita una
meora en la sensbilidad de la deeccion (g. fluorescencia,
guimioluminiscencia). Los procedimientos de complgacion y derivatizacion en
LC suelen ser rapidos y poco laboriosos, en contraste con la gran variedad de
etapas y precauciones necesarias en GC.

Otra fuente de error se encuentra en la etapa de separacion de los
analitos, concretamente en aguéllas técnicas que introducen en € sistema una
fase estacionaria. Las fases estacionarias pueden provocar la destruccion de las
especies, asi como pérdidas por adsorcion y/o contaminacion por parte de los
condtituyentes de la columna. También se han observado dteraciones de la
relacion meta/ligando, intercambios de meta entre distintos ligandos, y
generdmente una disminucién de la estabilidad de los complgos®™ Para
controlar dentro de lo posible la extension de estos fendmenos, deben emplearse
balances de masa o bien usarse inyecciones sucesivas de la misma muestra; s la
separacion es adecuada, debe obtenerse la misma respuesta tanto cualitativa
como cuantitativa. Debe tenerse en cuenta que la identificacion de las especies
basada solo en e tiempo de retencion puede ser errdnea, especiamente s la
técnica es de baja resolucion; la mejor solucidén es recurrir a una técnica de
confirmacion adecuada (g. EI-MS).

La etapa de deteccion y cuantificacién no estd libre de errores; éstos se
deben a tres factores fundamentales: los problemas de interferencias espectrales y
guimicas que a menudo presentan los detectores selectivos de especies metéalicas,
(solapamiento espectral, correccién de fondo errdnea) y los relacionados con la
calibracién (patrones impuros, disoluciones inestables, desarrollo inadecuado)
gue segin e SM&T Programme/EU representan € motivo dd 25% de los
resultados erréneos.™* Una de las mejores soluciones para evaluar la presencia de
errores en las nuevas metodologias es € empleo de materides de referencia
certificados (MRC). La confirmacion experimental de los resultados certificados
asegura €l correcto comportamiento del sistema en una muestra real (salvando las
imprecisiones derivadas de que la matriz dd MRC no sea idéntica a la de la
muestra). Asimismo, permite evaluar la cadena de la trazabilidad, que suele
romperse en etapas como la precipitacion, destruccion de la matriz o digestién de
la muestra debido a la alteracion de la distribucion de especies inicia (por
pérdidas, contaminacion o reacciones de desplazamiento o transalquilacion).
Desgraciadamente, la elaboracion de MRC en este contexto no es facil debido a
la inestabilidad de la mayoria de las especies y a la dificultad de evitar todos los
errores posibles. Por esta razén, d nimero de MRC disponibles es mucho menor
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del que seria deseable y a menudo no es posible encontrar € adecuado al andlisis
gue se pretende controlar. Hasta e momento la mejor opcién posible es
empleo de muestras de referencia que se suministran junto con un procedimiento
estandar escrito para € proceso de extraccibn y que proporcionan una
concentracion conocida en disolucién que esta certificada como “concentracion
extraible” del elemento (en lugar de concentracion total).




1.1. Aproximacion general ala especiacion
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|.2.  ESPECIACION DE PLOMO

El plomo es uno de los primeros materiales que € hombre ha utilizado de
forma constante y més o menos profusa a lo largo de su historia* Cinco milenios
atrés, la produccion de plomo se incrementé notablemente como consecuencia
del desarrollo de técnicas para fundir minerdes como la galena y obtener
aleaciones de plomo-plata de las que es posible extraer € meta precioso y €
plomo como subproducto. Su empleo seguiria aumentando continuamente
durante las edades de Cobre, Bronce e Hierro, estimulado por € acufiamiento de
monedas de plata (en aquellos tiempos, se obtenia unas 300 veces méas de plomo
como subproducto en la produccién de plata) y € desarrollo de la Civilizacién
Griega. En €& periodo més dedumbrante del Imperio Romano, hace
aproximadamente dos mil afios, se llegaron a producir unas 80000 toneladas por
afo, cantidad equivalente a la que se alcanzd en plena Revolucion Industrial. De
hecho, € envenenamiento por plomo es una de las hipdtesis que se proponen para
justificar € declive dd poder romano. El plomo era omnipresente: se empleaba
en todo tipo de utensilios y la mayoria de las locdizaciones mineras del Vigo
Mundo eran conocidas y explotadas, especialmente las situadas en Espaiia, 1os
Balcanes, Greciay Asia Menor. Con la caida del Imperio Romano, disminuy6
también la produccion de plomo hasta acanzar un minimo durante la Edad
Media, antes de aumentar de nuevo en d primer milenio de nuestra era con €
descubrimiento de las minas de plomo y plata en Europa Central, la obtencién de
plata en e Nuevo Mundo y la Revolucion Industrial. Hasta entonces las
emisiones habian sido basicamente de plomo inorganico; la aparicién del motor
de explosion y con @ los automaviles trgjo consigo € empleo de nuevas especies
organometalicas y un aumento vertiginoso de la produccién de plomo, asi como
de su correspondiente emision atmosférica.

Sin duda la aplicacion de mayor trascendencia histérica es e empleo del
plomo metdlico y sus 6xidos (PbO, PbO,) en la fabricacion de baterias de plomo,
muy conocidas por su extensa utilizacion como acumuladores de energia
eléctrica en los vehiculos de motor. Mucho méas antiguo es € uso del plomo
como colorante para tejidos y barnices 0 como pigmento en ceramica, debido a
los colores de las sales de plomo. En cuanto a los éxidos, desde tiempos remotos
se han utilizado como revestimiento en cerdmica'y como elemento vitrificante en
dfareria, ademés de emplearse de forma usual como insecticida y herbicida
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[Pbs(AsOy)2, Phy(ASO,),], ¥ en pinturas de exteriores e interiores, bien como
pigmento (PbCO;) o como agente anticorrosivo (PbsO,).> No obstante, el
desarrollo de nuevas tecnologias también ha dado lugar a la aparicién de nuevas
aplicaciones de distintos compuestos de plomo, como los fosfatos y fosfitos de
plomo, que se utilizan como estabilizantes en plasticos, € borosilicato de plomo,
gue se emplea en la fabricacion de fibra 6ptica, o € PbTiZrOs que es un
componente de equipos de sonido y médulos de memoria de ordenadores. Por su
parte, las aeaciones de plomo se utilizan como soldadura para unir metales entre
si 0 a vidrio, en circuitos impresos en eectrénica, para fabricar elementos
decorativos 0 como proteccion para aidar fuentes de radiaciones (centraes
nucleares, radiaciones ionizantes, etc.), ademéas de servir como eectrodos en
diversos tipos de baterfas.’

Ambientamente, los derivados del plomo de mayor interés son los
compuestos organoplomados tetravaentes R4Pb formados con € grupo metilo y
etilo, es decir, terametilplomo, tetraetilplomo, y sus derivados. Estos compuestos
se afladen a la gasolina para retrasar la explosion del carburante y aprovechar asi
al maximo la caida del pistén, generando una mayor potencia. Sin embargo, €
plomo debe ser eiminado del motor para evitar la formacién de depdsitos
metdlicos, y para €lo se afiaden también peguefias cantidades de dibromuro y
dicloruro de etileno. El objetivo es la formacién del dihduro volétil
correspondiente, con lo cua € plomo entra en la aimésfera como PbBrCl, PbCl,
y PbBr,. Después, mediante reacciones fotoquimicas provocadas por la luz solar,
se forma PbO, gque queda en la atmosfera en forma de particulas que pueden ser
transportadas por el viento durante horas antes de depositarse.? Asimismo, los
compuestos organoplomados pueden entrar en la atmosfera como tales, por
evaporacion directa de la gasoling, y vigiar en forma gaseosa lgjos del foco de
emision. Los tetraalquilplomados no son solubles en agua, pero se absorben
rapidamente a través de la pid y pasan directamente a los tgjidos, donde se
transforman en los cationes trialquilados, de mayor toxicidad a nivel neurolégico.
Como resultado de la degradacidn de los R4Pb en las capas dtas de la atmdsfera
también se originan RsPb*, R,Pb* y RPb*" (aunque este ltimo es muy inestable
y se descompone a Pb?* cas inmediatamente), que son muy solubles en agua y
gue son arrastrados por €l agua de lluvia hasta caer ala superficie terrestre.
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FUENTES DE EXPOSICION

El plomo es un componente normal de la corteza terrestre y se encuentra
ampliamente digtribuido por la naturaleza. No obstante, la mayor parte de la
exposicion a la que esta expuesto  medio ambiente, incluido € hombre, tienen
un cardcter antropogénico. En general, podemos distinguir tres fuentes
principales de exposicion:*

A) Exposicion en @ medio industrial.- En la industria se utilizan todo tipo de
especies de plomo, tanto plomo metdlico como sus compuestos organicos e
inorganicos. Por lo tanto, la intoxicacion por plomo inorganico y sales de plomo
se produce con més frecuencia en las industrias en las que se emplean grandes
cantidades de estos compuestos, especialmente en industrias que se dedican a
fundir, soldar o pulir plomo o sus aeaciones. Otro foco de importancia se
localiza en € sector de la mineria, ya que la explotacién de las menas de blenda
(PbS;) supone una de las principales fuentes para la obtencién del meta y
principalmente del azufre, muy apreciado por la industria en la forma de &cido
sulfarico. También las actividades relacionadas con la fabricacion de baterias o
cables y aquéllas en las que se utilizan pigmentos, antioxidantes o esmaltes estan
directamente expuestas a los efectos del plomo, que puede ser facilmente
absorbido por los trabgjadores. Los compuestos organicos de plomo se
encuentran muy localizados en agunos aceites lubricantes que contienen
naftenato de plomo y sobre todo en las gasolinas, en cuya composicion se
incluyen € tetraetilo y € tetrametilo de plomo como agentes antidetonantes.

B) Exposicion en @ medio doméstico.- Se debe d uso no profesiona de
productos comerciales que contienen compuestos de plomo inorganico en su
formulacion, especialmente la pintura con minio (PbsO4) 0 los esmdtes de la
afareria doméstica, pero sobre todo a la ingestién por via respiratoria de
particulas de plomo metalico provenientes del polvo de la calle o de la casa. El
Oxido de plomo amosférico procedente de diversas fuentes (pinturas,
fundiciones, industria, etc.) se deposita en € suelo, agua, frutas y vegetaes, y
entra facilmente en la cadena tréfica, ya que es féacilmente absorbido por las
plantas.
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C) Exposicion debida a las emisiones de los vehiculos de motor.- Una gran
proporcion del plomo ambiental proviene del que es emitido por los automdviles,
gue es degradado por distintos agentes en la atmosfera y se transforma en su
mayor parte en la especie inorganica. Una pate de los compuestos
organometalicos de la gasolina entra directamente en el organismo por inhalacion
de las especies como moléculas en estado de vapor o bien adsorbidas sobre
particulas de polvo; otra parte es ingerida de forma indirecta junto con la comida
en la que se ha depositado plomo.

TOXICOLOGIA

A niveles dtos, @ plomo es un veneno metabdlico general.? Su toxicidad
se debe ala capacidad de la forma idnica para combinarse con grupos sulfidrilo
de las proteinas, inhibiendo su accién mediante € bloqueo de los sitios activos
gue deberian estar disponibles para otros cationes. Interfiere e transporte de
iones Ca*, en la sintesis y liberacién de algunos neurotransmisores y en la
activacion de varias proteinas. Desde € punto de vista neurolégico hay
alteraciones en € sistema nervioso central en forma de irritabilidad, alteraciones
de la memoria, dificultades de concentracion y cefaeas, que pueden evolucionar
con convulsiones, coma y, en casos extremos, la muerte. También produce
alteraciones de los nervios periféricos, en forma de afecciones del sistema motor
en extremidades superiores, de las cuaes la mas significativa es la pardisis
radial.

Otra de las acciones tdxicas méas importantes del plomo es la inhibicion
de la sintesis del grupo hemo de la hemoglobina. El plomo inhibe las enzimas
responsables de la insercion del hierro en e anillo de protoporfirina para formar
el grupo hemo, lo que origina como consecuencia una disminucion de la
produccién de hematies y un acortamiento de su vida media.

Ademés de las ateraciones neurolégicas y de la anemia, € cuadro clinico
de la exposicién por plomo se completa con signos digestivos como anorexia,
estrefiimiento, dolores abdominales y vomitos, acompafiado frecuentemente de
lesiones hepaticas.

La via de absorcion depende en gran medida de la especie de plomo en
concreto: asi, los compuestos inorganicos de plomo se absorben por la via
respiratoria y la digestiva; en cambio, los compuestos organoplomados se
absorben por via cutdnea.
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Una vez que € plomo ha penetrado en e organismo se concentra en la
sangre, hasta que se alcanza € nivel de saturacion y comienza una lenta difusion
hacia los tejidos blandos, 6rganos y huesos. Se estima que & 90% del plomo se
deposita en los huesos, donde sustituye a calcio dado e similar tamafio de Pb*
y Ca®" y el 10% restante se distribuye por otros érganos, especialmente cerebro,
higado y rifiones. De hecho, la absorcion de plomo aumenta considerablemente
en personas con deficiencia de calcio y también en nifios, debido a que su cerebro
et creciendo continuamente. EI plomo tiene un efecto acumulativo en €
organismo, y su toxicidad es proporciona a la cantidad presente en los tegjidos y
Organos. Se considera que la vida media del plomo depositado en los huesos
puede aproximarse a los 30 afios, pero en esta localizacion es relativamente
inactivo.

Los derivados organicos del plomo se comportan de forma diferente alas
especies de plomo inorganico, ya que € caracter hidrofébico que le confieren los
radicales organicos facilitan el transito a través de las membranas celulares. Esta
caracteristica implica una mayor toxicidad que el Pb*, ya que pasan a los tejidos
y Organos de forma cas cuantitativa. Mientras que € plomo inorganico se
almacena preferentemente en los huesos y provoca anemia y ateraciones en las
proteinas, estas especies organicas tienen afinidad prioritaria por € sistema
nervioso central, atacando estas células de manera cas inmediata. Causan
cefalea, insomnio, sindrome maniaco y, en casos graves, convulsiones, coma y
muerte, como se descubrid hace afios después de las muertes de varios
trabgjadores de las compafias que originamente producian estos compuestos.
Ademés, producen dermatitis irritativa y, S la exposicion ha sido intensa y
prolongada, afectacidn hepdtica, renal y muscular.

LEGISLACION

Como es comun en especiacion, a pesar de la diferencia en la toxicidad
de las digtintas especies de plomo y de los digtintos tipos de expaosicién a la que
tanto los seres humanos como & medio ambiente estan sometidos, la legidacion
e refiere Unicamente a contenido total del eemento, sSin mencionar distincion
aguna entre especies. Asi, tanto la Directiva europea que regula la
contaminacion atmosférica® como las que controlan la calidad en aguas, bien
superficiales’ o bien para @ consumo humano,” sdlo establecen limites méximos
para € contenido en plomo, a partir de los cuales debe iniciarse una accién para
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la disminucion de la contaminacidn. En ese valor se engloban todas las especies
de plomo, sin tener en cuenta que los RsPb" y R.Pb?* son solubles en agua y
asimilables a través de la pid, o que la volatilidad de los RsPb hace que su
concentracion en € aire aumente de forma aarmante en areas proximas a
depdsitos de gasolina. El @mbito de la industria es € Unico hasta € momento
cuya legidacion, en funcion de las exigencias de la Ley de Prevencion de
Riesgos Laborales® y de la Directiva 98/24/CEE® relativa a la proteccion de la
salud y la seguridad de los trabajadores contra los riesgos relacionados con los
agentes quimicos durante € trabajo, impone a los Estados miembros €
establecimiento de vaores limite nacionales de exposicion profesiona para los
agentes quimicos que tengan fijado un valor limite indicativo de exposicién a
escala comunitaria. El Instituto Naciona de Seguridad e Higiene en € Trabgjo
(INSHT) ha establecido valores limite admisibles (VLA) para distintas especies
de plomo, incluyendo € tetrametilplomo y d tetragtilplomo, ademas del plomo
inorganico, aunque actualmente sdlo con caracter de recomendacion. La mayor
sensibilizacion existente en este area posiblemente sea debida a hecho de que las
primeras intoxicaciones con organoplomados se produjeron precisamente en
laboratorios de investigacion o en las propias compafias que comerciaizaban
estos compuestos.

Tras d primer incidente en una compafiia petrolera norteamericana en
1924, en & que murieron 5 personas y otras 35 resultaron contaminadas a causa
de la intoxicacion por organoplomados, se tuvo conciencia del peligro potencia
que estos compuestos suponen para la salud humana® En algunos estados de
USA se prohibié la venta de gasolina con plomo, aunque sélo temporalmente, ya
gue la industria ddd momento se apoyaba en € empleo de los antidetonantes
plomados para € progreso del pais. En 1925, se llega en USA ala conclusion de
gue no era necesario prohibir € uso de los organoplomados mientras su
produccidn, distribucién y ventas estuviesen adecuadamente regulados. Pero en
este esquema ho se tenia en cuenta la constante emision atmosférica que suponia
el empleo indiscriminado de estos compuestos en un nimero creciente de
automéviles. Al cabo de treinta afios, se aprecid un aumento significativo de los
niveles de plomo tanto en los norteamericanos como en e medio ambiente, y no
s0lo en las ciudades, sino también en zonas ruraes. Cuando se andizaron las
relaciones isotdpicas de las muestras medioambientales y se compararon con los
antidetonantes plomados, se comprobd que las emisiones de los automoviles
condtituian la principal fuente de la contaminacién atmosférica. La primera
accion redtrictiva relacionada con € empleo de carburantes con plomo fue
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dictada en 1970 en Los Angeles, y permitia a las autoridades controlar o prohibir
cualquier aditivo de las gasolinas que pudiese afectar alasalud publica. A partir
de 1975, se tomaron varias medidas como la aparicion de automdviles con
convertidores cataliticos y la venta de gasolina sin plomo para estos coches, y la
reducciéon progresiva del contenido en plomo de las gasolinas comunes. En la
Unién Europea, las medidas preventivas comenzaron en 1986 con la sugtitucion
de los aditivos de plomo y la reduccién del contenido total en plomo de 0.57 g/L
en 1970" a 0.15 g/L desde 1989.%? En posteriores Directivas, |as emisiones de los
vehiculos de motor han sido reducidas paulatinamente, hasta llegar a la
prohibicion de la comercializacién de la gasolina con plomo a partir del afio
2000." En esta directiva se limita @ contenido de plomo a 0.005 g/L y se
contempla también la posibilidad de los estados miembros de solicitar una
prérroga para la aplicacion de dicha prohibicion, en e caso de que se demostrara
gue ta prohibicion implicaria graves dificultades socio-econémicas y que
globalmente, no tendria consecuencias benéficas para e medio ambiente o para
la salud. Como resultado de la peticién de prérroga, € Estado Espafiol fue
autorizado a permitir la venta de gasolina con plomo en su territorio hasta e 31
de diciembre de 2001,"* pero & desarrollo de las denominadas gasolinas de
sugtitucién ha permitido adelantar la fecha de la prohibicion de gasolinas con
plomo a 1 de agosto del 2001, siendo empleada la citada gasolina de sustitucion,
gue emplea como aditivos sales de potasio (entre 8 y 20 mg/Kg de potasio) para
el correcto funcionamiento de los automdviles que no estén convenientemente
equipados para e empleo de gasolinasin plomo.”

METODOLOGIASANALITICAS

La determinacion de las diversas especies de plomo que estédn presentes
en un sustrato medioambiental presenta varios problemas, derivados en su
mayoria de la propia naturaleza de los anditos. Uno de los factores méas
relevantes esta asociado a los bajos niveles de concentracion de los compuestos
organoplomados, tanto respecto ala muestra en si como a la proporcién de plomo
inorganico que supone. La concentracion de las especies organicas de plomo es
variable en funcion de la matriz, la localizacion geogréfica y la época dd afio,
pero se sitla en la region de unidades o fracciones de ng/L, y se estima que
constituye aproximadamente entre el 0.1 — 1% del contenido total en plomo.*®
Por lo tanto, € principa objetivo del andlisis de especiacidn de plomo consiste en
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desarrollar metodologias andliticas capaces de alcanzar la sensibilidad adecuada
para adaptarse a los requisitos de las muestras medioambientales, evitando que la
distribucion original de las especies en d sistema sufra ateracién alguna a lo
largo del proceso anditico. En este sentido, la toma y conservacion de la
muestra son etapas de especia interés, ya que un muestreo no representativo o
una redigtribucién de las especies provocada por no tomar las precauciones
necesarias implican la obtencion de un resultado erréneo, independientemente del
resto del proceso analitico. En genera, la estabilidad y caracteristicas fisico-
guimicas de los analitos imponen ciertos requisitos adicionales para cada uno de
los sustratos medioambi ental es sujetos a estudio que se detallan a continuacion:

1) Muestrasliquidas:

a) Los Rs;Pb son compuestos muy volétiles y con gran tendencia a
adsorberse sobre las paredes de los contenedores. Para evitarlo, se
recomienda € empleo de contenedores con cierre hermético de teflon o
polietileno, previamente tratado con disolventes organicos para diminar
cualquier resto de contaminacion.'’

b) La filtracibn homogeneiza la muestra, pero provoca pérdidas de
compuestos tetraalquilplomados debido a su elevada volatilidad. Se
recomienda slo para muestras con gran turbidez.

¢) Los compuestos organoplomados se descomponen fécilmente en
disolucion por accidn de la luz, en un proceso que se acelera en presencia
de ciertos organismos e impurezas.”® La velocidad de descomposicion
depende de la matriz de la muestra 'y del nimero de radicales unidos a
plomo. Asi, € orden de estabilidad sea gjusta ala siguiente secuencia:

R4Pb < EtsPb*, RsPb" << MesPb' < R,Pb?

d) Se recomienda d almacenamiento a 4 °C, protegido de la luz, hasta un

maximo de tres meses.
2) Muestras solidas:

a) A partir de una cierta profundidad, las muestras de suelo y sedimentos
estdn aidadas de la influencia oxidante del aire y de la luz. En estos
casos, € muestreo debe hacerse evitando € contacto con la aimésfera 'y
laluz, ya que la exposicion a aire provoca una rdpida redistribucion de
las especies de plomo.*®
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b) El amacenamiento debe llevarse a cabo por secado al aire, secado en

horno o congelacion, preferentemente.”
3) Muestrasdeaire:

a) La mayor fraccion corresponde a plomo inorganico en forma de
particulas de PbBrCl procedente del empleo de MesPb y EtsPb como
antidetonantes en los automéviles. No obstante, una pequefia parte esta
congtituida por restos de tetraaquilplomados que pasan a aire por
evaporacion directa desde la gasoling, y sus productos de degradacion.

b) La opcién mas comin consiste en € empleo de un filtro para retener las
particulas, seguido de una trampa para eliminar € vapor de agua y otra
trampa final con un material adecuado para retener las especies organicas
de plomo.® Se aconsgja mantener € soporte a temperatura criogénica
para evitar la volatilizacion de los tetraalquilplomados y la eliminacion
dd ozono del sistema mediante un filtro de sulfato ferroso para impedir
la descomposicidn de los organometdlicos a plomo inorganico.

TRATAMIENTO DE LA MUESTRA

El tratamiento de la muestra es variado y dependera en gran medida del
tipo de deteccién a emplear, pero sudle incluir una etapa de preconcentracion
para aumentar la sensibilidad del método. Debe prestarse una especia atencion a
este proceso, ya que congtituye una fuente importante de error en cuanto a
pérdidas de analitos por evaporacion o adsorcién en € material de laboratorio,
contaminacién o cambios en la especiacion del plomo. Los principales
procedimientos para la separacion de los anditos de la matriz cuentan con una
etapa de extraccion o digestion, en funcion del tipo de muestra. En e caso de
muestras liquidas, los compuestos tetraalquilados son fécilmente extraibles en
disolventes organicos aiféticos como n-hexano o n-pentano; para la extraccion
de las especies idnicas de plomo en estos disolventes es necesaria una reaccion
previa de complgacion, usuamente con dietilditiocarbamato o ditizona. Si la
determinacion de Pb* no es € objetivo del andlisis, y en € caso de detectores
gue puedan verse afectados por € exceso de esta especie respecto a los anditos
organometdlicos, se puede evitar su co-extraccion en medio organico empleando
AEDT.? Sin embargo, estas extracciones deben tener lugar en un intervalo de pH
muy estrecho, a veces incluso précticamente puntual, que convierte la etapa de
preconcentracidn en un proceso lento y delicado que requiere la total atencién del
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andista e introduce dteraciones en & sitema® Para muestras sdlidas, los
principales problemas no surgen tanto de la posibilidad de contaminacién como
de la extraccién incompleta de las especies, ya que las interacciones con la matriz
pueden ser muy intensas. En este punto cabe hacer una distincién entre las
muestras de tipo biolégico como tejidos y fluidos, y muestras de origen mineral,
como suelos y sedimentos, ya que las especies a determinar, y por tanto su forma
de extraccion, suelen ser distintas.

La especiacion de plomo en muestras biolégicas puede tener como
objetivo la determinacion de las proteinas, aminoacidos y péptidos que poseen la
capacidad de enlazarse a plomo, ademés de la determinacion de las especies de
diferente toxicidad (fundamentalmente Pb** y compuestos organometdlicos). En
el primer caso, este tipo de andlisis se puede llevar a cabo por inyeccidn directa
en cromatografia liquida de exclusion por tamafio tras la correspondiente
preparacion: centrifugacién en e caso de fluidos bioldgicos y extraccion
fraccionada con distintos agentes complgjantes en & caso de tgidos® En
cambio, s € objetivo ded andliss es la determinacion de compuestos
organoplomados, la muestra debe ser digerida, ya que estas especies son
absorbidas a través de los tejidos y pueden penetrar en las membranas celulares,
de manera que no son fécilmente extraibles. El procedimiento mas apropiado es
una hidrélisis en condiciones moderadas, con enzimas como la lipasa o la
proteasa, o bhien empleando un reactivo moderado como € hidréxido de
tetrametilamonio.* Las digestiones drésticas deben evitarse, ya que pueden
provocar reacciones de descomposicion o de transalquilacion de los compuestos
organoplomados. Una vez eliminado € tgido, las especies de plomo pueden ser
extraidas en medio organico, con la ayuda de un agente complgante s es
necesario.

Los estudios de especiacion de plomo en suelos suelen basarse en la
separacion de las distintas especies con la ayuda de diversos reactivos y
disolventes organicos. Las fracciones asi obtenidas son analizadas
posteriormente, y € contenido en plomo de cada fase se puede relacionar con un
tipo de compuesto determinado. El empleo de reactivos como d é&cido
etilendiamino tetraacético (AEDT), &cido dietilentriamino pentaacético (ADTP),
&cido acético, acetato aménico o cloruro célcico permiten la clasificacion de
distintas especies metdlicas como plomo extraible con agentes complegantes,
enlazado a carbonatos, enlazado a éxidos de Fe y Mn, y enlazado a moléculas
orgénicas, entre otras.® Por otra parte, los suelos y sedimentos no interaccionan
de forma intensa con los compuestos organoplomados, que se depositan
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superficialmente por mecanismos de adsorcion o complgacién con materia
organico presente. En la mayoria de los casos, € acid leaching de los anditos
con extraccion simultanea en un disolvente organico es suficiente para separar las
especies de plomo de la matriz. Sin embargo, algunos estudios® indican que esta
forma de destruccién de la matriz no es eficaz y que la recuperacion de los
analitos no es completa; se aconsgja un procedimiento mas dréstico, aunque
podria llevar a la destruccién o alteracion de las especies originales” Tras la
separacion de la muestra sdlida, los analitos pueden ser extraidos en un
disolvente organico adecuado en caso necesario, en forma de complgo. De
nuevo, la preparacion de la muestra aparece como € principa inconveniente del
andlisis, que es lento, tedioso, y requiere persona especidizado. Estos problemas
pueden reducirse notablemente con la aplicacion de sistemas por inyecciéon en
flujo (FI), que no sdlo permite incrementar la sensibilidad de los métodos
mediante € acoplamiento en continuo de la preconcentracion y € detector, sino
gue también reduce los riesgos de contaminacion y pérdidas de andlitos y
smplifica los procedimientos para la especiacion de diversos metaes,
haciéndolos por fin asequibles a los laboratorios de rutina. Asi, se han descrito
métodos para la preconcentracién de compuestos organicos e inorganicos de
plomo mediante FI-FAAS, FI-ETAAS, FI-LC y FI-GC/AAS*®

DERIVATIZACION

En ocasiones, la eliminacién de la matriz y la preconcentracion obtenida
a través de la extraccion no son suficientes para acanzar las bagjas
concentraciones presentes en las muestras reales (ng/L), o bien los analitos han
de ser derivatizados para adquirir las propiedades fisico-quimicas que permitan €
empleo de un sistema de separacion/deteccion adecuado, como ocurre con €
empleo de la cromatografia de gases y, en menor medida, de liquidos.

La separacion de compuestos organoplomados por cromatografia
liquida ofrece varias ventgjas. no es necesaria una derivatizacion inicia, la
separacion se lleva a cabo a temperaturas no demasiado elevadas, con lo que se
evita € riesgo de la descomposicion térmica de los compuestos, y la preparacion
es muy smple para muestras liquidas. Sin embargo, la derivatizacion en la
columna o a la sdlida de la fase liquida tiene como finalidad la mejora de la
sensibilidad de la técnica de deteccion empleada, que suele ser espectroscopia
UV-Visble o fluorescencia. Asi, la reaccion con 4-(2-piridilazo) resorcinol
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(PAR) que permite obtener especies intensamente coloreadas a partir de los
R.Pb** % o la derivatizacion “on-column” con tioglicolato de metilo® han sido
utilizadas con este propésito.

En cambio, la cromatografia de gases proporciona una sensibilidad
adecuada, a pesar de la limitaciébn en cuanto al volumen de inyeccion,
especialmente en combinacion con detectores muy sensibles como MIP-AES o
ICP-MS. Normamente, se recomienda & empleo de fases no polares
convencionales para la separacion de compuestos organoplomados, aunque
recientemente se han aplicado con éxito las columnas multicapilares® logrando
separaciones notablemente méas rapidas. La derivatizacion en este caso viene
impuesta por la incompatibilidad inicia existente entre la naturaleza de los
analitos y las propiedades fisico-quimicas necesarias para hacer posible la
separacion cromatogréfica. De entre los distintos compuestos del plomo, sélo los
R4Pb poseen las caracteristicas adecuadas en cuanto a volatilidad y estabilidad
térmica para ser determinados de forma directa en cromatografia de gases. El
resto de especies han de ser transformadas en los correspondientes
tetraalquilplomados, en una reaccion de derivatizacion que puede ser redizada
utilizando varios reactivos:

Tetraetilborato sédico (NaBEty).- Efectia una eilacion del analito
idnico. Se trata de un reactivo relativamente estable en medio acuoso, que puede
ser afadido directamente a la muestra y facilita en gran medida € procedimiento
para la determinacién de ciertos organometdlicos, sobre todo de mercurio y

RsPbX + NaBEty, —» RsPbEt + BEt; + NaX

R,PbX, + 2NaBEty, —» R,PbEt, + BEt3 + 2Nax

estafio.® Sin embargo, no es e reactivo més adecuado para la especiacion de
plomo, ya que tanto Pb*" como EtsPb* y Et,Pb* conducen ad mismo derivado
final, Et,Pb, lo que hace imposible su discriminacion.

Reactivos de Grignard (RMgX).- Son hauros de aquilmagnesio,
ampliamente usados en sintesis organica como agentes de alquilacién. Para €

R:POX + RMgX — RsPOR + MgXs

RMgX + H,O —»RH + % Mg(OH) + % Mg
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andlisis de la especiacion de plomo, se han utilizado € cloruro o bromuro de
propil-, butil-, pentil- y fenilmagnesio, que permiten la discriminacién entre las
especies de mayor interés (Pb?", MesPb', MePb?, EtsPb" y Et,Pb*). Se ha
observado que los derivados con menor nimero de aomos de carbono presentan
mayor volatlidad, lo que reduce la duracion de las separaciones
cromatogréficas.® No obstante, los reactivos de Grignard son muy inestables
frente a la oxidacion atmosférica y en presencia de agua se hidrolizan para
formar Oxido de magnesio. Por lo tanto, deben ser edtabilizados en éter y
conservados en atmosfera inerte. Su empleo exige una serie de precauciones tales
como la eliminacién de las trazas de agua que puedan quedar en la fase organica
tras la extraccion con e agente complgante, la diminacion de exceso de
reactivo derivatizador mediante la adicion de agua o é&cido para evitar su
influencia negativa sobre € nivel de la sefid del blanco y una segunda extraccién
en un volumen minimo de disolvente organico para posibilitar la inyeccion en €
cromatografo.

Sales de boro tetravalente (MBR;,).- De la misma familia que e NaBEt,,
su sintesis y estabilizacion sdlo ha sido posible recientemente. El empleo del
tetrabutilborato de tetrabultilamonio® en primer lugar, y del tetrapropilborato
sddico® més tarde, introdujeron la posibilidad de preconcentrar y derivatizar
compuestos organoplomados in-situ, directamente en la fase acuosa y sin
necesidad de etapa previa de complgacion. Solo es necesaria una Unica
extraccion en medio organico para llevar los andlitos ya derivatizados al
cromatégrafo de gases. Al igual que ocurre con los reactivos de Grignard, los
reactivos més favorables son aguéllos gque incorporan la cadena alquilica méas
corta.

La composicion mixta de la molécula de los compuestos
organoplomados le confiere una serie de propiedades que facilitan € empleo de
ciertas técnicas de deteccidon dternativas. Los sistemas de generacion de
hidruros congtituyen un claro gemplo de esta adaptacion. En comparacién con
el plomo inorgénico, los compuestos organometélicos de plomo forman hidruros
mucho mas estables, y la volatilizacion de los anditos puede llevarse a cabo
facilmente en un sistema de inyeccién en flujo. Asi, mediante € acoplamiento del
sistema Fl (en d que se originan los hidruros volé&tiles) con detectores especificos
para e elemento metdlico, como ETAAS® o ICP-AES¥ se acanzan limites de
deteccion del orden de hasta 10 — 20 ng/L.
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TECNICASINSTRUMENTALES

Las primeras aplicaciones desarrolladas con € objetivo de estudiar la
especiacion del plomo, asi como de otros metales, encontraron una dificultad
précticamente insalvable en las concentraciones sumamente pequefias en las que
las distintas especies se encontraban en muestras reales. A pesar del aumento de
sensibilidad que supone & empleo de diversas metodologias de preconcentracion,
los detectores convencionalmente empleados en cromatografia (UV-Visible, FID,
ECD) no alcanzan los limites de deteccion requeridos para € andisis. La gran
selectividad y sensibilidad de los detectores basados en e reconocimiento de las
lineas espectrales atbmicas los convierten en sistemas iddneos para la especiacion
elemental, s bien es necesaria la separacidn previa de las distintas especies. En
los Ultimos afios, se han redlizado varios estudios enfocados a acoplamiento de
detectores apropiados para distinguir las diversas especies elementales con las
técnicas de separaciéon més indicadas en cada caso. El problema de mayor
importancia que surge de la idea del acoplamiento reside en € disefio de la
interfase y las dificultades técnicas en su materiadizacion. Los acoplamientos de
mayor relevancia son aguéllos en los que € detector se basa en la espectrometria
de absorcién/emision atdémica (FAAS, ETAAS, AES) vy, sobre todo
recientemente, los que emplean la espectrometria de masas en sus diversas
modalidades de ionizacion de la muestra (El, Cl, MIP, ICP) y de deteccion
(cuadrupolo, sector magnético, trampa de iones o TOF).

Absorcion atdmica

La espectroscopia de absorcion atébmica con atomizacion por llama
(FAAS) fue una de las primeras técnicas acopladas en continuo a un
cromatégrafo de gases o de liquidos, dada la simplicidad de la interfase. Las
Unicas precauciones necesarias consisten en gjustar los flujos de salida de la fase
movil y de aspiracion del nebulizador en cromatografia liquida y mantener €
tubo de transferencia a temperatura suficientemente elevada para evitar la
condensacion de las especies en cromatografia de gases. En ocasiones, y para
aumentar la sensibilidad en la determinacion de compuestos organoplomados, €
efluente del cromatégrafo de gases se refuerza con una corriente de hidrégeno.
Aun asi, y pese ala gran selectividad que aporta la técnica, no se suelen acanzar
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los limites de deteccion que exige € andisis de especiacion en la mayoria de
muestras medioambientales.®

Por lo tanto, la opcidn més ampliamente utilizada en lo que respecta a la
absorcién atdmica es € uso de la atomizacion eectrotérmica (ETAAS), que
permite un incremento de la sendbilidad de dostres 6rdenes de magnitud
respecto a la atomizacién por llama. Para €l acoplamiento con un cromatografo
de gases, la solucion mas simple consiste en sutituir € flujo del gas de purga del
horno de grafito por € efluente del cromatdgrafo de gases, aungue éste también
puede ser introducido a través de un brazo termostatizado.* Sin embargo, el
acoplamiento con un cromatégrafo de liquidos es mas complgo debido a
carécter discontinuo de la introduccién de la muestra en & horno, que es
claramente incompatible con e flujo continuo del efluente cromatogréfico. La
aternativa més comun es utilizar algin tipo de nebulizacion para formar un
aerosol apartir del efluente e introducirlo en & horno de formaindirecta®

Emision atbmica

Las técnicas de emision presentan ciertas ventgjas frente a la absorcion
atémica, como la determinaciéon de varios elementos simultaneamente, la mayor
senshilidad que acanzan (frente a la atomizacion por llama) y d facil
acoplamiento con un cromatografo, ya que estos detectores emplean un flujo de
gas para la atomizacién de la muestra. La eficacia del sistema de atomizacion
reside en que la muestra se ioniza en d seno de un plasma controlado a
temperaturas muy elevadas. Un plasma es un gas neutro parcialmente ionizado
generado por un campo electromagnético que puede ser de digtinta naturaleza,
dando asi lugar a los diversos tipos de plasma: plasma generado por corriente
directa (DCP), por corriente alterna (ACP), inducido por microondas (MIP), por
acoplamiento inductivo (ICP) o por acoplamiento capacitativo (CCP). De todos
dlos, los que se utilizan con més frecuencia en e ambito de la especiacion son,
con diferencia, e MIP y e ICP, en combinacion con la técnica de separacion
cromatogréfica mas conveniente en cada caso. El gas plasmégeno puede ser
argén o helio, aunque se prefiere este Ultimo porque origina una sefial més bagja
de ruido de fondo, y ademés posee una energia de excitacién mayor que €
argén. Esto hace posible la determinacion de un amplio nimero de e ementos,
incluyendo algunos elementos no metdlicos. Cuando se emplea la cromatografia
de gases para la separacion de los andlitos, la fuente de excitacion mas

59



Capitulo |. Introduccion

recomendable para la deteccidn basada en la espectroscopia de emisién atdmica
es e MIP, por las razones que se enumeran a continuacion:

O El acoplamiento con e cromatégrafo de gases es muy simple; consiste en
una linea de transferencia termostatizada para evitar la condensacién de
los andlitos que se introduce directamente en & tubo de descarga del
plasma. El equipo puede adquirirse comercialmente.

O El €efluente del cromatografo puede introducirse directamente en €
plasma sin extinguirlo, ya que carece de moléculas de agua o grandes
cantidades de hidrocarburos.

O El gas portador puede usarse como plasmoégeno auxiliar, proporcionando
unalinea de base muy estable.

O El frente del disolvente puede ser desviado facilmente (venting option)
para evitar que alcance e plasmay lo extinga.

O El flujo de helio que se emplea no origina una dilucion excesiva de los
analitos como ocurre en d ICP, de forma que la sensibilidad no se ve
afectada.

El acoplamiento GC/MIP-AES se ha utilizado con éxito en repetidas
ocasiones para la determinacion de compuestos organoplomados, entre otros
compuestos organometdlicos, en varios tipos de muestras (agua, hieve,
sedimentos). 3 3 4

En cambio, € mayor tamafio del plasma generado por acoplamiento
inductivo permite alcanzar temperaturas mas dtas, surgiendo asi como una
fuente con un enorme poder de ionizacion capaz de admitir volumenes de
muestra y de disolvente mayores que € MIP. Aun asi, es necesario tener en
cuenta ciertas consideraciones acerca de la composicion de la fase mévil para
asegurar la eficiencia del plasma, sobre todo en e acoplamiento con un
cromatégrafo de liquidos. Un dto contenido en sales puede provocar la
obstruccién del nebulizador y  mechero. Ademés, debe evitarse en lo posible €
exceso de alcoholes y disolventes organicos, porque reducen las propiedades de
excitacion dd plasma, produciendo ateraciones en la sefidl y pudiendo llegar
incluso a extinguirlo. Otro problema adicional es la baga eficacia de la
nebulizacion de la muestra y los efectos de dilucién de los anditos con e gas
plasmégeno, que afectan sobre todo a la sensibilidad. Actuamente, se han
ensayado varios sistemas de introduccion, desde € empleo de nebulizadores
convencionales de vidrio fritado hasta vaporizadores de termospray o
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ultrasonicos, pero los mejores resultados se obtienen mediante nebulizacién por
inyeccion directa®

Espectrometria de masas

La espectrometria de masas es una técnica que ha evolucionado
vertiginosamente en los Ultimos afios hacia la consecucion de limites de
deteccion cada vez més bgjos, introduciendo cambios significativos tanto en las
fuentes de ionizacion (impacto dectrdnico, ionizacion quimica, ICP) como en los
sistemas de separacion/deteccion (cuadrupolo, sector magnético, trampa de iones,
tiempo de vuelo). La combinacion de ambos componentes determina las
caracteristicas analiticas y las posibles aplicaciones del instrumento resultante.
Los equipos més fécilmente asequibles por los laboratorios debido a su
relativamente bgjo coste cuentan con una fuente de ionizacién quimica o por
impacto dectrénico, que envia € flujo de iones hacia un cuadrupolo en € cua se
separan en funcién de su relacion m/z. Esta separacion es secuencial; en un
determinado instante de tiempo solo araviesa e cuadrupolo una mz
seleccionada, mientras e resto se desecha. Esta pérdida de informacion, unida a
la bgja energia que se emplea en laionizacion, hace que la sensibilidad no supere
a la obtenida con detectores basados en espectrometria atdbmica. La adquisicion
de datos en modo SIM en lugar de full scan puede mejorar la sensibilidad entre
10 y 100 veces, y la resolucién puede aumentarse de forma significativa con €
empleo del sector magnético. Aln asi, las concentraciones de las especies
organicas de plomo son demasiado pequefias para ser detectadas de forma
directa. Sin embargo, con una etapa previa de preconcentracién, ha sido posible
llevar a cabo la especiaciéon de plomo en muestras de agua de Iluvia mediante un
GC/MS comercia .*** El espectro de masas de una molécula es particularmente
Gtil para la confirmacion de su estructura, pero a pesar de su excelente capacidad
para la identificacion molecular y su evidente utilidad en estudios sobre la
transformacién de especies, la espectrometria de masas no se ha empleado de
forma extensiva en los andlisis de la especiacion hasta la llegada de las fuentes de
ionizacion por acoplamiento inductivo. La €ficiencia del plasma para la
produccién de iones con una carga positiva lo convierte en una fuente idénea
para el espectrémetro de masas, aunque las altas temperaturas que se alcanzan en
e plasma destruyen totalmente la posibilidad de obtener informacién molecular.
Esta informacion se sacrifica a cambio de un aumento de la sensibilidad (en
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genera de dos érdenes de magnitud), que alcanza ahora los niveles dptimos para
su empleo en la especiacion de metales en muestras medioambientales® La
incorporacion a mercado de los espectrometros de tiempo de vuelo, en los que la
determinacion de todas las m/z es sSmultanea, supone un aumento en la
sengibilidad y en la rapidez de la adquisicion de los espectros, de forma que es
especialmente aconsgjable para la medida de relaciones isotOpicas y sefides
transitorias, como las originadas por e efluente de un cromatografo.”

Al igual gque ocurre con las técnicas de emisién atdmica, € ICP-MS
puede ser acoplado a un cromatégrafo de gases o de liquidos, con las mismas
caracteristicas comentadas en € apartado anterior y siendo € Ultimo caso € més
complejo. En e acoplamiento de un cromatdgrafo de liquidos a la fuente ICP del
espectrometro de masas,® es necesario un nebulizador adecuado y un control
continuo del contenido dd efluente en sales y disolventes organicos, ya que los
depdsitos de carbon o sales inorganicas pueden obstruir los orificios de los conos
de muestra y skimmer, impidiendo la entrada del flujo de iones y disminuyendo
asi lasensibilidad.

Otrastécnicas

La cromatografia de fluidos super criticos reline en un principio e poder
de resolucién de la cromatografia de gases sin los inconvenientes del control de
temperatura, y de presion respecto a la cromatografia de liquidos, convirtiéndola
en una técnica idea para especies térmicamente inestables. Ademas, se elimina €
empleo de disolventes organicos toxicos y su acoplamiento en sistemas continuos
resulta técnicamente viable. Sin embargo, su empleo en & ambito de la
especiacion se encuentra aln bajo estudio, y hasta la fecha sblo se han
desarrollado agunas aplicaciones que utilicen esta opcion para evitar la
derivatizacion de | as especies organoplomadas en muestras medioambientales.”’

El principa requisito que se exige a las técnicas de deteccion en d
andlisis de la especiacién, junto con una sensibilidad adecuada a las bgjas
concentraciones de los anditos, es la capacidad de no gercer ningln impacto
sobre la distribucion original de los analitos en la muestra'y no dejarse influir por
otras especies, dada la complgidad de muchas muestras mediocambientales y
bioldgicas. Precisamente € primero de estos requisitos constituyé e impulso
inicial para la aplicaciéon de la éectroforesis capilar ala especiacion, ya que su
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capacidad para mantener la integridad de las especies es universamente
reconocida® Sin embargo, e andlisis trazas de especies metdlicas en matrices
medioambientales dista mucho de estar resuelto. En primer lugar, la aplicacion a
muestras reales de separaciones optimizadas empleando una disolucién estandar
suele revelar severas interferencias y problemas de irreproducibilidad en los
tiempos de migracion y en la forma de los picos, debido a la diferente
composicién de la matriz de la muestra. En segundo lugar, la mayoria de los
equipos de CE suministrados por distintas casas comerciales estan equipados con
detectores fotométricos, que no son los més adecuados para llevar a cabo la
especiacion elemental debido a la pobre sensbilidad y sdectividad que
proporcionan, que hacen imposible la determinacion de los andlitos a los niveles
a los que se encuentran en las muestras reales.”® En este sentido, el acoplamiento
de técnicas de deteccién més apropiadas, fundamentalmente ICP-MS, ofrece
mejoras sustanciales en sensibilidad, que puede ser aumentada en un factor que
oscila entre 10 y 10° veces |a obtenida a través de la medida de la absorbancia en
la regién ultravioleta™ Aun asi, este acoplamiento requiere el disefio de nuevas
interfases que minimicen la dilucién del analito y que permitan una transferencia
mas eficaz del contenido del capilar. CE/ICP-MS puede adquirir una gran
importancia en € campo de la especiacion siempre que se resuelvan estos
problemas técnicos y se reduzcan |os costes de adquisicion.
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Abstract

An overview of the impact of fullerenes in analytical chemistry in the frame-
work of the general applications of these interesting materials is presented and
discussed. Fullerenes can be on the one hand, the target analytes; methods for
their separation, identification and quantification are systematically considered.
On the other hand, the use of fullerenes as chromatographic stationary phases,
materials for building both eectrochemical and optical sensors and sorbent mate-
rials for automatic on-line clean-up and preconcentration is fully dealt with. The
analytical prospects of fullerenes are finally discussed.

Keywords. Fullerenes; Separation and determination; Chemical sensors; Sorbent
materias
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1. Introduction

Buckmingterfullerenes are closed-
cage carbon molecules containing
pentagonal and hexagona rings in
such a way that they follow the struc-
ture Cxom, being m a natural number.
They are the third alotropic form of
carbon, with graphite and diamond.
Fullerenes comprise a wide range of
isomers and homologous series, from
the most studied Cgy or Cyg, to the so
caled higher fullerenes, Cys, Css and
Cro. These compounds were first
discovered in 1985 in the interstellar
dust through spectrometric measure-
ments and later their structure con-
firmed in the laboratory by Kroto,
Smadley and Curl, who received the
Nobel Prize in 1996 for their work®.
However, the macroscopic obtention
of these compounds was not possible
until five years after their discovery.?
Fullerenes and their synthesis became
a topic that attracted a great deal of
interest because of their unique struc-
ture and properties showing promises
for exceptional applications in many
fields. Physicists, chemists, material
scientists or engineers, among others,
found an unusua potentia in these
new spherical carbon structures to be
used as superconductor materials,
source of new compounds, self-
assembling nanostructures or several
optical devices® This initial attention
produced an increasing number of

investigations that showed special
properties of fullerenes, some of
which could lead to practical applica-
tions. First small-scale, and then tar-
geted applications would be deve-
oped in a short time following the first
optimistic observations. However,
even when a wide group of fieds
have been explored and severa appli-
cations have been developed, fullere-
nes are not fulfilling the initial spec-
tacular promises.

2. Overview on the applications of
fullerenes

Research on the application of
fullerenes has actualy proven to be
dower than expected, but it must not
be considered unsuccessful consider-
ing the great advances in the knowl-
edge of the physicd and chemica
characteristics of fullerenes. Thanks
to the additional information supplied
during the last years, these com-
pounds have been found to be really
useful in severa fields, specidly in
solid state applications. For instance,
the reatively high transition tempera-
ture T, observed for Cg (33 K) makes
it a suitable material for superconduc-
tivity studies, obtaining better results
(Te~18 K) with akali metal-doped
fullerenes,* also known as endohedral
fullerenes. On the other hand, the
fabrication of the current generation
of microelectronic devices requires
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lithographic resolution of ~0.18 nmm,
close to the physical limits of the
resolution of photolithography that
seem to lie at 0.1 mm. However, the
intention in the future is the achieve-
ment of further miniaturization, not
only to increase component packing
density, but aso to exploit quantum
effect devices. Thus, other methods
must be developed that extend the
miniaturization into the sub — 0.1 nm
regime. One increasingly used option
to get nanoresolution is electron beam
lithography, a technique in which an
electron beam is employed to irradiate
an electron sensitive resist material;
the irradiated zone of the substrate is
degraded or cross-linked, depending
on each materia, forming products
with different solubility in a certain
solvent that can be easily separated
from the originad material. Hence, the
smallest definable pattern will be at
least as large as the molecular area of
the substrate. Therefore, it is desirable
that the area of the resist molecules be
as small as possible, and in this sense,
fullerenes and their derivatives appear
as a great aternative to polymer
molecules, widely used for this pur-
pose in nanolithography.®

Another interesting property of
fullerene and fullerene-like materials
is their photoactivity and their poten-
tial use in solar energy conversion.
Ceo shows a semiconductor diode-like
behaviour, and athough the photore-

sponse is complex, photoactivity is
displayed when Cg is illuminated
within a wide range of insolation near
the solar spectral maximum of 1.4 eV.
However, fullerene solar cells provide
a low power compared to that
achieved with electrodes made from
more conventional materials, so novel
solar cells are on continuous devel-
opment. Recently, fullerene deriva
tives have been used to improve the
electron transfer efficiency and to
diminish the high dark current occur-
ring when usng prisine Cg
fullerene.’

The study of the biological appli-
cations of fullerenes has attracted
increasing attention despite the low
solubility of the carbon spheres in
physiologicd media The unique
characteristics of fullerenes regarding
size, hydrophobicity and €ectron
transfer capacity make think of these
compounds as promising candidates
for use in biology. Recently, a well
documented review’ has covered the
main achievements in the biological
applications of fullerenes and deriva-
tives up to 1999, namely: (i) the DNA
cleaving capacity, which makes pos-
sible the use of fullerenes in photody-
namic therapy and in the study of
genetic transcription, (ii) the inhibitor
effect produced over HIV protease,
owing to the shape and size of Cgthat
can fit indde the quasispherical hy-
drophobic cavity of the enzyme, and
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Table 1

Current trends in the biological use of fullerene and derivatives

Biological effect Target specie Disease Active fullerene Ref.
Antioxidant Low density lipopro-  Arterioscle- Hexasulfobutyl-Cg 8]
agent teins rosis fullerene
Neuroprotector Amyloid betaprotein ~ Alzheimer Fullerenol-1 [9]
Cerebellar granule Oxidative Cs-Fullero-tris- [10]
cells stress methanocarboxilic acid
Antibacterial Mycobacterium tu- . Cationic fullerene de-
X Tuberculosis N [11]
agent berculosis rivatives
I . Bacterial
Escherichia coli Meningitis Csgo Fullerene [12]

(iii) the activity of fullerenes and de-
rivatives as radical scavengers against
apoptosis or neurodegenerative dis-
eases or their behaviour as antibacte-
rial agents. Ascanbeseenin Table 1,
last efforts have been focused on the
study of the activity of water soluble
fullerene derivatives as antioxidant or
free radical scavengers,® neuroprotec-
tor agents’™® and inhibitors of bacte-
ria growth.*? When compared to
other substances commonly used for
the same purpose, similar or better
results are obtained with lower doses.
The neuroprotective  activity  of
fullerenol-1 is based on the inhibition
of amyloid b protein (Ab protein),
which plays an important role in neu-
ronal degeneration through the eeva-
tion of cytosolic free calcium among
other effects. Some antioxidants such
as UB3836E and vitamin E have been
used to diminish the release of Ca*

associated to Ab protein, with differ-
ent efficiency (26% and 40%) and
concentration (10 mM and 140 niM).
However, the level of Ca?* induced by
Ab protein declined by 73% by using
fullerenol-1 in a concentration as low
as 1 nM. Other example is found in
the antimycobacterial activity of cati-
onic fullerene derivatives in the inhi-
bition of two strains of Mycobacte-
rium tuberculosis: H37 Rv (reference
strain) and H6/99 (particularly viru-
lent and resistant). Whilst the strains
were resistant or only sensitive to the
action of reference compounds (e.g.
isoniazida, rifampicin), a 100% inhi-
bition was observed for some
fullerene derivatives at doses of 5
ng/mL.

Regarding anaytical chemistry,
fullerenes can be observed under two
different points of view, namely:
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fullerenes as anaytes, involving de-
termination of fullerenes in severd
samples such as biological tissues or
geologic materials, and fullerenes as
analytical tools, including their use as
chromatographic stationary phases,
different  electrochemica  sensors
based in the activity of fullerenes as
electron mediators, and the exploit of
their unique superficial characteristics
as sorbent materias in continuous
flow systems.

3. Characterization and Prepara-

tion
3.1. Characterization

From their discovery, elucidation
of the structure of fullerenes has been
an active research topic. Currently,
even higher fullerenes have been per-
fectly identified mainly through their
nuclear magnetic resonance (NMR)
and mass spectrometry (MS) spectra.
UV-visible spectroscopic data, as well
as Fourier transformed infrared
(FTIR) and Raman spectra enabled
the assignation of a suitable electronic
structure for each one of them, throw-
ing some light into the interpretation
of the peculiar optic properties of
fullerenes in genera. X-ray diffrac-
tion (XRD) patterns have reveded
temperature-dependent phase transi-
tions for Cg and Cy that are particu-
larly interesting in the search for a
novel fullerene-based superconductor
material .2

Concerning analytical sciences,
two different branches must be con-
sidered: synthesis of new materias
with potential analytical applications
and deposition of fullerene films over
different substrates for the deveop-
ment of electrodes or sensors. Novel
materials are usualy characterized
using ®C and 'H NMR, especialy
indicated if Cg fullerene is involved.
The C NMR spectrum of pristine Ceo
fullerene consists of an only peak at d
= 143 ppm, and the presence of any
other peak in the purified adduct, as
wdl as a shift in the initid signa im-
plies a covaent union to Ce. The best
resolution is achieved dissolving the
fullerene derivative in the deuterated
solvent (e.g. toluene, benzene, CHCls,
CS,). Unfortunately, the low relative
abundance of *C versus “C (1.1%)
results in a very low senstivity when
measuring this element. However,
sengitivity is easily enhanced by ap-
plying different techniques as solid
state *C NMR or magic angle spin
(MAS) NMR. In this latter technique,
the resonance energy of 'H (much
more abundant) is transferred to the
BC aoms, enhancing the signal.
XRD, UV-vishle and FTIR data are
aso used for characterization of
fullerene derivatives® although to a
lesser extent and aways as comple-
mentary techniques.

On the other hand, fullerene-based
films are andyzed employing tech-
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niques that alow the determination of
the approximated number of layers
deposited over the initial substrate,
since the thickness of the film is
deeply related to the electrochemical
properties of the resulting eectrode.
Hence, surface science techniques are
very useful in this context.®> Among
them, scanning tunnelling microscopy
(STM) is an especialy powerful tech-
nique to study the interaction between
fullerenes and surfaces, which is usu-
ally much gtronger than the Cg-Ceo
interaction in the case of metal sur-
faces, being the opposite applied to
oxide surfaces. In addition, atomic
force microscopy (AFM) has also
been applied to the study of fullerene
films;** single fullerene molecules can
be imaged, the maximum diameters
for the molecules can be measured
after a proper calibration of the in-
strument, and the thickness of the
layer can be also measured in a trans-
versal cut.

3.2. Separation

Fullerene molecules are formed in
the laboratory from carbon-rich va
pours which can be obtained in a vari-
ety of ways, eg. resistive heating of
carbon rods in a vacuum, plasma dis-
charge between carbon dectrodes in
He gas, laser ablation of carbon dec-
trodes in He gas and oxidative com-
bustion of benzenelargon gas mix-
tures. Most methods for the produc-

tion of large quantities of fullerenes
simultaneoudly generate a mixture of
stable fullerenes (Ceo, Cro,...) impurity
molecules such as polyaromatic hy-
drocarbons and carbon-rich  soot.
Therefore, a suitable separation tech-
nigue is required in order to separate
and purify the different fullerenes,
being liquid chromatography (LC) the
best choice to perform this applica-
tion, athough supercritica fluid
chromatography has aso been used
for rapid separations of Cg, C7 and
higher fullerenes on a TCP column
using CO, modified with CH,Cl, as
the mobile phase.™ In the last years,
the efficiency of several LC stationary
phases has been tested,™ including
conventional  octadecylsilica (ODS)
phases as wdl as other nove station-
ary phases specidly designed for this
god. Reversed-phase LC stationary
phases exhibit reasonable fullerene
selectivity, but the retention decreases
with increasing solubility of the target
compound in the mobile phase
Hence, when strong solvents as tolu-
ene or 1-methylnaphtalene are used,
these compounds can not be sepa
rated. This lack of resolution is evi-
denced by the absence of retention of
the light fullerenes, which are eluted
a the same time. Separation of Cg
and Cy poses severe difficulties, be-
ing only possible when using mobile
phases in which the fullerenes are
poorly soluble (hexane, acetonitrile,
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dichloromethane) and disabling thus
the separation of large amounts of
fullerenes. The retention mechanism
for  compounds including six-
membered phenyl rings in their struc-
ture is still being elucidated,” but it is
reasonable to assume that a critica
chain length exits to interact effec-
tivdly with fullerenes, with longer
being better. Thus, Cg chains have
proven to be too short to have an f-
fective interaction with fullerene
molecules® being unable to separate
Ceo from Cyo. For Cyg phases, athough
better separation was achieved, the
resolution decreased when increasing
the temperature. In comparison to
these phases, monomeric type Cs
alkyl chain slica bonded stationary
phases have been successfully em-
ployed for preparative and large scale
separation of fullerenes using a high
toluene concentration in the mobile
phase,® overcoming the main disad-
vantage of reversed-phase LC station-
ary phases.

Despite the recent advances in
conventional ODS phases, their effi-
ciency is dill lower than that showed
by novel sationary phases for the
preparative separation of fullerenes.
The first phase to become commer-
cidly available is known as “Bucky-
clutcher” and consists of inmobilized
3,3,3-tri-dinitrophenyl silica’® Based
on its p-acidic character, it can sepa-
rate Ce and Cy in pure toluene as

mobile phase through a charge trans-
fer mechanism, but the retention fac-
tors and sdectivity are low, being
their use feasible only with weak sol-
vents. A more effective retention is
achieved using other packing materi-
als with large size ligands that can
interact with a large fraction of the
surface of the fullerene molecule.
Some of them are inmobilized 2-(1-
pyrenyl)ethyl-silica  (“Buckyprep”)®
or 3-[(pentabromobenzyl)oxy] propyl-
silyl silica (PBB)* phases, which aso
exhibit sufficiently large separation
factors only with relatively weak sol-
vents. But doubtlessly, among the
currently available stationary phases,
the best results regarding sdlectivity
and efficiency for preparative applica-
tions are provided by inmobilized
tetraphenylporphyrin on silica®

In addition, fullerene chemistry
leads to a wide group of chira
fullerene derivatives, since even when
the initial reagents are achiral, chiral-
ity arises from the different addition
patterns possible. For the separation
of these compounds, charge transfer
chromatography has proven to be a
suitable technique, and several chiral
stationary phases have dso been de-
veloped for this purpose® However,
it has been recently proved that a
strong p donor-acceptor interaction is
a necessary, but not sufficient re-
quirement for chiral discrimination,

73



Capitulo I. Introduccion

and more progresses are expected to
follow in thisfield in the near future.

4. Determination of fullerenes

Fullerene determination is of spe-
cia interest in geologica samples,
since they have been recently identi-
fied in some forms of common carbon
soot: fulgurite and shunguite. In the
case of fulgurite specimens, the pres-
ence of fullerenes has been identified
with lightning strikes between the
mineral layers. Shunguite, on the
other hand, is a very old geologica
minerd deposit, which predate living
plants, and is of particular interest,
regarding its origin. Other ordinary
materials such as gasoline or cod
have also been reported as source
materials for the production of
fullerenes.® For the determination of
Ce and Cy in severd types of sam-
ples, LC with UV or MS detection has
proven to be an excellent and reliable
technique. The analysis of geologica
materials is carried out a room tem-
perature by LC-UV, which is non-
destructive (fullerenes can be recov-
ered) and is easly caibrated with
synthetic fullerenes. In addition, a
previous separation of fullerenes from
organics greatly empowers the fina
determination.®*

On the other hand, and in order to
check the possible toxicity of Cgy,
many biological studies have been
developed® showing that Cq, accumu-

lates preferentialy in spleen and liver
depending the didtribution on the
anima specie. However, athough the
chromatographic separation of Cg
from solutions is smple, sample
preparation for biological samples
such as plasma® blood or tissues
usualy involves several steps of soni-
cation and irring, being highly tedi-
ous and time-consuming. The reason
is that Cg is difficult to extract from
agueous colloidal media, even using
organic solvents as toluene or CS,.
Thus, after several hours of stirring,
the extraction yields often range be-
tween only 65 and 90%.

5. Analytical applications  of

fullerenes

The primary applications of
fullerenes are illustrated in Fig. 1. So,
Ce and Cy fullerene bonded slica
phases as well as fullerene containing
polysiloxanes have been employed as
stationary phases in LC and gas
chromatography (GC), respectively.
But currently the most widey ex-
tended analytical use of Cg and Cq
fullerenes is the direct preconcentra-
tion of metd and organometdlic
traces by using on-line flow configu-
rations.

5.1.Chromatographic stationary
phases
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CHEMICAL

SENSOR
M P

FULLERENES
A ASANALYTICAL }——
TOOLS
O— ON-LINE
PRECONCENTRATION

GC
LC

Figure 1

The three main possibilities for direct use of fullerenes in analytical processes. MP,
mobile phaseg; |, injector; D, detector; GC and LC, gas and liquid chromatograph.

Studies focused on the separation
and isolation of fullerenes by LC re-
vedled that bonded stationary phases
with phenyl ligands in their structure
could interact with fullerenes via p- p
interactions.”’

The knowledge of this capacity
leads to the investigation of fullerenes
as stationary phase, first for LC and
later for GC. The retention of PAHs
(polyaromatic  hydrocarbons)  onto
severa fullerene stationary phases for
LC was first studied by Jinno et a.”
who used Cg fullerene bonded silica
phases, as well as Cy itsdf, for the
separation of PAHs and akylben-

zenes® In general, when using ODS
stationay phases, the retention values
of PAHs in LC have a high correla-
tion with the F number, being F one
of the molecular descriptors for these
compounds that takes into considera-
tion structure details such as number
of double bonds or rings. The reten-
tion increases with increasing the F
number, and hence similar retention
times are expected for compounds
with similar chemical structure. How-
ever, when using Cg-bonded station-
ary phases, planar PAHs were re-
tained longer than non-planar solutes
having the same F number, enabling
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thus the separation of these com-
pounds. Fullerene showed a higher
selectivity for aromatic compounds
and planar molecules than conven-
tional ODS phases, clearly indicating
that Cg bonded phases have an
unique molecular recognition capabil-
ity. This sdlectivity was also found by
Stalling et a.* in the separation of
PCBs (polychlorinated biphenyls)
using a polymer-based fullerene
bonded phase. In this study, polysty-
rene divinylbenzene was covalently
bonded to Cg and Cyo, and coplanar
PCBs were successfully separated
from other isomers. The retention was
governed by the formation of charge
complexes of the molecules to be
separated with the fullerene mole-
cules, based on an “eectron donor-
acceptor” mechanism from solutes to
fullerene.

Last efforts have been focused on
the development of fullerene-based
stationary phases for GC. The first
application in this field involved a Cg
coating on a glass column in the study
of the retention of high-boiling or-
ganic compounds such as aromatic
and aiphatic hydrocarbons, amines,
dcohols and esters®  Satisfactory
results were obtained, but some dis-
persive interactions with different
analytes were found. More recently,
fullerene-containing polysiloxanes
have been synthesized in order to
study their behaviour as GC stationary

phases®%* They show excellent
thermostability and wide operational
temperature (up to 360 °C), high col-
umn efficiency and good sdlectivity,
specially for compounds such as a-
kanes, alcohols, ketones and aromatic
compounds (including PAHs, PCBs
or phtalic esters). As described in the
case of LC, the retention mechanism
is attributed to strong p- p and donor—
acceptor interactions of fullerene with
the analytes, and the sdectivity in-
creases with the planarity of the target
molecule.

5.2. Chemical sensors

In order to establish the analytica
features of fullerenes as sensors, ad-
sorption studies of organic molecules
onto fullerenes were initialy carried
out. For this purpose, the adsorption
of gases and organic vapours was
studied in fullerene coated devices
sengitive enough to detect changes in
mass or pressure related to the adsorp-
tion of gas molecules to the fullerene
layer, such as surface acoustic wave
sensors (SAW) or quartz microbal-
ances (QMB)®%* Through these first
investigations, the retention of certain
monomeric gas molecules was dem-
ongtrated, and the possible use of Cg
films as analytical sensors for volatile
polar gases (e.g. NHy)*¥ was consid-
ered. Gas adsorption onto the
fullerene film decreases the film resis-
tance, resulting in the appropriate
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charge transfer to the electronic sys-
tem. Sendgtivity levels of few mg/l
NH; in ar were achieved, but there
were ill some pitfals such as the
lack of selectivity versus other gas
vapours (that were also adsorbed lead-
ing to the same electrica signa), re-
sponse times on the order of seconds,
influence of the humidity level in the
calibration, or instability of the sensor
when exposed several timesto air.
Nevertheless, the use of fullerenes
as modifiers in severa fields was
found to be a promising research
topic, specialy as coating in QMB
and SAW, since it is well known the
fact that the presence of fullerene
improves the electrochemical charac-
teristics of the film or membrane by
reducing the resigtivity. In the last
years, various reusable and sensitive
piezoelectric (PZ) quartz crysta
membrane sensors were developed to
detect organic/inorganic vapours and
organic/inorganic biologic species in
solutions. Fullerene Cq and fullerene
derivatives, among others, were syn-
thesized and applied as coating mate-
rials on quartz crystals of the PZ crys-
tal sensors® As pressure and mass
sengitive devices, the oscillating fre-
guency of the quartz crystal decreases
due to the adsorption of organic spe-
cies onto the coating material mole-
cules on the crystal surface; this shift
is related to the concentration of the
analyte in the medium, providing thus

the anaytical signal. The system is
also employed to study the interaction
between fullerene Cq and severa
organic molecules. Thus, chemisorp-
tion on Cg fullerene was observed for
amines, diamines, dithiols, dienes and
alkynes, and only physical adsorption
was found for carboxylic acids, ade-
hydes, alcohols, acetones, akenes and
alkanes. This seems to imply that the
nucleophilic addition to fullerene by
polar electron donor groups, such as
amines and thiols, is easier than elec-
trophilic addition. Furthermore, dia-
mines and dithiols showed greater
interactions than those for the
monodentate form, this behaviour
being attributed to the formation of
stable cyclic compounds between
fullerene and the bidentate ligand.

In independent studies, fullerene
has been widdly used as eectron me-
diator in electrodes since the incorpo-
ration of Cg significantly reduces the
electrical resistance of the coating
membrane. By way of example, a
iodide sensitive sensor was reported,®
in which the bilayer lipid membrane
supported on a copper wire that acted
as modified electrode contained also
Ceo fullerene. The resulting electrode
was further used in a three electrode
system for the determination of iodide
in solution, obtaining a detection limit
of 10 nM. But the latest investigations
about fullerene electrodes point out to
them as very promising compounds as
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mediators in amperometric  biosen-
sors.® The activity of a biosensor is
based on the catalytic action of the
immobilised enzyme, requiring a fast
and efficient regeneration in order to
work properly. This regeneration can
be achieved via natural cofactors (O,,
NAD™) or via compounds added for
this purpose (mediators) and establish
an electron flow from the enzyme to
the eectrode surface yielding the ana-
Iytica signal. The most efficient elec-
tron transfer is provided by artificia
mediators, and among them fullerenes
are an interesting adternative. They
have multiple redox dates in a wide
range of potentials, very low solubil-
ity in agueous solutions, and the elec-
tron transfer between soluble enzymes
and the dectrode interface is highly
efficient, increasing the sengtivity
with the greater content in Cg
fullerene, while the response time
decreases. As a model, the fullerene-
mediated amperometric biosensor for
glucose oxidase containing 1.7 ngy of
Ceo provided a detection limit of 13
MM and a response time between 2
and 5 min, depending on the concen-
tration of glucose in the solution ana-
lyzed.

Recently, the optical properties of
Ceo have been also applied to the de-
velopment of a senditive oxygen sens-
ing system based on the quenching of
the photoexcited triplet state of the
fullerene molecules™ Although the

amperometric  oxygen dectrode has
been the most popular sensing system
for this element, its instability in the
oxygen diffusion barrier, as well asin
the dectrode surface itself, is nowa-
days claiming for a practical aterna-
tive. In this direction, much attention
has been given to optical sensing sys-
tems based on luminescence quench-
ing of an indicator (organic dyes,
PAHSs or transition metal complexes).
Ceo fullerene can aso be used as indi-
cator seeing that it can easily form
thermally stable films with polymers
such as polystyrene and possesses
useful eectronic and photochemical
properties, such as a fairly long life-
time of the photoexcited triplet state
(~ 100 ny). This lifetime is effectively
guenched by oxygen, and decreases
with increasing oxygen concentration.
Using timeresolved  spectroscopy
with laser flash photolysis, a highly
sengitive oxygen sensor is obtained.

5.3. On-line sorbent phases for clean-
up and preconcentration

Several approaches have been
devised for separating analytes from
matrix elements and preconcentrating
the formers using a variety of tech-
niques such as liquid-liquid extraction
and liquid-solid extraction. Nowa-
days, however, the disadvantages
inherent to liquid-liquid extraction
(viz. laborious, time-consuming ma-
nipulations, the need of using large
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volumes of sample and organic sol-
vents, and the formation of emulsions)
are all wel known. Solid-phase ex-
traction (SPE) has rapidly established
itsdlf as an dternative to sample
preparation as it provides many ad-
vantages, including high recoveries of
analytes, effective  concentration,
highly purified extracts, the ability to
simultaneously extract analytes of
widely variable polarity, easy automa-
tion and reduced organic solvent con-
sumption. A survey of SPE available
literature can give the impression that
innovation in such a widdy explored
field is virtualy impossible. However,
the use of new solid materials can
open previoudy unexpected pros-
pects; such is the case of fullerenes as
new sorbent materials for clean-up
and preconcentration purposes. The

analytical potential of Cg fullerene as
a sorbent materia for the preconcen-
tration of various species has seem-
ingly being developed only by the
authors' group.

Columns of Cg were made from
PTFE capillaries (3 mm i.d.) packed
with 60-100 mg of sorbent and sealed
on both ends with small cotton wool
beds, the columns were initialy
flushed with 0.1 M nitric acid and
subsequent use of eluent was suffi-
cient to make the columns ready for
reuse for at least 6 months. The Cg
column was located into the loop of
an injection valve, and therefore only
continuous flow systems (CFS) for
automated sample pretreatment have
been developed. The CFS operation
comprises two steps. sorption (sample
and reagent introduction) and elution.

i Derivatization |
Reagent i - P — . -GC
Sample \\ Off-line
! (o
Carrier — E
On-line -
Offline
eluent
Figure 2

Configurations of an SPE-based continuous flow system using fullerenes as sorbent for
the automated sample pretreatment coupled off-line or on-line with different instru-

ments. See text for details.
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The fina extract can be introduced
off-line or on-line to the instrument.
Fig. 2 shows the manifold used for
thispurpose. In the clean-up and
preconcentration step, the sample
(with  volume-based sampling) and
reagent streams are continuoudy
merged and passed through the loop
of the first injection valve and then
sent to waste. The reaction product
(neutral chelate or ion-pair) is retained
on the Cg column. The loop of the
second injection valve is loaded with
eluent (viz. isobutyl methyl ketone, n-
hexane). In a second step, the organic
plug carried out by an air or water
stream, is led into the sorbent column,
thereby effecting the rapid desorption
of the compound. From this point, the
analyte is. (i) directly transported to
the nebulizer of a flame atomic ab-
sorption spectrometer (FAAS) or the
autosampler's cup of an eectrother-
mal aomic absorption spectrometer
(ETAAS) or (ii) collected in a glass
via containing the derivatizing re-
agent (the derivatizing reagent can
also be spiked to the duent) and after
derivatization, aliquots manualy in-
jected into the gas chromatograph.
The most relevant aspects of each
application are summarized in Table
2.

The first application of Cg
fullerenes as sorbent materia was
done by using a model system for the
determination of lead traces by using

ammonium  pyrrolidine  dithiocar-
bamate (APDC) as ligand; for com-
parison, two systematic studies using
Ci5 bonded silica and activated carbon
as sorbents were also performed.
The Cg exhibites the highest precon-
centration factor, lowest detection
limit and widest pH range (at pH 0 —
5). Nevertheless, the most interesting
feature of the new sorbent material is
its selectivity. The effect of many
common metal ions that can form
complexes with APDC in the deter-
mination of cadmium by FAAS (see
Fig. 2) is showed in Fig. 3.* In this
determination the results obtained
with Cg fullerene were compared
with RP-Cy5 sorbent. As can be seen,
the sdectivity was highest for Cg
fullerene; this may have been the re-
sult of its larger surface area relative
to Cyg, in addition to its higher inter-
dtitial volume. The adsorptive poten-
tial of Cg and Cy fullerenes for the
preconcentration of trace copper from
agueous solutions was also exam-
ined® using the formation of a neutral
chelate with APDC, cationic chelates
with 1,10-phenantroline and neocu-
proine ligands forming ion-pairs with
sodium dodecylsulfate, and an anionic
complex with dodecyltrimethylam-
monium bromide. The best anaytical
results (sengitivity and sdectivity)
were obtained with the neutral chelate
and adsorption on C, fullerene thanks
to its large surface area and high
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Table 2

Application of fullerenes as sorbents in continuous systems

Anayte Sample Technique®  Detection limit R.S.D. Comments Ref.

(ng/ml) (%)

Pb Waters FAAS 5 21 Study of adsorption isotherms. [42]

Cd Biological FAAS 03-20 1.9-23 Comparison of APDC and 8-hydroxyquinoleineas [43]
chelating reagents.

Cu Waters FAAS 0.3-3.0 1.7-3.1 Comparison of Cg and Cy, fullerene. Sorption of  [44]
neutral chelates and ion-pairs.

Cd Waters ETAAS 0.002 Tungstene coil atomizer. [45]

Pb 0.023

Ni 0.075

Co Wheat flour ETAAS 0.008 4.0 Comparative study of Cg, fullerene and RP-Cis. [46]
Autosampler as interface.

Lead species Waters FAAS 05-4 35 Precipitation of inorganic lead. Selectivity related  [47]
to column conditioning.

Organic and organo-  Waters GCI/FID, 5-15 24-3.0 Systematic study of retention of organic and [48]

metallic compounds FAAS organometallic compounds on Cg, fullerene.

Alkyllead species Waters FAAS, 0.5 6.0 Screening by FAAS and speciation by GC. Deriva-  [49]

GCIMS 0.001 —-0.004 tization with Grignard reagent.

Alkyllead species Waters GCIMS 0.004 —0.012 45 In-situ derivatization with NaBPr,. [50]

Dithiocarbamatesof  Grain FAAS 1-5 25 Group speciation according to the metal presentin  [51]

Zn, Mn and Fe the fungicide.

& FAAS, flame atomic absorption spectrometry; ETAAS, electrothermal atomic absorption spectrometry; GC/FID, gas chromatography with flame
ionization detector; GC/MS, gas chromatography/ mass spectrometry; R.S.D., relative standard deviation, n=11
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TOLERATED RATIO FOREING ION/Cd”™
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Figure 3

Ll
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CIRP-C,,

Comparative study of interferences on the determination of 10 ng/mL of Cd** in a con-
tinuous flow system coupled to FAAS furnished with Cgy and RP-Cyg minicolumns.

volume relative to Cgp fullerene. Other
applications®* using FAAS and
ETAAS techniques are listed in Table
2.

The continuous flow system of
Fig. 2 has been also applied for the
determination of organic and or-
ganometalic compounds by using off-
line gas chromatography technique.
Ceo fullerene adsorbs many types of
organic  substances  (eg. N-
methylcarbamates, phenols, PAHS,
amines) with efficiencies that depend
on the nature of the compound con-
cerned and never exceed 60%; con-
ventional sorbents such as XAD-2 or

polyurethane foam are more efficient
than Cg for this purpose” Or-
ganometalic compounds as metalo-
cenes are quantitatively adsorbed on
Ceo Vvia the formation of neutral com-
plexes with APDC reagent.

The rapidly growing interest in
elemental speciation has propitiated
the development of a new generation
of analytical techniques that enable
discrimination among the different
forms of a metal. A simple and novel
screening method for lead compounds
in environmental waters was proposed
in which the anaytes, in an acetic
medium, were sorbed on a Cg
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fullerene column as diethyldithiocar-
bamate (DDC) complexes and subse-
quently eluted with isobutyl methyl
ketone, the lead being determined by
FAAS (Chapter IIl, Part 111.1). The
screening method acts as filter and
indicates whether the target analytes
are present above or below the detec-
tion limit of the method (0.5 ng/ml),
giving no false podtives. Postive
samples were speciated by GC/IMS.
Inorganic lead and ionic di- and trial-
kyllead compounds as DDC com-
plexes were sorbed on Cg and euted
with n-hexane. The euted anaytes
were manualy derivatized with pro-
pylmagnesium chloride prepared un-
der an argon atmosphere (Chapter 1V,
Part IV.1). To overcome the problems
associated with Grignard reagents, the
potential of other easier to handle
derivatizing reagents that could be
directly added to the eluent were also
assayed. Following this idea, sodium
tetrapropylborate, as the most suitable
derivatizing reagent, was spiked to the
eluent in order to achieve the com-
plete automation of the pretreatment
unit (Chapter IV, Part IV.2). The
automatic method is the simplest of
al available for ionic akyllead speci-
ation as it enables sequential precon-
centration, clean-up and derivatization
with minimal sample manipulation,
which ensures a high accuracy (mini-
mal contamination/ losses) and also a
high throughput. Similar experiments

involving RP-Cyg as sorbent showed
that the sengitivity and selectivity of
the method were at least twice for Cg
fullerene as a consequence of its bet-
ter sorbent properties relative to RP-
Cis. On the other hand a systematic
overview about the advantages and
disadvantages of several detectors
(MS, MIP-AES, ICP-TOFMS) cou-
pled to GC, for the speciation of or-
ganolead compounds on the basis of
sengitivity, selectivity and reliagbility
has also been carried out by using an
automatic SPE unit with Cg off-line
to the ingrument (see Fig. 2); the
most sensitive, with absolute detec-
tion limits of 15 fg of organolead spe-
cies for 5 ml sample volume was
GC/ICP-TOFMS (Chapter V, Part
V.1).

6. Final remarks

Probably one of the bottle-necks
of the use of fullerenes in analytica
chemistry were both their unavailabil-
ity and high cost. Nowadays, fullere-
nes are provided by many firms at
reasonable price. The advantages of
their use as sorbent materials, chroma-
tographic stationary phases and active
microzones in sensors based on their
unique characteristics shown in this
paper will be consolidated and ex-
tended in the near future.

One of the foreseeable trends in
this context is the use of synthetic
fullerene derivatives exhibiting better
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properties than the original fullerenes.
The introduction of radicas in the
fullerene spheres can lead to increas-
ing the reversible sorption of organic
molecules as well as to direct reten-
tion-elution of metal traces by cova
lent binding of typical ligands such as
EDTA , DDC, etc. The unusua €lec-
trical properties of fullerenes can be
fully exploited by progressively sub-
dtituting the conventional carbon
forms in building macro and micro-
electrodes. Fullerene derivatives non-
soluble in ordinary organic solvents
used as mobile phases in LC will
overcome the well-stated problems of
the deterioration of the fullerenes in
stationary phases.
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I1. Herramientas empleadas en la Tesis Doctoral

El desarrollo de la presente Memoria ha sido posible gracias a empleo de
diversas herramientas analiticas, considerando como tales todos los elementos
utilizados, desde los distintos reactivos necesarios para € tratamiento de la mues-
tra hasta los instrumentos més sofisticados, sin olvidar los patrones de los andli-
tos, los componentes de los sistemas de flujo continuo con columnas de fullereno
y de su derivado dietilditiocarbamico, y otros reactivos tales como &cidos, bases
o disolventes organicos. En los siguientes apartados se aborda una descripcion
detallada de cada uno de los elementos empleados.
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I1.1. ESTANDARESY REACTIVOS

Salvo en los casos en los que se indica lo contrario, los reactivos emplea-
dos en la Memoria fueron de grado andlitico. En este apartado se incluyen los
analitos (esténdares), materiales sorbentes para empaquetar las columnas del
sistema de flujo, reactivos complgjantes y derivatizadores, asi como reactivos
generales (disolventes, acidos y bases).

Analitos:

PbNQs. Patron primario para la preparacion de la disolucién de plomo inorga-
nico. Se disuelve en &cido nitrico a 1% hasta obtener una concentracion
delgPo/L.

Compuestos organoplomados. Acetatos de trimetil, tributil y tripentilplomo, y
cloruros de trietil y trifenilplomo. Se preparan en concentraciones de 0.5
g/L (expresado como concentracion de plomo) en los disolventes ade-
cuados, ya sea agua, etanol, &cido acético al 4% o acetonitrilo. Los deri-
vados didquilplomados son muy inestables y no se comercializan como
sales solidas. Por €ello, han de ser obtenidos en € laboratorio a partir de
los correspondientes trialquilplomados mediante una reaccién con ICl
descrita en detalle en €l apartado 1V.1. Todos los analitos se conservaron
a4 °C, protegidos de laluz.

Fungicidas ditiocarbdmicos. Ziram, zineb, propineb, mancozeb, maneb y fer-
bam, todos dlos de cdidad pestanal. En funcién del analito, se escoge €
disolvente mas apropiado entre acetonitrilo, dimetilsulféxido y agua ul-
trapura (ver apartado 111.2). Las disoluciones resultantes (50 — 100 mg/L
del metal correspondiente) también se amacenan en d frigorifico prote-
gidos de laaccion delaluz.

Materiales sorbentes:

Fullereno Cg. En las primeras metodologias desarrolladas (apartados I11.1,
1.2 y 1V.1), é material disponible era de una pureza mayor del 99.4%.
Posteriores investigaciones sobre la sintesis y purificacion de fullerenos
permitieron la puesta en & mercado de fullereno Cg con un grado de pu-
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reza del 99.999% a un precio asequible, que fue empleado en los trabajos
sucesivos (apartados V.2, V.1y VI.1).

Derivado dietilditiocarbadmico del fullereno Cg. Este compuesto fue sintetiza-
do en d laboratorio con € objetivo de permitir la retencion directa de los
compuestos organoplomados. La union covaente del fullereno con la
molécula de dietilditiocarbamato sodico se produce mediante una reac-
cién fotoquimica empleando radiaciones en la region espectral dd Visi-
ble. El derivado se purifica empleando diferentes técnicas de separacion
entre las que se incluye una columnade gd de silice (ver apartado V1.1).

Reactivos

Complegjantes: Pirralidinditiocarbamato amoénico (APDC) y dietilditiocarba-
mato sddico (NaDDC). Ambaos empleados para formar quelatos neutros
con los derivados organoplomados y hacer posible su retencion sobre €
fullereno Cg. Se demuestra que € NaDDC es € més adecuado para este
objetivo (ver apartado 111.1)

Derivatizadores. En este grupo se engloban tanto los reactivos empleados
para separar € plomo inorganico del medio de reaccion (dodecilsulfato
sddico y cromato potasico, apartado 111.1 de la Memorid) como los em-
pleados para convertir los compuestos organoplomados en derivados vo-
|&tiles con vistas a su separacion por cromatografia de gases. En € dltimo
grupo se encuentran € cloruro de propilmagnesio (apartado 1V.1), un re-
activo de Grignard muy inestable a contacto con € aire y que debe ser
empleado bgjo atmdsfera inerte y en ausencia de humedad, y € tetrapro-
pilborato sddico (apartado 1V.2), un reactivo sintetizado recientemente
gue es compatible con € medio acuoso, lo que simplifica en gran medida
el tratamiento de la muestra

Otros reactivos
Disolventes organicos. Se han empleado tanto para preparar las disoluciones
de los patrones como para actuar como eluyentes en los digtintos siste-
mas de flujo o parala sintesis del derivado del fullereno. Metanal, etanal,
acetona, acetonitrilo, cloroformo, dimetilsulféxido, acetato de etilo, to-
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lueno, n-hexano o metil isobutil cetona son algunos de los disolventes de
pureza analitica utilizados.

Acidos y bases. Los gjustes de pH se han Ilevado a cabo usando disoluciones
de diversas concentraciones de hidréxido sddico o amoénico y acido nitri-
co, todos €llos de calidad andlitica. Asimismo, se ha empleado acido acé
tico glacid para evitar la interferencia del hierro en la retencién de los
analitos sobre la columna de fullereno (apartado 111.1).

Otros reactivos como cloruro de yodo y gel de silice han sido utilizados para
obtener los patrones aquilplomados y purificar € derivado dd fullereno,
respectivamente.
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[1.2.  SISTEMASDE FLUJO CONTINUO

La busqueda de un grado creciente de automatizacion y simplicidad en e
tratamiento de la muestra ha congtituido uno de los pilares de la presente Memo-
ria. Laimplantacion de la extraccion en fase sblida en los sistemas de flujo conti-
nuo permite @ desarrollo de operaciones de preconcentracion y limpieza de una
forma répida, evitando los tediosos procedimientos manuales que a menudo lle-
van asociados severos riesgos de pérdidas de analitos o de contaminacion debido
a operaciones de trasvase y agitacion, entre otras. Para €l desarrollo de las distin-
tas metodologias, se han empleado bombas peristéticas (Gilson Minipuls-2) para
facilitar la aspiracion de la muestra y los reactivos a través de tubos de cloruro de
polivinilo de distinto didmetro; las disoluciones son transportadas a través de las
conducciones de PTFE (0.5 mm d.i.) de los sistemas de flujo hasta los puntos de
confluencia y las vdvulas de inyeccién (Rheodyne), que pueden ser empleadas
también como vavulas de seleccion en funcion de las necesidades del sistema.
La preconcentracion de los analitos se lleva a cabo en minicolumnas fabricadas
en € laboratorio a partir de tubos de PTFE de 3 mm d.i. que se rellenan con €
material sorbente (fullereno Cg 0 su derivado dietilditiocarbamico) y se sdllan
con pequefias porciones de algoddn o lana de vidrio para evitar pérdidas del ma-
terial.

También se han utilizado dos unidades de filtracién. La primera de ellas
(apartado 111.1) consistié en una columna (Scientific System, 0.5 — 105) con un
filtro interior de acero inoxidable de 0.5 nm de tamafio de poro, 580 ni de volu-
men interno y un &rea total de filtracién de 3 cm?. El segundo de los sistemas
empleado (apartado 111.2) fue una camara de PTFE (Omnifit) modificado con
canales circulares en ambos extremos para aumentar su volumen interna a 100
i, provisto de filtros de PTFE con un area de filtracion de 3 cm?.

En e caso de empleo de un reactivo de Grignard como derivatizador
(apartado 1V.1), es necesario e uso de un sistema estanco para abergar dicho
reactivo y permitir que la reaccion de derivatizacion se realice en ausencia de
humedad. Para ello, en una caja seca con atmésfera de argon, se introdujo € vo-
lumen apropiado de cloruro de propilmagnesio en viales de 2 mL que fueron
posteriormente sellados con un séptum. En estas condiciones, € reactivo es esta-
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ble durante a menos dos dias en atmosfera normal de trabajo, y la adicién de los
analitos puede redli zarse facilmente mediante la inyeccion através del séptum.

I1.3. ESPECTROMETRO DE ABSORCION ATOMICA

En los apartados 111.1, 111.2 y IV.1 de la presente Memoria se empled un
espectrometro de absorcion atémica (Perkin Elmer, Modelo 380) con atomiza-
cién por llama de aire-acetileno, equipado con un nebulizador de bola de impacto
y l&mparas de cdtodo hueco para cada metal a determinar. Se seleccionaron las
lineas de absorcion a 283.3, 279.5, 248.3 y 213.9 nm, para la determinacién de
Pb, Mn, Fe y Zn, respectivamente, utilizando un ancho de rendija de 0.2 nm en
todos los casos. Las medidas de Zn fueron realizadas mediante € empleo de un
corrector de fondo de arco de deuterio para evitar interferencias moleculares. Los
caudales de aire y acetileno se gjustaron hasta obtener unallama azul limpia

I1.4. CROMATOGRAFO DE GASES

La cromatografia de gases se ha empleado como técnica de separacion
para los compuestos organoplomados, tras la correspondiente formacién de deri-
vados vol&tiles. En la mayor parte de las metodologias desarrolladas se ha utili-
zado un cromatografo de gases acoplado a un espectrémetro de masas Fisons,
Modelo GC8000/MD800 (apartados 1V.1, IV.2, V.1 y VI.1). La muestra (1 niL)
se inyecta en € portal de inyeccion a 250 °C en d modo de divisiéon de flujo
(1:25) y pasa a la columna arrastrada por He ultrapuro que actlla como gas prota-
dor y que fluye a un caudal de 0.9 mL/min. La separacion se lleva a cabo en una
columna capilar HP-5 (30 m x 0.25 mm d.i.) de silice fundida recubierta con una
pelicula de fenilmetilpolisiloxano a 5% de 0.25 nm de espesor. La interfase con
el espectrometro de masas consiste en una linea de transferencia que introduce €
capilar en la cAmara de ionizacién del analizador cuadrupolar y que se mantiene a
200 °C para evitar la condensacion de los analitos.

En € apartado V.1 de la presente Memoria se describe la comparacion de
tres detectores acoplados a un cromatégrafo de gases. En esta ocasién se empled
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una columna capilar HP-1 (25 m x 0.32 mm d.i.) revestida con dimetilpolisiloxa-
no entrecruzado a 100%. Los sistemas GC/MSy GC/MIP-AES utilizaron He de
alta pureza como portador, mientras que en e caso del GC/ICP-TOFMS, se usd
H> con un 1% de xendn para facilitar la formacién del plasma. Por otra parte, los
cromatégrafos acoplados a los digtintos detectores también difieren en d modelo,
aungue las condiciones de separacion son esenciamente coincidentes. Asi, €
detector MIP-AES fue acoplado a un cromatdégrafo HP Modelo 5890 serie 1l
provisto de un sistema de inyeccion “on-column”, a igual que € cromatégrafo
CP 9001 empleado para la separacion de las especies previa a su deteccién en €
ICP-TOFMS.

I1.5. DETECTORES ACOPLADOSAL CROMATOGRAFO DE GASES

11.5.1. ESPECTROMETRO DE MASAS CON ANALIZADOR CUADRUPOLAR

Uno de los detectores acoplados a la sdlida dd cromatgrafo de gases
empleados en la presente Memoria es un espectrometro de masas con fuente de
impacto electrénico y analizador cuadrupolar. El fundamento basico de la espec-
trometria de masas se puede resumir como la produccion de iones en fase gaseo-
sa que son después separados, en funcion de su relacion masa-carga (m/z), y de-
tectados.” El espectro de masas asi resultante es una representacion de la abun-
dancia relativa de los fragmentos generados, que ofrece la capacidad de identifi-
cacion inequivoca de cas cualquier tipo de sustancia, desde d&tomos 0 compues-
tos sencillos hasta moléculas extraordinariamente complejas y |&biles. El esque-
ma del detector empleado en la Memoria aparece en laFigurall.l.

|
pecl NN

— | | W

Fuente Zona
ionizacion aceleracion

-

Cuadrupolo Detector

Figurall.l. Representacion esquematica de los componentes de un EI-MS
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La introduccién del efluente de la columna capilar en e detector no re-
presenta ninglin problema ya que d flujo constante de gas portador es facilmente
tolerado por € sistema de bombeo del espectrometro de masas, que es capaz de
mantener un vacio adecuado (la presion es inferior a 10° mbar) . Por lo tanto, se
puede efectuar un acoplamiento directo en e que la columna llega hasta € inter-
ior de la fuente de iones, a través de una linea calentada para evitar condensacio-
nes. Una vez en la fuente de ionizacion, las moléculas de la muestra son bombar-
deadas con dectrones de una cierta energia (normalmente 70 eV), capaces de
provocar la emision estimulada de un electron en cada molécula, obteniendo los
correspondientes iones. Ademés de la ionizacién molecular, también se produce
la fragmentacion de la molécula debido a la descomposicion de iones con exceso

FiguraIl.2. Esqguema de una fuente de impacto electrénico

de energia. El tipo y proporcion relativa de cada uno de estos fragmentos es ca
racteristico de la molécula analizada 'y congtituye el patrén de fragmentacion.

En la figura 11.2 se observan los componentes de una fuente de impacto
electrénico. En la parte superior e inferior se sitllan unos pequefios imanes cuyo
objetivo es conseguir que los electrones sigan una trayectoria en forma de espira
desde € filamento hacia € anodo, para aumentar e recorrido y por tanto la pro-
babilidad de colisién. Una placa repulsora con potencial positivo (repeller) se
encarga de expulsar de la fuente a los cationes formados tras las colisiones y que,
a través de una rendija, son dirigidos a la zona de aceleracion. En esta zona se
encuentran dos rendijas a las que se aplican pequefios voltgjes crecientes (entre 5
y 20 V) para dirigir los iones hasta e analizador, con distinta velocidad en fun-
cion de su masa.
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Tras la zona de aceleracion, los iones alcanzan € analizador cuadrupolar.
Este andlizador es basicamente un filtro de masas formado por cuatro barras o
polos de seccion cilindrica alineadas paraldlamente entre si y equidistantes una
distancia ro de un gje central situado sobre € ge Z. Las barras opuestas estan
sometidas a voltajes variables de corriente continua y de radiofrecuencia (RF)
superpuestos, de manera que la RF puede reforzar o disminuir € campo tota, que
puede definirse de forma aproximada seguin la ecuacion:

(x*-y?)
2

)

Vyy= (U +V coswt)

V,=0

Las particulas que entran en e cuadrupolo se ven sometidas a la accion de una

(1]

fuerza“F" que le produce una aceleracion “a’:
F=ma=qE,, E=intensidad del campo = - NV

s consideramos el movimiento en cada uno de |os ges cartesianos:

Vv Vv §
mx'=-q ——— my'=-q ——— mz'=0
o x dy
por lo tanto:
-2X
mx'= q (U +V coswt)

lo

3
<:
1

q (U +V coswt)

lo

mz'=0

Los iones comienzan a oscilar a penetrar en @ tanel formado por e cuadrupolo
en un plano perpendicular a las barras y con una trayectoria que depende de la
relacion masa/carga y de los potenciales aplicados segin la ecuacion. Solo los
iones cuya relacion nv/z corresponda a una trayectoria estable alcanzarén €l detec-
tor, mientras que € resto es desviado fuera dd conjunto de barras porque las
trayectorias son inestables y la amplitud de la oscilacion tiende a infinito (ver
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Figurall.3. Trayectorias de losiones en € interior del cuadrupolo

figura I1.3). Variando convenientemente los voltgjes se enfoca sucesivamente las
diferentes masas presentes, obteniendo & correspondiente espectro.?

Por dltimo, los iones provenientes del analizador se aceleran en un dino-
do de conversion en € que se emiten electrones. Estos electrones son a su vez
acelerados hacia un detector de fosforo, de manera que cuando impactan en d, la
luz emitida se convierte en la sefial analitica medida a través de un fotomultipli-
cador.
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11.5.2. PLASMA INDUCIDO POR MICROONDAS CON DETECCION DE
EMISION ATOMICA (MIP-AES)

/

Plasma [ AES
Tubo de Cavidad de
Descarga Beenakker Ventana
Entrada Cuarzao

Gases

Figurall.4. Esquema de los componentes del MIP-AES

La especiacion de compuestos organoplomados también se redizé em-
pleando un equipo comercia GC/MIP-AES (Hewlett-Packard). Consiste en €
cromatégrafo HP Modelo 5890 Serie Il ya mencionado anteriormente acoplado
con un detector de emision atdmica HP 5921 a través de una linea de transferen-
cia® Asi, la columna capilar puede ser introducida directamente en e tubo de
descarga, situado delante del plasma (ver Figura Il.4). Un plasma es un gas eléc-
tricamente neutro pero atamente ionizado que esta constituido por iones, eec-
trones y dtomos. La energia que mantiene € plasma proviene de un campo eéc-
trico 0 magnético; como es comun en los acoplamientos de GC con MIP, en la
Memoria se utiliza la cavidad de Beenakker, que es una modificacion de una
cavidad TMqy para de transferir la energia a resonador de manera que se puede
mantener € plasma a presion atmosférica usando argén o helio, como en este
caso. Esta cavidad debe estar situada en la zona de méxima intensidad del campo
eléctrico, y debe ser tan pequefia como sea posible para garantizar la mayor den-
sidad electronica para una potencia dada. La radiacién de microondas de 2.45
GHz de frecuencia se genera con un magnetron y se transporta a lugar de la des-
carga através de una guia rectangular. El plasma se origina por la interaccién de
esta energia con los &omos de helio en € tubo de descarga, situado en € centro
de la cavidad. Una de las principales modificaciones introducidas por este siste-
ma es la refrigeracion de este tubo recubierto de poliimida para reducir la erosion
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debida a reacciones de la muestra gaseosa con las paredes del tubo.” Ademés, €
equipo cuenta con una opcién de desvio de flujo integrada para evitar que un
exceso del disolvente organico acance € detector, ya que podria dafiar e tubo de
descarga o incluso extinguir € plasma. En condiciones normales de medida, €
efluente proveniente de la columna capilar se dirige directamente hacia e plas-
ma, junto con la corriente de gas plasmdgeno paraionizar los analitos y originar
la sefid correspondiente en e espectrometro de diodos en fila que se utiliza como
detector. Mientras tanto, una corriente extra de helio actlia como purga ala salida
después del plasma, en direccion perpendicular a la columna, recogiendo los
gases tras su paso por € plasma, y sdiendo dd sistema a través de una valvula
solenoidal provista de un regulador de presion. Para evitar que e disolvente lle-
gue a tubo de descarga, la valvula solenoidal se gira, de manera que la corriente
de purga sdlo puede sdir de la cavidad a través dd plasma llevando consigo a
efluente de la columna. Una vez eluido € frente del disolvente, la valvula puede
volver a su posicion origina para recoger las sefiales de los analitos. Esta opcion
también puede usarse para evitar la medida de otros compuestos que puedan
afectar € tiempo de vida ddl tubo de descarga, en € caso de que no suponga pér-
dida de informacion de los analitos. Sin embargo, en |os casos en que no es posi-
ble aplicar & desvio de flujo, un exceso de compuestos organicos puede provo-
car depodsitos de carbon o de éxidos en las paredes ddl tubo. Para evitar interfe-
rencias en las medidas de los andlitos, la radiacion emitida se recoge axialmente
al tubo.

La deteccion a través de un espectrometro de diodos en fila permite la
medida simulténea de hasta 4 dementos, siempre que sus emisiones se encuen-
tren en un rango de 40 nm en la regién de 160 a 800 nm.°? Asi, se amplian las
posibilidades de identificacion ya que pueden compararse los picos obtenidos.
Ademés, este detector proporciona una notable sensibilidad mediante la aplica-
cién de una correccion de fondo en tiempo real, ya que tanto la emision de los
analitos como la sefial de fondo se recogen simultaneamente.
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11.5.3. PLASVA ACOPLADO POR INDUCCION - ESPECTROMETRO DE
MASAS CON ANALIZADOR DE TIEMPO DE VUELO

La deteccion de compuestos organoplomados fue llevada a cabo em-
pleando un instrumento comercia Renaissance ICP-TOFMS (LECO Corpora-
tion, St. Joseph, MI, USA). El principio del andisis de masas mediante € tiempo
de vuelo es muy sencillo. Los iones generados por la fuente de plasma por aco-
plamiento inductivo de forma instantanea se aceleran en un campo de extraccion
de algunos keV y recorren una cierta distancia hacia € detector. La velocidad de
los iones tras la aceleracidn con la misma energia depende de su masa, de manera
gue € tiempo de vuelo es proporcional a la raiz cuadrada de la relacion m/z, co-
mo se observa en la ecuacion:

qV:l/zmv2|::>_m - 2—\2/ t*
o} I

v=Iit

Por latanto, € registro del tiempo en & que los distintos iones acanzan € detec-
tor constituye un espectro de masas completo. Ya que todos los iones de cada
paquete analizado son detectados, € analizador TOF posee una ata eficacia in-
herente respecto a los detectores secuenciaes en los que s6lo se puede medir un
valor de m/z en un tiempo dado, |o que implica también una mayor sensibilidad.
Ademés, la frecuencia de adquisicién de datos de un TOF se encuentra limitada
tan sdlo por € tiempo que tarda € ion mas pesado en recorrer € tubo de vueo,
con lo que se pueden generar cerca de 20000 espectros cada segundo.

En la presente Memoria se utiliz6 un plasma acoplado inductivamente
como fuente de ionizacion para e TOF. En e ICP la transferencia de energia
desde un generador externo d gas plasmédgeno se consigue por medio de una
bobina de autoinduccion.” El gas (argon) se hace circular a través de esta bobina
por medio de una antorcha de cuarzo, que consta de tres tubos concéntricos de
diferente tamafio. Por € tubo central circula la muestra en forma de aerosol en un
flujo de argbn laminar, y los tubos intermedio y exterior soportan caudales més
altos de gas (auxiliar y plasma) para formar € plasmay enfriar la antorcha, res-
pectivamente. Al conectar un generador de radiofrecuencias (27-40 MH2z), la
corriente de alta frecuencia que pasa por la bobina genera un campo magnético
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Figurall.5. Representacién de la antorcha del plasmay la bobina de induccion. A, movi-
miento del argén através de la antorcha; B, aplicacién de radiofrecuencia; C, siembrade
electrones; D, plasma encendido

alterno y € correspondiente campo eléctrico asociado, cuyas lineas de fuerza se
cierran axialmente rodeando la bobina y, por tanto, la punta fina de la antorcha a
través de la cual circulad gas, como se muestraen la Figurall.5. Sin embargo, s
no existen cargas eléctricas en € interior de la bobina, e campo magnético no
puede cederle su energia, de forma que la descarga no se produce. Por |o tanto es
preciso “sembrar” los primeros electrones en € flujo del gas, lo cua se consigue
por medio de una chispa de un Teda. Estos electrones libres son acelerados por
el campo eéctrico y adquieren la energia cinética suficiente para ionizar los &o-
mos del gas plasmbgeno, que a su vez producen més electrones que serén tam-
bién acelerados y provocan una ionizacion alln mayor. Esta ionizaciéon por coli-
si6n continua es una reaccion en cadena gque convierte a gas en un plasma con
una ata densidad de electrones, iones positivos y especies metaestables y neu-
tras. La zona analitica se encuentra aproximadamente a 1 cm de la bobinay ofre-
ce la mayor sensibilidad. La temperatura del plasma en esta zona es de 5000 —
8000 K, suficiente para que la mayoria de las muestras sean totalmente atomiza-
das, aunque algunas especies moleculares (N, N,*, OH, C,, etc.) persistan en el
plasma.
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Para emplear €l ICP como fuente de iones para d TOFMS, encontramos
una serie de problemas a resolver, ya que es necesario extraer los iones del plas-
ma, que actlla como fuente continua a presion atmosférica y alta temperatura, e
introducirlos en € espectrémetro de masas TOF, que por € contrario opera a ato
vacio, temperatura moderada y con paquetes de iones para evitar la llegada si-
multanea a detector de fragmentos con diferente m/z. El primer paso consiste en
reducir la presion y la temperatura en pasos sucesivos para no aterar el espacio
libre de colisiones necesario en e espectrometro. El proceso tiene lugar en tres
camaras, sefidadas en la Figura Il. 6. La primera de dllas est4 situada inmedia-
tamente después del cono de muestreo, que posee un orificio central de alrededor
de 1 mm a través del cual fluyen los iones formando un aerosol supersonico,

Tubo devudo\

Espejo idnico

Aceleracion
Repeller
Modulacion

Extraccion
Sistema
Optico

Figurall.6. Esqguema del sistema |CP-TOFMS on-axis

favorecido por e prevacio existente en esta primera camara (P=2-3 Torr). La
parte central de este aerosol pasa por € orificio del segundo cono o “skimmer”,
situado a varios mm del cono de muestreo y cuyo orificio central de 0.5-0.9 mm
de diametro se dinea con € cono de muestreo. El paso de los iones a través de
los conos se produce a gran velocidad debido al efecto del alto gradiente de vacio
creado por la siguiente cdmara (P=1x10 Torr). Después del skimmer hay otro
orificio, que permite la entrada de los iones en e espectrometro de masas TOF
propiamente dicho, con una Gltima disminucion de la presién (P= 1x10° Torr).
Aunque € sistema de conos no restringe en forma alguna € paso de eectrones o
aomos neutros hasta € detector, 1os cationes pueden ser dirigidos en la direccion
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del Ultimo orificio empleando un sistema Gptico basado en la aplicacién de po-
tenciales distintos a los conos y a dos lentes incluidas en € instrumento con este
propoésito, de manera que los cationes son acelerados hacia € tercer orificio, que
estd sometido a mismo potencia que las lentes.®

El segundo paso consiste en extraer paguetes concretos de iones de la
corriente continua que atraviesa e orificio de la tercera camara. La modulacién
de la corriente puede redlizarse de diversas formas, pero en este caso se emplea
una geometria llamada “on-axis’. El sistema consiste en un cilindro a que se
aplica un potencial negativo para retener los iones de la corriente continua que
llega dd plasma. Cuando se ha recogido un paguete de 1.5 cm de longitud, €
potencial cambia de signo, de manera que @ resto de los cationes son rechazados.

El paquete de iones seleccionados por & modulador se dirigen a electro-
do de repulsion (“repeller”). En este electrodo se aplica un potencia positivo que
se mantiene durante 1 ns, impulsando a los cationes hacia € tubo de vuelo y co-
municandoles la energia cinética final. Tras la aceleracién, los iones pasan a tra-
vés de un sistema Optico de lentes cuyo objetivo es enfocar y dirigir los iones
hacia € detector, para aumentar en lo posible la transmision de iones a lo largo
del tubo de vuelo.

Uno de los problemas que impedia € uso extensivo del andizador de
tiempo de vuelo a pesar de ser uno de los primeros espectrémetros desarrollados
era la falta de resolucién, debida principamente a la falta de diferencias signifi-
cativas en las velocidades de vuelo y a la dispersion en energias de los iones for-
mados en la fuente. Estos problemas se solucionan en gran medida utilizando un
dispositivo conocido como “reflectron” o espejo idnico. Esta congtituido por una
serie de lentes planas con diferentes voltajes, formando un campo reflectante, de
manera que los iones son enviados de vuelta para encontrase en su trayectoria
con € detector. Ademés de duplicar la longitud dd tubo de vuelo, se consigue
reducir la dispersion energética, ya que 1os iones con mayor energia penetran en
mayor profundidad en e espejo ibnico, consumen mas tiempo en regresar hacia
el detector, y se unen alos iones con menor energia cinética. De esta manera, la
dispersién disminuye notablemente y los iones alcanzan € detector smultanea-
mente. Por otra parte, los fotones y las especies neutras no son reflgjadas, de
manera que se evita que lleguen a detector donde contribuirian a aumentar €
ruido de fondo del instrumento.
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11.6. OTRA INSTRUMENTACION

La caracterizacion del derivado dietilditiocarbamico del fullereno Cg
sintetizado en € curso de los estudios descritos en la presente Memoria (apartado
VI1.1) haimplicado  manegjo de diversos equipos, asi como la interpretacion de
los datos obtenidos. La evolucion de la reaccion se monitorizd mediante € estu-
dio de la variacion con € tiempo del espectro UV-Visble de la mezcla. Las me-
didas se redizaron en un espectrofotémetro HP 8453 (Agilent Technology, Ma
drid, Spain).

La confirmacién de que e producto fina es efectivamente distinto de la
simple mezcla de los reactivos iniciales viene dada por datos de difraccion utili-
zando € método de polvo. Se empled para €lo un difractémetro Siemens D5000
(Siemens, Munich, Alemania) con fuente correspondiente a la radiacion Ka del
Cu y monocromador de gréfito.

Datos adicionales de resonancia magnética nuclear permiten la asigna-
cion de la estructura, junto con e andisis elemental suministrado por e Centro
de Microandlisis Elementa de la Universidad Complutense de Madrid. Para la
adquisicion de los espectros de **C se utiliz6 un espectrémetro Bruker ACP-400
(Bruker, Madrid, Spain) a 4100 Hz, empleando la técnica de angulo mégico
(MAS).
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El andlisis de la especiacién ha despertado € interés de la comunidad
cientifica en los Ultimos afios debido a la trascendencia de la informacién que
suministra. Sin embargo, las bajas concentraciones de los analitos de interés
suelen imponer el empleo de largos y tediosos tratamientos de muestra, asi como
e uso de sofisticados sistemas de deteccion. En esta Memoria, se demuestra la
eficacia del fullereno Cs como material sorbente para la preconcentracion de
especies metdlicas en forma de compuestos organicos neutros, mostrando una
gran selectividad frente a otros componentes de la matriz.

El presente Capitulo consta de dos apartados que tienen en comun la
discriminacion entre especies de la misma familia, la preconcentracién y clean-
up sobre una columna de fullereno Cg y la deteccion de los analitos mediante
espectrometria de absorcion atdmica con atomizacion por llama (FAAS), como
puede verse en € esquema orientativo. En € primer apartado (111.1), se aborda e
andlisis de la especiacion de plomo inorgénico y compuestos triaquilplomados
en muestras acuosas por FAAS, tras una etapa de preconcentracién sobre una
columna de Cg. En € segundo apartado (111.2), se plantea la discriminacién entre
fungicidas ditiocarbamicos en funcién del meta que contienen. Al igual que en €
apartado anterior, la retencién de los analitos en Cg, permite su determinacion por
FAAS.
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SPECTROCHIMICA
ACTA
PART B

Spectrochimica Acta Part B 54 (1999) 1869 — 1879

Speciation of inorganic lead and trialkyllead
compounds by flame atomic absor ption spectrometry follow-
Ing continuous selective preconcentration from aqueous solu-

tions

Josefa R. Baena, Mercedes Gallego and Migud Valcarce
Analytical Chemistry Division, Faculty of Sciences, University of Cordoba.E-14004 Cérdoba,
Sain

Abstract

A new method for the speciation of inorganic lead and trialkyllead compounds
involving the selective separation of the analytes in a continuous system and their subse-
guent introduction into a flame atomic absorption spectrometer was developed. The pro-
posed flow system consists of two units. In the first unit, total inorganic lead at concen-
trations from 8 to 200 ng/mL is continuously precipitated as lead chromate and the fil-
trate, containing trialkyllead cations, is collected in a vessel, the precipitate then being
dissolved in diluted acid and driven to the instrument. In the second unit, trimethyllead
(TML™) and triethyllead (TEL") cations at ng/mL levels are complexed with sodium
diethyldithiocarbamate and retained on a Cg pre-conditioned fullerene column; the
mixture of both species was resolved by conditioning the sorbent column with n-hexane
or isobutyl methyl ketone solvents. Detection limits of 1-2 ng/mL can be achieved by
using a sample volume of 50 mL. Specia attention was given to the reliability and ro-
bustness of the global flow injection method in ng its applicability to both types of
organolead compounds and inorganic lead present in different proportions.
Trimethyllead provides the poorest results as conseguence of its low adsorption constant
on Cso; however, the three different types of species (Pb?* /TML* /TEL") can be effec-
tively determined in proportions from 1:1:1 to 30:12:1 with relative errors less than
10%.
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1. Introduction

The speciation of eements dis-
charged into the atmosphere plays a
prominent role in their long-range
transport over the globe and on their
eventual pollution of remote environ-
ments.*? Environmental contamination
of lead is widespread; the main an-
thropogenic source of this element is
burning of leaded gasoline.® Vehicular
emissions of tetraalkyllead undergo
atmospheric breskdown to trialkyllead
and diakyllead, all three forms being
scavenged from the atmosphere by
rainfal. As a result, trimethyllead and
triethyllead are frequently found in
surface water and, recently, in polar
snow.* In response to the need for
monitoring of these compounds, the
BCR recently started to issue reference
materids for trimethyllead content.’
The growing interest in speciation has
reflected in the development of hy-
phenated anaytical techniques to dis-
criminate among different forms of an
dement?® The speciaion of or-
ganolead compounds has so far been
performed by using gas or liquid
chromatography (HPLC) for the sepa-
ration of species, in combination with
gpecific detection systems such as
atomic  absorption  spectrometry

(AAS),”® inductively coupled plasma
atomic emission spectrometry (ICP-
AES),° microwave induced plasma
atomic emisson spectrometry (MIP-
AES)™ and inductively coupled
plasma mass spectrometry (ICP-
MS).*Y These techniques, however,
are generally based on a combination
of different sample preparation steps
including extraction and derivatization,
as well as microwave assisted purge-
and-trap procedures.® Without a hy-
phenated chromatographic technique,
gpeciation is next to impossible. In
fact, there is only one solid-phase ex-
traction method for discriminating
tetraalkyl-lead from the combination of
inorganic lead and organolead species
by FAAS.*® Different materials, in-
cluding chelating sorbents and resins,
and eluents were assayed and func-
tionalised cellulose sorbent was found
to provide the best dynamic character-
istics; thus, tetraethyllead was eluted
with ethanol whereas inorganic lead,
and methyllead and ethyllead com-
pounds, were only eluted with 1 mol/L
nitric acid.

The analytica potential of Cg
fullerene as a sorbent material for the
preconcentration of metals was first
demonstrated by Gallego et al.;*® sub-
sequent experiments with Cg and Cyo

116



111.1 Speciation of inorganic lead and trialkyllead compounds by FAAS following
continuous sel ective preconcentration from aqueous solutions

fullerenes in continuous systems
showed both to be better sorbents for
metal preconcentration than are con-
ventional solid materials such as RP-
Cus activated carbon and resins® In
addition, better sensitivity and selectiv-
ity were obtained with neutral chelates
than with ion-pairs. % In separate
studies, Abraham et al.”?*” demon-
strated for the first time the potential
of fullerene for the adsorption of or-
ganic vapours. More recently, adsorp-
tion of these compounds on fullerene
has aso been studied using a piezo-
electric crystal detection system.”

In this paper an dternative ap-
proach to inorganic lead and tria-
kylleed speciation was studied in
which chromatographic techniques
were avoided and only a flame atomic
absorption spectrometer for measure-
ments was employed. For this purpose,
trialkyllead  diethyldithio-carbamates
were adsorbed on Cg fullerene. The
selectivity of the sorbent is related with
its conditioning, using different sol-
vents, before the chelate adsorption.
The effect of inorganic lead was
evaluated and its speciation from or-
ganolead compounds required precipi-
tation and filtration as inorganic salt;
organolead compounds are determined
in the filtrate solution and inorganic
lead by dissolving the precipitate.

2. Experimental

2.1. Instrumentation

A Pekin-Elmer (Uberlin-gen,
Germany) Model 380 atomic absorp-
tion spectrometer equipped with a bead
impact system in the burner chamber
and without background correction
was used throughout. The instrument
output was connected to a Radiometer
REC-80 Servograph recorder. The
hollow cathode lamp for lead was
operated at 10 mA, with a spectral dlit
width of 0.2 nm, to isolate the
283.3nm resonance line. The air-
acetylene flame was adjusted to obtain
aclean blue flame.

The flow system used for the pre-
cipitation of inorganic lead and speci-
ation of organolead compounds con-
sisted of two Gilson (Villiers-le-Bd,
France) Minipuls-2 peristaltic pumps
furnished with poly (vinyl chloride)
pumping tubes, five Rheodyne (Cotati,
CA, USA) 5041 injection valves -three
were adapted as switching valves- and
PTFE tubing of 0.5 mm id for coils. A
Scientific System 0.5-105 column with
a removable screen-type stainless stedl
filter (pore size 0.5 mm, chamber inner
volume 580 mi, and filtration area 3
cm?), which was originally designed as
a cleaning device for HPLC, was em-
ployed for filtration purposes. Two
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custom-made sorption columns packed
with 80 and 160 mg of Cg fullerene
were dso employed. The columns
were made from PTFE capillaries of 3
mm id and sedled on both ends with
small cotton wool beds to prevent ma-
terial losses.

2.2. Reagent and standard solu-
tions

The chemicas used as analyte
standards and reagents were reagent-
grade or better. Cq fullerene (> 99.4
%) was obtained from Hoechst (Frank-
furt, am-Main, Germany). Ammonium
pyrrolidi-nedithiocarbamate
(APDC),sodium diethyldithiocar-
bamate (NaDDC), triethyllead (TEL™)
chloride, tri-butyllead (TBL") acetate,
tripentyl-lead (TPL™) acetate,
triphenyllead (TPhL") chloride and
tetraethyllead (TeEL) were al supplied
by SigmaAldrich (Madrid, Spain).
Trimethyllead (TML") acetate was
purchased from Alfa (Barcdona,
Spain).  Sodium  dodecylsulphate
(SDS), lead nitrate and potassium
chromate were supplied by Merck
(Madrid, Spain). All solvents used
[methanol, ethanol, acetone, acetoni-
trile, n-hexane, ethyl acetate and iso-
butyl methyl ketone (IBMK)] were
obtained from Romil Chemical

(Loughborough, England).

A 1000 mg/L lead standard solu-
tion was prepared by dissolving 1.598
g of lead nitrate in 1 | of 1% v/v nitric
acid. Organolead standard solutions at
metal concentrations of 0.5 mg/mL
were prepared as follows: TBL*, TPL*
and TeEL were dissolved in ethanol
and the last stored below 0° C; TML"*
and TEL" solutions were made by
dissolving appropriate amounts of the
respective akyllead sdts in 1 mL of
glacial acetic acid (100%) and diluting
to 25 mL with water; standard solu-
tions (0.2 mg/mL as Pb) of TPhL®
were made in acetonitrile. Standards
were dways stored in the dark. Dilute
standards of each organolead com-
pound and their mixtures were pre-
pared on a daily basis by dissolving
the stock standards in ultrapure (Milli-
Q) water. Individual agueous solutions
(3 10° mol/L) of APDC, SDS and
NaDDC (which remained stable for 3
days) were also prepared.

2.3. Procedures
2.3.1. Separation of inorganic lead

from trialkyllead compounds. Deter-
mination of Pb*
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mL/ min

>—@—/\/\ FILTER sV,
e FILTRATE
TML ++TEL * | | 25

Pb 2+

SV, FAAS

S TML HTEL +

Pb2+ +TML ++TEL + 4.0 80cm
2M K,Cro , 15
2N HNO 4.0
NaDDC
WATER
Figure 1

5
% 200 mL

n-Hexane % % IBMK
= = (eluent )

FI manifold for the speciation of Pb?*, trimethyllead (TML") and triethyllead (TEL™)
compounds. Bold lines are those relevant to the individual steps of Pb®" precipitation
and TML™ and TEL" sorption on Cg. SV, PV, and EV denote switching, preconcen-
tration and elution valves, respectively; W, waste; NaDDC, sodium diethylditiocar-
bamate; IBMK, isobutyl methyl ketone; FAAS, flame atomic absorption spectrome-

ter.

The manifold used is illustrated at
the top of Fig. 1. A 5 mL volume of
agueous sample containing Pb* (100-
1500 ng/mL) and triakyllead (TML"
and TEL") compounds was continu-
ousy pumped into the system and
mixed with the precipitating reagent
solution (2 mol/L K,CrOg4). PbCrO,
was precipitated in the 80 cm coil and
retained on the stainless-sted filter,
inorganic lead thus being isolated from
the organic lead compounds. The solu-
tion containing the organic compounds
and excess precipitating reagent (fil-
trate fraction, ca. 7 mL), carried by
air, was collected in a vessd for fur-

ther speciation and determination. The
determination of Pb*" was performed
by dissolving the precipitate in a
stream of 2 mol/L nitric acid and driv-
ing it to the spectrometer for meas-
urement. The peak height of the signa
yielded by dissolved lead was propor-
tiona to its concentration in the sam-

ple.

2.3.2. Speciation of trialkyllead
compounds

The filtrate fraction (ca. 7 mL)
containing TML" and TEL", was in-
serted into the sorbent system to re-
solve the mixture as shown in Fig.1. In
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the preconcentration step, the filtrate,
containing TML™ (30-600 ng/mL as
Pb) and TEL" (20-300 ng/mL as Ph),
was continuously pumped a 2.5
mL/min through the system and mixed
with the chelating reagent (3 10°
mol/L NaDDC). Chdates formed in
the reaction coil (150 cm long) were
then retained on the sorbent Cs, col-
umn (80 mg) located in the loop of the
preconcentration valve (PV) while the
sample matrix (containing excess pre-
Cipitating reagent) was sent to waste.
In this step, a water carrier was
pumped at 4.5 mL/min to the instru-
ment in order to flush the nebuliser
after each measurement, and the loop
of the dution vave (EV) was filled
with duent (IBMK) or the condition-
ing solvent (n-hexane, IBMK) by
means of a syringe. In the elution step,
both injection valves were switched
simultaneously to inject 200 m of
IBMK into the aqueous carrier and
pass them through the sorbent column,
so that the chelates would be desorbed
and transferred to the detector. Peak
height was used as analyticall meas-
urement and a blank consisting of 200
m of IBMK (A = 0.030 units) was
also used.

The mixture of species was re-
solved by conditioning the Cg column
with different solvents. Thus, by pass-
ing 600 m of n-hexane (three sequen-

tial injections of 200 m) through the
column prior to preconcentrating the
filtrate fraction, TML™ and TEL" che-
lates were quantitatively retained, so
the signa was proportiona to the con-
centration of both organolead com-
pounds. Only TEL" was adsorbed, and
the signal was directly proportional to
its concentration in the sample, when
the column was conditioned with 600
m of IBMK. TML" was determined by
the difference between the anaytica
signals obtained in both steps. Because
determining both organolead com-
pounds involves using two filtrate
portions, two sequential precipitations
of inorganic lead are obvioudy re-
quired to obtain them. Moreover, by
usng 50 mL of sample volume the
sengitivity of the method increases ten
times, so Pb*, TML* and TEL* can be
determined at few ng/mL levels (viz. 3-
10 ng/mL).

3. Reaultsand discussion

3.1. Adsorption-elution of or-
ganolead compounds on fullerene

A previous study showed that the
best performance of fullerenes as sor-
bent materials for metal ions was ob-
tained with neutral cheates®? In
order to test Cg fullerene for the
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preconcentration of organolead com-
pounds, a new adsorption study was
conducted in the presence and absence
of chelating agents. For this purpose,
standards of each organolead com-
pound (TML*, TEL*, TBL®, TPL*,
TPhL" and TeEL) containing 3 mgy/mL
as Pb, at different pH values (1-6),
were prepared. Each solution was
passed through a fullerene column (80
mg of C) a 3 mL/min and the atomic
signal for lead was recorded before
and after the sorbent column. As ex-
pected, no adsorption took place for
trialkyllead cations, and only tetra-
ethyllead (TeEL) was dightly retained
(ca. 10%), as a result of its neutra
character. TeEL was discarded for
further experiments owing to its low
adsorption. Obtainment of neutra
trialkyllead compounds was assayed
by ion-pair and chelate formation.
Sodium dodecylsulphate (SDS) was
added as counterion for trialkyllead
cations a concentrations of 3 10°
mol/L to the aqueous standards, and

the previous adsorption study was
repeated. Only trialkyllead-SDS ion-
pairs, with bulkier alkyl groups, were
retained (ca. 30-40%) on Cg through-
out pH range studied (1-6) for TBL"
and TPL™; and only above pH 5 for
TPhL". The differentid behaviour of
trialkyl and triaryllead compounds can
be ascribed to protonation in or-
ganolead with aryl groups prevailing
over ion-pair formation a low pH
values. As the sorption efficiency was
lower in al instances, the chelating
reagents most frequently used with
FAAS technique, APDC and NaDDC
(at 3 10° mol/L), were tested for or-
ganolead preconcentration. As ex-
pected, al organolead compounds
formed chelates with both reagents; the
TML" chelate, however, was only
dightly adsorbed. Adsorption in-
creased with increasing length of the
carbon chain in the triakyllead com-
pound, probably as result of the akyl
group contributing to retaining the
chelate.
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Once the sorption of organolead
gpecies on Cg Was confirmed not to be
selective, their discrimination would
obviously require using selective eu-
tion. For this purpose, a previoudy
reported simple FI system®™ similar to
that a the bottom of Fig. 1 was used;
APDC and NaDDC as chdating re-
agents, and organic solvents of vari-
able polarity as eluents, were aso
employed. Organolead compounds
were prepared at concentrations of 200
ng/mL in agueous media (pH ca. 5)
taking into account the preconcentra-
tion ratio required, and 200 m of eu-
ent were carried by water. Because the
Pb-PDC chelate is completely ad-
sorbed on Cg and eluted with IBMK,*°
the eution efficiency was calculated
by assuming 100% recovery of the
chelate of inorganic lead with APDC
or NaDDC for each euent tested; in

Table 1

this way, the effect of dispersion (for
water miscible solvents) was can-
celled. However, the Pb-PDC chelate
is not eluted by n-hexane, so the eu-
tion efficiency with this solvent was
caculated by assigning 100% effi-
ciency to the TEL-PDC chelate. Table
1 shows the dution efficiency for the
five trialkyllead compounds with dif-
ferent euents. In all instances, the
column was conditioned with the or-
ganic solvent used as eluent. The most
relevant conclusions from these results
are as follows: (i) acetonitrile was the
water-miscible eluent that provided the
worst results; the eution efficiency
was higher than 100% for TEL*, TPL*
and TPhL™ (generaly with APDC as
chelating reagent) and methanol or
acetone as eluent, probably because of
the increased solubility of these or-
ganolead chelates relative to the inor-

Elution efficiency (%) for organolead-PDC/DDC chelates after sorption on Cg,
calculated with respect to the inorganic lead chelate (by exception, those values
denoted with superscript® are relative to DEL-PDC).

Organolead
chelate Acetonitrile Methanol Acetone IBMK Ethyl acetate n-Hexane

TML-DDC 10 10 20 0 0 138
TML-PDC 12 20 18 35 9 28’
DEL-DDC 100 89 147 118 36 214
DEL-PDC 37 156 88 135 97 1002
TBL-DDC 53 50 73 38 17 0
TBL-PDC 49 100 35 65 25 20°
TPL-DDC 58 47 80 60 50 38
TPL-PDC 51 156 53 55 33 22
TPhL-DDC 62 68 63 45 28 41
TPhL-PDC 82 211 147 100 64 41"
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Table 2

Overdl sorbent extraction efficiency of TML-DDC chelate on different sorbents.

Coo AC RP-Cyg
IBMK 0 25 7
n-hexane 62 12 25
IBMK? 100 29 78

& Sorbent column conditioned with n-hexane.

ganic chdlate. (ii) Ethyl acetate was the
worst among the water-inmiscible
euents tested and IBMK the best,
athough n-hexane dissolved or-
ganolead-PDC chelates  (28-100%)
and no inorganic lead-PDC chelate
(0%). (iii) No significant differences
between both chdating reagents were
observed as regards adsorption; there
were, however, differences in eution,
related to the type of eluent used; thus,
NaDDC proved more selective than
APDC for inmiscible water eluents.
When using NaDDC as chelating
agent, TML™ was eluted by n-hexane
but not by IBMK; the opposite was
true with TBL™; and TEL", TPL" and
TPhL™ were eluted by both agents.
Discriminating between them was thus
impossible, so only TML" and TEL",
the two most abundant organolead
compounds in the environment,* were
studied. TML-DDC was only ad-
sorbed at concentrations in the ng/mL
region when the column was condi-

tioned with n-hexane; once the chelate
was retained, eution with n-hexane or
IBMK was quantitative. Therefore, the
speciation of TML-DDC and TEL-
DDC was done, first by conditioning
with n-hexane (TML" and TEL" were
determined jointly), and second by
conditioning with IBMK (only TEL"
was determined); IBMK was used as
eluent in both cases because it pro-
vided higher sengitivity than n-hexane,
probably because the atomisation effi-
ciency of lead was higher in the IBMK
medium. Finally, as TML" was the
akyllead with lowest adsorption con-
stant, the adsorption capacity of Ce
fullerene for TML-DDC was com-
pared with those of RP-C;5 and acti-
vated carbon as sorbents by using
columns packed with 80 mg of each in
al instances. IBMK and n-hexane
were used as eluents (200 m) and
conditioning solvents (500 ni). The
results are given in Table 2. Cg
fullerene behaved differently from the
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other two sorbents, since it requires
conditioning with n-hexane before the
aqueous TML-DDC chelate is ad-
sorbed. This suggests some specific
interaction between Cg fullerene and
n-hexane molecules. X-ray diffraction
and IR spectra revea ed the absence of
faced-centred cubic (fcc) structure
distortion and occlusion of n-hexanein
octahedral and tetrahedra sites; the
interaction must thus be in the form of
physica retention of n-hexane by Cg
fullerene. This favours adsorption of
the trialkyllead chelates, probably
because n-hexane increases the hydro-
phobic character of Cg, thereby rais-
ing its adsorption capacity.

3.2. FI conditions for the separation
of inorganic lead and the speciation
of trimethyllead and triethyllead com+
pounds

Real samples with significant
amounts of TML" and/or TEL" aso
contain Pb® in excess! The above
experiments reveded that the
Pb- DDC chelate was quantitatively
eluted by IBMK and only partidly by
n-hexane, so it did not discriminate the
organolead compounds. For this rea-
son, lead separation was needed prior
to the sgpeciation/ determination of
TML™-TEL". Separation of inorganic
lead from organoleads is usualy ac-

complished by using agueous EDTA
to mask Pb*, followed by addition of
a reagent and an organic solvent to
extract and preconcentrate the or-
ganolead compounds.*® On the other
hand, Pb* can be determined as an
EDTA complex at concentrations in
the ng/mL region in aqueous phase
according to the sendgtivity of the
FAAS technique; in addition, the sepa-
ration of organoleads in highly dilute
samples is not always quantitative.® In
order to enhance the sendtivity and
selectivity of the mixture resolution, a
preconcentration system was deve-
oped for the selective precipitation of
inorganic lead in the presence of or-
ganolead compounds (TML® and
TEL™.

The easiest procedure for lead
precipitation at the ng/mL level as a
basic salt in a continuous system,”
was discarded as organo-lead com-
pounds also precipitated with ammo-
nia. Various precipitants for agueous
Pb?" (potassium iodide, rubeanic acid
and potassium chromate) were studied,
and K,CrO, was selected because it
provided the highest signals for Pb*
and negligible signas for organolead
compounds. The precipitation/ dissolu-
tion system for the Pb* preconcentra-
tion/ determination by FAAS was
optimised by using a Fl system such as
that depicted at the top of Fig. 1. After
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the whole sample was aspirated, an air
stream was inserted into the FI system
to remove excess K,yCrO, which
would otherwise instabilise the flame
during measurements. The most rele-
vant parameters are listed in Table 3.
The filter was cleaned with the reagent
solution in an ultrasonic bath for 10
min each day.

The TML™ and TEL" determina-
tions were optimised in two sequential
steps by using an Fl system similar to
that depicted at the bottom of Fig. 1.
In the first step, the Cq fullerene col-
umn was conditioned with 500 m of n-
hexane, which was followed by aspira-
tion of 5 mL of aqueous standards
containing 100 ng/mL TML" and
TEL" and mixing with a stream of
NaDDC so that both chelates would be
adsorbed and subsequently eluted with
IBMK. In the second step, the column
was conditioned with 500 m of IBMK
and the above experiment repeated; in
this case, however, only TEL-DDC
was adsorbed on Cg and then duted
with IBMK. TML" can be determined
by the difference between the results
obtained in both steps. The optimal
parameter values for the speciation of
both compounds are givenin Table 3.
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Table3
Flow injection conditions for the speciation of inorganic lead and trialkyllead com-
pounds.

Optimum range Selected value
Inorganic lead variables
K,CrO,4 concentration (mol 1) 1-2 2.0
HNO; concentration (mol ™) >1.5 2.0
Sampleflow rate (ml min™) 1-4 4.0
K,CrO, flow rate (ml min%) 1-2 15
HNO; flow rate (ml min™) >35 4.0
Trialkyllead variables
Sample pH 1-9 35
NaDDC concentration (mol 1™%) 1x10°% -3 x10® 3x10%
Sample flow rate (ml min™) 0.5-3.0 25
NaDDC flow rate (ml min™) 0.2-0.6 0.4
Reaction coil (cm) 100 - 350 200
Eluent volume (m) 200 200

Table4
Figures of merit for the speciation of Pb*, TML" and TEL" using K,CrO4 or NaDDC as
reagent.

Sample Range/ Det. RSD/
Compound volume/(ml)  Regression equation® (ng ml™Y) limit/ (%)
(ng mi™)

Pb(I1) 5 A=0.001+ 1.4 10*X  100-1500 50 3.0
TEL(I)° 5 A=0.002 + 4.5 10X 25-400 12 2.5
TEL(I)® 5 A=0.002 + 6.2° 10"*X 20-300 10 3.2
TML(1)* 5 A=0.003 + 2.6" 10X 30-600 20 3.6

Pb(I1) 50 A=-0.001 + 1.5 103X 8-200 4 3.5
TEL(I)° 50 A=0.002 + 4.2° 10°°X 4-40 2 3.2
TEL()* 50 A=0.003 + 5.9" 103X 3-30 1 3.0
TML(1)® 50 A=0.002 + 2.5 103X 5-60 2 4.0

2 A, absorbance; X, lead concentration (ng mi™ ).
P Ceo column conditioned with IBMK.
€ Cgo column conditioned with n-hexane.
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3.3. Seciation of Pb2", trimethyllead
and triethyllead compounds. Figures
of merit

For the speciation of lead in an
agueous medium, the two FI systems
previoudy used to preconcentrate or-
ganolead compounds on Cg fullerene
and precipitate inorganic lead were
coupled as in Fig. 1. Following pre-
cipitation of Pb*, the filtrate, contain-
ing al organolead compounds from 5
or 50 mL of sample, and excess
K.CrO,, was collected in a vessel and
completely aspirated into the sorbent
system; during this step, inorganic lead

Table5

was determined by connecting SV, and
SV; to the spectrometer.

Severa calibration graphs for each
lead compound were constructed under
the optimum conditions by using a
sample volume of 5 or 50 mL and a
column packed with 60 mg of Cs.
Two calibrations with TEL™ standards
were done, using n-hexane and IBMK
as conditioners. The calibration graphs
exhibited excellent linearity over the
concentration ranges studied, as re-
flected in the regression coefficients (r
= 0.999 in dl instances). As regards
the data of Table 4, detection limits
were caculated as three times the

Analysis of various synthetic TML"/ TEL" mixtures by sorption on Cqy.

Conc. taken / (ng mi™) T™ML* TEL*

+ + Found + d/ Found + d/ Rel error /
TML TEL (ng mi™) Rel error / (%) (ng mi %) %)
100 100 101+9 1.0 102+ 8 20
100 200 102+ 4 20 199+ 4 -0.5
100 300 97+ 6 -30 307+6 23
75 300 72+ 8 -4.0 309+ 4 3.0
60 300 56+ 7 -6.7 310+ 4 33
50 300 45+ 5 -10.0 308+ 6 27
30 300 25+ 4 -16.7 3076 23
50 50 53+ 4 6.0 51+4 20
100 50 101+ 5 1.0 49+3 -2.0
150 50 155+ 6 33 49+5 -2.0
200 50 197+ 9 -15 51+5 20
250 50 252+ 10 038 47+ 4 -6.0
300 50 295+ 8 -1.7 51+5 20
400 50 397+ 10 -0.8 52+6 40
500 50 485+ 12 -3.0 52+5 4.0
600 50 587+ 14 -2.2 53+6 6.0
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standard deviation of the absorbance
obtained for 20 blanks (200 m of
IBMK) for organolead compounds and
in 20 determinations of the same stan-
dard (10 or 100 ng/mL) for inorganic
lead. The precision of the method (ex-
pressed as the relative standard devia-
tion) was checked on 11 standard solu-
tions containing 100 or 15 ng/mL
Pb?, TML* and TEL" (as lead) for 5
or 50 mL of sample, respectively.

3.4. Resolution of aqueous synthetic
mixturesThe performance of the pro-
posed adsorption method was initially
assessed by resolving several synthetic
mixtures of both alkyllead compounds;
subsequently, the global FI method
was applied to synthetic mixtures of
the three lead species. The concentra
tion of each organolead compound in
these standard mixtures was deter-
mined from the difference in the ab-
sorbances obtained under the two sets
of experimenta conditions (by
conditioning Cg with n-hexane or
IBMK), by using a suitable calibration
graph among those of Table 4. The
concentrations found, their stan

dard deviations, and the relative errors
made in four replicate analyses of each
aqueous sample are shown in Table 5.
As can be seen, with TEL™ concentra-
tions higher than those of TML", good
results were obtained up to a 1:6 ratio.
The errors were negative for TML" as
a result of the lower adsorption con-
stant of the TML-DDC chelate; hence,
TML-DDC was not retained on the
column at high TEL™ concentrations.
The agueous standards of the three
lead species were prepared at three
constant TML": TEL" ratios (viz. 1:1,
12:1 and 1:3), using increasing Pb*
concentrations up to the highest within
the linear range. The results (see Table
6) were satisfactory for inorganic lead,
however, above 1000 ng/mL Pb** the
PbCrQ, precipitate probably acts as a
scavenger and the organolead com-
pounds were partially adsorbed on it.
As can be seen, the proposed Fl
method allows the resolution of Pb?'-
TML*-TEL™ mixtures in proportions
from 1:1:1 to 30:12:1 with relative
errors less than 10%. These results are
quite favourable and tedtify to the
goodness of the method.
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Table 6
Analysis of various synthetic mixtures of Pb?/TML*/TEL" using the global FI method.

Conc. taken / (ng ml™) P T™MLY TEL*

Rel Rel Rel

Pb®* TML* TELY Fo(l;ndmi'l f)d / ror/ F(zl;ndmii_ls)d / ror/ Fo(l;ndmi-l ?)d / error/
9 @ (%) 9 (%)
100 100 100 101+ 4 1.0 99+ 12 -1.0 101+ 7 1.0
100 600 50 103+ 4 30 590+14 1.7 52+ 6 4.0
100 100 300 99+ 7 -1.0 97+ 8 -3.0 305+ 7 17
300 100 100 298 + 10 07 101+ 9 1.0 101+ 6 1.0
300 600 50 301+ 7 1.2 585+ 12 -25 51+ 5 2.0
300 100 300 303+ 9 34 102+ 8 2.0 307+ 9 2.3
500 100 100 503+ 9 0.6 99+ 7 -1.0 102 + 10 2.0
500 600 50 507 + 11 14  587+16 2.2 49+ 5 -2.0
500 100 300 515+ 8 3.0 102+ 8 2.0 304+ 8 13
1000 100 100 1007 + 7 0.7 91+ 10 -9.0 98+ 8 -2.0
1000 600 50 1012+10 1.2 583+ 12 -2.8 47+ 4 -6.0
1000 100 300 1034+ 6 34 88+ 9 -12.0 297+ 9 -1.0
1500 100 100 1510+ 8 0.7 84+ 9 -16.0 96 + 10 -4.0

1500 600 50 1523+ 7 15 578 + 13 3.7 45+ 6 -10.0
1500 100 300 1537+10 25 80 + 10 200 292+ 12 2.7

4. Conclusons thus, it involves minimal sample

Speciation analyses involve both
long sample preparation times and
expensive equipment (viz. chromato-
graphs, atomic instruments) that calls
for skilled operators. In addition, gov-
ernmental and industrial quality con-
trol laboratories require that proce-
dures be smplified, analyst skill levels
lowered and sample throughput raised
in order to reduce alocated time per
use of expensive andytica instrumen-
tation.® The proposed method is fully
compliant with these requirements;

preparation, and low solvent and re-
agent consumption, and requires no
expensive instruments. The lower sen-
gtivity achieved for inorganic lead is
an advantage as its concentration in
environmental samples is typically
several orders of magnitude greater
than those of ionic akyllead com-
pounds.® Finally, fullerene possesses a
high potentiadl for preconcentrating
trialkyllead compounds in the form of
chelates, and is superior to conven-
tional solid materials in this respect,
consistent with the above described
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experiments for Pb?*.*
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E-14004, Cérdoba, Spain

A simple flow injection system for the on-line preconcentration of metal dithio-
carbamates (fungicides) by sorption on a Cg, fullerene column was devel oped. Neither
the acid hydrolysis needed by the conventional method to release CS, nor derivatization
is required as the fungicides are directly retained on the sorbent column and subse-
quently then eluted from it with dilute HNOs. The eluted fraction is directly fed into a
flame atomic absorption spectrometer. Group speciation can be done according to the
metals present in the dithiocarbamate (viz., dithiocarbamates of Zn*, Mn**, or Fe*") but
no within-group discrimination is possible (ziram, zineb and propineb provide a global
response). The analytical figures of merit of the proposed method are as follows: limits
of detection (3s) from 1 to 5 ng/mL, precision (RSD) ca. 2.5%; and preconcentration
factor 45 (using 10 mL of sample). No interference from metals such as Zn, Mn or Fe,
as inorganic salts, was observed. The method was applied to the resolution of synthetic
mixtures as well as to the speciation/determination of ziram, maneb and ferbam in
spiked grain samples, all with quite acceptable recoveries.
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1. Introduction

Dithiocarbamates are widely used
as fungicides in agriculture, and as
vulcanization accelerators and antioxi-
dants in the rubber industry. These
fungicides are toxic to the liver and
were recently found to be carcinogenic
in a pathological study which reveaed
that their toxicity is enhanced through
formation of metal complexes.! Resi-
dues of these compounds in foodstuffs
and in the environment also pose a
serious threat to public health. Most
determinations of dithiocarbamates are
based on Clark’'s method,? which in-
volves their decomposition to carbon
disulphide (CS,) in an acidic medium,
followed by titrimetry, spectropho-
tometry,® head space gas chromatog-
raphy* or  differentid  pulse-
polarography,” among others, of the
CS, evolved. However, most of these
methods are non-specific as dl dithio-
carbamates (e.g. ziram, zineb, ferbam,
maneb, nabam) yied CS,. Diethyldi-
thiocarbamates (DDCs) have been
determined by spectrophotometry at
the pg/mL levels®® by using bioen-
Zymic sensors with amperometric de-
tection at the ng/mL levels,®*® adsorp-
tive stripping voltammetry™ and flame
atomic  absorption  spectrometry
(FAAS)™ have aso been used for this

purpose. In the last work, DDCs were
continuoudly extracted into isobutyl
methyl ketone following complexation
with excess copper (1), the metal be-
ing determined by FAAS. This method
is scarcely sdlective; thus, it only pro-
vides the total dithiocarbamate content
in the sample, so no discrimination
between DDC families is possible. As
a result, it cannot be used for speci-
ation, but only as a screening proce-
dure.

Solids in flow systems coupled on-
line to aomic spectroscopic instru-
ments are gaining increasing interest
because they can help dramatically
improve, simplify and automate the
preliminary operations of the analyti-
cal process.® In this context, a survey
of available literature may give the
impression that innovation in such a
widdly explored field is virtually im-
possible However, our group re-
cently demondrated new ways for
advancement based on the use of new
materials such as fullerenes. The ad-
sorptive potential of Cg and Cq
fullerenes for the preconcentration of
trace metals from agueous solutions
was examined using the formation of
neutral chelates™ and ion-pairs.’® The
best analytical results were obtained
with neutral chelates; also, the adsorp-
tion constant was dramaticaly in-
creased for dithiocarbamate reagents
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(viz. APDC) rédative to others."” More
recently, a smple, novel screen-
ing/speciation method for lead com-
pounds in water was reported.*®

According to IUPAC,™ speciation
analysis is the process leading to the
identification and determination of the
different chemical and physica forms
of an dement existing in a sample. In
practice, this term also includes the
characterization of groups of com-
pounds exhibiting a similar response to
a methodical operation (operationally
defined speciation), as well as com-
pounds that have the same biological
impact or function within the organism
(functionally defined speciation).®%
Chemical speciation® includes various
types of analysis, namely: (i) screening
speciation, which leads to the search
for and determination of one definite
analyte; (ii) group speciation, which
focuses on the determination of groups
or classes of chemical species at the
specific oxidation level; (iii) distribu-
tion speciation, which is connected
with analyses of biologica samples;
and (iv) individual speciation, which
entails the search for and determina-
tion of al chemica species exigting in
asample.

This paper reports a simple flow
injection (FI) system for the group
speciation of dithiocarbamate fungi-
cides containing different metas (viz
Zn*, Mn?* and Fe*). The fungicides

are preconcentrated onto a Cg sorbent
column and then driven to a flame
AAS. Each fungicide group is speci-
ated according to the particular metal
present in the dithiocarbamates. Fun-
gicides containing the same metd give
a global response that precludes their
individual determination. Unlike CS,
based methods, which are non-specific,
the proposed method affords discrimi-
nation among carbamates of different
metals. In addition, the FI method is
guite selective as cations, anions and a
large number of organic compounds
pass through the fullerene column with
negligible retention.

2. Experimental

2.1. Apparatus

A Perkin-Elmer 380 atomic ab-
sorption spectrometer equipped with a
bead impact system in the burner
chamber and with an air-acetylene
flame was used for Zn, Fe and Mn
determinations. The hollow cathode
lamps used were operated at the rec-
ommended currents, and the Zn, Fe
and Mn absorption lines at 213.9,
2483 and 2795 nm, respectively,
were used. A monochromator band-
pass of 0.2 nm was employed for all
metals, deuterium arc background
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correction was used for zinc measure-
ments only. The acetylene flow rate
was 1.5 L/min and an air flow rate of
15.5 L/min was employed to ensure a
clean blue flame. The instrument out-
put was connected to a Radiometer
REC-80 Servograph recorder.

A smple FI manifold was used
throughout the study. It was assembled
from a six-port injection vave (Rheo-
dyne 5041, Cotati, CA, USA) with a
laboratory-made adsorption column
inserted into the sample loop, and from
poly(tetrafluoroethylene) (PTFE) tubes
of 0.5 mm id. Solutions were delivered
by a peristaltic pump (Gilson Minipuls
2, Villiers-le-Bel, France) furnished
with poly(vinyl chloride) pumping
tubes. A PTFE filter (Omnifit 3303,
Madrid, Spain) was modified by using
circular channels on both ends in order
to increase the chamber inner volume
up to 100 m and the filtration areato 3
cm?® the filter was furnished with
PTFE disks of 1 mm (Millipore,
Seville, Spain). The column (1.7 cmin
length and 3 mm id), containing 80 mg
of Cg, Was made from a PTFE capil-
lary and sealed with a smal glass
wool bead to prevent material losses.

2.2. Reagents and standards

Ceo fullerene (> 99.4%) was pur-
chased from Hoechst (Frankfurt, am-

Main, Germany). All other reagents
and solvents were supplied by Merck
(Darmstad, Germany). The following
dithiocarbamate fungicides, Pestanal
quality, were used: ziram, zineb, pro-
pineb, mancozeb, maneb and ferbam,
al of which were obtained from
Riedd-de Haén (Sedlze, Germany).

Stock solutions, at concentrations
of 50-100 ny/mL, were prepared by
dissolution of each carbamate in the
appropriate solvent (viz. acetonitrile,
for ziram and ferbam; dimethylsulfox-
ide for zineb and propineb; and ul-
trapure water for maneb and man-
cozeb). All solutions were stored at
4°C in the dark. Dilute standards were
prepared on adaily basis by dilution of
the stock solutions with ultrapure
(Milli-Q) water.

2.3. Sample preparation

Grain samples from various Span-
ish locations were ground in a metal
rolling mill to obtain flours that were
prepared as follows. an accurately
weighed amount of 5/10 g was ex-
tracted with 5/10 mL of chloroform in
a separating funnel. The mixture was
shaken gently for 5 min and then fil-
tered through glass-wool in vacuum.
The filtered organic phase was trans-
ferred to a glass tube and evaporated
under an N, stream. The residue was
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a)
Filter
gﬂ] c P Waste
FAAS
Sample
—— — — _OE:_G_ ______
0.2 M HNO,

Figure 1

Flow injection manifold for group speciation of metal dithiocarbamates. (a) and (b),
preconcentration and elution step, respectively. Sample and eluent (0.2 mol/L HNOs)

flow rates, 3 and 5 mL/min,
spectrometer.

dissolved in 0.3 mL of acetonitrile and
made up to 10 mL with ultrapure wa-
ter. Each sample was immediatey
analysed upon preparation by inserting
it into the manifold of Fig. 1.

2.4. Preconcentration procedure

The continuous preconcentration
and elution system used is shown in
Fig. 1. In the preconcentration step, a
volume of 10 mL of standard or
treated sample, containing 30-3500 ng
of metal dithiocarbamates at pH 5.0-
6.5, was continuously passed a 3
mL/min through a filter in order to
avoid clogging the sorbent column. Al

respectively. FAAS = flame atomic absorption

dithiocarbamates were adsorbed on the
Ceo column, located inside an injection
valve, the sample matrix being sent to
waste. In this step, awater carrier was
pumped to the instrument in order to
flush the nebulizer after each meas
urement. In the elution step, the injec-
tion valve was switched to pass 0.2
mol/L HNOs a 5 mL/min through the
column in order to dute the cheates.
Each fungicide group was speciated
according to the meta present in the
dithiocarbamates. Peak height was
used for anaytical measurements and
no blank was required. If needed, the
Ce column can be occasiondly
flushed with 0.5 mL of ethanol.
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3. Results and discussion

Fullerene is a new sorbent material
for the preconcentration of trace met-
als complexed with organic chdating
agents such as dithiocarbamates.”"’
Dithiocarbamate fungicides containing
heavy metals (Zn, Mn and Fe) can
thus be directly sorbed and determined
by using a simple flow configuration
coupled on-line to an atomic absorp-
tion spectrometer. Initialy, we studied
all metal-containing dithiocarbamates
commercialy available as fungicides,
namely ziram, zineb, propineb, fer-
bam, mancozeb and maneb. Ziram,
Zineb and propineb are different che-
lates of Zn**, so only a global response
for them is provided by the AAS
technnique; we thus used ziram as a
model among them. On the other hand,
mancozeb is a mixture of complexes of
Mn (20%) and Zn (2.55%), which
hinders its discrimination from fungi-
cides containing Zn or Mn. The ana-
Iytes finally selected as models for
group speciation of these fungicides
were thus ziram (a monomeric chelate
of Zn* with two dithiocarbamate
molecules), ferbam (a monomeric che-
late of Fe* containing three molecules
of chelating agent) and maneb (a
polymeric chelate of Mn?"). The pro-

cedure followed to optimize the con-
tinuous sorption/elution process is
described below.

3.1. Influence of sample pH and elu-
ent

The knowledge of the equilibrium
constants involved in the formation of
the fungicides ziram, maneb and fer-
bam, and the assumption of high sorp-
tion constants for the metal dithiocar-
bamates™ allowed us to study the in-
fluence of the sample pH on the sorp-
tion on Cg fullerene. For this purpose,
solutions containing 20, 50 and 100
ng/mL of ziram, maneb and ferbam,
respectively, were sequentialy passed
through a sorbent column containing
80 mg of Cg that was located in the
loop of an injection vave. A time
based technique equivalent to using
only 6 mL of sample (sample flow
rate, 3 mL/min; pumping time, 2 min)
and an 0.2 mol/L HNO; stream as
eluent were initially employed (Fig. 1).
The sample pH was adjusted with
dilute HNO; or NaOH in all cases.
The individual determination of each
fungicide was performed according to
the metal present in the fungicide che-
late (viz. Zn*" in ziram, Mn* in maneb
and Fe*" in ferbam). Chelate adsorp-
tion was maximal at pH 5.0-6.5 for
ziram, 3.3-7.7 for maneb and 4.9-6.6
for ferbam. In acid or dkaline media,
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the acid-base constant of the dithio-
carbamate or the precipitation equilib-
rium of the cation prevailed over com-
plex formation, so the metas were
released and cheate sorption reduced
as a result. Consequently, samples
were prepared in ultrapure water,
which provided apH of ca. 6.
According to the literature, dithio-
carbamates can be extracted into or-
ganic solvents,” decomposed in an
acid medium to release the metals®
aternatively, the metal present in the
fungicide can be released by ligand
exchange®’ The elution of adsorbed
chelates from the Cg column was thus
investigated using different solutions,
namely: (i) organic solvents (n-hexane,
IBMK); (ii) HNOs at different concen-
trations, and (iii) ethylenediamine-
tetraacetic acid sodium salt (EDTA) at
different concentrations. The results
obtained in these experiments were
satisfactory for the three fungicides.
However, the blank signals in IBMK
and n-hexane was ca. 0.030, 0.030
and 1.000 A.u. for maneb, ferbam, and
ziram, respectively. No blank signa
for any fungicide was observed with
nitric acid, however. EDTA provided
negligible blanks for maneb and fer-
bam, but ca. 0.200 A.u. for ziram; in
addition, the presence of sodium from
the EDTA solution was found to in-
stabilize the flame during measure-
ments. The fina choice was nitric

acid, which yielded the best results at
concentrations between 0.05 and 1
mol/L for the three fungicides and
required using no blank. A concentra-
tion of 0.2 mol/L eluted the chelates
very rapidly, which minimized disper-
sion during transport of the sample
plug to the instrument.

The mechanism of the hydrolysis
reaction™ involved in the elution step,
exemplified for maneb, could be as
follows:

HN— CH,- CH,~ NH HN— CH,-CH,~NH

S S,
= N
C Mn C + C
N 4 +2H" —»

Z° HS\C +Mn2*
N v "
H

3.2. Sample and eluent flow rates
Taking into account the simplicity
of the proposed flow method for the
determination of the three dithiocar-
bamates in agueous medium (e.g. no
organic reagents or reaction coils is
needed), the only variables potentially
affecting performance would be the
sample and eluent flow rates. Changes
in the flow rate of the sample (6.0 mL)
between 0.5 and 3.5 mL/min resulted
in very small variations in the signa,
which was found to decrease at higher
flow rates —dightly for maneb and
ferbam and more markedly for ziram—
through a decreased residence time
inside the sorbent column. On the
other hand, the eution process was
found not to depend on the flow rate of
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Table 1

Figures of merit of the determination of dithiocarbamate fungicides by FAAS

Regression equation® Range/  Det. limit/ RSD

Compound
(absorbance vs ng/mL) ng/mL ng/mL (%)
Ziram A =-0.001 + 4.3x10°X 3-45 1 3.0
Maneb A =0.002 + 1.4x10°X 5-125 2 2.0
Ferbam A =0.003 + 4.4x10*X 15-350 5 25

2 For a sample volume of 10 mL.

the 0.2 mol/L HNO; solution above
3.5 mL/min thanks to the increased
nebuliser efficiency and minima sam-
ple dispersion. Based on these consid-
erations, we chose a sample and el uent
flow rate of 3 and 5 mL/min, respec-
tively; the tubing length between the
switching valve and the nebuliser did
not influence peak height below 50 cm
(longer lengths increased the disper-
sion of duted metals).

3.3. Analytical performance

The performance and reliability of
the proposed on-line FI method (Fig.
1) were assessed by determining the
regression equation, linear range, ana-
Iyte detectability and relative standard
deviation for the three dithiocar-
bamates. Table 1 gives the equations
for the standard curves (correlation
coefficients ranged from 0.997 to
0.999) and other andytical figures of
merit obtained by processing 10 mL of
sample. Because blank signals were

negligible, limits of detection were
caculated as 3 times the standard
deviation of the pesk height for 10
determinations of the same sample at
the lowest concentration within the
linear range in each case. The preci-
sion of the method was checked on 11
standard solutions containing 10, 25
and 50 ng/mL of ziram, maneb and
ferbam, respectively. Concentration
factors of about 45, calculated as the
ratios between the dopes of the cali-
bration graphs (expressed as concen-
trations of Zn, Mn and Fe) obtained
with the proposed method and by di-
rect aspiration of meta standards in
dilute HNOgs, were readily achieved.

3.4. Interferences

The study of potentia interfer-
ences with the proposed method in-
volved three different types of species,
namely: (i) cations forming more sta-
ble complexes with dithiocarbamates
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than the native metals in the three fun-
gicides studied and thus capable of
replacing them in the origina chelate
(e.g. Cu®, Ni¥, Pb*, Hg*, etc); (ii)
cations present in the fungicide chelate
and precipitating in the weakly acid
medium used, which would also be
retained on the Cg column, which can
dso act as filter (viz. Fe*, zn** and
Mn?*); and (iii) organic compounds
that would be adsorbed to a variable
extent on Cg fullerene and block its
active sites, thus restricting adsorption
of the analytes. The effect of cations
replacing Zn, Mn or Fe in ziram,
maneb or ferbam, respectively, was
not studied because, if the meta in the
native samples was exchanged, it was
in an uncontrolled chemica reaction
which was beyond the scope of this
work, as the fungicides would not be
in their native form so they would not
be detected as ziram, maneb and fer-
bam. Regarding the adsorption of or-
ganic compounds on Cg fullerene,
previous adsorption studies® involving
organic substances in an aqueous me-
dium that were eluted with organic
solvents for determination by gas
chromatography with flame ionization
detection led to the following conclu-
sions. Cg, fullerene has limited use as a
sorbent for organic compounds. Its
adsorption efficiency decreases with
increasing polarity of the organic
compound, consistent with the adsorp-

tion mechanism assigned to fullerenes
—primary via p-electron interactions—;
thus, the average sorption efficiency
for standard solutions of 100-300
ng/mL of each organic compound was
60, 50, 40 and 20% for N-
methylcarbamates (viz. carbaryl and
propoxur) and their hydrolysis prod-
ucts, phenolic compounds, PAHSs (viz.
naphtalene, phenantrene, anthracene)
and amines, respectively. These com-
pounds are not euted in 0.2 mol/L
HNO; as they are retained on Cg
fullerene in acid medium; however,
they are easily euted in organic sol-
vents such as ethyl acetate, acetone,
and ethanol. Therefore, if any of them
is present in real samples and is re-
tained on the sorbent column, it can be
removed by periodicaly flushing the
column with 0.5 mL of ethanol.

The effect of Mn?*, Zn*" and Fe**
on the determination of maneb, ziram
and ferbam, respectively, was investi-
gated individudly in order to identify
potential interferences arising from
precipitation of the cations in the
weakly acid medium used and from the
Ceo fullerene column acting as a mix-
ing filter/sorption device. Experiments
involving Zn?*(for ziram) and Mn**(for
maneb) revealed the absence of inter-
ferences with the determination of 10
ng/mL ziram or 25 ng/mL maneb at
the highest metal concentration as-
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sayed (1 my/mL). Fe* interfered above
0.1 ng/mL (ferbam concentration, 50
ng/mL) by increasing the iron signal
through precipitation of ferric hydrox-
ide a the working pH; the hydroxide
was retained on the column and subse-
quently dissolved by the euent (0.2
mol/L HNQOs). Various masking agents
(acetate, cyanide and oxalate) were
tested to avoid the interference of Fe*,
the results being unacceptable in al
cases. A commercialy available filter
furnished with disks of paper, nylon or

tested (1 ng/mL).

3.5. Sequential resolution of analyte
mixtures

In order to examine the possibility
of determining al the fungicides se-
guentialy, various synthetic mixtures
of the three dithiocarbamates selected
as models were prepared in different
ratios within the linear range in a sam-
ple volume of 10 mL. The concentra-
tions found, their standard deviations,

Table 2
Resolution of various synthetic ternary mixtures of ziram, maneb and ferbam by sorption
on Cgo
Conc. taken/ Ziram Maneb Ferbam
ngml™
Ziram Maneb Ferbam  Found+SD Rel. error Found+SD Rel. error Found+SD Rel. error
ng mi™ (%) ng mi™ (%) ng mi™ (%)
5.0 5.0 15.0 48+0.2 -4.0 49+03 -2.0 15.7+ 0.6 +4.7
3.0 6.0 30.0 28+01 -6.7 6.2+03 +3.3 292+08 -2.7
5.0 50.0 15.0 53+0.2 +6.0 50.0£ 1.0 0.0 16.0+ 0.7 +6.7
5.0 50.0 50.0 51+02 +2.0 53.0+£20 +6.0 480+ 20 -4.0
15.0 15.0 15.0 13.7+0.8 -8.7 144+ 0.6 -4.0 155+ 0.7 +3.3
15.0 15.0 75.0 155+ 0.7 +3.3 153+ 0.6 +2.0 740+ 25 -1.3
30.0 15.0 15.0 30.9+20 +3.0 150+ 0.3 0.0 156+ 0.8 +4.0
45.0 15.0 75.0 440+1.0 -2.2 144+ 0.7 -4.0 775+ 35 +3.3
45.0 15.0 15.0 450+15 0.0 14.7+ 0.6 -2.0 146+ 0.7 -2.7
45.0 45.0 15.0 46.0+ 1.0 +2.2 440+15 -2.2 149+ 05 -0.7
45.0 90.0 15.0 43.7+20 -2.9 90.2+ 3.0 +0.2 15.7+ 0.6 +4.7
45.0 120.0 15.0 459+ 1.0 +2.0 1224+ 40 +2.0 16.0+ 0.8 +6.7

PTFE with pore sizes from 0.45 to 5
mm was included at the entry to the
sample aspiration channd (see Fig. 1).
The best results were obtained with
PTFE membrane disks of 1 nm pore
size; by using this filter, Fe* was tol-
erated at the highest concentration

and the relative errors made in four
replicate analyses of each agueous
sample are shown in Table 2. The
mixtures contained the lowest possible
concentration of ferbam taking into
account its scant use as an agricultural
fungicide. As expected, the proposed
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FI method accurately resolved mix-
tures of ziram, maneb and ferbam in
proportions from 1:1:1 to 3:8:1, with
relative errors less than 10%.

3.6. Speciation and determination of
dithiocarbamates in grain samples

Various types of grain samples
were used to examine the effect of the
matrix on recoveries. Initialy, 5.0 g of
each grain type was anaysed and, if
negative results were obtained, the
amount of sample was increased to
10.0 g. No samples containing fungi-
cide residues at detectable concentra-
tions could be found, so a recovery test
was carried out. For this purpose, 5.0
g of uncontaminated grain (viz. wheat,
barley, rye, rice, maize and oat) was
spiked with 1 mL of acetone contain-
ing variable concentrations of ziram,
maneb and ferbam between 0.25 and
1.0 ng/mL; the amounts spiked, in ny
per g of grain, were within the maxi-
mum residual limits (viz. from 0.05 to
02 my g' totd carbamates in
grains)?*® in all instances. Following
acetone evaporation for ca. 30 min,
each sample was prepared as described
under Experimental. Chloroform was
used as extractant on account of the
high solubility of the fungicidesin it.”®
Satisfactory results were obtained at a
sample/extractant ratio of 1:1 (g/mL).

Each sample was spiked four times (n
= 4). The results were satisfactory for
all samples, with recoveries of 92—
98%. Finaly, wheat and maize sam-
ples were spiked with mixtures of
ziram, zineb and propineb (chelates of
Zn*). The globa response of zinc
dithiocarbamates (concentrations ex-
pressed as Zn) was in good agreement
with the amount spiked. Therefore, the
proposed method affords the group
speciation in grain samples, and also,
probably, in vegetables and fruits, as
they act as surface deposits and hence
contain residues of undecomposed
fungicides®

4, Conclusions

The proposed method is smple
and sensitive enough for application to
grain samples containing the analytes
a levels near the legally established
limits. Its most salient advantage over
conventional methods based on the
formation of CS,, which only provide
the global response for total dithiocar-
bamates, is the ability to perform
group speciation among dithiocar-
bamates containing different metals;
by contrast, the proposed method does
not afford speciation of dithiocar-
bamates that contain no meta (e.g.
nabam, thiram, vapam and dibam).
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Those methods that hydrolyse the fun-
gicides to release their metals and then
detect the metals following derivatiza-
tion are inadequately selective as the
metals present as inorganic sdts in
real samples and other meta dithio-
carbamates give fase postives. The
proposed method is highly selective as
a result of chelates being selectively
retained on Cg, and then hydrolysed in
order to determine the metal.
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Capitulo V. Screening y especiacion de plomo mediante FAASy GC/MS

ESPECIACION

FULLERENO C,

- DERIVADO DEL
AUTOMATIZACION DE FULLERENO
LA DERIVATIZACION

<>

Los sistemas de screening son de gran utilidad en procesos de rutina en
los que es necesario controlar € nivel de determinados pardmetros en un nimero
elevado de muestras. Suelen ser sistemas sencillos con una instrumentacion
asequible y de respuesta rapida, que permiten descartar las muestras que no
requieren un andlisis mas detalado. De esta forma, sdlo las muestras que
originan una respuesta positiva en € sistema de screening serdn analizadas
siguiendo una metodologia mas compleja, con lo que se reduce € tiempo
empleado y los costes por andlisis. En € primer apartado del presente capitulo
(IV.1), se desarrolla un sistema de screening de muestras de agua para evaluar €
contenido total de plomo por FAAS. La retencion de los anditos (plomo
inorganico y compuestos organoplomados), en forma de quelatos neutros sobre
una columna de Cq permite acanzar limites de deteccion aplicables a muestras
reales. La confirmacién de las muestras positivas se redliza por GC/MS, paralo
cual es preciso introducir una etapa adicional de derivatizacion. En este caso, se
emplea un reactivo de Grignard para la derivatizacion, que debe hacerse fuera de
linea.
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ESPECIACION

FULLERENO C,,

3 DERIVADO DEL
AUTOMATIZACION DE FULLERENO
LA DERIVATIZACION

En & segundo apartado del Capitulo (1V.2), se consigue la completa
automatizacion del proceso de derivatizaciéon. Los compuestos organoplomados,
junto con e plomo, se retienen en una columna de Cgy, mientras que la matriz de
la muestra es conducida al desecho. La elucién de los analitos implica también €
inicio de su transformacion en especies volétiles, ya que € eluyente contiene una
concentracion adecuada del reactivo derivatizador (NaBPr4). Una vez
transcurrido €l tiempo de derivatizacion, critico en estos casos, se prodece a la
inyeccién en el GC/MS, siendo ésta la Unica etapa manual del proceso.
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1V.1. Speciation of inorganic lead and ionic alkyllead compounds by GC/MSin prescreened
rainwaters

Anal. Chem. 2000, 72, 1510 — 1517 M m
CHEMISTRY,

Speciation of Inorganic Lead and lonic
Alkyllead Compounds by GC/MSin
Prescreened Rainwaters

Josefa R. Baena, Soledad Cardenas, M ercedes Gallego and
Migue Valcarce
Analytical Chemistry Division, Faculty of Sciences,
University of Cérdoba.E-14004 Cérdoba, Spain

A simple and novel screening method for lead compounds in environmental watersis
proposed. The analytes, in an acetic medium, are sorbed on a Cg, fullerene column as
DDC complexes and subsequently eluted with IBMK, the lead being determined by
flame atomic absorption spectrometry. The screening method acts as filter and indicates
whether the target analytes are present above or below the detection limit of the method
(0.5 ng/mL), giving no false positives. Positive samples were speciated by GC/MS, using
a flow system similar to that of the screening method. Lead(ll) and ionic di- and trial-
kyllead are derivatized with a Grignard reagent. Both methods use similar chemical and
flow variables except for the eluent, IBMK in the screening method and n-hexane in the
speciation method. The GC/MS speciation method is very sensitive; it exhibits a linear
range of 0.02-5 ng/mL and detection limits of 1-4 ng/L are achieved. Also, its repeatibil-
ity, as RSD, is less than 6%. The method was applied to the speciation of Pb*" and di- and
trialkyllead in positive pre-screened rainwater samples from three different urban areas.
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1. Introduction

Many recent environmental stud-
ies involving metas and metalloids
require information from al the
chemical species in which a given
element may occur in a sample. Some
metals such as lead are discharged
into the environment as organolead
compounds (from leaded gasoline)
that can undergo further transforma-
tion." lonic akyllead species are deg-
radation products of tetraalkylleads,
which are employed largely as anti-
knock agents. The environmental
degradation pathway for tetraa-
kyllead compounds involves ionic di-
and trialkyllead species in addition to
inorganic lead; monoalkylleads are
only occasionaly present owing to
their instability.*® All these com-
pounds are more toxic than inorganic
lead because they are fat-soluble and
hence readily absorbed by the skin
and lungs.*

The rapidly growing interest in
elementd speciation has propitiated
the development of a new generation
of analytical techniques which enable
discrimination among the different
forms of a metd. These species
specific techniques have recently been
reviewed*® Organolead compounds
have so far been speciated using gas
chromatography (GC) or liquid chro-
matography (HPLC) in conjunction
with an eement-sdlective, sensitive

detector. HPLC in combination with
inductively coupled plasma mass
spectrometry (ICP-MS) has been em-
ployed for this purpose®’ but it has
generally proved inadequately sensi-
tive for speciation of akylleads in
environmental samples? On the other
hand, GC is unmatched in terms of
resolution and sensitivity of available
detectors but requires preiminary
derivatization of ionic alkyllead spe-
cies to render them sufficiently vola-
tile and thermally stable to be sepa-
rated. Specialy prominent among
methods for the gspeciation of al-
kyllead compounds are GC micro-
wave induced plasma atomic emission
spectrometry (MIP-AES)®™° and GC-
ICP" techniques on account of their
sengitivity and resolution in this kind
of anayses. Although the GC/MS
technique provides comparable results
and is easier to implement, only a few
authors”™ have used it to speciate
lead.

The most common derivatization
methods for organolead compounds
involve the use of a Grignard re-
agent,®*™*® following chelation and
extraction into a water-free solvent,
under an inert atmosphere. In-situ
derivatization in an agueous medium
is possible using sodium tetraethylbo-
rate, NaBEt,;**'"® however, this re-
agent only discriminates methylated
species. Sodium tetra (n-propyl) bo-
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rainwaters

rae  and  tetrabutylammonium
tetrabutylborate,"*® which were syn-
thesized only recently, adlow major
alkyllead compounds (methylated and
ethylated species) to be derivatized
while preserving their specific infor-
mation. Liquid-iquid extraction has
traditionally been the separation tech-
nique of choice in speciation anayss,
recently, however, it has been super-
seded by liquid—gas extraction fol-
lowed by cryopreconcentration which
is normally used for the automation of
routine speciation analyses® Thus,
alkyllead and inorganic lead are vola-
tilized in-situ via a suitable derivatiza-
tion reaction (hydride generation or
ethylation with NaBEt;) and the re-
sulting derivatives purged and cryofo-
cused a —100 °C. The trap then is
heated to release the species onto a
multicapillary column for atomic
spectrometric detection.® Solid-phase
extraction has also been used to dis-
criminate lead compounds in a flow
system.?* The flow manifold consisted
of two units; in the first, total inor-
ganic lead was precipitated and then
dissolved and driven to a flame
atomic  absorption  spectrometer
(FAAS); in the second, the filtrate,
containing trimethyl- and triethyllead
cations, was complexed and adsorbed
on a Cg fullerene column. The nov-
elty of this proposd lies in the use, for
the first time, of Cg as sorbent for
organolead compounds; in previous

studies, Cg fullerene was found to
perform better as a metal concentrator
than do conventional solid materials.”
The growing interest in this materia
since its discovery reflects in the large
number of papers, reviews and mono-
graphs®?* published on it to date.

The state-of-the-art and the poten-
tial of sample screening systems in
analytical chemistry were recently
reviewed.® The most favourable
situation is when the sample screening
system can be used with no sample
pretreatment. The first purpose of this
work was thus to develop a simple
automatic screening system for lead
species in water. For this purpose, a
simple flow system for the continuous
preconcentration of the analytes onto
a Cg sorbent column was used in
which lead compounds can be de
tected a concentrations of a few
ng/mL by means of a selective detec-
tor (FAAS). The binary (yesno) re-
sponse of the target lead species is
completely unambiguous; as a result,
the proposed screening method avoids
the need to speciate those samples that
give a “no” response. The second
purpose of this work was to use the
above-mentioned flow system in
combination with derivatization, to
check whether the “yes’ response
corresponded to one or severa lead
species. Speciation is accomplished
by using a chromatographic technique
(GC) to separate the target species,
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which are then unequivocally charac-
terized by MS.

2. Experimental section
2.1.Reagent and standard solutions

Ceo fullerene (> 99.4%) was ob-
tained from Hoechst (Frankfurt, am-
Main, Germany). Sodium diethyldi-
thiocarbamate  (NaDDC), tetra
ethyllead (TeEL), iodine monochlo-
ride and the Grignard reagent, a 2.0
mol/L  propylmagnesium  chloride
(PrMgCl) solution in diethyl ether,
were supplied by Sigma-Aldrich (Ma-
drid, Spain). Trimethyllead (TML™)
acetate and triethyllead (TEL™) chlo-
ride were purchased from Alfa (Bar-
celona, Spain). Other chemicals and
solvents including lead nitrate, sulfu-
ric and acetic acids, n-hexane and
isobutyl methyl ketone (IBMK) were
supplied by Merck (Darmstad, Ger-
many).

A lead stock solution (1000 mg/L)
was prepared by dissolving 1.598 g of
lead nitrate in 1 L of 1% v/v nitric
acid. All triakyllead stock solutions
(0.5 mg/mL as lead) were prepared by
dissolving appropriate amounts of the
respective sats in water. Dimethyl-
and diethyllead (DML?* and DEL?)
chloride were synthesized by reaction
between trimethyl- and triethyllead
solutions, respectively, and 0.1 mol/L
iodine monochloride in concentrated
hydrochloric acid (35% v/v), at a tri-
alkyllead/ICl molar ratio of 0.19. All

organolead standards were stored at 4
°C in the dark. Individual and mixed
working standard solutions were pre-
pared daily from the stock solutions,
in 0.017 mol/L acetic acid (pH 3.5),
by addition of 1 nL of glacia acetic
acid (17.5 mol/L) per mL of standard
solution. Individual agueous solutions
of 3x10° mol/L NaDDC (which re-
mained stable for 3 days) and 0.1
mol/L sulfuric acid were aso pre-
pared.

In order to avoid decomposition of
the Grignard reagent, which is air-
and moisture-sensitive, aiquots of 70
nL were placed into 2-mL crimp am-
ber vids (32 mm © 11mm) and seded
with a hand crimper in a dry box un-
der an argon amosphere. Once
sealed, the vials, used to derivatize the
alkylleads, can be handled out of the
dry box without deterioration of the
derivatizing reagent for 2 days.

2.2. Apparatus

A Model 380 atomic absorption
spectrometer  from  Perkin-Elmer
(Uberlingen, Germany) equipped with
a bead impact system in the burner
chamber and a hollow cathode lead
lamp was used. The wavelength, spec-
tral dit width and lamp current used
were 283.3 nm, 0.2 nm and 10 mA,
respectively; deuterium arc  back-
ground correction was never em-
ployed. The air—acetylene flame was
adjusted to obtain a clean blue flame.
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The spectrometer output was con-
nected to a Radiometer REC-80 Ser-
vograph recorder.

The speciation of akyllead com-
pounds was carried out on a Fisons
GC8000/ MD800 gas chromato-
graph/mass spectrometer from
Thermo (Madrid, Spain) based on a
guadrupole analyser and a photomul-
tiplier detector, and governed via
MASSLAB software (adso from
Thermo). A fused-silica capillary
column (30 m ~ 0.25 mm i.d.) coated
with 5% phenyl-methylpolysiloxane,
film thickness 0.25 mm (Supelco,
Madrid, Spain), was utilized for
analyses. Ultrapure grade helium (6.0,
Air Liquide, Seville, Spain) at a flow
rate of 0.9 mL/min was aso em-
ployed. The injection port and transfer
line temperature were maintained at
250 °C. The ion source temperature
was kept at 200 °C. The mass spec-
trometer was operated in the scan
mode (scan range mVz 70-500). The
ionization mode was electron ioniza-
tion a 70 eV. The temperature of the
chromatographic oven was held at 50
°C for 3 min, followed by ramping to
250 °C a 15 °C/min. The sample
volume (1 nlL) was injected in the
split mode (1:25). Three characteristic
ions per anadyte were monitored (in-
cluding the m/z corresponding to lead
and that for [M - CH4" or [M -
C,Hs]" ions) for identification and

guantification purposes. The nvz va-
ues selected for each derivative com-
pound were (quantification mass
underlined): TML® 208, 253, 281;
DML?" 208, 281, 309; TEL" 208, 237,
309; DEL?*" 208, 251, 322; Pb*" 208,
251, 337; TeEL 208, 237, 295.

The flow sysem used for the
screening and speciation of lead com-
pounds conssted of a Gilson
(Villiers-le-Bdl, France) Minipuls-2
peristatic pump furnished with
poly(vinyl chloride) pumping tubes,
two Rheodyne (Cotati, CA, USA)
5041 injection vaves and PTFE tub-
ing of 0.5 mm i.d. for coils. The sor-
bent column was made from PTFE
capillaries of 3 mm i.d., packed with
80 or 160 mg of C,, fullerene and

sealed on both ends with small cotton
wool beds to prevent materia losses.
The column remained servicesble for
a least 1 year, requiring occasional
flushing with IBMK or 1 mol/L
HNO:;.

2.3. Screening Procedure

A continuous—flow system cou-
pled on-line to an atomic absorption
spectrometer as depicted in Figure 1
was used. Volumes of 10-50 mL of
standards or water samples in 0.017
mol/L acetic acid at pH 3.5 containing
351250 ng of lead compounds (inor-
ganic and organic) were continuoudy
fed into the system and mixed with
the chelating reagent (3x10° mol/L
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Figure 1.

FI manifold for the atomic screening and GC/M S speciation of lead species. PV and
EV denote preconcentration and elution valves, respectively; W, waste; NaDDC,
sodium diethylditiocarbamate; IBMK, isobutyl methyl ketone; GR, Grignard reagent;
FAAS, flame atomic absorption spectrometer; GC/MS, gas chromatograph/mass

spectrometer

NaDDC). Chelates were immediately
formed in the reaction coil (150 cm
long) and retained on the sorbent col-
umn (160 mg of Cg), located in the
loop of the preconcentration vave
(PV), while the sample matrix was
sent to waste. During this step, a wa-
ter carrier was pumped at 4.5 mL/min
through the instrument in order to
flush the nebulizer after each meas-
urement, the loop (100 nl) of the
eution vave (EV) being filled with
eluent (IBMK) by aspirating the sol-
vent with a syringe located at the end

of the loop. In the second step, both
valves were switched and the loop
contents were injected into the water
carrier and passed through the sorbent
column, in order to have the chdates
eluted and driven to the detector. Peak
height was used as analytical meas-
urement and a blank consisting of 100
nL of IBMK (A » 0.020 units) was
also used. Peak height was propor-
tional to the total amount of lead spe-
cies present in the sample; Pb* was
the main contributor to the signal as
real samples with significant amounts
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of tridkyl and/or diakyllead com-
pounds also contain excess Pb®. In
order to determine the individua con-
centrations of lead species in the wa-
ter samples, al positive results re-
quired discrimination by GC/MS as
described below.

2.4. GC/MS Speciation Procedure
The flow sysem used by the
speciation method was similar to of
Figure 1, dightly altered to enable a
subsequent  derivatization reaction
with  propylmagnesum  chloride.
Thus, 5-25 mL of standards or water
samples containing 0.1-25 ng of lead
species (as lead) in 0.017 mol/L acetic
acid (pH 3.5) were fed into the system
and merged with a 3x10° mol/L
NaDDC stream to obtain neutra che-
lates that were retained on the
fullerene column (80 mg of Cg). Af-
ter preconcentration, an air stream
was passed through the column at 4.5
mL/min for 30 seconds in order to
remove residual aqueous phase from
the column and connections. In that
time, the loop of the elution vave was
filled with 200 nL of n-hexane (con-
taining 1 mg/mL of TeEL as interna
standard) by using a syringe that aspi-
rated the eluent from a bottle which
was tightly stoppered to avoid evapo-
ration losses of TeEL. On switching
the dution vave, the chelates were
eluted and the organic solution was
collected in a glass tube containing

anhydrous sodium sulfate. All subse-
guent reactions were carried out
manually.

A fraction of 90 nL of the n-
hexane extract was injected into a 2-
mL vial containing 70 nL of 2 mol/L
propylmagnesium chloride in diethyl
ether; the propylation reaction com-
pleted within 8 min of standing, after
which excess of Grignard reagent was
destroyed by adding 1 mL of 0.1
mol/L sulfuric acid to the 2-mL vid,
which afforded separation of the two
phases in a few seconds. A 1 nL ali-
guot of the upper (organic) phase was
then aspirated with a syringe and
manualy injected into the gas chro-
matograph. Relative area was used for
guantitation and a blank consisting
ultrapure water instead of sample was
also used. The Cg column was occa-
siondly flushed with IBMK and con-
ditioned with 200 nL of n-hexane.

3. Results and discussion

The speciation of organolead
compounds in water usualy sarts
with the liquidHiquid extraction of
tetraalkyllead (native) and ionic d-
kyllead-DDC complexes, which must
be conducted over a narrow pH range
in order to ensure efficient extraction
and is time consuming. The use of
small volumes of organic solvents for
preconcentration purposes hinders the
recovery of large enough diquots of
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the extract for derivatization; on the
other hand, the extensive manipula-
tion involved in transferring opera-
tions for subsequent reactions intro-
duce hazards through uncontrolled
evaporation losses® The shortcom-
ings of liquidiquid extraction can be
avoided or minimized by using a solid
phase extraction system as described
below.

3.1.0ptimization of the Screening
Method

Table 1

The proposed screening method is
based on the formation of the chelates
of inorganic lead and organolead
compounds with  diethyldithiocar-
bamate and their retention on a Cg
fullerene column. In this way the solid
phase extraction makes the method
sengitive enough to detect these com-
pounds in natural water by virtue of
the high preconcentration factors
achieved. Inorganic lead concentra-
tions are typicaly several orders of
magnitude greater than those of ionic

Chemical and flow variables of the atomic screening and GC/M S methods for inorganic

and alkyllead compounds

Variable

Optimum range

Selected value

Screening method

sample pH 0-5 ( Pb2+) (()p0|_|1:73 rsr;oI/L acetic acid
1-8 (akyllead) '
NaDDC (mol/L ) 1x 10—3_3x 10—3 3x 10—3
eluent (IBMK), nlL 100 100
sample flow rate (mL/min) 0.5-3.0 25
NaDDC flow rate (mL/min) 0.4 0.4
reaction coil length (cm) 100-200 150
amount of Cgq fullerene (mg) 50-230 160
GC/MS method
sample pH 15-8.0 0.017 mol/L acetic acid
(pH 3.5)
NaDDC (mol/L ) as in the screening method
eluent (n-hexane), mL 200 200
flow variables as in the screening method
Grignard reagent (2 mol/L 60— 80 70
propylmagnesium), nlL
derivatization time (min) 8-9 8
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alkyllead compounds in waters, so
positive results are easily obtained for
mixtures containing low ng/mL con-
centrations of al lead species. The
flow system was similar to one de
scribed  elsewhere”” and  optimized
with standard solutions of the analytes
(Pb**, TML*, DML?*, TEL®* and
DEL?) a a concentration of 10
ng/mL (expressed as lead) each. Ini-
tialy, 25 mL of standards in ultrapure
water (pH ca. 4) and 200 nL of n-
hexane (luent) were employed and
chemical variables were optimized by
using a flow system similar to that at
the top of Figure 1 which included a
column packed with 80 mg of Cg
fullerene. The optimum range of val-
ues and the selected values are listed
in Table 1. The effect of pH on che-
late adsorption was different in each
case; thus, adsorption was maximal at
pH 0-5 for Pb** and at 1-8 for a-
kyllead compounds. Formation of the
inorganic chelates prevailed over pro-
tonation of the ligand and Pb* hy-
drolysis below pH 0.5 and above pH
3, respectively, probably as a result of
the high adsorption constant for
fullerene? On the other hand, the
signa for akylleads decreased above
pH 8 as the likely result of the hy-
droxyl group competing with the re-
agent to form a hydrophilic compound
(Pb-trialkyl-OH, Pb-diakyl-
(OH),).%% Compared to conventional
liquid-liquid extraction with n-hexane,

the optimum pH range was fairly nar-
row (ca. 8-9) for most of the analytes
studied; also, the precision and recov-
ery were both low owing to the de-
composition of NaDDC and the ingta-
bility of the chelates in agueous me-
dia® The use of Cg, fullerene as sor-
bent overcame these shortcomings.
Isobutyl methyl ketone (IBMK)
and n-hexane were tested as €uents;
for inorganic lead, IBMK was the
most efficient (100% elution) as a
result of the high solubility of the
inorganic chelates in this solvent rela-
tive to n-hexane (65% elution). On the
other hand, the better choice (100%
elution) for akyllead chelates was n-
hexane; however, IBMK is equaly
usable for this purpose if the Cq col-
umn is preconditioned with n-hexane.
As the amount of inorganic lead in
environmenta samples is typicdly
severa orders of magnitude greater
than those of ionic akyllead com-
pounds,™® the optimal conditions for
inorganic lead were adopted in order
to increase the sendgtivity of the
screening method. Therefore, IBMK
was selected as duent, which also
ensured solubilization of other inor-
ganic complexes formed between
DDC and metds (viz. Cu*, Fe*)
present in real water samples. The
sample and reagent flow rates were
maintained a 2.5 and 0.4 mL/min,
respectively, to avoid sample dilution.
Formation of the chelates was instan-
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taneous, s0 the length of the reaction
coil was not a significant variable. A
volume of 100 nlL of euent provided
the highest analytical signa with no
carry-over. Under the selected condi-
tions, listed in Table 1, the blank (100
nL of IBMK) gave a negligible re-
sponse.

3.2. Sengitivity and Sdlectivity of the
Method

The screening method provides a
reliable response to lead species in
water thanks to the high sdlectivity of
the detector. However, it is impossible
to discriminate among them, so the
sengitivity of the method has to be
expressed as inorganic lead. A single
calibration graph was thus used for all
compounds, at a sampling time of 10
min (sample volume = 25 mL),

A =0.002 + 4.6 x 10° [Pb*]

where A is the absorbance difference
and [Pb?] is expressed in ng/mL. The
linear range was 1.5 — 50 ng/mL. The
detection limit, caculated as three
times the standard deviation of the
peak absorbance for 15 injections of
100 nL of IBMK (blank), was 1
ng/mL. The precison (as relative
standard deviation) was checked on
11 standards containing 5 ng/mL Pb*
and found to be 2.5%. In order to
increase the sengtivity of the screen-

ing method, higher sample volumes
were tested. Severa cdibration
graphs were run for 30, 40, 50, 70 and
100 mL of sample, using a constant
amount of Pb* between 35 and 1250
ng. These experiments alowed the
following conclusions to be drawn: (i)
the amount of Cg fullerene to be used
as sorbent is directly related to the
sample volume; (ii) a column of 1.1
cm x 3 mm, packed with 80 mg of
Ceo, dlows one to preconcentrate up
to 35 mL of sample (with larger vol-
umes signas drop as a result of the
chelates being eluted from the end of
the column). In order to increase the
sample breakthrough volume and
hence thus the sensitivity, longer col-
umns were tested; a 3 cm x 3 mm
column containing 230 mg of Cg
sufficed to preconcentrate up to 100
mL of sample. A Cq column contain-
ing 160 mg of sorbent was thus se-
lected for sample volumes of 50 mL;
the linear range and detection limit
thus achieved were 0.7-25 ng/mL and
0.5 ng/mL, respectively.

The influence of metas present at
significant concentrations in the water
that might react with NaDDC and
displace lead from the origina che-
lates was investigated in order to iden-
tify potentia interferences. Both
IBMK and n-hexane were tested as
duents. Maor dements commonly
found in waters (Ca&2", Mg®, Na', K*)
were discarded as they do not react
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with the chelating reagent; thus, only
trace elements such as Mn?, Co*,
Zn?t, Cu* and Fe** were studied, at
concentrations up to 10 ng/mL. None
of these metals was found to interfere
with the determination of 5 or 10
ng/mL Pb®* using IBMK and n-
hexane, respectively, at pH 3.5 (sam-
ple volume = 25 mL); by exception,
Fe* interfered a concentrations 10
and 4 times higher than that of Pb*
with IBMK and n-hexane, re-
spectively. As Fe* normally occurs at
concentrations 10-100 times higher

0.14

than that of Pb®" in water, different
masking reagents for the former were
tested including citrate, ascorbic acid,
ammonium thiocyanate and ammo-
nium acetate, all at concentrations of
0.1% (w/v), the sample pH being ad-
justed to 3.5 in al cases. The interfer-
ence of iron was experimentally
checked by using a hollow cathode
lamp for the metal to measure its sig-
nal in the IBMK or n-hexane euate
fraction. Citrate and ascorbic acid
provided the poorest results; ammo-
nium thiocyanate masked Fe* par-

e
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Figure 2

Sample pH

Effect of sample pH on the retention of lead species on Cg, fullerene. Sample volume,
5 ml containing 0.5 ng/ml of each organolead compound.
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tialy at concentrations up to 20 or 10
times higher than that of Pb*, and
ammonium acetate raised the tolerated
level of Fe* to 2 ng/mL for 5 and 10
ng/mL Pb® (with IBMK and n-
hexane, respectively). The interfer-
ence was avoided by virtue of Fe*
forming an iron(lll) acetate complex
which was not adsorbed on the Cg
column, so no iron signd was ob-
tained for the eluate fraction. The
selectivity was higher with IBMK
than with n-hexane as the likely result
of the higher solubility of the former.
The sdectivity can be increased by
preparing the samples in 0.1 mol/L
HNO;,? at the expense of hydrolysis
of organolead species to inorganic
lead; this poses no a serious problem
to the screening method but makes it
impossible to speciate organolead
compounds. The standard solutions of
lead species used in subsequent ex-
periments were thus prepared in the
buffer—masking solution of pH 3.5
(0.017 mol/L acetic acid).

Finally, an artificia rainwater™
(prepared by dissolving in Milli-Q
water the following high-purity salts:
NaCl, KCI, CaCl,- 2H,0, Mg(NOs),,
(NH,),S0O,) was spiked with 2 ng/mL
and showed no matrix interferences.

3.3. Optimization of the GC/MS
method

Once unequivocal information
about the presence of lead species in

the water samples is obtained with the
screening method, one mugt identify
the species actualy present. Speci-
ation requires using a chroma
tographic technique to separate each
compound. GC/MS was selected for
this purpose, even though it requires
prior derivatization of ionic alkyllead
compounds in order to make them
both volatile and thermally stable. A
Grignard reagent is used for this pur-
pose; specificaly, we chose propyl-
magnesium chloride as it provides
short retention times and acceptable
detection limits***® This type of re-
agent must be handled under inert
atmosphere as it is air- and moisture-
sengitive. Initialy, 40 nl of 2 mol/L
propylmagnesium chloride in diethyl
ether were placed in 2-mL viads and
tightly sedled under an argon amos-
phere. A flow system similar to that of
Figure 1 was employed. n-Hexane
was employed as duent here since
organolead-DDC complexes are more
efficiently eluted with it than with
IBMK. The sample pH was the first
chemical variable examined. For this
purpose, 5 mL of standard solutions
containing TML*, DML?, DEL? and
TEL" a concentrations of 0.5 ng/mL
each were aspirated into the system.
The standards were prepared at pH
0.5-10.0, which was adjusted with
dilute nitric acid or sodium hydroxide.
The results obtained are shown in
Figure 2. The optimum pH range was
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quite wide for al compounds, being
nearer to the acid region for both dial-
kyl species. The signal decreased in a
strong acidic medium through decom-
position of the organolead species to
inorganic lead. This effect went unno-
ticed in the screening method as it
only provided a globa response. In an
alkaline medium, hydroxyl ions com-
peted with the chelating reagent and
decreased the relative area of the
chromatographic peak for 4l
compounds. Inorganic lead was not

0.06

included in this study because all or-
ganolead compounds tended to dis-
proportionate to Pb*,® so it was a-
ways detected as tetrapropyllead in
addition to the native amount present
in the water samples. As a result, the
corresponding signal fell outside the
chromatogram for this organometallic
derivative. On the other hand, the
signal for inorganic lead from decom-
posed organoleads peaked below pH 5
(Figure 2) and increased beow pH 2,
where degradation of organolead

AN
0.05 / \
/ \
/ \
0.04 - / \
8 / . Pb’
@ i ~
2 003 / o "~
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Figure 3

Influence of the time in the derivatization reaction of lead species with propylmagne-
sium chloride. Sample volume, 5 ml containing 0.5 ng/ml of each organolead com-

pound.
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compounds was more marked.

The derivatizing reagent (10-80
nL of 2 mol/L propylmagnesium in
diethyl ether) was added to 2-mL vials
under an argon atmosphere; a volume
of 90 nL of the duate from the Cg
column was injected into each via as
shown in Figure 1. The peak area
remained virtually constant above 60
nL; a volume of 70 nL was thus se-
lected in order to ensure thorough
propylation of ionic organolead com-
pounds. The reaction time was aso
varied by alowing the vial contents to
stand for 5 to 15 min before excess of
Grignard reagent was removed. As
can be seen in Figure 3, quantitative
derivatization of al compounds (in-
cluding inorganic lead owing to par-
tial degradation of organoleads) was
achieved a 89 min, beyond which
the signal decreased as a result of the
derivative compounds (in the upper
part of the vials) reached the head-
space owing to their high volatility.
Once thermodynamic  equilibrium
between organic and argon phases
insde the 2-mL vial was achieved,
analyte signals remained constant.
After the derivatization reaction, ex-
cess Grignard reagent was removed
by adding 1 mL of 0.1 mol/L sulfuric
acid.

The effect of other chemica vari-
ables such as the concentration of
NaDDC, and that of the flow vari-
ables, was the same as in the screen-

ing method (see Table 1).The euent,
n-hexane, also contained the internal
standard (1 ng/mL of TeEL).

3.4. Analytical Features of the GC/MS
Speciation Method

The high sengitivity of the GC/MS
method and the ubiquity of or-
ganolead compounds can impose se-
vere blank limitations in speciation
analyses for these lead species. In
previous work,'*® DEL* and/or
TML™ were found to contribute to the
blank signal, which was ascribed to
the amospheric contamination, the
glassware and the Grignard reagent
used. In this work, contamination due
to air and glassware was minimized
by performing the extraction and
preconcentration steps within a flow
system (consisting of PTFE material);
only the derivatization step was con-
ducted in open glass vials, as can be
seen from Figure 1, however, the resi-
dence time of the organic extract in
the glass tube (air—exposed) was
minima and the via containing the
PrMgCl was sedled under an argon
atmosphere. Therefore, the main con-
tribution to the blank signa must be
that of the Grignard reagent. In order
to evauate it, aiquots of 90 nl of the
blank €luate from the Cg column
(ultrapure water as sample) were in-
jected into the vids containing vari-
able amounts of the derivatizing re-
agent. The variation of the relative
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area with the PrMgCl concentration
fitted a straight line passing through
the origin for DML?* aone, which
confirms that the impurities are due to
the Grignard reagent and rules out any
other contributions. In order to deter-
mine both the magnitude and the re-
producibility of the impurity under the
optimized conditions, 11 blanks of
ultrapure water were processed and
injected in a vial containing 70 nlL of
Grignard reagent. As aresult, asigna
distinguishable from  background
noise and reproducible within it was
obtained in the DML?*" region. Such a
contribution must therefore be taken
into account in establishing the re-
gression eguation for DMLZ*. No
correction was needed for the other
lead species.

By using the manifold depicted in

Figure 1 and the conditions given in
Table 1, several calibration curves for
al the organolead compounds were
run. The figures of merit of the cali-
bration graphs are summarized in
Table 2. Based on the cdibration plot
for DML?, the contribution of the
blank was about 20 ng/L. Detection
limits (calculated as three times the
standard deviation of background
noise) ranged from 4 to 15 ng/L. The
precison of the GC/MS method, ex-
pressed as relative standard deviation
(RSD), was checked on 11 individual
samples containing 0.5 or 1 ng/mL of
the analytes and was found to be ca.
6% (within-day). As can be seen, the
sengitivity (dope of the regression
equation) of the method is very high
and the detection limits are compara-
ble to those of conventional GC/MS

Table 2
Analytical figures of merit for the speciation of organolead compounds (sample volume,
5mL)
Compounds m/z? Regression equation ° Li?r(]ag/rnr]ir;ge (ng?rlT_1L) ?02')3
™ L+ 253 Y=5.8><10_4 + 2,9><10'2 X 0.04-4 0.010 6.1
DML2+ 281 Y=5.1><10_4 + 5,9><10'2 X 0.02-2 0.008 5.8
TEL+ 309 Y=8.2><10_4 + 4,1><10'2 X 0.02-3 0.004 5.6
DEL2+ 251 Y=1.7><10_3 + 2.1><10_2 X 0.05-5 0.015 59
Pb2+ 251 Y=27x 10—2 + 286X 0101: 7154 0.008 51

Y=0.352 + 13.25x10 X
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methods (2—4 pg), which use sample
volumes of 100-500 mL.>® The
highest sengitivity for organolead
compounds was obtained with |CP-
MS (detection limits, 0.7 pg/s) and
MIP-AES (detection limits, 0.1-1
pg).2 With the proposed method, de-
tection limits at the pg level were also
obtained for 5 mL of sample that can
be improved by using higher sample
volumes. Thus, with 25 mL of sam-
ple, the sendtivity is five times
higher; also, detection limits are 1-4
ng/L under these conditions.

Two calibration graphs were ob-
tained for each lead species that ex-
hibited differentiadl  dopes, linear
ranges, etc; however, only the most
sengitive are included in Table 2 ow-
ing to the low species levels present in
the real samples. By contrast, inor-
ganic lead was present at high concen-
trations in all real samples, so both of
its calibration graphs are included in
the Table.

3.5. Analysis of Rainwater

The proposed method was use to
analyse three types of rainwater.
Samples were collected a different
locations in north-western Spain (viz.
a an urban park, in the neighbour-
hoods of a petrol station and in an
industrial area) after a dry period of
1-2 months. In order to ensure no
interferences with the screening and
speciation methods samples (refriger-
ated at 4 °C or below and kept in the
dark inmediately upon collection until
analysis) were prepared in 0.017
mol/L acetic acid by adding 1 mL of
17.5 mol/L (glacial acetic acid) to 1 L
of rainwater and analysed as soon as
received.

Firstly, a volume of 50 mL of
each water was aspirated into the flow
screening manifold. As the three rain-
waters gave positive responses, the
speciation method was then applied to
discriminate if the signa cor-

Table 3

Results of the analyses of rainwater samples from an urban park (1), the neighbour-
hood of a petrol station (2) and an industrial area (3). Sample volume, 25 mL

Concentration found (ng/L)

sample ™L" pmLZ
1 <2 70+5
2 <2 100+ 6
3 <2 30+3

TEL" pELZ* P2t
140+ 8 80+5 1350+ 100
125+ 6 100+7 74050
30+2 40+3 1010+ 70

+ Standard deviation, n = 6.
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rainwaters

responded to inorganic lead or the
samples aso contained organolead
compounds. For the speciation
method 25 mL of rainwater were
enough due to its high sensitivity. The
results obtained are listed in Table 3.
The speciation method alowed the
individual identification and quantita-
tion of all lead species presented in
the sample. As can be seen, TML"
was the only organolead species that
went undetected, probably as a result
of environmental degradation to
DML? and Pb*. All other species
were detected, their concentrations

A =l [B =gl
B mipy | Pamed
¥ I [Fi g

ELBaE

M‘EJM__ |

being maximal in the area near the
petrol station (surprisingly, concentra-
tions were lower in the industria
area). Inorganic lead was found in al
water samples, at concentrations one
order of magnitude higher than a-
kyllead species, which is consistent
with their eventua environmenta
degradation to Pb®*. Inorganic lead
concentrations included the contribu-
tion of Pb* (native) in the water and
Pb?" resulting from decomposition of
the organolead compounds during
derivatization. Figure 4 shows the
chromatogram for rainwater 2, where
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Figure 4. Chromatograms of the ion currents at m/z values selected for specific monitor-
ing of (@) DML?" propylated derivative, (b) TEL" propylated derivative, (c)
DEL?" propylated derivative and (d) Pb* propylated derivative, all detected in a
rainwater from a petrol station, by using a sample volume of 25 ml.
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DML?%, TEL*, DEL? and Pb* (traces
shown) were detected (see Table 3).

The blank sample was an artificia
rainwater™ prepared in 0.017 mol/L
acetic acid (pH 3.5). The blank sam-
ple was andysed the gpeciation
method. Only the peaks for TeEL (an
internal standard spiked to the eluent)
and DML? impurities (from the
Grignard reagent) were detected; the
size of the former was similar to that
obtained for the real rainwater sam-
ples, thus confirming that the presence
of TeEL in the rea samples originates
mainly from the internal standard
used.

4, Conclusions

An automatic and robust sample
screening system which provides a
reliable response to one or severa
lead species with no sample treatment
was developed; the binary response is
related to the detection limit of the
method (0.5 ng/mL). If a positive
result is obtained, the sample con-
cerned is analysed with the speciation
method, which discriminates among
the lead species at the picogram level.
The speciation method cannot be fully
automated owing to the specia re-
guirements of the Grignard reaction
(an inert amosphere). Obvioudy,
with an easily handled derivatizing
reagent available, the method could
have been completely automated.

Alternatives to Grignard reagent
should thus be found in order to in-
crease the volatility and stability of
these  organometalic  compounds.
Finaly, athough GC is the most wide
used technique for this purpose as it
provides higher sensitivity and resolu-
tion than HPLC, it should be noted
that the presence of the organolead
derivative dramaticaly shortens the
lifetime of the chromatographic col-
umn (about four times) relative to
other pollutants (e.g.. phenaols, pesti-
cides, PAHS).
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A Fast Unit for the Smultaneous
Preconcentration and Derivatization of lonic Alkyllead
Species, Followed by GC/M S Deter mination

Josefa R. Baena, M ercedes Gallego and Migud Valcarcd,
Analytical Chemistry Division, University of Cordoba, Cérdoba, Spain.

Abstract

The speciation of inorganic lead and organolead compounds in waters
can be implemented by using a solid phase extraction unit in which the analytes
were sorbed on Cg, fullerene and then euted with n-hexane; however, derivatiza-
tion with Grignard reagent requires manual operations. This paper examines the
potential of sodium tetra-n-propylborate as derivatising reagent, which is easier
to handle than Grignard reagents, with a view to the complete automatization of
the previous method. Experiments were conducted in order to reduce the analysis
time and improve the efficiency and robustness of the automatic unit with mini-
mal costs. The proposed method was used to monitor lead species in rainwater by
GC/MS.
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1. Introduction

Organolead compounds enter the
atmosphere mainly via incomplete
combustion or evaporation of both
anti-knocking and leaded gasoline
Most of them are volatile and more
toxic than inorganic lead compounds;
also, they exhibit variable effects on
higher and lower species? Or-
ganometalic contaminant analyses in
the environment require complex
procedures involving various steps
such as extraction and purification,
which enable discrimination among
the different forms of a metal. Speci-
ation analyses are usualy performed
using a chromatographic separation
technigue such as gas chromatography
(GC) or liquid chromatography prior
to application of an dement-selective,
sensitive detection method.*® GC is
unmatched in terms of resolution and
sengitivity of available detectors but
requires preliminary derivatization of
ionic akyllead species to render them
sufficiently volatile and thermally
stable to be separated. The most
common derivatization methods for
these compounds involve the use of a
Grignard reagent, following chelation
and extraction into a water-free sol-
vent, under an inert atmosphere.®® In
situ derivatization in an agueous me-
dium is possible using sodium tetra-
ethylborate;>*® however, this reagent
only discriminates methylated species.
Sodium tetra-n-propylborate (NaBPr,)

and tetrabutylammonium tetrabutyl-
borate, both only recently synthesized,
alow maor akylleead compounds to
be derivatized in an agueous me
dium. 2

A simple flow system for the con-
tinuous preconcentration of or-
ganolead compounds onto a Cg
fullerene sorbent column was reported
elsewhere where euted andytes are
manualy derivatized with propyl-
magnesium chloride prepared under
an argon atmosphere; speciation is
accomplished by using a gas chro-
matograph — mass spectrometer com-
bination.” This paper reports a simpli-
fied flow system for sample pretreat-
ment in which ionic akyllead species
are separated from the matrix by using
a Cg fullerene column and then €uted
with n-hexane containing NaBPr, as
derivatising reagent. The automatic
unit is highly robust and features a
reduced total anaysis time for lead
species. The proposed method for
lead speciation was successfully ap-
plied to rainwater obtained from vari-
ous urban aress.

2. Experimental
2.1. Chemicals and reagents

Stock solutions of trimethyllead
(TML") acetate and triethyllead
(TEL™) chloride were prepared by
dissolving appropriate amounts of the
respective salts (Alfa, Barcelona,
Spain) in Milli-Q H,O (18 MW). Di-
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methyl and diethylleed (DML* and
DEL?") choride were synthesized by
reacting TML™ and TEL" with iodine
monochloride as described ese
where™® All stock solutions were
stored in the dark at 4 °C. Working
standard solutions of lower concentra-
tions were prepared daily by appro-
priate dilution in 17 mM acetic acid
(pH 3.5). Aqueous solutions of 3 mM
sodium diethyldithiocarbamate
(NaDDC), 100 ppm tetraethyllead
(TeEL) in n-hexane (Sigma-Aldrich,
Madrid, Spain) and 1.2 M sodium
tetra-n-propylborate (NaBPr,) in etha
nol (Gaab, Geesthacht, Germany),
were also prepared.

2.2. Instrumental

A model GC8000/MD800 GC/MS
system from Thermo-Quest (Madrid,
Spain) with electronic pressure con-
trol was used at its normal settings for

separation/determination  of  derivat-
ized ionic akyllead species. The ana-
Iytical column (30 m x 0.25 mm i.d.,
0.25 mm HP-5-MS) was connected to
the transfer line (at 250 °C). The sys-
tem was operated in the constant-flow
mode (0.9 mL/min), using helium as
the carrier gas. The GC temperature
programme was as follows. initial
temperature, 50 °C; hold for 3 min;
ramp, 15 °C/min to 250 °C. The injec-
tion port and ion source temperature
were maintained at 200 °C. The mass
spectrometer was used in the eectron-
ionization mode, over the scan range
m/z 70-500. The sample volume (1
nmL) was injected in the split mode
(1:25) and three characteristic ions per
analyte were monitored (including the
mvz for lead and that [M-CH3]" or [M-
C,Hs]" ion) for identification/ quanti-
fication (Table 1).

Tablel
Ouantification of 1onic Alkvllead Comnotinds®

T™LY DML* TEL" DEL*
Retention time (min) 6.4 8.9 10.2 11.1
m/z selected® 253, 281 281, 309 237, 309 251, 322
Detection limit (ppt)© 6 12 4 8
Linear range (ppb)© 0.02-4 0.03-2 0.01-2 0.03-4
Correlation coefficient (r%) 0.999 0.997 0.995 0.996
Precision (RSD, %) 5.1 36 43 45

@ Internal standardization used (TeEL, tg = 9.3 min, m/z = 237). ® Each derivative was also
identified at m/z 208; quantification mass in italics. © Sample volume, 5 mL.
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2.3. Design of the solid phase extrac-
tion and derivatization system

The preconcentration/ derivatiza-
tion unit was laboratory made and
specialy designed for the require-
ments of ionic alkyllead speciation by
GC/MS. The sorbent column was
made from PTFE capillaries of 3 mm
i.d. that were packed with 80 mg of
Ce fullerene (Dynamic Enterprises
Ltd, Berkshire, England). Only one
solid phase extraction (SPE) unit for
preconcentrating ionic akyllead spe-
cies had so far been reported,” even
though this separation technique is
commonly used to preconcentrate and
clean up organic compounds prior to
their determination by GC with excd-
lent selectivity, precision and sensitiv-

N

Sample

ity. In this work, ionic akyllead com-
pounds in an acetic medium are
sorbed as  diethyldithiocarbamate
complexes on a Cg fullerene column
located in the loop of an injection
vave, (IVy in Figure 1) and subse-
quently eluted with n-hexane. Auto-
matic derivatization was accom-
plished by spiking the derivatising
reagent (24 mM NaBPr,) to the eluent
(containing the internal standard,
TeEL). The purified extract (200 ni.)
was collected in a stoppered glass vial
where the propylation reaction com-
pleted within 3 min of standing (Fig-
ure 1). A 1 niL diquot was then in-
jected into the gas chromatograph. A
blank consisting of ultrapure water
instead of sample was used, and the

Pump

NaDDC

Waste

Eluent/
Derivatising
reagent

&

Figure 1

1V, IV,
v Waste

Cgo Sorbent column

------------- GC-MS

3 min

Schematic of the automatic system for the preconcentration/ derivatization of ionic

akyllead compounds
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Cs column was occasionaly (viz. at
the end of a day’ work) flushed with
isobutyl mehyl ketone and condi-
tioned with n-hexane.

3. Results and Discussion

3.1. Derivatization of ionic alkyllead
species

Experiments  involving  various
organic solvents as eluents (viz. n-
hexane, ethyl acetate, chloroform and
petroleum ether) were performed in
order to evauate the solubility, stabil-

ity and efficiency of NaBPr; in the
derivatization of ionic alkyllead com-
pounds. Eluents were saturated with
the derivatising reagent to ensure the
highest possible yidd in every case
and TeEL was spiked as interna stan-
dard. As can be seen from Figure 2,
maximal yields for di- and tri-
alkyllead species were achieved with
n-hexane as euent/derivatisng me-
dium; in addition, this solvent gave
cleaner chromatograms than other
more polar solvents tested. Increasing
the solvent polarity decreased the

3.0

2.0

1.0

0.6

Relative area

0.4

0.2

TML+
Il DML2+
[ | . TEL-

DEL2+
I Ph2+

0.0
n-hexane

Figure 2

ethyl acetate

chloroform  petroleum ether

Comparison of signals for ionic akylleads as a function of the eluent saturated with

derivatising reagent (NaBPr,)
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efficiency of the dution/derivatization
process, especially for TML™; also, it
resulted in higher degradation of the
organoleads (petroleum ether ex-
cepted) to inorganic Pb®*, which was
detected as a tetrapropyllead deriva-
tive. The preconcentration of agqueous
standards containing di- and tri-
alkyllead compounds, and their sub-
sequent  elution/derivatization in the
absence of the internal standard
(TeEL) posed little problem; however,
when tetraethyllead was present in the
extract injected into the GC/MS, the
peak for TEL" increased and a new
peak at 10.5 min corresponding to the
methyldiethyllead derivative appeared
(see in Figure 3), which we suspected
was due to the internal standard. For
confirmation we used an agueous
standard containing only TML", and
TeEL in the dluent; in this case, the
peaks for TEL" and methyldiethyllead
were also observed. We can therefore
conclude that TEL®™ resulted from
degradation of TeEL (Figure 3a) and
methyldiethyllead from a transakyla-
tion reaction” ** involving TML* and
TeEL (Figure 3b). Ultrapure water
must thus be used as blank to check
for degradation of TeEL. Degradation
of TeEL and the extent of the transal-
kylation reaction increased relative to
n-hexane when chloroform was used
as eluent (followed by ethyl acetate
and petroleum ether).

The instability of NaBPr, when
exposed to air (particularly when the
commercial bottle was opened more
than 10 times) precluded its use for
saturation of the n-hexane duent; in
addition, sodium tetraalkylborates are
scarcely soluble in akanes.™ In order
to solve this problem and simplify
handling of the reagent, tetrahydrofu-
ran (THF), which was recently re-
ported to be an effective solvent for
preparing NaBPr, solutions stable for
a least 1 month* was used. On the
other hand, polar solvents which in-
crease the solubility of NaBPr,, hinder
eution of organolead compounds.
Taking into account these opposite
effects, smal volumes (100 ni) of
concentrated solutions (1.2 M) of
NaBPr, in THF or ethanol were added
to larger volumes (5 mL) of n-hexane,
and the resulting solutions were used
as duent/derivatising media. As ex-
pected, signas decreased with in-
creasing polarity of the second sol-
vent, so TML" recoveries were sig-
nificantly lower than with pure n-
hexane saturated with NaBPr,, the
effect being even more marked for
THF. The €luent, 24 mM NaBPr,
(derivatising reagent) in 2:98 (v/v)
ethanol-n-hexane containing TeEL as
internal standard, yielded recoveries
of 95% for dl the ionic akylleads
except TML", which was recovered
by only 70% reative to the signals
obtained with pure n-hexane saturated
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Chromatograms for the ion currents at m/z 208 used to monitor al propylated spe-
cies. (a) Ultrapure water blank; (b) agueous standard solution of 0.5 ppb TML™; (c)
agueous standard solution containing 0.5 ppb TML*, DML?", TEL* and DEL*"; and
(d) rainwater from the vicinity of a petrol station in northern Spain. Eluent: n-
hexane saturated with NaBPr, containing 0.5 ppm TeEL.

with NaBPr; as eluent. Accordingly,
in order to diminish deterioration of
such an expensive reagent on succes-
sive exposure to air, minimize costs
and smplify handling (viz. avoiding
working under inert amosphere)
NaBPr, was prepared in ethanol, in
which it remained stable for at least 1
month. Once spiked to the duent, the
reagent only remained stable for 1 day

because it was degraded to a diborane
compound that exhibited a sharp peak
a 9.6 min in the chromatogram.
Variable concentrations of the
derivatising reagent were tested by
adding between 10 and 150 i of 1.2
M of NaBPr, (in ethanol) to 5 mL of
eluent (n-hexane), aways keeping the
ethanol content in the eluent constant.
Very similar, optima chromatograms
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(with  minimal backgrounds) were
obtained a volumes of the derivatis-
ing reagent above 100 L. Findly, we
examined the influence of time on the
derivatization reaction by alowing the
stoppered vial contents to stand for
several minutes prior to injection into
the GC/MS. All ionic akyllead com-
pounds required standing for at least 3
min; however, above 5 min, peak
areas decreased as a result of the de-
rivatives reaching the headspace ow-
ing to their high volatility.

3.2. Features of the proposed auto-
matic method

lonic akyllead compounds were
guantified by GC/MS, using TeEL as
internal standard (1S); however, be-
cause it was less efficiently sorbed on
Ceo as it did not react with NaDDC to
form a chelate, it was directly spiked
to the euent/derivatising mixture
reagent. On the other hand, the ubig-
uity of organolead compounds can
impose severe blank congtraints in
speciation analysis, thus, in previous
work,® DEL? and/or TML® were
found to contribute to the blank sig-
nal, which was ascribed to amos-
pheric contamination, the glassware
and the Grignard reagent. In previous
experiments we showed PrMgCl
(Grignard reagent) to contribute to the
blank signal for DML?" species. In
this work, contamination due to air,
glassware and reagents was mini-

mized by performing the preconcen-
tration and derivatization steps within
a flow system (consisting of PTFE
material). Degradation of the IS (Fig-
ure 3a) to TEL® was corrected by
using ultrapure water as blank. Rele-
vant data, including linear ranges and
detection limits (defined as three
times the standard deviation of base-
line noise divided by the sendtivity)
are listed in Table 1. Replicate analy-
ses (n = 11) of a mixed standard solu-
tion were conducted to assess the
precision of the method, which was
estimated to be 4-5%.

Omitting the inevitable differ-
ences in the condition of the analytical
GC column, detection limits (DLS)
between 4 and 12 ppt were easily
achieved by using 5 mL of sample
that can obvioudy be improved by
using 25 mL of sample; by contrast,
comparable DLs in conventiona
batch GC/MS methods require using
large sample volumes (100 — 500
mL). Similar DLs can aso be ob-
tained with more senstive detectors
for organolead compounds, viz. ICP-
MS (DLs, 0.7 pg/s) and MIP-AES
(DLs, 0.1 — 1 pg), but using large
sample volumes and tedious sample
preparation procedures.’’

3.3. Applicability of the proposed
GC/MS method to rainwater

The applicability of the proposed
method to rainwater samples collected
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Table2
Quantitative analysis of rainwater®

Concentration found (ppt)®

Sample®© TML" DML* TEL* DEL?
1 <1 40+ 2 80+5 60+ 4
2 <1 75+ 4 95+5 80+5
3 <1 90+5 110+ 6 100 + 6
4 <1 10+ 1 34+2 36+3
5 <1 25+ 2 36+2 50 + 4
6 <1 60+ 4 75+5 70+ 4

@ Sample volume, 25 mL. ® + Standard deviation (n = 6). © Samples from an
urban park (1,4), industrial area (2,5) and the vicinity of a petrol station (3,6)
collected in northern (1-3) and southern Spain (4-6).

a different locations in northern and
southern Spain was anadysed. The
results are listed in Table 2. TML"
was the only ionic alkyllead species
not detected (not even by using 50 mL
of sample), probably as a result of
environmental degradation to DML
and Pb?. The chromatograms exhib-
ited three peaks that were identified
by ther m/z values (Table 1) as
DML*, TEL* and DEL*. An addi-
tional peak was identified as the me-
thyldiethyllead derivative, but it could
not be quantified as there was no ex-
ternal standard available for this com-
pound; it was found to be native in the
samples as the transalkylation reaction
in the system was not possible be-
cause TML" was absent from them.
Inorganic lead was aso detected in all
water samples (as PbPry), a concen-
trations one order of magnitude higher

than akyllead species, which is con-
sistent with their potentid environ-
mental degradation to Pb?". By way of
example, Figure 3(d) shows the chro-
matogram for a rainwater sample. An
artificial rainwater sample prepared as
described  elsewhere®  exhibited no
matrix interferences as only the peaks
for TeEL (I1S) and TEL" (from TeEL
degradation) were detected, similarly
to an ultrapure water blank (see Fig-
ure 3a).

Conclusions

Organometallic speciation is fre-
quently required in environmental
analyses, however, dl reported meth-
ods for this purpose involve liquid-
liquid extraction, clean-up and deri-
vatization steps, which are time-
consuming. The proposed method
demonstrates the possibility of using a
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simple unit for sample preparation.
Based on our results, the following
conclusions can be drawn:
The proposed automatic method
is the smplest of all available for
ionic alkyllead speciation as it en-
ables sequential preconcentration,
clean-up and derivatization with

The method should alow the
preconcentration/derivatization of
other types of organometalic
compounds and environmenta
matrices (air, atmospheric particu-
lates), and be amenable to use
with more sendtive detectors
(ICP-MS, MIP-AES).

minimal sample manipulation,
which ensures a high accuracy
(minimal contamination/l0sses)
and an also high throughpui.

Finally, the organoleads dramaticaly
shorten the lifetime of the GC column
relative to other contaminants such as
pesticides or PAHSs.

Our experiments show that the
combined use of the automatic
unit and GC/MS detection is a
powerful means of screening wa-
ter samples for the presence of
ionic akyllead species and to
identify them when no reference
compounds for use as externa
standards are available.
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Capitulo V. Influencia del detector del cromatdgrafo de gases en la especiacion de plomo

ESPECIACION
FULLERENO C,,

> DERIVADO DEL
AUTOMATIZACION DE FULLERENO
LA DERIVATIZACION

La gran variedad de metodologias orientadas a la determinacion de las
especies entre las que se digtribuye d plomo en muestras medioambientales
implica e empleo de diversas herramientas. MUltiples opciones de tratamiento de
muestra, técnicas de separacion y sistemas de deteccion se ofrecen a analista,
gue no siempre dispone de todos los elementos necesarios para extraer la
informacion sobre las posibilidades précticas de cada sistema. Con € objetivo de
establecer una comparacién sistematica entre distintos sistemas de deteccién, en
este Capitulo se describe € andlisis de la especiacion de plomo en muestras de
agua de lluvia, empleando para ello d mismo sistema de tratamiento de muestra
en continuo descrito en € apartado anterior de la Memoria. Los analitos,
preconcentrados sobre Cq y derivatizados en € sistema automatico en las
mismas condiciones experimentales, se inyectan en un cromatégrafo de gases
acoplado a tres detectores distintos. MS, MIP-AES e ICP-TOFMS. Las
caracterigticas andliticas, asi como las ventgjas e inconvenientes précticos de
cada uno de ellos son resaltados.
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Anal. Chem. 2001, 73, 3927 — 3934 M m
CHEMISTRY,

Comparison of Three Coupled Gas
Chromatographic Detectors
(MS, MIP-AES, ICP-TOFMYS) for
Organolead Speciation Analysis

Josefa R. Baena, M ercedes Gallego and Miguel Valcarcel
Analytical Chemistry Division, University of Cdrdoba,
E-14071 Cordoba, Spain

Joeri Leenaers, Freddy C. Adams
Department of Chemistry, University of Antwerp (UIA),
Universiteitsplein 1, 2610 Wilrijk, Belgium

An automatic unit for the screening of rainwater is used for the determination of
organolead compounds using different detectors coupled to a gas chromatograph. A sys-
tematic overview is given of the advantages and disadvantages of severa detectors (elec-
tron ionization mass spectrometry, EI-MS, microwave induced plasma atomic emission
spectrometry, MIP- AES, and inductively coupled plasma time-of-flight mass spectrome-
try, ICP-TOFMS) for the speciation of organolead compounds on the basis of sensitivity,
selectivity and reliability. Cq fullerene and RP-C,g were used as sorbent materials for
these compounds. The primary assets of the fullerene sorbent compared to C,g sorbent are
high sensitivity and selectivity, resulting from efficient adsorption due to large surface
area and interstitial volume. Among the detection systems GC/ICP-TOFMS is the most
sensitive, with absolute detection limits of ca. 15 fg of organolead compounds (as lead)
using 5 mL sample volumes. Except for diethyllead, similar sensitivities were obtained
by MIP-AES. GC/MS isintrinsically the most specific option, as the species are detected
directly from molecular information. The precision is similar for al detectors. The
screening of rainwater from different locations showed that samples collected in coun-
tries in which leaded gasolines are now banned contain organolead species at concentra-
tions below 2 pg/mL, levels that can only be detected for sample volumes of 25 mL and
using MIP-AES or ICP-TOFMS as detectors, their determination being impossible by
GC/MS.
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1. Introduction

Elemental  speciation analysis
became an important subject of ana-
Iytica chemistry research mainly as a
result of the growing environmenta
concern that the toxicity and mobility
of dements depend on their chemical
form.* For instance, the organometal-
lic form of an element usudly has a
higher toxicity than its inorganic
form;?> even in the case of arsenic,
which trivalent methylation interme-
diates are specially toxic.?

In this context, the speciation of
organolead compounds has specia
relevance, since they are used world-
wide as antiknocking agents in gaso-
line and are thus discharged in enor-
mous quantities into the atmosphere.*
The determination of individual or-
ganolead species requires the separa-
tion of the compounds and ther
measurement with highly sengtive
detection techniques able to perform
analyses at the ng/L level. Thisgod is
achieved by coupling powerful chro-
matography techniques with sensitive
and specific detection systems based
on electron impact ionisation mass
spectrometry (EI-MS),>” atomic ab-
sorption spectrometry (AAS)2° in-
ductively coupled plasma or micro-
wave-induced plasma atomic emis-
sion spectrometry (ICP-AES °** or
MIP-AES **™) or inductively cou-

pled plasma mass spectrometry (ICP-
M S).2’15_17

In general, gas chromatography
(GC) is superior to liquid chromatog-
raphy with regards to resolution, and
very often aso in terms of separation
time and sengtivity,! but organolead
compounds occurring as sats, need to
be derivatized into a volatile and ther-
maly dsable form prior to their
separation by GC. Derivatization
methods are of two distinct types:
those based on the use of tetraalkyl-
borates (ethylation,’®** butylation**%
or propylation*”*), and those apply-
ing alkylation through Grignard re-
agents® ® % 2 |n both cases, an ex-
traction step is needed, completed by
a series of clean-up operations which
lengthen the analysis time. Hence, a
lot of efforts regarding sample prepa-
ration procedures have been focused
on shortening the duration of the ma-
jor steps (extraction, derivatization)
and reducing the overall number of
individual steps® To implement this
idea, flow injection (FI) systems arise
as a promising option in sample
preparation for speciation analysis.**
Up to now only one Fl system for the
continuous preconcentration of or-
ganolead compounds has been re
ported.® It is based onto a Cg
fullerene sorbent column and deri-
vatization of the eluted analytes with
a Grignard reagent in an argon at-
mosphere, the measurement being
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accomplished by GC/MS. The Grig-
nard derivatization method was sur-
passed by the introduction of a
tetraalkylborate  reagent  (sodium
tetrapropulborate, NaBPr,;) that can
be directly spiked to the duent in a
sample preparation that can be com-
pletely automated.”

Many reviews on speciation
analysis of organometalic com-
pounds can be found in the litera
ture2®% They include the use of
different detection techniques and
various methods for sample pretreat-
ment and preconcentration and pro-
vide presently available knowledge
on the actua state-of-the-art of many
methods with the main advantages
and pitfals under specific working
conditions. The present paper pro-
vides a critical comparison of 3 gas
chromatographic detectors (EI-MS,
MIP-AES and ICP-TOFMS), using
the same sample preconcentra-
tion/derivatization system’ for the
speciation of organolead compounds
in ranwater and describes the ana
Iytical figures of merit and the rele-
vant points to take into account when
working with these particular detec-
tors. The advantages of the automatic
solid phase extraction versus manual
liquid-liquid extraction are also dis-
cussed.

2. Experimental section
2.1. Apparatus

The samples were preconcen-
trated and derivatized using a flow
system consisting of a Minipuls-2
peristatic pump (Gilson, Villiers-le-
Bel, France) furnished with polyvi-
nylchloride pumping tubes, two injec-
tion vaves (Rheodyne, Cotati, CA)
and PTFE tubing (0.5 mm i.d.) for
coils. The sorbent column is labora-
tory-made using PTFE capillaries (3
mm i.d.) packed with 80 mg of Cg
fullerene or RP-C;g and sealed with
small cotton wool beds to prevent loss
of sorbent material.

Capillary GC employing a
HP-1 column (25 m x 0.32 mm i.d. x
0.17 pm film) coated with 100%
cross-linked dimethylpolysiloxane
(Supelco, Madrid, Spain) was applied
for separation of the species. Ul-
trapure grade helium (99.9999%) was
used as carrier gas for the GC/MS
system (Air Liquide, Sevilla, Spain)
and for the GC/MIP- AES system
(L’ Air Liquide, Liége, Begium). In
the case of GC/ICP-TOFMS, the
carrier gas was hydrogen (99.9997%
containing 0.1% xenon (99.995%
purity) obtained also from L’Air Lig-
uide.

The separation-detection  of
the organolead compounds was done
using the analytica systems summa-

rised in Table 1. A Fisons
GC8000/MD800 gas  chromato-
graph/electron impact mass spec-

trometer (Thermo, Madrid, Spain) is
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based on a quadrupole analyser and a
photomultiplier detector; instrumental
control and data acquisition were
done using Masdab software (aso
available from Thermo). A HP Model
5890 Series Il gas chromatograph
(Hewlett- Packard, Palo Alto, CA,
USA) is hyphenated with a HP Model
5921 A aomic emission detector
(AED) and governed via HP 5895 A
GC ChemStation with HP 35920 A
GC-AED software. A CP 9001 gas
chromatograph (Chrompack, Bergen
op Zoom, The Netherlands) equipped
with an air-cooled on-column injec-
tion system is hyphenated with the
ICP torch of acommercialy available
Renaissance ICP-TOFMS system
(LECO Corporation, St. Joseph, M,
USA), via an in-house constructed
heated transfer line? Data were re-
corded using Renaissance software
(LECO) and Origin Professional 6.0
Software (Microcal Software Inc.,
Northhampton, MA, USA). Injection
of the analytes was done by means of
a narrow tip Hamilton 75N syringe (5
pL, Chrompack).

2.2. Reagents

Ceo fullerene (99.999%) provided
by Dynamic Enterprises LTD (Berk-
shire, England) and RP-Cy3 LC sor-
bent, 60 — 100 ™m particle size pur-
chased from Millipore, (Madrid,
Spain) were used as sorbent materials.
Stock solutions of  trimethyllead

(TML") acetate and triethyllead
(TEL™) chloride, purchased from Alfa
(Barcelona, Spain) were prepared by
dissolving the respective sdts in ul-
trapure Milli-Q water (Millipore).
Dimethyl- (DML?*) and diethyllead
(DEL?") chloride were synthesised by
reaction of TML" and TEL" solutions
with iodine monochloride (0.1 mol/L
in concentrated hydrochloric acid) in
the appropriate molar ratio.® Standard
solutions (0.5 mg/L as lead) were
stored in the dark at 4°C and diluted
solutions were prepared daily by dilu-
tion in 1.7 102 mol/L acetic acid (pH
3.5). A 3 10° mol/L agueous solution
of sodium diethyldithiocarbamate
(NaDDC), supplied by Sigma-Aldrich
(Madrid, Spain) was also employed.

NaBPr, was purchased from
Gaab (Geesthacht, Germany) and
dissolved in ethanol in a concentra-
tion of 1.2 mol/L. Other chemicals
and solvents were supplied by Merck
(Darmstadt, Germany).

2.3. Analytical Method

The preconcentration/ derivatiza-
tion unit is shown in . Volumes of 5
25 mL of aqueous standards or water
samples containing organolead spe-
cies a pg to ng levels (as lead) in
1.7 102 mol/L acetic acid were aspi-
raed (flow rate, 2.2 mL/min) and
mixed with a 3 10° mol/L NaDDC
stream (flow rate, 0.4 mL/min). Di-
ethyldithiocarbamate complexes were
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mL/min
/‘\
150 cm Cso
_STANDARDS | | _ ..
WATERS -‘\ _»WASTE
> - 05mL H,0
NaDDC / ¥ -MSs
""""""""""""""""" > GC{ - MIR-AES
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DERIVATIZING
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\
Figure 1

Automated unit for the preconcentration/propylation of ionic alkyllead compounds in
waters. 1V, injection valve; GC, gas chromatograph coupled to EI-MS, MIP-AES and
ICP-TOFMS. Preconcentration and elution stepsin discontinuous and bold lines, respec-

tively.

formed in the reaction coil (150 cm)
and then sorbed on a Cg fullerene
column. The eution/derivatization
was performed using 2.4 10° mol/L
NaBPr, as derivatizing reagent in n-
hexane (eluent). An air stream (flow
rate, 4.5 mL/min) was used first to
remove any residual water from the
system and then as the carrier of the
eluent/derivatizing reagent. The or-
ganic euate (»200 ML) was collected
in an eppendorf via and left to settle
for 3 min to complete the derivatiza-
tion; the excess of NaBPr, was re-
moved by adding 0.5 mL of ultrapure
water (this step was not necessary for
GC/MS measurements). Aliquots of 1
mL of the n-hexane phase were manu-
aly injected into the gas chromato-
graph. A blank consisting of ultrapure
water instead of sample was used and

the Cgy column was flushed at the end
of each working day with isobutyl
methyl ketone and conditioned with
200 ML of n-hexane.
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Table 1

Operating conditions of GC/MS, GC/MIP-AES and GC/ICP-TOFMS

MS MIP-AES ICP-TOFMS
injection parameters
vol 1nL 1nL 1nl
mode split, 1:25 cooled injection system on-column
in on-column mode
temp 250°C 270°C 45°C
GC parameters
carrier gas, He, 50 kPa He, 130 kPa Hz, 200 kPa
inlet pressure
oven program 45°C® 30°C/min® 270°C 45 °C® 30 °C/min® 270 °C 60 °C® 3 °C/min® 200 °C
transfer line HP-1 column HP-1 column self-constructed, heated
copper/nickel tube
transfer linetemp 250 °C 270°C 270°C

detection parameters

characteristic m/z, quantifi-
cation m/zunderlined

TML* 208, 253, 281
DML? 208, 281, 309
TEL" 208, 237, 309
DEL? 208, 251, 322
* pPp* 208, 251, 337

Operating mode, scan mode

scan range Nz, 70 — 500

ionization mode,
electron ionization
ion energy, 70 eV

ion source temperature, 200 °C

Wavelength:
405.783 nm, 261.410 nm

He make-up gas flow:
300 mL/min,
mesasured at the cavity vent
scavenger gases:
H, pressure 621 kPa (90 psi)
O, pressure 138 kPa (20 psi)
spectrometer purge flow,
1.5 L/min of N
solvent vent-off program ,
on (2.75 min)®off (3.10 min)
®on
column-detector coupling,
column to cavity
cavity temperature, 270°C

| sotopes:
204Pb, ZDGPb, 207Pb, ZDSPb,
124x e 126x e

rf power, 1.20 kW
rf frequency, 40. 68 MHz

make-up flow, 0.96 L/min

auxiliary gas flow, 1.25
L/min

plasmagas flow, 16.0 L/min

integration time, 102 ms

spectral-generation fre-
quency, 20.000 kHz

3. Results and discussion

Recently developed procedures
for the speciation of organolead com-
pounds are based on in situ propyla
tion with NaBPr, in an acetic acid-
sodium acetate buffer medium of pH
45 following liquid-liquid extraction
of the now apolar propylated species
with n-hexane** Separation and de-

tection of the different species was
carried out using GC/MIP-AES' or
GC/ICP-TOFMS?> An  automated
aternative was developed using a
solid-phase extraction system, in a
method based on the formation of
neutral chelates between ionic a-
kyllead compounds and NaDDC,
which were then preconcentrated on a
Ceo Sorbent column.” The eution with
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n-hexane containing the derivatizing
reagent (NaBPr,) enabled the com-
plete automation of the derivatization
step. In the present work, this latter
method is applied to compare the
analytical features of the 3 detectors
after GC separation. For the GC sepa-
ration a suitable oven program must
be applied in order to obtain baseline
separation of the organolead species
within a sufficiently short time. The
oven program conditions used are
summarized in Table 1, as well as the
other working conditions. A descrip-
tion of the automated sample prepara-
tion as well as a discusson of the
different detection systems is summa-
rized below.

3.1. Automated Sample Preparation
The influence of al variables af-
fecting the sample preparation and
derivatization was studied by using
GC/MS detection. lonic alkyllead
species  were  complexed  with
NaDDC; chelate adsorption on Cg
fullerene was maximum for all com-
pounds at pH 1.5-8.0. As other met-
als present in water are able to react
with the chdating reagent, displacing
organolead compounds from the
original chelate, a systematic study
was made. It appeared that only Fe*
interfered at concentrations 600 times
higher (ca. 50 ng/mL) than that of
organolead compounds (as lead).
Unless samples are highly contami-

nated, the Fe** concentration does not
exceed a few mg/mL but even such
content interferes with the proposed
method. The interference was avoided
by preparing the samples in 1.7 107
mol/L acetic acid (pH 3.5) and the
iron (I11) acetate complex is not ad-
sorbed on the Cgy column.

Experiments involving various
organic solvents as eluents saturated
with the NaBPr, derivatizing reagent
were aso performed. Increasing the
solvent polarity decreased the effi-
ciency of the dution/derivatization
process, especidly for TML®, and
increased the degradation of the or-
ganolead compounds to inorganic
Pb?" (which is detected as a tetrapro-
pyllead).

Tetraethyllead (TeEL) is often
spiked as internal standard to the elu-
ent but causes severa problems in the
chromatograms: (i) a peak corre-
sponding to TEL™ is observed which
resulted from the degradation of
TeEL; (ii) a peak corresponding to the
methyldiethyl derivative appeared
due to a transalkylation reaction in-
volving TML* (from an aqueous
standard) and TeEL.?? Hence, it was
decided to omit its use, athough the
fluctuations of the plasma during a
working day could be corrected using
a suitable internal standard, such as
exotic elements (not present in real
samples). On the other hand the in-
stability of NaBPr, when exposed to
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air precluded its use for saturation of
the n-hexane €luent. Therefore, the
derivatizing reagent at concentrations
1.2 mol/L NaBPr, was prepared in
ethanol and aliquots of 100 ML were
added to 5 mL of n-hexane to obtain a
final concentration of the derivatizing
reagent of 2.4 10° mol/L. In these
conditions the derivatizing reagent
remains stable for at least 1 month in
ethanol. The sability is reduced to

100

only 1 day in n-hexane because the
reagent degrades to a diborane com-
pound. Findly, the influence of time
on the derivatization reaction was
examined by allowing the stoppered
eppendorf vial contents to stand sev-
era minutes prior to injection into the
GC/MS. All ionic akyllead com-
pounds required standing for at least 3
min.

A *
1
3
4 5
4
%,
0 7 T ; ; ; ; . -
1 2 3 4 Retention time (min)
100 17 182
{1 B 166| 195
CaH, CaHy
181
%% 1 97 CH 7 CgH7
1 96 165(169|
0 et b T T T T T

T Mz

80 100 120 140 160 180 200 220 240 260 280 300 320 340 360 380 400

Figure 2

(A) Chromatogram of the ion current at m/z 208 used to monitor all propylated species
(B) Full-scan EI mass spectrum from the diborane compound (asterisk peak). Sample:
agueous standard solution containing 0.5 ng/mL TML*(1), DML?" (2), TEL* (3) and
DEL?" (4). Eluent: n-hexane saturated with NaBPr,. Peak 5 corresponds to inorganic

Pb?*. For details see text.
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3.2. GC/IMS

Mass spectrometry enables the
unequivoca identification of the spe-
cies by means of the sdection of
characteristic fragment ions for each
compound in their individuad mass
spectra. Taking into account that or-
ganometalic species are subject to
transalkylation or  decomposition
reactions” % and the fact that no refer-
ence compounds are available for
confirmation of the products of such
reactions, this property is very useful.
Indeed, it was possble to assign
peaks in the chromatograms that do
not correspond to the anaytes. For
example, the compound methyldi-
ethyllead, resulted from a transalkyla-
tion reaction involving TML® and
TeEL in organic medium, can be
eadlly detected. In addition, it was
also possible to trace the decomposi-
tion of the propylating reagent
(NaBPr,;) in organic phases (n-
hexane, chloroform, ethyl acetate and
petroleum ether) which was trans-
formed into a diborane compound
[(CsH7)4B2H2). A shows the chroma:
togram of an aqueous standard solu-
tion of organolead compounds. It
shows the decomposition of the deri-
vatizing reagent which can be fol-
lowed by a broad peak (denoted with
an asterisk) whose intensity increases
with the length of time that the borate
remained in the saturated n-hexane
phase. Unambiguous identification is

possible through the study of its El
mass spectrum (see Figure 2B). The
degradation of the organolead stan-
dards to inorganic Pb* can also be
detected as the tetrapropyllead (peak
5 in Figure 2) but this peak also in-
cludes a contribution due to inorganic
lead present in the origina sample.
Using the manifold depicted in
Figure 1 and the above conditions,
severa calibration graphs were meas-
ured for al the organolead com-
pounds. Detection limits were calcu-
lated as three times the standard de-
viation of the basdline noise divided
by the sendtivity. Absolute detection
limits take into account the sample (5
mL), eluent (200 ML) and injection (1
mL) volumes. Replicate analyses
(n=11) of a mixed standard solution
(0.5 mg/mL) to assess the precision of
the method provide the RSDs and
figures of merit summarized in Table
2. It shows that the combined use of
the automatic unit and GC/MS detec-
tion is a suitable tool for the anaysis
of organolead compounds in waters,
since the detection limits achieved (4
— 12 pg/mL for 5 mL of sample) are
smilar to those provided by more
sengitive  detectors in - conventional
batch methods using large sample
volumes and severa -steps preparation
procedures, such as ICP-MS or MIP-
AESwith DLsof 0.1 —1 pg.”
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Table 2

Analytical characteristics for speciation analysis of organolead compounds in aqueous samples. (Sample volume, 5 mL)

GCIMS GC/MIP-AES’ GC/ICP-TOFMS
TML® DML* TEL®™ DEL* T™ML® DML TEL* DEL* TML® DML® TEL* DEL*
detection limit 6 12 4 8 0.42 0.46 0.58 0.83 040 047 047 0.60
(pg/mL as Ph) (0.4) (1.5) (1.3) (1.5)
absolute 150 300 100 200 11 12 15 21 10 12 12 15
detection (11) (38) (33) (38)
limit (fg as Pb)
linear range 20-400 30-200 10-200 30-400 1-250 1-100 15250 2-400 1-500 1-500 1.5  2-500
(pg/mL as Pb) 0 0 0 0 (1-100) (3-70) (3-100) (3-100) 500
RSD (%),n=11 5.1 36 4.3 45 4.9 3.0 36 34 2.9 4.9 32 4.9
(5.8) (4.3) (4.0) (3.8)
regression 0999 0998 0997 0.998 0999 0998 0.999  0.999 0.997 0997 0999 0.998
coefficient (0.999) (0.994) (0.998) (0.997)

21n brackets results obtained with RP-Cyg
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3.3. GC-MIP-AES

Due to the small size of the mi-
crowave induced plasma, it is very
prone to interferences. If too large
amounts of organic compounds reach
the plasma with the GC effluent, the
basdline noise is increased and the
lifetime of the discharge tube drasti-
caly shortens. It was reported previ-
oudly that the amount of borate added
for the manua derivatization should
be limited to avoid carbon com-

300

pounds accumulation in the discharge
tube.*

Direct injection of the eluate from
the eppendorf vid (see Figure 1) into
the GC/MIP-AES was not possible
due to the formation of a white pre-
cipitate (presumably refractory oxides
of boron) on the walls of the dis-
charge tube, severely damaging or
even destroying it. In order to evalu-
ate the interferences due to the intro-
dution of excess of NaBPr, on the

oy
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Chromatogram of a mixture of propylated organolead standards (50 pg/mL (as lead)
of each species with simultaneous determination of carbon (A, B) at 247.587 and lead
(C) at 261.418 nm. Without (A) and with (B) elimination of the excess of derivatizing

reagent in the final n-hexane phase
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reliability of the method, as well as to
protect the discharge tube, measure-
ments were made of a lead- and a
carbon-specific wavelength within the
same chromatographic run. The AED
is equipped with a photodiode-array
detector alowing simultaneous de-
termination of up to four eements
provided their emissions are in a
wavelength range of 20 nm in the
visble and 40 nm in the ultraviolet
region® Lead and carbon can be
measured at different wavelengths,
but only the lines at 247.857 nm for
carbon and 261.418 nm for lead can
be measured simultaneoudy. Al-
though the lead emission at 261.418
nm is 2.4 times less sensitive than the
line which is commonly used for lead
measurements at 405.783 nm, these
lines were selected for the study using
standard solutions of the analytes
(TML*, DML?, TEL* and DEL?) at
a concentration of 50 pg/mL (as lead)
each. The euent (n-hexane) contained
the derivatizing reagent at a concen-
tration 2.4 10° mol/L. Several car-
bon-containing compounds, that were
well separated from each other and
aso from the lead-containing ana-
Iytes, were detected in the chroma
togram of the eluate (Figure 3A).
They were intense enough to damage
the discharge tube. The most intense
of these peaks (retention times, 3.0
and 4.6 min) could be prevented from
reaching the plasma by using a sol-

vent venting option between the
DML? and TEL" pesaks and after 4.3
min, but this precaution was unable to
avoid the white precipitation forma-
tion on the discharge tube. The com-
pounds eluted before 3.0 min in the
chromatogram, hence needed to be
decreased and this was achieved by
adding 0.5 mL of water to the eluate,
thus extracting the excess of borate
from the organic phase (Figure 3B).
Employing this additiona step, the
lifetime of the discharge tubes was
remarkably increased, as well as the
sengitivity of the method. This clean-
up step was manually performed as
shown in Figure 1.

The anaytical figures of merit are
listed in Table 2. The FI method pro-
vides detection limits between 2 and 9
times lower than those achieved using
manual preconcentration/ derivatiza-
tion of the sample’ and they are simi-
lar to those obtained with [CP-
TOFMS.? This increase in sensitivity
with respect to liquid-liquid extrac-
tion used in manual procedures can be
ascribed to the high sorption capacity
of Cg fullerene as a result of its large
surface area®™ Organolead com-
pounds are only retained if com-
plexed and other compounds (viz.
NaDDC, acetic acid) which are em-
ployed in the method or present in
samples are not adsorbed on Cg, thus
increasing the selectivity. The chro-
matograms obtained in the solid

198



V.1. Comparison of three coupled gas chromatographic detectors (MS, MIP-AES, ICP-TOFMYS)

for organolead speciation analysis

phase extraction method are aso
cleaner than those of manual aterna
tives, yidding a very stable basdine
and therefore enhancing the signal to
noise ratio (see Figure 3C).

A comparison between the EI-MS
and MIP-AES detection using the
proposed method can be made
through the results listed in Table 2.
Absolute detection limits (in fg as
lead) are about 4 and 25 times lower
for MIP-AES than for EI-MS in
agreement with literature data which
show MIP-AES to be ca 10 times
more sengtive than EI-MS°?® The
highest enhancement was obtained for
DML? and the lowest for DEL?,
probably due to condensation losses
of the later in the transfer line of the
instrument since higher temperatures
are required for its elution. In this
comparison it was not considered that
for MS detection split injection 1:25
was used, so on-column injection
should provide higher sensitivity. The
precision (50 pg/mL of standards,
n=11) is similar for both techniques
as it is mainly due to the automatic
sample preparation unit.

3.4. GC/ICP-TOFMS

The high popularity of ICP-MSis
mainly due to advantages such as low
detection limits, the multi-eement
capabilities, the wide linear dynamic
range or the ability to obtain isotopic
information on the elements. The

coupling of GC to ICP for speciation
studies requires a more complicated
interface between both instruments
than that for MS and MIP (see Table
1). In this work, the transfer line con-
sists of a chromatographic capillary
inserted in a heated nickel and copper
tube (3.17 mm inner diameter, 1.5 m
length), mounted externally to the gas
chromatograph and extended 80 mm
within the central channel of the ICP
torch. This transfer line ensures the
required flexibility in order to allow
small movements in al directions to
adjust the ICP torch position.?

Precautions must be taken into
account concerning the plasma, espe-
cialy the sat content of the sampleis
critical since both sampler and skim-
mer cones can be eroded by large
amounts of salt. This affects the ion
input aperture regulating the ion
stream and therefore the sengtivity.
In the proposed method, the euent
contains a high concentration of
NaBPr, which could produce the
above mentioned effect in case that it
reaches the ICP torch. In order to
overcome this problem, it was de
cided to extract the excess of the de-
rivatizing reagent by adding 0.5 mL
of water to the euate (as with the
MIP-AES detector). This clean-up
step ensured the integrity of the inter-
face and the reliability in the meas-
urements.
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Table 2 summarizes the analytica
characterigtics of the method using
this detector. The sendtivity achieved
as absolute detection limits is similar
to that provided by liquid-liquid ex-
traction,? since the basdine noise in
ICP-TOFMS is mainly due to the
plasma fluctuations. Comparable
results were obtained with MIP-AES
for dl the organolead compounds
except for DEL?, whose detection
limit was decreased up to 15 fg (as
lead). Moreover, the use of ICP-
TOFMS provides a wider linear range
than the other detectors, especialy
favouring the measurement of
DML?%. Since the analytical features
are amost identica than those for
MIP-AES, smilar conclusons were
achieved when ICP-TOFMS was
compared with EI-MS: the detection
limits were about 8 and 25 times
lower than those obtained with El-
MS. In this case TEL" is the least
enhanced compound instead of DEL?
(as happened using MIP-AES). The
precision (50 pg/mL of standards,
n=11) was similar in all detectors.

3.5. Comparison of Cg and RP-Cig
Sorbents using GC/MIP-AES

RP-Cyg has been extensively used
as sorbent materia to preconcentrate
metals (as neutra chelates) and or-
ganic compounds. In a modd system,
pyrrolidine dithiocarbamate was used
to form a chelate with lead in a FI

system; the chelate was subsequently
adsorbed on a Cg minicolumn and
eluted into an atomic absorption spec-
trometer. Results were compared with
those obtained using a RP-Cyg bonded
silica minicolumn, the primary assets
of the Cg, fullerenes in this respect are
a high sendtivity arising from effi-
cient adsorption and a high selectivity
derived from the specia features of
this new sorbent material

A comparison between Cg and
RP-Cyg sorbents for the preconcentra-
tion of organolead compounds is as-
sessed here for the first time. For this
purpose, two minicolumns were
packed with 80 mg of Cg fullerene
(22 cm - 3 mm i.d) and 80 mg of
RP-Cys (1.6 cm ~ 3 mm i.d) and the
FI system depicted in Figure 1 was
used. The effect of pH on the d-
kyllead chelates adsorption was stud-
ied over the range 1-10 by adjusting
the organolead standard solution with
dilute nitric acid or sodium hydrox-
ide. The optimum adsorption range
was different in each case. The maxi-
mum adsorption was achieved at pH
1560 or 30380 for did-
kyl/trialkyllead species, and 4.5-6.2
or 5.1-7.9 for diakyl/trialkyl species,
respectively when using Cy and RP-
Cis. The wider optimum pH range for
Ceo is due to larger adsorption capac-
ity than for RP-Cy. ¥ Chelate forma-
tion prevails over the ligand protona-
tion and the hydrolysis of the com-
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pounds in acid medium. The signa
for akylleads decreased above pH 6
as the likely result of the hydroxyl
group competing with the reagent to
form a hydrophilic compound (Pb-
ionic akyl-OH).® The effect of other
chemical variables (viz. NabDDC con-
centration, eluent) as wdl as flow
variables, was the same for Cg and
RP-Ci;s Therefore, the same flow
system can be used with both sorbent
meaterials.

Under the optimal chemical con-
ditions, the manifold depicted in Fig-
ure 1 was used with two Cg or RP-
Cys columns and a sample volume of
5 mL to investigate the anaytica
characterigtics using GC/MIP-AES
technique. Severa cdlibration graphs
were run with agueous standards of
organolead compounds a pH 3.5 and
5.5 for Cs and RP-C,g sorbents, re-
spectively. Table 2 lists the figures of
merit for both sorbents. Detection
limits for Cg fullerene were about

two or three times lower than for RP-
Cis. The senditivity (dope of the cali-
bration graph) was higher for Cg
fullerene than for RP-Cyg probably
because of the higher adsorption ca-
pacity of fullerenes, so for Cg en-
hancement factors between 1 and 3
times higher than for RP-C;3 were
obtained. The precision (50 pg/mL,
n=11) was similar for all compounds.
The effect of metal ions present at
significant concentrations in ran-
water, that are able to form com-
plexes with the reagent (NaDDC) was
also examined by using the two col-
umns. Major elements (Ca®*, Mg*,
Na’, K*) do not react with NaDDC;
thus only the common transition ele-
ments such as Fe**, Cu?* Co*, zn*
and Mn** were studied at concentra-
tions up to 50 ng/mL together with
organolead compounds at 50 pg/mL.
The tolerance limit of each foreign
specie was taken as the largest
amount yielding a response less than

Table 3
Tolerated ratios of foreign cations to analyte in the determination of 50 pg/mL (as
lead) of organolead compounds

tolerated ratio
foreign cation TML* DML TEL* DEL*
Co* 10007 700° 1000?° 1000 700° 1000?°
Mn?* 1000% 600° 1000%° 1000°% 600° 1000%°
cu* 10007 500° 1000%° 10007 500° 1000?°
zn* 1000% 300°  1000% 500° 10007 500° 1000?°
Fe* 10007 400° 1000%° 1000?° 1000°% 600"

3\With Cg, fullerene. ® With RP-Cyg
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the analytical signal + three times its
standard deviation for 50 pg/mL of
the analyte. As follows from Table 3,
the sdectivity is higher for Cg
fullerene owing to its larger surface
area relative to RP-Cyg this alows the
adsorption of both analyte and inter-
ferent chelates. In addition, the higher
interstitiadl volume of Cg ensures a
more uniform digtribution of the che-
lates throughout the column and
hence a readier elution. On the other
hand, the lower pH of the sample
when using Cg (pH 3.5) relative to
RP-Cys (pH 5.5) dso influences the
selectivity. Trialkylleads are subject
to more severe interferences than
diakylleed when wusing RP-Cg,
probably because their adsorption

Table 4

congtants are lower. As was men-
tioned before, the only interferent
found when using Ce, namely Fe*,
can be avoided by preparing the sam-
plesin acetic acid medium at pH 3.5.

3.6. Applicability of the Method to
Rainwater Samples

Residues of akyllead compounds
in rainwater were determined by the
automatic FI method using the differ-
ent detectors. Samples were collected
a different locations in Spain and
Belgium and andysed within 24
hours after their collection. The re-
sults are dignificantly different for
both countries as can be seen in Table
4. Taking into account the low con-
centration of these species in surface

Concentrations (pg/mL) and percent RSDs (n=3) of organolead species from various rain-
waters from Spain (1-3) and Belgium (4-9)

concentration found (pg/mL)

sample TML* DML* TEL* DEL*
1 <1 10.4 (4.8) 34.2(5.8) 36.1(6.1)
2 <1 25.7 (5.4) 36.3(5.2) 50.5 (6.5)
3 <1 60.9 (4.6) 75.5 (5.3) 70.6 (5.1)
4 0.80 (5.0) <0.09 0.72 (5.5) 0.66 (6.1)
4a 0.76 (3.9) <0.09 0.77 (5.2) 0.62(8.1)
5 2.09 (4.3) <0.09 <0.12 1.03 (5.8)
5a 2.20 (3.2) <0.09 <0.09 0.98(7.1)
6 1.43 (4.2) 0.14 (7.2) <0.12 0.85 (4.7)
62 1.37 (3.6) 0.15 (6.6) <0.09 0.90 (6.7)
7 0.89 (5.6) 0.52 (5.8) <0.12 0.54 (7.4)
72 0.93 (4.3) 0.49 (6.1) <0.09 0.58 (8.6)
8 0.58 (5.2) 4.0 (5.0) <0.09 2.56 (3.5)
9 0.55 (5.5) 20.6 (3.9) <0.09 11.8 (6.2)

Samples analyzed by MS (1-3), MIP-AES (4-7) and ICP-TOFMS (4272, 8,9)
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waters a sample volume of 25 mL
was taken in order to achieve low
detection limits. The concentration in
the samples from Spain (1-3) were
considerably higher than those ob-
tained in Belgium. (4-9), probably
because leaded gasoline is not yet
completely ruled out in Spain. The
composition appeared also to be de
pendent on the specific location, the
Spanish samples having a lower con-
centration in TML™ (below the detec-
tion limit), while this compound pre-
vails over the other species in the
Belgian samples. Several samples (4—
7) were anaysed with two detectors
(MIP-AES and ICP-TOFMS) and the
results show a good agreement. All
detection systems provide good reli-
ability but GC/MS was not sensitive
enough to quantify most of the sam-
ples collected in Belgium. The sam-
ples with higher contents (8-9) corre-
spond to rainwater which is exposed
to amospheric contamination for
severa days before their collection.

4, Conclusions

A study about the behaviour of
three different GC detectors (EI-MS,
MIP-AES and ICP-TOFMS) using
the same method has been developed.
The man conclusions that can be
extracted from this study are summa-
rised below:

ICP-TOFMS is the most sensitive
detector. Detection limits of around
0.5 pg/mL (as lead) can be achieved
using only 5 mL of sample volume.
Similar results are provided by MIP-
AES, except for DEL?. The results
obtained with EI-MS are less sensi-
tive for al the organolead com-
pounds, the detection limits ranging
between 4 and 12 pg (Pb)/mL. A
study of several variables affecting
the sorption process, such as the sam-
ple breakthrough, showed that vol-
umes up to 25 mL can be used to
achieve 5 times lower detection lim-
its. On the other hand, large sample
volumes mean longer analysis time,
restricting the practical applicability
of the method.

Despite its lower sengitivity,
GC/MS is intrinsically the most spe-
cific option: the organometallic com-
pounds can be detected in their mo-
lecular chemical form after derivati-
zation (in absence of transalkylation
reactions). Moreover, the analytes can
be identified not only by their reten-
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tion time, but also on the basis of
distinctive features of the fingerprint
mass spectra. Interferences for com-
pounds with similar retention times
than the anaytes thus are virtualy
excluded. MIP-AES and ICP-TOFM S
detectors, on the other hand, base
their selectivity on the measurement
of a specific distinctive spectrometric
feature (a lead emission line or a spe-
cific ion mass or isotopic pattern);
this provides information about the
presence of lead in the origina com-
pound but does not validate the com-
pound itsdf, whose identity rests
entirdy on the chromatographic
retention time.

The precison of the method is
smilar for the three detectors, since it
is mainly due to the ruggedness of the
FI system employed for sample
preparation. It ranges from 3 to 5%
(expressed as RSD).

Precautions must be taken into
account when working with the most
senditive  detectors to preserve the
components and their integrity. For
instance, an additional clean-up step
is required for MIP-AES and ICP-
TOFMS to remove the excess of deri-
vatizing reagent. On the other hand,
interfaces between the gas chromato-
graph and the detectors are less com-
plicated for EI-MS than for MIP-AES
and ICP-TOFMS, since no commer-
cid instruments are available for
these latter instruments. With the

greater complexity of the instruments,
more experienced operators are re-
quired.

Compounds of environmental in-
terest such as methyltriethyllead
(MTEL), tetramethyllead (TeML) or
TeEL can not be determined using
this method since tetraalkyllead com-
pounds are not able to form chelates
with NaDDC, being thus not retained
on the Cg, fullerene column.
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ESPECIACION
FULLERENO C,,

3 DERIVADO DEL
AUTOMATIZACION DE FULLERENO
LA DERIVATIZACION

A pesar de su gran estabilidad fisica, 1os fullerenos han resultado poseer
una reactividad quimica muy superior a la esperada. En concreto, se comportan
mas como enormes dienos conjugados que como sistemas arométicos, 1o que los
convierte en moléculas con una gran capacidad aceptora de electrones. Esta
propiedad favorece la retencidén de especies a través de interacciones de tipo p,
pero también permite la formacién de nuevos derivados de fullerenos. En este
Capitulo de la Memoria se describe la sintesis y caracterizacion de un derivado
dd fullereno Cg basado en una reaccién de fotolisis entre & Cg Y uN reactivo
complgjante. El resultado es un monoaducto que incorpora una molécula de
dietilditiocarbamato & nucleo dd fullereno. La inclusion de una minicolumna del
nuevo derivado en € sistema de preconcentracion/derivatizacion permite la
simplificacion del mismo, , ya que la corriente de reactivo quelatante ya no es
necesaria. El método es aplicable a la determinacion de compuestos
organoplomados por GC/M S en muestras de agua de lluvia.
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New Fullerene Derivative for M etal Preconcentration.
A Case Study In Lead Speciation

Josefa R. Baena, M ercedes Gallego and Miguel Valcarcel
Analytical Chemistry Division, University of Cérdoba, E-14071 Cdrdoba, Spain

A novel fullerene derivative including a chelating group attached to the fullerene
core has been prepared by photoreaction of Cgy and sodium diethyldithiocarbamate
(NaDDC) in toluene-methanol medium. The optimization of the synthesis procedure was
monitored by UV-Visible spectroscopy using the spectrum of Cg, fullerene as reference;
the new material, a Cso-NaDDC monoadduct, showed a shoulder at 430 nm and an in-
crease in the absorption band comprised between 425 and 500 nm. The solid was ob-
tained by photolysis reaction in about 24 hours requiring further purification by prepara-
tive chromatography. Characterization of the brown product was accomplished by XRD
and solid state *C MAS NMR; chemical modification was confirmed through the ap-
pearance of peaks close to the fullerene core peak located at 146.9 ppm, which can be
assigned to carbon atoms of Cg that are covalently bonded to the diethyldithiocarbamate
group to form a pyrrolidine ring-fused fullerene monoadduct. The ability of the new
material for the preconcentration of metallic and organometallic compounds was assessed
by using lead species as a model. The most interesting conclusions of the results were
high adsorption efficiency, selectivity and stability of the Cs-NaDDC derivative (the
packed material can be used for at least six months).
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1. Introduction

Since the discovery of fullerene
carbon clusters and their successful
laboratory ~ synthesis,'  tremendous
interest has been evoked in evaluating
their structure and properties. The
large-scale synthesis of fullerenes’ has
made Cg, readily available and chemi-
ca modification of fullerenes has
since atracted considerable atten-
tion.>® In particular, the combination
of the unique molecular characteris-
tics of fullerene with other com-
pounds through chemica modifica-
tion has increased their interest. A
handful of patents cover possible
fullerene applications in severa fields
such as physic, chemistry or materials
sciences, among others, athough the
holders agree that fullerene is not
achieving the origina perspectives
yet. Regarding analytica chemistry,
Cq itself as well as fullerene deriva-
tives have been used as dationary
phases in liquid chromatography
(LC)*" as well as in gas chromatogra-
phy (GC).2? In addition, the multiple
redox states that Cgy exhibits enable its
use as a promising eectrochemical
biosensor for several species™ But
maybe the most active research topic
in this sense is the use of Cg and Cy
fullerenes for preconcentration of
metal and organometallic traces.
Abraham et a." demonstrated the
analytical potentia of fullerene for the

adsorption of organic vapors using a
surface acoustic wave (SAW) sensors.
In independent studies, the character-
istics of Cg and Cy fullerene as sor-
bent materials for the preconcentra-
tion of metals in continuous systems
were described:*? further experiments
showed both to be better sorbents in
metal preconcentration than are con-
ventional solid materials such as RP-
Cus, activated carbon or resins. Neu-
tral chelates provided the best sensi-
tivity and sdectivity when compared
to charged chelates or ion pairs.™
Derivatization of Cg has played a
key role in the studies of fullerene
applications. The introduction of a
suitable pendant group not only can
modify the solubility of the fullerene,
but also provides a handle to anchor
Ceo to a specific target analyte.* Dur-
ing the past years, glycine esters have
been directly added to Cg under
photolysis to form pyrrolidine ring-
fused fullerenes™ this reaction has
also been applied to aminopolycar-
boxylic esters such as tetramethyl
ethylenediaminetetraacetate (EDTA
eser) and pentamethyl dimethyl-
enetriaminepentaacetate (DTPA es
ter).”® The attachment of polidentate
ligands to Cg should open the scope
for their potential applications. How-
ever, in the study of the chemica
modification of the fullerenes, it has
been found that well-characterized
fullerenes are difficult to get, as mul-
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tiple addition occurs readily yidding a
mixture of multiple addition products.
Some di-, tetra- and hexa-adducts of
Ceo have been reported.”’

The aim of this paper is the syn-
thesis, characterization, and analytical
application of a novel fullerene de-
rivative based on the photolysis reac-
tion between Cg and a classical com-
plexing reagent for metds as sodium
diethyldithiocarbamate (NaDDC).
Through a smple procedure, a single
and symmetric adduct is obtained that
incorporates a molecule of NaDDC to
the fullerene core, joining thus the
chelating properties of the pendant
group to the well-known sorbent ca-
pacity of fullerene.

2. Experimental section

2.1. Reagents

All reagents were obtained from
commercial sources, and, unless noted
otherwise, were reagent grade or bet-
ter. Cgo fullerene (99.999%) was pro-
vided by Dynamic Enterprises LTD
(Berkshire, England). Sodium di-
ethyldithiocarbamate (NaDDC), silica
gel 40 (0.06 — 0.20 mm particle size),
4-Cl-2-methylphenol  (as  internd
standard) and iodine monochloride
were purchased from SigmaAldrich
(Madrid, Spain).  Trimethyllead
(TML") acetate and triethyllead
(TEL™) chloride were supplied by
Alfa (Barcdona, Spain). Sodium
tetrapropylborate (NaBPr;) was ob-

tained from Galab (Geesthacht, Ger-
many). Organic solvents such as tolu-
ene, acetone, ethanol, methanol, ethyl
acetate, n-hexane, isobutyl methyl
ketone and other chemicals including
sodium hydroxide and nitric acid were
provided by Merck (Darmstad, Ger-
many).

Stock solutions of TML® and
TEL" were prepared by dissolving the
appropriate amounts of the respective
sdlts in ultrapure Milli-Q water (Mil-
lipore) to yield a concentration of 0.5
mg/mL expressed as lead. Dimethyl-
and diethyllead (DML?* and DEL?)
were synthesized by reacting TML"
and TEL" solutions with 0.1 mol/L
iodine monochloride as described
elsewhere® All organolead solutions
were stored a 4° C in the dark to
avoid their decomposition to inor-
ganic lead, and diluted solutions were
dairy prepared from these standards. 1
g of NaBPr, was dissolved in 1 mL of
ethanol and stored at —20° C in the
dark. Diluted solutions (7.5 mg/mL)
were prepared in ethyl acetate on a
dairy basis.

2.2. Instrumentation

The elemental anaysis used for
the characterization of the Cgy-sodium
diethyldithiocarbamate (Cg-NaDDC)
fullerene derivative was performed at
the Elemental Microanalysis Center in
the Complutense University of Ma
drid, Spain. A HP 8453 UV-Vishle
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spectrophotometer (Agilent Technol-
ogy, Madrid, Spain) was used to re-
cord the UV-Visible spectra of the
target compound. Powder X-Ray dif-
fraction (XRD) data were collected by
a Semens D5000 diffractometer
(Munich, Germany) provided with
Cu-K, radiation and graphite mono-
chromator. Signals were recorded
using step scans of 0.04° 29 step size
and 2 s duration. Solid state nuclear
magnetic resonance (NMR) spectra
were carried out using a Bruker ACP-
400 spectrometer (Madrid, Spain)
working at a spinning rate of 4100 Hz.
For *C magic-angle spinning (MAS)
NMR measurements, 10500 transients
were acquired using a repetition time
of 5s.

Organolead compounds speciation
was accomplished by using a Fisons
GC8000/MD800 GC/MS  system
(ThermoQuest, Madrid, Spain) with
electronic pressure control and gov-
erned via MASSLAB software (also
from ThermoQuest) Separation of the
analytes was achieved in a capillary
column (30 m © 0.25 mm i.d., 0.25
mm) HP-5-MS (Supelco, Madrid,
Spain) using ultrapure grade helium
(6.0, Air Liquide, Seville, Spain) at a
constant flow-rate of 0.9 mL/min. The
GC injection port, GC/MS interface
and MS sources temperatures were
kept at 250, 250 and 200° C, respec-
tively. The column temperature was
initially set a 50° C for 1 min and

then raised at 30° C/min to 250° C,
where it was held for 1.5 min. A 1 mL
aliquot of the sample was injected in
the split mode (1:25). Mass spectra
were obtained in the eectron impact
ionization mode a 70 eV and the
mass spectrometer was operated in the
selective ion monitoring (SIM or SIR)
mode, being the characteristic ions
selected for identification and quanti-
tation (underlined) of each analyte as
follows: TML* 208, 253, 281; DML*
208, 281, 309; TEL" 208, 237, 309;
DEL?" 208, 251, 322; Pb* 208, 251,
337; 4-Cl-2-methylphenol 77, 107,
142.

The flow system comprised a Gil-
son (Villiers-le-Bdl, France)
Minipuls-2 perigtaltic pump furnished
with poly(vynil chloride) tubes, two
Rheodyne (Cotati, CA) 5041 injection
vaves, PTFE tubing of 0.5 mm i.d.
for coils and a laboratory-made mini-
column containing the Cg-NaDDC
derivative. The minicolumns were
made from PTFE capillaries of 3 mm
i.d., and sedled on both ends with
small cotton beds to prevent material
losses. In order to avoid abrupt
changes in the column compacity that
would stop the solution flow and dis-
engage the system connections, every
two Cg-NaDDC segments (ca. 1.0 cm
long) must be separated by one of
glass beads (ca. 0.5 cm long, 0.9 —1.2
mm o.d.).
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2.3. Yynthesis Procedure

All the reactions were carried out
in open atmosphere without any spe-
cia caution to exclude air. The de-
rivative of Cg was synthesized as
follows: 50 mL of a NaDDC solution
(90 mg/mL) in methanol was added
into a 250 mL glass beaker containing
100 mL of a Cg fullerene solution
(37.5 mg/mL) in toluene. The mixture
was magnetically stirred and exposed
to a 60 W household light bulb as
source light until the solution color
changed from purple to dark red and
the precipitation of a brownish by-
product is completed (about 24
hours); methanol was evaporated dur-
ing this time. Then, the solution was
placed in an extraction funnd and 100
mL of water were added; the mixture
was manualy shaken to remove the
precipitate from the organic phase
(this extraction/clean-up step was
accomplished by triplicate with fresh
aliquots of water). Once separated
from the aqueous phases, toluene was
evaporated to air-dry in the dark at
ambient temperature, protected from
draughts, for 24 h, and the dark brown
solid obtained washed with 25 mL of
acetone. The filtered residue was then
dissolved in the minimum volume of
toluene (ca. 30 mL) and purified on a
silica gel 40 preparative column (2.5
cm 15 cm) previously conditioned

with ethanol. Toluene (ca. 200 mL)
was employed as mobile phase being
the eluate collected in a glass beaker
and the solvent evaporated to air-dry
in the dark; a dark brown solid (303
mg) was obtained as the final product
of the synthesis (Patent P200101466,
June 2001, University of Cordoba,

Spain).

2.4. Speciation Procedure

Volumes of 5 mL of standard or
sample solutions containing 0.1 — 200
ng/mL of inorganic lead and/or or-
ganolead compounds a pH 7 — 10
were aspirated into a flow system
smilar to one described elsewhere®
and pushed through the sorbent col-
umn located into the loop of an injec-
tion valve (preconcentration valve). In
the preconcentration step, the differ-
ent lead species were retained in the
Ces-NaDDC  derivative column (80
mg); in the meanwhile, the 200 mL
loop of the elution valve was filled
with ethyl acetate (eluent) containing
the derivatizing reagent (NaBPry, 7.5
mg/mL) and 4-Cl-2-methylphenol (10
mg/mL) as interna standard. In the
elution step, both preconcentration
and €ution valves were switched;
once the duent reached the Cgr-
NaDDC column, the flow was
stopped for 2 min to alow a deeper
contact between the analytes and the
duent/derivatizing reagent, favoring
thus the elution. After this time, the
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eluate was collected in a 0.5 mL ep-
pendorf and let to settle for another 2
min to ensure complete derivatization.
Finally, a 1 mL fraction was injected
into the GC/MS.

2.5. Solubility of Cso-NaDDC

The solubility of Cg fullerene is
aready edstablished for the most
common organic solvent and agueous
solution; Cg is essentidly insoluble in
polar and H-bonding solvents, spar-
ingly soluble in akanes, and quite
soluble in aromatic solvents® How-
ever, since the addition of a functional
group can modify the fullerene prop-
erties, evaluating the solubility of the
Cs-NaDDC derivative is mandatory.
In undertaking this work, agueous
solutions at different pH vaues, as
well as severa organic solvents (etha-
nol, acetone, ethyl acetate and n-
hexane) were assayed as follows: an
amount of ca. 10 mg of Cg-NaDDC
was place in a narrow glass bottle (2.5
cmlong © 0.5 cm diameter), and 1 mL
of the agueous solution or solvent was
added. The solution was magnetically
gtirred in the dark by using a 5 mm x
2 mm PTFE-coated stirring bar for 24
h to ensure equilibration. The satu-
rated solution was then filtered
through a 0.5 ™m PTFE filter (Milli-
pore, Seville, Spain) or paper (Wat-
man n° 1) filter for organic and aque-
ous solutions, respectively. The solid
residue (non-dissolved solid) was air-

dried and then weighed. The solubility
was established by difference between
both weights.

3. Results and discussion

3.1. Cso-NaDDC Derivative
Secondary and tertiary aminocar-
boxylates can be added to Cg under
photolysis, as has been recently dem-
onstrated through irradiation of
tetramethyl  ethylenediaminetetraace-
tate (EDTA methylated ester) in the
presence of Cg fullerene®® The result
of this reaction is a fullerene monoad-
duct containing the EDTA molecule
as methylated ester; when carboxylic
acids are employed for the synthesis,
decarboxylation occurs and organodi-
hydrofullerenes are formed that can
not be used as active chelating re-
agents. A careful selection of the ini-
tial reagents could make photolysis a
simple and effective tool for the syn-
thesis of active fullerene complex-
ones. In order to select a suitable re-
agent to be bonded to Cq yidlding a
product which showed chelating
properties, a rigorous study over the
classica reagents that form stable
complexes with metdlic cations was
performed; the appropriate reagents
must contain carbon atoms which are
adjacent to an amine group (electron-
donor) and that are aso available to
be covalently bonded to Cg through
the formation of a pyrrolidine-type

216



V1.1. New fullerene derivative for metal preconcentration. A case study in lead speciation

ring, being thus the chelating func-
tional group unatered. Taking into
account these considerations, the so-
dium sdt of the diethyldithiocar-
bamate acid (NaDDC) was used as
reagent since in addition its highly
symmetrical structure would produce
a single photolysis product by reac-
tion with Cg. In this way, the adduct
would show the ability to form stable
complexes with a large number of
metallic cations, besides the well-
known sorption capacity of fullerene.
The solid adduct was prepared
with  different concentrations of
NaDDC (30 — 90 mg/mL) in methanol
and a constant concentration of Cgg
(37.5 mg/mL) in toluene. The mixture

0.94
0.8
0.74
0.6
0.5+

0.44

Absorbance (arbitrary units)

0.31

0.2+

0.14

was irradiated with a household light
bulb (60 W) to induce the photo-
chemica reaction; the photolysis was
reflected by a color change from the
characteristic purple of Cg solution in
toluene (reference solution) to dark
red with the apparition of a brownish
precipitate. The color changes became
greater from a NaDDC concentration
of at least 70 mg/mL. Thus, a concen-
tration of 90 mg/mL was sdected in
order to ensure an excess of NaDDC
versus Cg. On the other hand, several
light sources (UV lamp, household
light bulb and natural sunlight) were
assayed, obtaining no significant dif-
ferences when using natural sunlight
or household light bulbs with variable

T
400 450 500

Figure 1

T T T
600 650 700

Wavelength (nm)

UV-Visible absorption spectra of (A) Cg in toluene and Cqo-NaDDC solution after a

reaction time of (B) 2 hours and (C) 24 hours
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power supply. No reaction was ob-
served with UV source after two days
and therefore a household light bulb
of 60 W was sdected. The optimiza-
tion of the reaction time was accom-
plished by recording the UV-Visible
spectrum of the supernatant solution
at short time intervals of 10 min that
were increased up to 60 min as the
reaction progressed; the obtained
spectra were compared with those of
the reference solution (Cg in toluene)
under the same conditions. The ab-
sorption spectrum of the reference
solution was found to be constant
through the time showing two intense
absorption bands in the UV region
(! max = 213 and 329 nm) and a broad
band in the visible region from 450 to
650 nm. As can be seen in Figure 1,
the absorption spectrum of the adduct
(assigned to Cg-NaDDC compound)
initially showed an increase in the
absorption band observed between
425 and 500 nm that along the time
reached the intensity of the Cg maxi-
mum located at! o = 540 nm. On
the other hand, it was also observed
the appearance of a weak shoulder at
I mex = 430 nm, assigned to addition at
the [6,6] junction to form a pyr-
rolidine ring which is characterigtic of
fullerene adducts.’®#. The absorption
spectrum of the product remained
unchanged from 22 to 28 hours, de-
creasing above this period of time. A

reaction time of 24 hours was se-
lected.

The solution containing Ceo-
NaDDC in toluene and the brownish
precipitate was then purified in order
to obtain a solid fina product. The
brownish precipitate was diminated
by extraction with water taking into
account its solubility in it; UV-Visble
spectrum of the agueous solution was
also recorded to establish the precipi-
tate composition, concluding that it is
probably a decomposition product of
the great excess of NaDDC, since no
fullerene bands were observed. The
toluene phase was evaporated, washed
and purified by column chromatogra-
phy using slica g as dationary
phase, as indicated in the synthesis
procedure section. Toluene was first
employed as mobile phase, and two
different chromatographic bands were
clearly observed inside the column: a
reddish band, which was easily eluted
and collected in a separated fraction,
and a light brown band, that remained
on the top of the column and was only
euted when ethyl acetate was em-
ployed as mobile phase. Again, UV-
Visible spectra were recorded reveal-
ing that the characteristic fullerene
bands only appeared in the reddish
fraction of toluene. Thus, after the
evaporation of toluene from this frac-
tion, a dark brown product was ob-
tained. Finally, this product was dis-
solved in toluene and the UV-Visible
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spectrum also recorded, being similar
to that obtained for the initial dark red
solution.

3.2. Characterization of Cs-NaDDC
Derivative

In order to eucidate the chemica
structure of the synthesized dark
brown product, severa characteriza-
tion techniques were employed.
Firstly, the presence of additional
elements in Cg like nitrogen or sulfur
was examined through eemental
analysis revedling the following com-
position: %C = 91.32, %H = 1.84,
%N = 1.16, %S = 4.74. This informa-
tion agrees with the chemica struc-
ture proposed in Figure 2 for a yidd
of 66% on the basis of converted Cgo,
as reported for similar photoreactions
involving fullerene.’®

The X-ray diffraction (XRD) pat-

Figure 2
Structure of Cg-NaDDC derivative.

tern of the compound Cg-NaDDC
showed prominent peaks at 2q = 9.16,
10.40, 16.76, 17.64, 18.92, 19.56,
19.88, 20.28 and 21.20° as can be
seen in Figure 3A. The patterns of Cg
and NaDDC are dso shown (Figure
3B and 3C, respectively), both ob-
tained from toluene solutions in order
to detect a possible crystallization in a
different phase owing to solvent
molecules-fullerene interactions, as
described for other organic solvents
such as  benzene® or  tri-
bromomethane® By comparison it
becomes evident that the fullerene
derivative is entirdy different in
structure from Cg and NaDDC aone.
If the product was a smple mixture of
Cs and NaDDC, then the X-ray dif-
fraction pattern would have shown
peaks corresponding to both individ-
ual components exactly at the same

/CH3

C SNa
\

—
/
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\
CH,
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Powder XRD pattern of (A) Cs-NaDDC derivative, (B) Cq fullerene and (C)

Intensity [arbibracy unita)

NaDDC; al the compounds were obtained from toluene solutions

positions; however, only a small con-
tribution of unreacted fullerene is
observed (peaks denoted with an ar-
row in Figure 3A). On the other hand,
and according to Bragg's law of dif-
fraction (N = 2d sing the location of
XRD lines depends on the wavelength
of radiation, the angle of the colli-
mated X-ray beam with a plane of
atoms (d), and the distance between
planes (interplanar spacing, d).*
Hence, the presence of signads at
lower 20 values than those observed
for free Cg can be interpreted as an
indicator of a higher interplanar spac-
ing in Cgp-NaDDC derivative, as
could be expected if a new derivative
was formed. Nevertheless, the interca-

lation of NaDDC molecules between
the planes of Cg, fullerenes could aso
increase the interplanar spacing lead-
ing to smilar effects; for that reason,
XRD must be considered in this case
as a complementary characterization
technique that provides useful, but not
definitive information.

The C NMR data enabled the
elucidation of the structure of the
mono-NaDDC adduct of Cg. The
signals from saturated solutions were
not intense enough to allow their as-
signation, thus solid state *C magic
spin angle (MAS) NMR was em-
ployed. As can be seen from Figure
4, the solid state *C MAS NMR spec-
trum of Cg-NaDDC showed two nar-
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Figure 4

13C MAS NMR spectrum of Cgo-NaDDC derivative

row peaks at 4.2 and 146.9 ppm and
four wide peaks of carbon atoms at
33.3, 1314, 134.3 and 140.1 ppm,
respectively. The two peaks denoted
with an asterisk at 106.1 and 188.6
ppm are the first spinning sidebands
(SSB) of the main peak at 146.9 ppm.
Based on the chemica shift data and
intensity ratio of the peaks, we assign
the peak at 146.9 ppm to the fullerene
core; the peaks at 140.1, 134.3 and
131.4 ppm can be assigned to carbon
atoms of Cg whose structural envi-
ronment has been modified. Because
these atoms are receiving dectrons
from the pyrrolidine ring, a shielding
effect occurs, resulting in the appear-

ance of these absorption pesks at
lower chemical shift values. On the
other hand, the peaks located at 4.2
and 33.3 ppm can be assigned to
CHz (2 groups) and Ceo—CH—N= (2
groups) respectively; the fact that two
carbon atoms can be included in each
signal implies that they seem to have
the same structural environment, indi-
cating the high symmetry of the
molecular structure. We can also see
that the signals have quite different
spreads, being the peak at 4.2 ppm the
narrowest one; this indicates that this
group is the only one whose rotation
is not quenched since it is not in-
volved in the rigid pyrrolidine ring.
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As previoudy reported for other
fullerene-based materials® the pesk
assigned to the fullerene core is about
+4 ppm upfield shift, i.e. deshielded,
from free Cg, due to its participation
in the bonding. Although the signal
corresponding to =N-CS;Na was not
observed in the MAS spectrum due to
the poor signal to noise ratio that is
inherent to the technique, its presence
was demondtrated in further experi-
ments using °C CP-MAS NMR as a
signal in the characterigtic region of
C-Shbinding at 194.8 ppm.

3.3. Case Sudy: Speciation of Or-
ganolead Compounds

To further demonstrate the ability
of the novel fullerene derivative for
the preconcentration of metalic and
organometalic  compounds, Cgo-
NaDDC was used as chelating mate-
rid in the speciation of organolead
compounds in rainwaters. For this
purpose, the solubility of Ce-NaDDC
in several organic solvents as well as
its stability in agueous solutions of
different pH values was studied since
those solutions were to be passed
through the column during the
preconcentration and elution steps.
The solubility was lower than 0.1
mg/mL for ethanol, acetone and ethyl
acetate, and notably higher (ca. 0.8
mg/mL) for n-hexane. Regarding sta-
bility in acidic or alkaline solutions,
the derivative showed a great stability

from pH 1 (hydrolysis of Cg-NaDDC
occurred in a extension of only 1%,
detected through UV-Visble meas
urements of NaDDC) to pH 13 (no
hydrolysis detected). Based on the
previous results, a minicolumn packed
with the Cs-NaDDC derivative was
included into a continuous system. In
this work, a dight modification of a
recently developed flow system™ was
employed; a 5 mL sample volume
containing 0.5 ng/mL of TML",
DML?%, TEL* and DEL? was directly
aspirated into the minicolumn (located
into the loop of the preconcentration
vave) and the anadytes eluted with
ethyl acetate containing the derivatiz-
ing reagent (introduced into the sys-
tem by means of a second injection
valve), as described in the speciation
procedure section. Aliquots of 1 ML of
the derivatized duate were injected
into the GC/MS for anaysis. The
chemicad and flow variables were
optimized. The adsorption capacity
was found to depend mainly on the
pH of the sample solution; the opti-
mum pH ranged between 7 and 10;
samples were adjusted to weak aka
line medium with dilute NaOH. Other
variables as amount of sorbent mate-
rial (optimum range 50 — 80 mg),
eluent volume, and sample and eu-
ent/derivatizing solution flow rates
were aso studied, being the sdlected
values listed in Table 1.
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Table 1

Experimental conditions and analytical characteristic for speciation analysis of
organolead compounds in aqueous samples (5 mL)

experimental conditions optimum range selected value
sample pH 7-10 7-10

amount of sorbent (Cso-NaDDC), 50-80 80

mg

NaBPr, concentration, mg/mL 75-10 7.5

eluent volume (ethyl acetate), ni_ 200 200
elution/derivatization time, min 3-7 4

sample flow rate, mL/min 03-20 2.0

eluent flow rate, mL/min 06-12 0.6

analytical features T™ML? DML# TEL" DEL*

linear range, ng/mL as Pb 002-4 004-4 002-3 0.03-4

detection limit, pg/mL as Pb 5 15 4 10

RSD (%), n=11 55 4.6 4.8 5.8

On the other hand, it is wel
known that derivatization time is a
critical parameter in  organolead
speciation.®® The elution of the ana-
Iytes first implies their reaction with
the derivatizing reagent in order to
release the lead species from the che-
lating column; for this goal, an air
stream  (carrier  of the du-
ent/derivatizing reagent, 200 ML) of
0.6 mL/min was chosen, since lower
flow rates resulted in less reproduci-
ble measurements and at higher flow
rates the residence time of the euent
insde the column was not enough to
complete the elution. Furthermore, the
flow was stopped for 2 minutes. After
collecting the eluate in a closed vidl,
an additiona derivatization time of 2
min was also necessary to complete
the propylation of al the organolead

compounds, being TML™ especialy
affected by this variable. Under these
working conditions, the column
packed with Cs-NaDDC was reus-
ablefor at least 6 months.

By using the sdected conditions
given in Table 1, severa calibration
graphs for al the organolead com-
pounds were run. The figures of merit
of the calibration graphs are aso
summarized in this Table. Detection
limits (calculated as three times the
standard deviation of background
noise) ranged from 4 to 15 pg/mL.
The precision (for 11 individual sam-
ples containing 0.5 ng/mL of each
organolead compound) was found to
be ca. 5% (within day). The degrada-
tion of the organolead standards to
inorganic Pb* can be detected in the
chromatogram as tetrapropyllead; this
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peak also includes a contribution due
to inorganic lead present in the origi-
na sample.

The effect of the presence at sig-
nificant concentrations in rainwater of
meta ions that are able to form com-
plexes with NaDDC was also exam-
ined. Mgor eements (Ca®, Mg*,
Na’, K*) do not react with NaDDC;
thus, only the common transition ele-
ments such as Fe**, Cu®*, Co*, zn*,
and Mn* were studied at concentra-
tions up to 0.5 mg/mL, together with
organolead compounds at 0.5 ng/mL.
As these elements can be precipitated
in the wesak akaline medium in which
samples are prepared (pH 7 — 10), a
commercial HPLC filter was placed at
the entry to the sample aspiration
channd, in order to avoid that any
particle reached the column. No inter-
ferences were observed probably due
to the potential interferents being pre-
cipitated and retained on the filter,
preventing them from competing with
the analytes for the functional group
of the sorbent.

Finaly the proposed method was
applied to the andysis of two rain-
waters. Samples were collected in
Spain in different seasons. Aliquots of
25 mL (breakthrough volume) of
rainwater were preconcentrated onto
the flow system. TML® was unde-
tected (< 1 pg/mL) in both samples
probably as a result of environmental
degradation to DML?" and Pb*. All

other species were detected, being
their concentrations 20 and 80 pg/mL
(DML?"), 30 and 150 pg/mL (TEL™),
and 45 and 90 pg/mL (DEL?), for
sample 1 and 2, respectively.

3.4. Comparison of Cg-NaDDC De-
rivative

With Cg. Ceg fullerene itself, as
well as Cy, have proven to be effec-
tive sorbent materials for the precon-
centration of metdlic cations, after the
formation of a suitable neutral chelate
to be adsorbed via P- P interactions.
Ammonium pyrrolidinedithiocar-
bamate’> and NaDDC®® have been
employed for the determination of
leed and organolead compounds,
among other metds, in similar flow
systems to the one used in this work;
those systems included an additiona
stream of the suitable cheating re-
agent that must be mixed with the
sample stream and also a reaction coil
long enough to ensure the complete
formation of the chelate before reten-
tion onto the Cg fullerene column.
However, by using a column packed
with Ce-NaDDC the flow system is
greatly simplified as the sample can
be directly preconcentrated onto the
column. On the other hand, condition-
ing of the Cs column is needed for
the retention of certain organolead
compounds. Thus, the retention of
TML-DDC chelate is enhanced when
the Cg is conditioned with n-
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hexane® the solvent molecules are
adsorbed at the surface of the crystals
of Cgo,?® constituting a liquidlike phase
in which TML-chelate would be dis-
solved. The Cg-NaDDC derivative
can overcome these difficulties, since
owing to the different retention
mechanism (chelate formation instead
of P- P interactions) there is no reason
for TML" to be retained in a lesser
extension than the other lead species.
The most relevant difference between
both sorbent materials is the pH range
in which formation of the chelate is
favored. Thus, when employing Cg
fullerene, adsorption was maximal in
a wider pH range (1 — 8) as the likely
result of the chelate being formed in
the agueous medium (in excess of
NaDDC) preceding its adsorption on
Ce. On the contrary, when using the
Ce-NaDDC column, maximum ana-
Ilyte adsorption was achieved a a
higher sample pH (7 — 10), but a pre-
vious plateau was obtained between
pH 1 and 6, in addition to a decrease
in the chromatographic signal by
about 15% (for DML?" and DEL?)
and 30% (for TML™ and TEL") rela-
tive to the first plateau. This suggest
that the chelate formation on the Ceg-
NaDDC materiad is enhanced in a
weak akaline range in which the che-
lating reagent is negatively charged.
The main advantages of the new
derivative relative to Cg are as fol-
lows. nor chelating reagents neither

column conditioning are needed, be-
ing the flow system notably simplified
as a result of the employ of Cg-
NaDDC derivative. Regarding column
stability, both columns have proved to
be reusable for at least six months on
a dairy working basis. Findly, the
only drawback of the Cg-NaDDC
derivative column relying on its pH
range (weak akaline medium) is not
applicable since it induces the precipi-
tation of other metal ions that could
compete with the organolead com-
pounds for the chelating group, in-
creasing thus the sdectivity of the
method through filtration.

4, Conclusions

From the foregoing the following
conclusions can be withdrawn: (a) Ceo
can be covaently bonded to classica
chelating reagents, leading to stable
fullerene derivatives that join the ad-
vantages of both compounds; (b) the
Ces-NaDDC derivative synthesized in
the present work can be employed as
sorbent material for the preconcentra-
tion of metdlic, organometallic, and
probably organic compounds at trace
levels, (¢) further applications of the
novel materia could be developed,
such as immobilization on solid sur-
faces, assembling of optically trans-
parent electrodes, or employment as
stationary phase in chromatographic
processes.
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VI1.Discusién general de los resultados

VI1I.1. DISCUSION GENERAL DE LOSRESULTADOS

En esta Memoria se ha abordado |a discriminacién entre especies funda-
mentalmente en @ contexto del andlisis medioambienta mediante € empleo de
un nuevo tipo de sorbentes (fullerenos y derivados). Se han descrito diversas
metodologias con diferente grado de simplificacion y automatizacién que impli-
can 0 no la derivatizacién de los anditos. La mayor parte de los procesos analiti-
cos descritos se basan en e uso de un cromatdgrafo de gases acoplado a un es-
pectrometro de masas (GC/MS), aunque se han utilizado otros detectores acopla-
dos a cromatégrafo de gases (GC/MIPAES y GC/ICP-TOFMYS) a efectos com-
parativos. Asimismo, la espectrometria de absorcion atdmica con atomizacion
por llama (FAAS) se ha empleado como técnica de deteccidn tanto para la espe-
ciacion directa como para un sistema de screening de muestras previo a la espe-
ciacion propiamente dicha por cromatografia de gases.

En este apartado se pretende ofrecer una panoramica general de los resul-
tados més relevantes acanzados en esta Memoria. Para evitar repeticiones con
los capitulos anteriores, se ha considerado oportuno focalizar la discusion en los
aspectos transversales convergentes o divergentes de mayor interés. En primer
lugar, se aborda de forma globalizada € desarrollo del trabgjo de investigacién a
través de los cambios que se han implantado y que han propiciado avances cienti-
ficostécnicos constatables. En segundo lugar, se contemplan los elementos
comunes a todos los capitulos que comprenden tanto € objetivo analitico global
(especiacion) como las herramientas andliticas utilizadas en todos los capitulos
anteriores (empleo de fullerenos y derivados, sistemas de flujo continuo y quela
tos metdlicos derivados del ligando dietilditiocarbamato). En tercer lugar, se
discuten los elementos que introducen una diferenciacion entre los capitulos: tipo
de fullerenos, muestras, anditos, derivatizacion, grados de automatizacion y sim-
plificacion, screening, separacién cromatografica y deteccion. En cuarto lugar,
se analizan los resultados obtenidos en las diversas metodologias desarrolladas y
validadas.
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Capitulo VII. Resumeny discusion

VI 1. 1. EVOLUCION DEL TRABAJO EXPERIMENTAL

El desarrollo de los trabajos que congtituyen esta Memoaria ha implicado
la evolucion légica de la linea de investigacion hacia la mejora continua. Asi, se
ha avanzado en diversos aspectos, entre |os que cabe destacar |0s siguientes:

Dd empleo de fullereno Cg a su derivado dietilditiocarbamico.

De uso de FAAS como detector d empleo de GC/MS, GC/MIP-
AESYy GC/ICP-TOFMS.

De la formacion manual (off-line) de derivados vol&tiles de los andli-
tos a su implementacion on-line e “in-situ”.

De la necesidad de emplear una atmdésfera inerte impuesta por € uso
de un reactivo de Grignard, muy inestable, a la posibilidad del traba-
jo en atmésfera abierta usando una sal de B(1V).

Dd uso del ligando dietilditiocarbamato en medio acuoso a su em-
pleo inmovilizado covaentemente a fullereno Cgy,

De uso de mddulos de flujo complegos con varias bombas peristalti-
cas, vavulas y canades de flujo a médulos mas simples, robustos y
fiables.

Estos cambios implican que algunos objetos, herramientas y procesos
analiticos sean diferentes, aunque ciertos elementos hayan permanecido constan-
tesalo largo del desarrollo de lainvestigacion. A continuacion se van a comentar
los aspectos que establecen las similitudes y las diferencias mas significativas
entre los capitul os que congtituyen esta Memoria.

VII. 1. 2. HILOS CONDUCTORESDE LA MEMORIA

Los hilos conductores de esta Memoria son la especiacion, y € empleo
de herramientas analiticas comunes tales como son los fullerenos y derivados, los
sistemas de flujo continuo y los dietilditiocarbamatos metélicos, que se comentan
brevemente a continuacion.

El objetivo anditico global de la Memoria es la especiacién, fundamen-
talmente en al ambito medioambiental, aunque también se aborda en € agroali-
mentario. En € apartado 1.1 de la Memoria se ofrece una vision actua de la es-
peciacién en Quimica Analitica. La discriminacion entre especies se ha logrado
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ORIGEN DE LA
ESPECIACION

DERIVATIZACION RETENCION/ CROMATOGRAFO DETECCION
DIFERENCIAL ELUCION DE DIFERENCIAL
SELECTIVA GASES
dela
Memoria 1.1 1.1 V.1, 1.2
V.2,
V.1, VIl

Figura VII1.1. Etapas del proceso analitico donde se produce la discriminacion implicits
en la especiacion
en esta Memoria en diversas etapas de los procesos andliticos desarrollados, tal
como se muestraen laFiguraVII.1.

La especiacion de plomo en muestras medioambientales se realiza me-
diante  derivatizacion  diferenciad (gpartado  111.1) por  precipita
cién/filtracion/disolucion del Pb?* inorgénico mediante dicromato. En este mismo
apartado, la retencion selectiva del trimetilplomo en funcion del acondiciona
miento de la minicolumna de fullereno Cg permite su discriminacién del resto de
organoplomados. La mayor parte de los trabajos desarrollados sobre la especia-
cién de plomo se basan en la discriminaciéon de las especies derivatizadas en un
cromatédgrafo de gases acoplado a distintos detectores (apartados 1V.1, V.2, V.1
y VI.1). En estos casos, s bien la separacion de los andlitos se rediza en la co-
lumna cromatogréafica, € empleo de un espectrémetro de masas como detector
permite la identificacién inegquivoca de los mismos a través de sus espectros de
fragmentacion. Otras alternativas tales como la atomizacion por plasma (apartado
V) permiten aumentar drésticamente la sensibilidad. La especiacion de ditiocar-
bamatos metdlicos que se emplean como fungicidas (apartado 111.2) se basa en la
deteccion selectiva de los metales (Zn?*, Mn®, Fe*') por FAAS: la diferenciacion
tiene lugar en € detector.
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La utilizacion de fullereno Cg y su derivado dietilditiocar bamico
condtituye € nlcleo de esta Memoria. La utilizacion de sorbentes es clave para
los procesos de especiacién medioambiental dada la pequefia concentracion de
las especies y las potenciales perturbaciones de otras especies que se encuentran
en la matriz de la muestra. La preconcentracion y € “clean-up” mediante la de-
nominada SPE (extraccion en fase solida) se han extendido ampliamente en los
procesos analiticos. La busgueda de nuevos sorbentes (g. los MIPs, polimeros
grabados con moleculas) es un tema candente en la investigacion anditica. En
esta Memoria se utilizan por primera vez los fullerenos y derivados para la re-
tencidén/elucion de las diversas especies de plomo y fungicidas (ditiocarbamatos
metdlicos); una panordmica general del impacto de los fullerenos en Quimica
Analitica se expone en € apartado 1.3 de la Memoria. Con fines comparativos se
ha estudiado sistematicamente e comportamiento de sorbentes tradicionaes (g.
silice-Cyg) para establecer las ventgjas en sensibilidad y selectividad que ofrecen
los fullerenos.

Para reducir la participacion humana en € proceso analitico, mejorar
propiedades andliticas basicas (. precision) y reducir costes y riesgos (g. dismi-
nucion de consumo de reactivos toxicos y/o costosos), todas las metodologias
gue comprende la Memoria se basan en sigemas de flujo continuo (FI) que
realizan una amplia variedad de funciones. medicion del volumen de muestra
liquida introducida, derivatizacién de los analitos y desarrollo de técnicas analiti-
cas de separacion no cromatogréaficas tales como la precipitacion/disolucion y
sorcion/desorcion, entre otras. La complgjidad de montagje automatico es muy
diferente tal como puede comprobarse en la Tabla VII.1. Para la especiacion
directa de plomo usando FAAS (apartado I11.1) se necesitan dos bombas peristdl-
ticas, cinco vdvulas y seis lineas de flujo, mientras que para la especiacion de
fungicidas se utiliza una solo bomba, una valvulay una sola linea. La mayoria de
las configuraciones restantes para la especiacion de plomo emplean una sola
bomba, dos valvulas de inyeccion y tres lineas de flujo, excepto en € caso del
derivado ditiocarbamico del Cg (apartado VI.1) en € que obviamente se pres-
cinde de la linea del reactivo para la formacion ddl quelato. Cabe destacar que la
configuracién basica del médulo puede usarse para la derivatizacion final de los
analitos y asi hacer posible su andlisis por cromatografia de gases (apartado
V.2).
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Tabla VII1.1. Caracterigticas generales de los sistemas de flujo continuo utilizados en esta Memoria

COMPLEJDAD DEL MODULO
APARTADO ] FUNCIONES NG ACOPLAMIENTO
DE LA METODO DEL umero AL
MEMORIA SISTEMA Bombas Peristalticas VaIv1i|Ias Se_l,ecuon/ L ineas de Flujo DETECTOR
nyeccion
Medida volumen
Especiacion directade | Precipitacion-Filtracion )
.1 plomo mediante FAAS Derivatizacién 2 5 6 ON-LINE
Sorcién/Elucion
Especiacién de .
- ) Medida volumen
1.2 fungicidas mediante Sorcion/Elucion 1 1 2 ON-LINE
FAAS
Medida volumen
Screening de muestras Derivatizacién 1 2 3 ON-LINE
Sorcién/Elucion
V.1 Medida volumen
Es‘oegoaf'gc‘:/d,\i g' omo Derivatizacion 1 2 3 OFF-LINE
Sorcién/Elucion
Medida volumen
Especiacién de plomo Derivatizacién
V.2 con NaBPr, Sorcién/Elucion 1 2 3 OFF-LINE
Derivatizacién
Medida volumen
Comparacion de Derivatizacién
Vi detectores Sorcion/Elucion 1 2 3 OFF-LINE
Derivatizacion
L Medida volumen
Especiacién de plomo .
VIl con derivado del Cep 5 Sorc!on_ y 1 2 2 OFF-LINE
Elucion-Derivatizacion
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El hecho de que la formacion de especies volétiles se lleve a cabo “in-situ” en €
propio médulo supone un gran avance sobre metodologias anteriores, ya que
permite disponer de un sistema rpido, fiable y robusto para la especiacion de
plomo en muestras mediocambientales que puede ser acoplado a distintos detecto-
res. La integracién de la deteccion on-line en d sistema depende en gran medida
de las caracteristicas intrinsecas del detector, siendo decisiva la forma de intro-
duccién de la muestra: continua (FAAS) o discontinua (cromatégrafo); en este
ultimo caso, € acoplamiento con € detector debe ser manual.

La eficiencia del grupo ditiocarbamato como ligando se basa en € mar-
cado carécter liberador de electrones del grupo R:N — CS,. El orbital p enlazante
localizado entre los dos &omos de azufre (Figura VI1.2) supone una fuente id6-
nea para la transferencia de carga hacia los orbitales d vacios del &omo metdlico.
El caso del plomo tetravalente es especia mente favorable debido a que la pérdida
de eectrones de niveles inferiores queda solo parcialmente compensada por los
radicales organicos. Por lo tanto, é NaDDC actla como ligando bidentado hasta
satisfacer la deficiencia electrénica del metal, de forma que @ quelato requiere
una o dos moléculas de NaDDC seguin la cargainicia de la especie metdlica. La
densidad electrénica que posee @ quelato favorece la retencion sobre € fullereno,
la cual ocurre también a través de interacciones de tipo p- p. Por ese motivo, la
transferencia de carga no es posible s los radicales que acomparian a domo de

R C,H R

| S s72°5 FARIAN S I_S ,CoHs
R_'\l/l\s>>_N\c H NN

R 2's C,H, R S C,H,

Figura VII. 2. Representacion esquematica del enlace ligando® metal en el
complegjo Pb-DDC
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plomo son demasiado voluminosos; es el caso del tribultilplomo, tripentilplomo y
trifenilplomo, que no son adsorbidos cuantitativamente sobre e Cg (apartado
I11.1). Por otra parte, las especies de plomo tetravalente cuya esfera de coordina-
cion esté completa (g. tetrametilplomo, tetraetilplomo, trimetiletilplomo) no
forman € correspondiente queato y por lo tanto no pueden ser detectados usando
este sistema de preconcentracion.

VII. 1. 3. ELEMENTOSDIFERENCIALESDE LA MEMORIA

La congtante evolucion hacia la consecucion de los diversos objetivos
planteados en la Memoria inevitablemente conlleva la inclusion de nuevas
herramientas analiticas que permitan la mejora de los resultados sin alterar de
modo significativo la filosofia del planteamiento inicial. Las principales diferen-
cias introducidas en los distintos apartados de la Memoria afectan a tipo de fulle-
reno empleado, los anditos a determinar, las muestras y su tratamiento, tipos de
derivatizacion, grado de automatizacion y simplicidad, € desarrollo de un siste-
ma de screening, € uso 0 no de separacién cromatogréfica para las distintas es-
pecies y findmente & empleo de distintos tipos de detectores. A continuacién se
discuten de forma detallada estos elementos.

Para la preconcentracion de las especies y € “clean-up” de la muestra
gue los contiene se han utilizado dos tipos de fullerenos. El fullereno Cg se ha
usado para retener las especies metdlicas derivatizadas en forma de quelatos con
e ligando dietilditiocarbamato en la mayor parte de los capitulos de esta Memo-
ria (apartados 111.1, 111.2, IV.1, IV.2 y V.1). En € capitulo VI.1 se describe la
sintesis, caracterizacion y aplicacion a la especiacion de plomo del derivado die-
tilditiocarbamico del fullereno Cg, 10 cua implica la retencion directa de las
especies inorganicas y organometdlicas de plomo y por elo se simplifica e mon-
taje experimental.

Los analitos que se han detectado/determinado en esta Memoria pueden
considerarse divididos en dos grupos. Se han determinado dietilditiocarbamatos
usados como fungicidas (apartado 111.2)

- Ziram, zineb, propineb, expresados como ziram
- Maneb y mancozeb, expresados como maneb
- Ferbam
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Pero la mayor parte del trabajo que se presenta (apartados 111.1, IV.1, IV.2, V.1y
VI.1) se centra en la especiacion de plomo, es decir, en la determinacion
/deteccion de las siguientes especies:

- Trimetilplomo

- Tridilplomo

- Dimetilplomo

- Didilplomo

- Pb*inorgénico
También se ha abordado la determinacién total de plomo como base del sistema
de screening de muestras descrito en € apartado IV.1. El estado actual de la es-
peciacién de plomo en Quimica Anditica se ha resumido en e apartado 1.2 de
estaMemoria

Las muestras que se han andizado en esta Memoria son de dos tipos,
gue se diferencian tanto en su estado de agregacion como en su complejidad. El
primer tipo lo constituyen las muestras solidas de granos de ceredles en las que se
ha determinado trazas de ziram, maneb y ferbam (apartado 111.2). El segundo tipo
esta compuesto por las aguas de lluvia de diferente procedencia en las que se ha
abordado la especiacion de plomo. La etapa de tratamiento de la muestra es
muy diferente. En € primer caso las muestras sblidas deben someterse a molien-
da, extraccién liquido-sdlido, filtracién y evaporacion a sequedad dd extracto
cloroférmico y disolucién ddl residuo. En € segundo caso, las muestras liquidas
pueden introducirse directamente en los sistemas de flujo, aunque en agunos
casos se opta por unafiltracién continua.

La derivatizacion se ha llevado a cabo en esta Memoria con diversos
propositos usando la variedad de aternativas que se exponen esgueméticamente
en la Figura VI1.3. S6lo en un caso (apartado 111.2) no estd implicada una etapa
de derivatizaciéon ya que los analitos son los dietilditiocarbamatos metalicos. Para
diferenciar € plomo inorganico del organometdlico se rediza una precipita
cion/disolucién en continuo (apartado 111.1) usando € dicromato como precipi-
tante. La formacion de quelatos metélicos de plomo es la clave para la retencion
de las diferentes especies en la columna sorbente de fullereno. En la mayor parte
de los trabgjos realizados (apartados 111.1, 1V.1, V.2 y V.1) lareaccion de quela
cién tiene lugar en @ serpentin cuando confluyen en e mismo las corrientes de
muestra y dietiliditiocarbamato sodico a pH adecuado; la formacion de quelatos
transcurre en la fase solida cuando se emplea € dietilditiocarbamato covalente-
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APARTADOS
DELA

DESARROLLO MEMORIA

MANUAL ON-LINE

PRECIPITACION DE i
P> Pb2 INORGANICO :
1.1, 1V.1,
- EN V.2, v.1
FORMACION DISOLUCION
3 DE
DERIVATIZACION QUELATOS
SOLIDA .
FORMACION V.1
3> DE
DERIVADOS V2 V1
VOLATILES Vi1

Figura VII. 3. Tipos de derivatizacién |levadas a cabo en esta Memoria

mente enlazado a fullereno Cg (apartado VI1.1). La formacion de derivados
volétiles de las especies de plomo es una obvia etapa previa a su separacion cro-
matografica. La derivatizacion consiste en la transferencia de radicales d plomo
tetravaente hasta que se encuentre totalmente alquilado. En primer lugar se redli-
z0 una reaccion de propilacion a través de un reactivo de Grignard (apartado
IV.1) que si bien ofrece buenos resultados en cuanto a sensibilidad, exige a cam-
bio las méximas precauciones en su manipulacion, incluyendo € empleo de una
amosfera inerte para evitar en todo momento € contacto con € aire o € agua.
Por tanto, una vez €uidos de la columna, los analitos deben ser llevados ma-
nualmente a un via sdllado en e que se redlizara la derivatizacion y a continua-
cién la eliminacion dd exceso de reactivo. Estas etapas manuales llevaron a la
blsqueda de un derivatizador aternativo, y provocaron su sustitucion por € te-
trapropilborato sodico (apartados 1V.2, V.1 y VI.1), que actla también como
agente propilante, pero puede ser utilizado en medio acuoso y atmdsfera normal.
La derivatizacion se lleva ahora a cabo en continuo, ya que € reactivo se aflade a
disolvente organico para fecilitar la elucion, especialmente en € caso de la com-
plejacion en fase sdlida (apartado V1.1).
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Tabla VI1.2. Grado de automatizacion de los procesos analiticos descritos en la Memoria

OPERACIONES DEL PROCESO ANAL’iTI (6{0)
QUE SE REALIZAN CON/SIN INTERVENCION HUMANA

DERIVATIZACION (1) DERIVATIZACIO .
APARTADO ] TRATAMIENTO SORCION/ N (1) CONEXION
DE LA METODO DE B B ELUCION FORMACION CON EL
MEMORIA MUESTRA PRECIPITACION | FORMACION DE ESPECIES DETECTOR
CON CrO, QUELATOS VOLATILES
Especiacion directa
1.1 de plomo AUTOMATICO | AUTOMATICO | AUTOMATICO | AUTOMATICO AUTOMATICO
mediante FAAS
Especiacién de
1.2 fungicidas MANUAL AUTOMATICO AUTOMATICO
mediante FAAS
Screening
de AUTOMATICO AUTOMATICO | AUTOMATICO AUTOMATICO
muestras
V.1 ~ =
Especiacion
de plomo AUTOMATICO AUTOMATICO | AUTOMATICO MANUAL MANUAL
por GC/MS
Especiacién
V.2 de plomo AUTOMATICO AUTOMATICO | AUTOMATICO | AUTOMATICO MANUAL
con NaBPr,
Comparacion
Vi de AUTOMATICO AUTOMATICO | AUTOMATICO | AUTOMATICO MANUAL
detectores
Especiacion de ) AUTOMATICO )
VIl plomo con AUTOMATICO AT AUTOMATICO MANUAL

derivado del Cgy
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El grado de automatizacion alcanzado en los diversos procesos analiti-
cos descritos en esta Memoria es muy variable, tal como puede comprobarse en
la Tabla VII.2. La propia naturaleza del detector introduce una diferencia en la
forma de introduccion de los andlitos, que es automatica en € caso de FAAS
(apartados 111.1, 111.2 y V.1 screening) y manual cuando debe inyectarse en €
cromatografo de gases (apartados 1V.1, 1V.2, V.1 y VI.1). Por otra parte, aun
usando una deteccién en continuo (FAAS), cabe digtinguir entre aquellas mues-
tras que requieren un tratamiento previo a su introduccion en € sistema FIA
(apartado 111.2) y las que por € contrario pueden ser continuamente aspiradas en
e cana de muestra (apartado 111.1 y V.1 screening), alcanzando el grado maxi-
mo de automatizacion tanto en e tratamiento de la muestra como en su detec-
cion. Para la especiacion de organoplomados usando la cromatografia de gases €
grado de automatizacion se ha incrementado a lo largo del desarrollo de la Me-
moria. Asi, de la derivatizacion manual para formar especies volatiles (apartado
IV.1 especiacion) se evoluciona hasta la completa automatizacion de la misma
(apartados 1V.2, V.1y VI.1). Las etapas de formacién de quelatos y sorcion en €
soporte sélido quedan sintetizadas en una sola con la inclusion en € sistema de
una minicolumnade del Ce-NaDDC (apartado V1.1).

El grado de smplicidad de las metodologias analiticas descritas en la
Memoria es también muy variado, y evoluciona de forma creciente a lo largo de
la misma. Como queda reflgjado en la Tabla VI1.1, se han iniciado estas investi-
gaciones con un médulo relativamente complgio, que ha evolucionado a otro en
el que se consigue reducir significativamente € nimero de componentes e inclu-
so0 & numero de lineas de flujo y los reactivos a utilizar. Sin embargo, € avance
mas relevante concierne a la derivatizacion previa a la inyeccion en d cromato-
grafo de gases, tanto por su incorporaciéon en e sistema de flujo como por la se-
leccién y empleo de reactivos adecuados. El método manual para la especiacion
de plomo usando reactivos de Grignard consta en primer lugar de una extraccion
liquido-liquido con estricto control del pH con e objetivo de preconcentrar las
especies de plomo y acondicionar € medio para la reaccién de formacion de de-
rivados voldtiles. Esta derivatizacion debe transcurrir en atmosfera inerte dada la
inestabilidad de este tipo de reactivos frente al oxigeno y a agua, con las precau-
ciones que dlo implica. El empleo de las sales de boro tetravaente (NaBPr,,
NBuU;BPr,) permite la derivatizacion “in situ” en medio acuoso, con una Unica
extraccion con un volumen minimo de disolvente organico para evitar la dilucion
de los anditos. En ambos casos es deseable un material hermético adecuado para
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evitar pérdidas de analitos o contaminacién durante la reaccién que ademas per-
mita la extraccion de un pequefio volumen de disolvente orgénico, ademéas de
personal cudificado para llevar a cabo las diferentes tareas. El empleo de los
sistemas de flujo descritos en esta Memoria (apartados 1V.1, IV.2, V.1y VI.1)
simplifica enormemente ambos procedimientos hasta d punto de conseguir la
completa automatizacion de la especiacion de los compuestos organometdlicos
de plomo de interés medioambiental .

Una de las aportaciones mas relevantes de esta Memoria es € disefio y
desarrollo del sistema de screening de muestras previo a la especiacion, descri-
to en @ apartado 1V.1. Con dicho sistema se pretende obtener, tras un simple
tratamiento de la muestra, una respuesta binariargpiday fiable paraindicar si los
analitos estan presentes en la muestra por encima o por debgjo de una cierta con-
centracion (el limite de deteccion del sistema para € volumen de muestra a utili-
zar) que es de gran relevancia practica. La preconcentracién de la muestra en €
sistema de flujo permite la determinacion ddl contenido total en plomo mediante
FAAS a niveles de trazas, suficientes para detectar la presencia de organoploma-
dos. Debido a la sdlectividad inherente a la técnica de deteccidn utilizada, la pre-
sencia de plomo es inequivocamente confirmada de manera que d sistema de
screening no proporciona falsos positivas; este hecho supone una alta fiabilidad,
ya que s0lo son posibles los falsos negativos en muestras en las que la suma de
todas las especies de plomo presentes, incluyendo € plomo inorganico, sea me-
nor de 0.5 ng/mL. Cuando € resultado obtenido para una muestra es positivo,
una segunda porcién de la misma se somete a sistema de especiacion, descartén-
dose asi las muestras que den resultados negativos y reduciendo de manera signi-
ficativa € nimero de muestras a analizar. Se cumplen por tanto los objetivos
basicos de todo sistema de screening a obtener una respuesta rgpida y fiable
mediante un método automatico sencillo y robusto que minimiza tanto los costes
de reactivos como los de instrumentacion.

La separacién cromatografica es también un elemento diferenciador en
e conjunto de trabajos que componen esta Memoria. Para e método de los fun-
gicidas carbamicos no fue necesaria ninguna etapa de separacion, dada la selecti-
vidad propia ddl detector atébmico (apartado 111.2). Las distintas especies de plo-
mo fueron determinadas usando técnicas de separacion no cromatograficas como
la precipitacion/filtracion o la sorcién selectiva en funcion dd acondicionamiento
de la columna de fullereno (apartado I11.1) previas a su posterior deteccion por
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FAAS. Las restantes metodologias desarrolladas (apartados I11.2, V.1, 1V.2, V.1
y VI.2) incluyen una etapa de separacion cromatogréfica para permitir la detec-
cién de un mayor nimero de andlitos a niveles de concentracién también meno-
res. A cambio de esta mayor sensibilidad se sacrifica a veces la smplicidad del
sistema de flujo, que en ocasiones no es totalmente automatico debido a paso
adicional de derivatizacion que se requiere para transformar los analitos en espe-
cies suficientemente vol &iles para su determinacion por cromatografia de gases.

Los detectores que se han empleado en esta Memoria difieren conside-
rablemente en fundamento y capacidad para la especiacion metélica. La absor-
cion atdmica de llama es sin duda e detector ideal cuando se trata de discernir
entre especies de distintos metales (apartado 111.2), pero sélo proporciona infor-
macion global acerca de la presencia de un determinado metal independiente-
mente de la forma en que se encuentre. No obstante, esta respuesta rapida y glo-
bal es la clave para su empleo como detector de un sistema de screening de
muestras sumamente eficaz debido a que los falsos positivos quedan descartados
por la propia naturaleza de la deteccién (apartado 1V.1). El poder de separacion
de la cromatografia de gases puede combinarse con distintos detectores para
exaltar bien la sensibilidad o bien la capacidad de identificacion de las especies
presentes. En esta Memoria la espectrometria de masas se ha empleado en diver-
sas ocasiones (apartados 1V.1, IV.2, V.1y VI.1) y se ha demostrado su gran ca
pacidad de discriminaciéon enfocada no sdlo hacia los analitos, que pueden ser
inequivocamente identificados, sino también hacia otras especies de interés en €
ambito de la especiacion como es € caso de productos de reacciones de transal-
quilacion entre las distintas especies a determinar (apartado 1V.2) o de degrada-
cién de los reactivos que se utilizan (apartado V.1). También se han utilizado
otros detectores acoplados a cromatégrafo como MIP-AES o ICP-TOFMS
(apartado V.1), cuya sensibilidad es muy superior a la proporcionada por € es-
pectrometro de masas basado en un sistema de cuadrupolo convenciona y que
permiten e andlisis de muestras de agua de lluvia con niveles de contaminacion
muy bajos (décimas de ppt).

VII. 1. 4. RESULTADOSANALITICOS

Los trabgjos desarrollados a lo largo de la presente Memoria estan orien-
tados hacia € objetivo de desarrollar metodologias andliticas eficaces para la
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resolucion de un problema bien definido consistente en la especiacion de digtin-
tos elementos (fungicidas carbamicos y compuestos organometdicos de plomo),
utilizando para ello los fullerenos y derivados entre otras herramientas analiticas.
En cada uno de los apartados de la Memoria se recogen las pertinentes caracteris-
ticas analiticas del método propuesto, resumidas en la Tabla V1.3 para € volu-
men total de muestra empleado en cada caso. Se pretende ofrecer aqui una vision
global de los resultados analiticos obtenidos en los distintos trabajos, con €l fin
de destacar la informacién méas relevante que se desprende de su comparacion
respecto a varios aspectos. nimero y tipo de analitos, sensibilidad, precision,
selectividad y frecuencia de muestreo.

En € desarrollo del trabgjo experimenta se han determinado distintos
tipos de analitos, todos ellos relacionados con € ligando dietilditiocarbamato de
una u otra forma. Los anditos han sido tanto elementos metdlicos capaces de
formar un quelato con € carbamato (organoplomados) como quelatos que tienen
utilidad préctica como taes, bien en forma individual (ferbam) o como queatos
poliméricos (zineb, maneb). El nimero de especies que pueden ser discriminadas
entre si depende de forma critica de la sdlectividad del detector. La espectrome-
tria de absorcion atémica es insustituible cuando se pretende diferenciar entre
compuestos que contienen elementos metdlicos distintos (apartado 111.2) u obte-
ner un indice globa para € contenido de un metal en una muestra determinada,
pero requiere algin tipo de separacion previa para discernir entre especies del
mismo metal (apartado I11.1). La incorporacién de una técnica de separacion
cromatogréfica ofrece la posbilidad de aumentar € nimero de anditos hasta
englobar las especies idnicas de plomo de interés medioambiental (apartados
V.1, 1V.2, V.1y VI.1). Sn embargo, la hecesidad de proporcionar a los analitos
la suficiente volatilidad y estabilidad térmica requiere una drastica reaccion de
derivatizacion en la que se origina Pb*"; esta contribucién aleatoria hace que la
cuantificacion de Pb* mediante este método tenga un caracter meramente orien-
tativo.
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TablaVII. 3.

Caracteristicas andliticas de los métodos descritos en la Memoria

APARTADO ) VOLUMEN RESULTADOS
DE LA METODO DETECTOR DE ANALITOS Rango Lineal LD RSD Frecuenciade
MEMORIA MUESTRA (ng/mL) (ng/mL) (%) muestreo (')
Especiacion directade Po** 100 — 1500 50 3.0
1.1 plomo FAAS 5mL TML* 30-600 20 3.6 8
mediante FAAS TEL* 20 - 400 10 3.2
L . Ziram 3-45 1 3.0
.2 Espeazcion t‘éeFer/P'SC' das FAAS 10mL Maneb 5-125 2 20 5
Ferbam 15— 350 5 25
Screening de FAAS 50 mL Pb 0.75-50 05 25 3
muestras
TML" 810°-0.8 2.010° 6.1
V.1 Especiacion DML? 410%-04 1.610° 5.8
de plomo GCIMS 25mL TEL* 410°-0.6 0.810° 5.6 3
por GC/MS DEL* 110*-05 3010° 5.9
Po** 210°%-15 1.610° 5.1
ey TML" 410°-0.8 1.210° 5.1
Especiacion 2+ -3 -3
DML 610°-04 2.410 36
V.2 Cgre”r\)llggqsr GC/MS 25mL TEL® 210°-04 0.810° 43 3
4 DEL* 610°-0.8 1.610° 45
TML" 210%-0.05 0.810* 49
DML? 210*-0.02 0.910* 3.0
Comomtecion GCIMIP-AES 25mL TEL* 310%—005 1210% 26 4
Vi P - DEL? 410*-0.08 1.710* 34
: detect TML" 210%-01 0.810* 29
ores DML? 210%-0.1 0.910* 49
GC/ICP-TOFMS 25mL TEL* 310%—01 0.910% 32 4
DEL* 410*-0.1 1.210" 49
TML" 410°-0.8 1.010° 55
Especiacion de plomo con DML? 810°-0.8 3010° 46
Vi1 derivado del Ceo GCIMS 25mL TEL* 410°-06 0.810° 48 4
DEL* 610°-0.8 2.010° 5.8

TML, trimetilplomo; TEL", trietilplomo; DML*, dimetilplomo; DEL**, dietilplomo
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El empleo de un sistema de preconcentracién para aumentar la sensibili-
dad de la metodologia se hace ingludible dado € bajo nivel de concentracion a
gue estos analitos se encuentran en las muestras reales (ppt). La elevada capaci-
dad de retencion del fullereno Cq y su derivado ditiocarbamico permiten acan-
zar estos niveles especialmente s se emplea un volumen de muestra suficiente-
mente ato (25 — 50 mL) y un detector apropiado. El cambio més relevante se
aprecia al sudtituir el detector FAAS por un cromatégrafo de gases acoplado a un
espectrometro de masas de cuadrupolo, lo que origina la disminucion de los limi-
tes de deteccion en cuatro érdenes de magnitud (ppt).

A través de la comparacion de estos resultados incluidos en la Tabla
VI11.3 con los de GC/MIP-AES y GC/ICP-TOFMS, ampliamente comentados en
el apartado V.1, se observa una mejora de tan solo un orden de magnitud respecto
a GC/MS, suficiente para alcanzar facilmente los niveles de las décimas de ppt
necesarios para la especiacion de plomo en agua de lluvia de paises poco conta-
minados por fuentes antropogénicas y combustibles fésiles. Los detectores em-
pleados también afectan al rango lineal de la determinacion, que pasa de ser de
un orden de magnitud en FAAS a dos drdenes en GC/MS, para acanzar €
maximo intervalo en e GC/ICP-TOFMS, como era de esperar. En cuanto a la
precisiéon (Tabla VII.3), es similar en todos los casos tomando en consideracion
la desviacion que es comun a empleo de un sistema FI con diversos detectores:
FAAS (aprox. 3% RSD) o inyeccién en GC (aprox. 5% RSD).

Los sistemas que basan su funcionamiento en la capacidad de sor-
cién/edlucién sobre un materia solido pueden adolecer de fdta de selectividad
hacia los andlitos, bien por mostrar mayor afinidad hacia otras especies, o bien
porque los interferentes se encuentran en concentraciones tan altas que desplazan
a los analitos de los sitios activos de la columna sorbente. EI comportamiento de
los sistemas descritos en la Memoria frente a otros iones metalicos capaces de
formar quelatos estables con e NaDDC (. Mn?*, Fe**, Co*, Zn*, Cu®) y que
pueden ser considerados como potenciales interferentes se contempla en la Me-
moria (apartados 1V.1, V.1y VI.1), asi como & mecanismo de eiminacién de la
interferencia en caso necesario. En los sistemas que utilizan fullereno Cg como
material sorbente, la Unica interferencia observada es la ocasionada por € Fe**
(aunque a concentraciones superiores en 4 veces a las de organoplomados), y se
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evita facilmente mediante la adicién a la muestra de acido acético para la forma-
cién de un complegjo cargado que no es retenido en la columna (la relacion tole-
rada en este caso de a menos 200 veces més). La comparacion de la selectividad
respecto a otros sorbentes convencionaes como silice-Cyg (apartado V.1) resulta
mas satisfactoria para € Cgo, dada su mayor capacidad superficial y € medio de
pH ligeramente acido en € que tienen lugar las determinaciones. También €
valor de pH, ligeramente basico, en € que se desarrolla la especiacion de orga-
noplomados empleando una columna empaguetada con € derivado ditiocarbami-
co del fullereno Cg es d principal responsable de la ausencia de interferencias en
este caso, ya que la mayoria de los iones metdlicos han precipitado como
hidréxidos y quedan en € filtro inicial, de forma que no acanzan la zona de pre-
concentracion.

La rapidez constituye una de las ventgjas fundamentales de los sistemas
de flujo en rlacion con las metodologias que implican € tratamiento manua de
la muestra. En funcién del detector empleado, se aprecian dos factores condicio-
nantes claramente definidos. Para las metodologias desarrolladas en la Memoria
gue utilizan FAAS como sistema de deteccion (apartados 111.1, 111.2 y IV.1), la
etapa controlante de la rapidez del andlisis es la introduccion de la muestra en €
sistema: a mayor volumen, mayor sensibilidad, pero también mas tiempo de aspi-
racion. A pesar de la baja frecuencia de muestreo observada para € sistema de
screening, éste no debe ser descartado teniendo en cuenta que posibilita la detec-
cién de organoplomados con una instrumentacién asequible y sin los costes y
complicaciones gque supone € uso de reactivos derivatizadores. En cambio, los
métodos cuyo detector esta acoplado a un cromatdgrafo de gases estan condicio-
nados por la duracion de la etapa de separacion cromatogréficay recuperacion de
la temperatura inicial del horno, 1o que se traduce en frecuencias de muestreo
similares (gpartados 1V.1, IV.2, V.1y VI.1).
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VII.2. RESUMEN DE LASCONCLUSIONESMASRELEVANTES

Al finalizar cada uno de los capitulos de esta Memoria se incluye un con-
junto de conclusiones particulares a estudio desarrollado. En este apartado se
presentan las conclusiones més generales teniendo en cuenta tanto € grado de
innovacion alcanzado como su impacto practico.

1. Se ha demostrado por primera vez la idoneidad del fullereno Cg cOMo mate-
rial sorbente para la especiacion mediocambiental, aportando ventajas sustan-
ciales respecto alos sorbentes clasicos (6. Cyig enlazado asilice).

2. Se ha sintetizado y caracterizado por primera vez € derivado dietilditiocar-
bamico dd fullereno Cg, que muestra ventajas practicas respecto al empleo
dd Cgq para la especiacion medioambiental y particularmente en los costes de
reactivos y en la simplificacion del proceso (automdtico) de tratamien-
to/derivatizacion implicito(s).

3. Se ha puesto de manifiesto la gran repercusion préactica del concepto de criba
(screening) de muestras en la especiacion medioambiental, que mejora las
propiedades analiticas productivas (g. rapidez, costes, factores personales)
del laboratorio.

4. Se ha contribuido significativamente a la simplificacion y automatizacion de
las operaciones previas del proceso analitico para la especiacion, empleando
para dlo sistemas de flujo continuo disefiados ad hoc que permiten llevar a
cabo las operaciones implicitas tanto de tratamiento como de derivatizacién.

5. Se ha egtablecido por primera vez una comparaciéon sistemdtica entre tres
tipos de detectores de un cromatografo de gases (MS, MIP-AES e ICP-
TOFMS) que permite sacar conclusiones relevantes referidas fundamental-
mente a la sensibilidad y selectividad de los procesos analiticos orientados a
la especiacion medioambiental .

6. Se han disefiado, optimizado y validado un conjunto de procesos analiticos
completos para la especiacion de ditiocarbamatos (fungicidas) en granos de
ceredles y la especiacion de plomo en aguas de lluvia. Los resultados obteni-
dos han sido debidamente contrastados en términos de exactitud (incertidum-
bre) y trazabilidad. Todos €ellos implican herramientas asequibles para ser
implantados en laboratorios de monitorizacion mediocambiental.
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7. La sensbilidad acanzada en los métodos analiticos desarrollados para la
especiacion de plomo (nivel ppt) ha permitido discriminar directamente las
aguas de lluvia procedentes de paises en los que la venta de gasolina con
plomo estaba permitida durante la realizacion de la Tesis, como ocurria en
Espafia, con respecto a otros paises en los que su empleo se prohibi6é desde
hace tiempo, como es € caso de Bélgica.
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VII.3. “PRODUCTOS’ DE LA TESISDOCTORAL

La ISO 9000:2000 define a producto como resultado de un sistema de
actividades que utilizan recursos para transformar entradas (inputs) en salidas
(outputs). El nuevo concepto de producto abarca pues entes tanto tangibles (g,
herramientas analiticas) como intangibles (g. conceptos, servicios, metodologi-
as). En este contexto y a la luz de las conclusiones generales comentados en €
apartado anterior, se pueden inferir los “productos’ mas relevantes de esta Me-
moria:

o Fullereno y derivados como sorbentes para las operaciones previas de proce-
sos analiticos orientados a la especiacion medioambiental .

o Concepto de “screening” (criba previa) en la especiacion medioambiental.

0 Automatizacion y simplificacién de procesos analiticos para la especiacion
medioambiental .

0 Procesos anditicos validados para la determinacién de fungicidas en granos
de ceredles 'y especiacion de plomo en agua de lluvia con un grado creciente
de automatizacion y simplificacion.
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VII.4. LIMITACIONESDEL ESTUDIO

Los principales problemas que surgieron a lo largo de la investigacion se
han resuelto en sucesivas etapas durante e desarrollo de la misma. Se puede
comprobar la evolucién alo largo de los capitulos: de la falta de sensibilidad que
era e principa inconveniente de la especiacion de plomo mediante FAAS (apar-
tado 111.1) a sistemas mas sensibles pero sblo parcialmente automatizados (apar-
tado 1V.1), hasta conseguir la completa automatizacion con € empleo de un reac-
tivo dternativo a los de Grignard (apartado 1V.2) y la disminucion de los limites
de deteccion mediante € empleo de detectores més sensibles a niveles de déci-
mas de ppt (apartado V.1). Por dltimo, la sintesis de un nuevo derivado ditiocar-
bamico del fullereno Cy supone € empleo de la configuracién mas sencilla posi-
ble para la especiacion de plomo. Sin embargo, hay ciertas restricciones que es
conveniente resaltar de forma criticay que se detallan a continuacion:

0 Las metodologias descritas sblo son aplicables a compuestos capaces de re-
accionar con € dietilditiocarbamato. Por lo tanto, los compuestos tetraal qui-
lados de plomo como tetrametil, tetraetil, o trimetiletilplomo, también intere-
santes desde € punto de vista ambiental, no pueden ser determinados.

o El derivado ditiocarbdmico del Cg se satura con facilidad, por 1o que su uso
s6lo es conveniente para la determinacién de analitos a niveles de trazas.

0 No se ha abordado una amplia variedad de muestras (se reducen a agua de
[luvia de diferentes procedencias y granos de cereales).

0 No seincide en los puntos débiles de la especiacion (tomay conservacion de
la muestra, por emplo).

0 No se ha dispuesto de referencias adecuadas para € contraste de los resulta-
dosy d establecimiento de su trazabilidad, como por giemplo materiales de
referencia certificados, por 1o que las metodologias sdlo han podido ser vali-
dadas através de |os patrones primarios.
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0 La mayor sensibilidad requiere el empleo de detectores costosos (MIP-AES,
ICP-TOFMS).

0 S bien d término de especiacion de grupo se ha aceptado para designar la
discriminacion entre distintas familias de compuestos similares, suele apli-
carse mas a menudo a campo medioambienta o clinico que a ambito agroa-
limentario en € que agqui se engloba (apartado 111.2).
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VII.5. FUTURASVIASDE INVESTIGACION

A laluz de las aportaciones recogidas en la presente Memoria se visum-
bran otras lineas de investigacion que se pueden orientar hacia € nlcleo de la
Tesis, los fullerenos y sus derivados, y también hacia la especiacion de nuevos
analitos en diversos tipos de muestras. En lo que respecta a primer objetivo, la
sintesis de nuevos derivados del fullereno despierta grandes expectativas en
cuanto a sus potenciales aplicaciones dentro y fuera del campo de la especiacion.
A continuacion se ofrece una visién general de algunas de estas posibilidades
andliticas:

0 Uso de fullerenos modificados como fases estacionarias para discriminar
especies en cromatografia liquida y asi minimizar los problemas practicos
gue presentan los fullerenos.

0 Inmovilizecién de fullerenos y derivados sobre soportes sdlidos metalicos
para la fabricacion de electrodos redox orientados a la determinacion de
COMpUEStos neutros.

0 Deposicion de fullerenos y derivados sobre laminas de materiaes épticamen-
te trangparentes para la formacién de optoel ectrodos.

0 Desarrollo de sistemas en flujo continuo en los que se produzca la doble re-
tencion selectiva tanto de especies metdlicas a través del grupo funciond del
derivado como de compuestos orgénicos sobre la matriz del fullereno.

Por otra parte, € campo de la especiacion aln requiere de sistemas répi-
dos y simples para minimizar los errores cometidos en la més problemética de las
etapas del proceso andlitico, la preparacion de la muestra. En este sentido, la
aplicacion de sistemas de flujo continuo puede ser de gran utilidad; a continua-
cién se enumeran agunas de las posibles aplicaciones:

0 Determinacién de compuestos organometadicos de interés medioambiental,
para establecer controles de su emision y degradacion. El caso del estafio es
especialmente preocupante, ya que, a pesar de que su empleo esta actual-
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mente restringido de forma severa, € uso indiscriminado durante afios como
pintura para evitar incrustaciones en los cascos de las embarcaciones junto
con la gran estabilidad que presentan estos compuestos aseguran su presen-
ciaen los ecosistemas marinos a menos durante |os préximos 150 afos.

0 Determinacion de compuestos asociados a metales que actlan como indica-
dores de la calidad del ecosistema en € que se encuentran. Los animales
responden a una concentracion excesiva de ciertos metales pesados en su
organismos sintetizando proteinas (melalotioneinas) que se enlazan al meta
y lo retiran dd torrente sanguineo, bloqueando en parte su efecto. La deter-
minacién de la concentracion de estas proteinas en individuos de la misma
especie de procedencia ditinta permite establecer una comparacion entre los
niveles de metal es pesados en sus correspondientes habitats natural es.

0 Andisis de muestras de diversa naturaleza, incluyendo matrices bioldgicas,
muestras atmosféricas y de suelosy sedimentos.
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VIl.2. SUMMARY OF THE MOST SALIENT CONCLUSIONS

Each chapter of this Report ends with some specific conclusionsrelevant to the
work described init. This section summarizesthe more general conclusionsinterms of
both degree of innovation and practical impact.

1. Cgfullerenehasfor thefirst time been shown to be a suitabl e sorbent material for
environmental speciation, with substantial advantages over classical sorbents such
as silica-bonded Cig materials.

2. The diethyldithiocarbamate derivative of Cg has for the first time been
synthesized and characterized. This new material provides some practica
advantages over Cg in environmental speciation, particularly as regards cost and
simplicity of the (automatic) treatment/derivatization process involved.

3. Thehigh significance of sample screening to environmental speciation (whereit
results in decreased costs, increased throughput, and also increased personnel
safety and comfort) has been shown.

4. Thepreliminary operations of the speciation analytical process have been substan-
tialy simplified and automated by using specialy designed continuous-flow
systemsto perform the treatment and derivatization operations involved.

5. The performance of three types of detectors used with gas chromatographs (viz.
MS, MIP-AES and ICP-TOFMS) has for the first time been systematically
compared and va uable conclusions regarding their sensitivity and selectivity in
environmental speciation analytical processes have been drawn.

6. A seriesof self-contained analytical processes have been designed, optimized and
validated for the speciation of dithiocarbamates (fungicides) in cerea grain and
that of lead in rainwater. The results were checked for accuracy (uncertainty) and
traceability. All these processes use analytical tools accessible to the average
environmental monitoring laboratory.
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The sensitivity of the anaytical methods devel oped for the speciation of lead (at
the parts-per-trillion level) allowed the direct discrimination of rainwater from
countries where leaded gasoline was being sold at the time the doctoral work was
conducted (Spain included) from rainwater collected in other countrieswherethis
type of fuel was banned years ago (e.g. Belgium).
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VI1.3. “PRODUCTS” OF THE DOCTORAL THESIS

I SO 9000:2000 defines “product” as the result of a system of activities using
resources to transform inputs into outputs. This new concept of product therefore
encompasses both tangible (e.g. analytical tools) and intangible entities (e.g. concepts,
services, methodol ogies). In this context, and in thelight of the genera conclusions of
the previous section, the most salient “ products’ of this Thesis are as follows:

0 Fullereneanditsderivatives as sorbentsfor the preliminary operations of anaytica
processes aimed at environmental speciation.

O The concept of screening in environmental speciation.

Q The automation and simplification of anaytical processes for environmental
speciation.

0 Vadidated analytica processes for the determination of fungicidesin cereal grain
and the speciation of lead in rainwater, all with increasing automation and sim-
plification.

257



Chapter VII. Summary and discussion

VIl.4 RESTRICTIONSOF THE STUDY

The most serious problems encountered during this research were solved in
successive steps. The changesintroduced in response to the problems are apparent from
the chapter contents: from the lack of sensitivity, which was the main shortcoming of
the speciation of lead by FAAS (Chapter 111, Part 111.1) to more sensitive but only
partially automated systems (Chapter |V, Part IV.1), to completely automated systems
using an alternative to Grignard's reagent (Chapter IV, Part 1V.2) and the reduction of
detection limits (to afew tens of apart-per-million) by use of more sensitive detectors
(Chapter V, Part V.1). Finally, the synthesis of anew dithiocarbamate derivative of Cg
fullerene alowed the use of the simplest possible configuration for the speciation of
lead. However, there are till severd restrictions that warrant some comment:

a The proposed methodologies are only applicable to compounds reacting with
diethyl dithiocarbamate. Consequently, tetraalkyl-lead compounds (tetramethyl-,
tetraethyl- and trimethylethyllead), which are environmentally significant, cannot
be determined in thisway.

a The dithiocarbamate derivative of Cg fullereneis easily saturated, soitsuseis
restricted to analytes present at trace levels.

a The range of samples examined was restricted to cereal grain and rainwater of
variable origin.

a The main weaknesses of speciation (e.g. sample collection and storage) were not
addressed.

a No appropriate standards for checking the results and establishing their
traceability (e.g. certified reference materias) were available, so the proposed
methodol ogies could only be validated through primary standards.
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Theincreased sensitivity required calsfor the use of expensive detectors (MIP-
AES, ICP-TOFMYS).

Although “group speciation” isan accepted term for designating discrimination
among different families of similar compounds, it ismorefrequently used inthe
environmental and clinica fields than in connection with agricultural food
analyses (Chapter I11. Part 111.2).
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VI1.5. FUTURE RESEARCH LINES

The contributions described in this Report allow one to envisage new research
linesaimed at thetargets of this Thesis (viz. fullerenesand their derivatives) and dso at
the speciation of other analytes in various types of samples. The synthesis of new
fullerene derivativesis arousing great expectations regarding their potential uses not
only for speciation but also for other, various purposes. These are but a few of their
potential analytical applications:

a The use of modified fullerenes as stationary phasesfor discriminating speciesin
liquid chromatography with aview to minimizing their practical shortcomings.

a Theimmobilization of fullerenesand their derivatives onto metal solid supports
for manufacturing redox electrodes for the determination of neutral compounds.

a The deposition of fullerenes and their derivatives onto layers of opticaly
transparent materials for the construction of optoel ectrodes.

a The development of continuous-flow systems alowing the dua selective
retention of metal speciesviathe functiona group in the derivative and organic
compounds in the fullerene matrix.

On the other hand, speciation applicationsstill call for rapid, smple systemsfor
minimizing errors made in the most troublesome of all stepsin the analytical process:
sample preparation. Continuous-flow systems can be of great help in this context. The
following are some of their potential applications.

a The determination of environmentally significant compounds with a view to
establishing controls on their release and degradation. The situation of tin is
especialy worrisome since, although its useis currently severely restricted, its
indi scriminate usage as anti-fouling paint to avoid scaling in vessal hullsin the
past, and the high stability of its compounds, ensure its presence in marine
ecosystems over at least the next 150 years.
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The determination of metal-bound compounds acting as quality indicators for
their environment. Animals respond to excessive concentrations of some heavy
metalsby synthesizing special proteins (metall oproteins) that bind the metal and
withdraw it from the bloodstream, thereby partialy blocking its effects. The
determination of the concentration of metalloproteinsinindividuals of the same
species but adifferent origin allows oneto compare thelevels of heavy metasin
the corresponding habitats.

Theanalysis of varioustypes of samplesincluding biological, atmospheric, soil
and sediment matrices.
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