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Resumen/Abstract

RESUMEN

Con objeto de garantizar la calidad de los alimentos tanto desde el punto
de vista nutricional como toxicologico, existen diferentes normativas a nivel
internacional para controlar el contenido de metales y metaloides en los
alimentos. Este tipo de determinaciones se suele llevar a cabo mediante técnicas
de Espectrometria Atébmica por su sencillez y parametros analiticos (p.ej. limite
de deteccion, precision, velocidad, etc.). No obstante, debido a la complejidad
gue presentan las matrices de los alimentos (i.e. grasas, proteinas, etc.) y a los
bajos niveles de concentracion de algunos elementos, se requiere de un
tratamiento de extraccidn-preconcentracion previo. Con este fin, algunos autores
han utlizado la Microextraccion Dispersiva Liquido-Liquido (DLLME). Sin
embargo, el uso combinado de DLLME y técnicas de Espectrometria Atomica
para la determinacion de metales muestras de alimentos de matriz compleja
(e.g., chocolate, vinos, etc.) apenas se ha abordado. Ello es debido que el
acoplamiento DLLME a este tipo de técnicas sigue presentado serias
limitaciones: (i) empleo de disolventes extractantes no adecuados a los principios
de la Quimica Verde; (ii) escaso aprovechamiento del acoplamiento DLLME a
Espectrometria de Emisiéon mediante Plasma de Acoplamiento Inductivo (ICP-
AES) por los efectos de matriz originados por los extractantes organicos en el
plasma; v, (iii) falta de criterio para seleccionar las condiciones de trabajo optimas

en ICP-AES para trabajar con extractos de DLLME.

En la presente Tesis Doctoral se han desarrollado nuevos métodos de
analisis elemental en alimentos mediante el uso combinado de DLLME y técnicas
de Espectroscopia Atomica. En primer lugar, se ha investigado la posibilidad de
utilizar el liquido iénico hexafluorofosfato de 1-butil-3-metilimidazolio como medio
de extraccion en DLLME para la determinacién de Cd y Pb en muestras de vino
mediante Espectrometria de Absorcién Atomica con Horno de Grafito. Los
resultados demuestran que esta metodologia se puede utilizar para controlar los
metales anteriores en todo tipo de muestras de vino (tinto, rosado, blanco,
espumoso Yy fortificado) segun la normativa de la Organizacion Internacional de
la Vifia y el Vifiedo (OIV). Por otro lado, se han investigado diferentes estrategias

para analizar los extractos organicos (l-undecanol, disolventes
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supramoleculares, cloroformo) que se obtienen en DLLME mediante ICP-AES y
asi aprovechar la capacidad que ofrece esta técnica para determinar varios
elementos de forma simultanea. Esta metodologia se ha aplicado con éxito a la
determinacién de 6 elementos (Al, Cu, Fe, Mn, Ni y Zn) en aguas. Finalmente,
se ha evaluado la posibilidad de acoplar DLLME e ICP-AES para la
determinacién simultanea de As, Cd y Pb en muestras de arroz, chocolate,
mejillones y vino. utilizando como extractante un disolvente supramolecular
(THF/1-undecanol). Los resultados obtenidos demuestran que la metodologia
desarrollada permite el control de dichos elementos segun el Reglamento
1881/2006 de la Comision.
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ABSTRACT

Different international policies have been established to control the
maximum metals and metalloids concentration levels in foods. Elemental
analysis in food samples is usually carried out by means of Atomic Spectrometry
techniques due to their simplicity and good analytical figures of merit (i.e., limit of
detection, precision, sample throughput, etc). Nevertheless, a preliminary
extraction-preconcentration step is sometimes required to mitigate matrix effects
due to main food components (proteins, lipids, etc.) as well as to improve
detection capabilities for some elements. To this end, dispersive liquid-liquid
microextraction (DLLME) has been successfully reported in the literature.
However, very few applications coupling DLLME to Atomic Spectrometry
techniques for metal analysis in highly complex food samples (e.g., chocolate,
wine, etc.) have been reported. Coupling DLLME to Atomic Spectrometry
techniques still suffers from several limitations: (i) most of the solvents employed
for metal extraction are not environmentally friendly; (i) strong matrix effects
originated by organics in the plasma makes difficult the use DLLME-ICP-AES
coupling for simultaneous multielement analysis; and, (iii) lack of criteria for
selecting the appropriate plasma operating conditions to operate with DLLME in
ICP-AES. Consequently, very little applications for metal analysis in food samples

with highly complex matrices (chocolate, wine, etc.)

In this work, new methodologies based on DLLME and atomic
spectrometry detection have been developed for elemental analysis in food
samples. First, the potential using 1-butyl-3-metyl-imizadolium
hexafluorophosphate as extractant in DLLME for Cd and Pb determination in wine
by means of electrothermal atomic absorption spectrometry has been evaluated.
Results show that this methodology can be successfully applied for Cd and Pb
determination in different types of wine (red, rosé, white, sparkling and fortified)
according to the levels internationally established. Second, in order to benefit
from simultaneous multielement capabilities afforded by ICP-AES, different
analytical approaches have been explored and evaluated for analyzing DLLME
extracts (1-undecanol, BmimPFs and chloroform). It has been observed that

organic extracts can be directly introduced into the ICP-AES by means of flow
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injection analysis. Nevertheless, when operating highly viscous solvents, a
preliminary dilution step with an appropriate organic solvent is mandatory. This
strategy has been applied for the determination of six elements (Al, Cu, Fe, Mn,
Ni y Zn) in water samples. Finally, a new methodology combining DLLME and
ICP-AES has been developed for the simultaneous determination of As, Cd and
Pb in several foods (chocolate, mussels, rice and wine) using a supramolecular
solvent based on THF and 1-undecanol. This methodology allows As, Cd and
Pb control in foods according to the Commission Regulation N° 1881/2006
1881/2006.
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Objetivos y estructura de la Tesis Doctoral

1. Objetivos.

El objetivo principal de la presente Tesis Doctoral es el desarrollo de
nuevos métodos analiticos de andlisis elemental en alimentos mediante el uso
combinado de la Microextraccion Dispersiva Liquido-liquido (DLLME) y técnicas
Espectroscéopicas Atdmicas. Con ello se pretende resolver algunas de las
limitaciones que presentan este tipo de estrategias analiticas, entre otras: (i)
empleo de disolventes extractantes no adecuados segun los principios de la
Quimica Verde; (ii) escaso aprovechamiento del acoplamiento de DLLME y la
Espectrometria de Emision mediante Plasma de Acoplamiento Inductivo (ICP-
AES) por los efectos de matriz que producen los extractantes organicos en el
plasma; (iii) falta de criterio para seleccionar las condiciones de trabajo 6ptimas
en ICP-AES para trabajar con extractos de DLLME; vy (iv) aplicacion de DLLME
a muestras de alimentos complejas (p.ej. vino, chocolate, etc.). Para ello, se

plantean los siguientes objetivos especificos.

Objetivo especifico 1: Desarrollo de una nueva metodologia para la
determinacion de Cd y Pb en muestras de vino mediante DLLME vy
Espectrometria de Absorcion Atomica con Horno de Grafito (ETAAS) utilizando

hexafluorofosfato de 1-butil-3-metilimidazolio como medio de extraccion.

Objetivo especifico 2: Desarrollo y evaluacion de diferentes estrategias
para analizar los extractos obtenidos en DLLME mediante ICP-AES de forma

rapida y sencilla.

Objetivo especifico 3: Desarrollo de una nueva metodologia para la
determinaciéon de As, Cd y Pb en alimentos (arroz, chocolate, mejillones y vino)
mediante DLLME e ICP-AES utilizando disolventes supramoleculares como

medio de extraccion.
2. Estructura general del trabajo.

La presente Tesis Doctoral ha sido desarrollada en el Grupo de
Investigacion Espectroscopia Atdmica Analitica del Departamento de Quimica
Analitica, Nutricion y Bromatologia de la Universidad de Alicante. Ademas, parte
de la investigacion ha sido desarrollada en colaboracion con el Grupo de

Investigacion del Laboratorio de Quimica Analitica para Investigacion vy



Objetivos y estructura de la Tesis Doctoral

Desarrollo (QUIANID) de la Universidad Nacional de Cuyo (Argentina) bajo la
supervision del Dr. Rodolfo G. Wuilloud. La Tesis Doctoral se estructura en cinco

capitulos:
Capitulo 1. Introduccion general.

Este capitulo introduce los conceptos basicos que son necesarios para
entender las motivaciones que ha llevado a la realizacion de este trabajo. En
primer lugar, se describe la importancia que tiene en la actualidad el analisis de
metales y metaloides en alimentos. A continuacion, se hace una breve revision
de las estrategias analiticas mas relevantes para determinar estas especies,
sobre todo las que se basan en el uso combinado de DLLME vy técnicas de
Espectrometria Atomica. Finalmente, se describen las limitaciones actuales de
este tipo de estrategias a nivel practico (p.ej. extractantes utilizados, sistemas de

introduccion de muestras, etc.)

Capitulo 2. Determination of cadmium and lead in wine samples by means
of dispersive liquid-liquid microextraction coupled to electrothermal atomic

absorption spectrometry.

En este trabajo se ha desarrollado un nuevo método para la determinacién
de Cdy Pb en muestras de vino. La determinacion de estos elementos se realiza
mediante ETAAS tras una etapa previa de extraccion y preconcentracion con
DLLME vy utilizando hexafluorofosfato de 1-butil-3-metilimidazolio (BmimPFs)
como medio de extraccion. Los resultados demuestran que los Limites de
Deteccion (LoD) obtenidos mediante esta estrategia para Cd (0.01 ug L) y Pb
(0.08 pg L) son inferiores a los descritos con anterioridad en la bibliografia para
ETAAS utilizando otro tipo de tratamientos de muestra (e.g. digestion acida,
analisis directo, etc.). No obstante, se ha observado que la determinacion de Cd
depende de forma significativa de los niveles de Zn en las muestras de vino ya
gue este concomitante compite con el Cd por el agente quelante. La metodologia
desarrollada se ha aplicado con éxito a diferentes tipos de vinos (p.ej. blanco,
rosado, tinto, espumoso Y fortificado) y permite el control de Cd y Pb segun los

niveles establecidos por la Organizacion Internacional de la Vifia y el Vifiedo.
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Los resultados de este trabajo han dado lugar a las siguientes
publicaciones (Apéndice):

Publicaciones:

1. Martinez D, Grindlay G, Gras L, Mora J. Determination of cadmium
and lead in wine samples by means of dispersive liquid-liquid
microextraction coupled to electrothermal atomic absorption
spectrometry. J Food Compos Anal 2018; 67:178.

Péster:

2. Martinez D, Grindlay G, Gras L, Mora J. Determination of lead in wine
samples by means of dispersive liquid liquid microextraction and
graphite furnace atomic absortion. XXIV Reunion nacional de
espectroscopia- VIl Congreso iberico de espectroscopia, celebrada
en Logrofio del 9 al 11 de julio de 2014.

3. Pérez E, Martinez D, Grindlay G, Gras L, Mora J. Determination of
lead and cadmium in wine samples by means of dispersive
microextraction and graphite furnace atomic absortion spectrometry.
Euroanalysis 2015 Conference. Bordeaux (France), 6th-10th
September 2015.

Capitulo 3. Coupling dispersive liquid-liquid microextraction to inductively

coupled plasma atomic emission spectrometry: an oxymoron?

En este trabajo, se han evaluado diferentes estrategias analiticas para
analizar los extractantes que se emplean de forma habitual en DLLME (p.e€j.
cloroformo, 1-undecanol y BmimPFs) mediante ICP-AES. Los resultados
demuestran que, mediante la seleccion adecuada del sistema de introduccion de
muestras (Sistema de Inyeccion en Flujo) y de las condiciones experimentales
del plasma, se pueden analizar los extractos de DLLME de forma répida y

sencilla. Si se trabaja con un disolvente organico volatil (cloroformo), los
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extractos se pueden introducir de forma directa en el plasma mientras que para
disolventes muy viscosos (1-undecanol y BmimPFe) es necesaria una dilucion
previa. Las estrategias desarrolladas se han aplicado con éxito a la
determinacion simultdnea de varios elementos (Al, Cu, Fe, Mn, Ni y Zn) en

muestras de agua.

Los resultados de este trabajo han dado lugar a las siguientes

publicaciones (Apéndice):
Publicaciones:

1. Martinez D, Torregrosa D, Grindlay G, Gras L, Mora J. Coupling
dispersive liquid-liquid microextraction to inductively coupled plasma
atomic emission spectrometry: An oxymoron? Talanta 2018;176:374.

Comunicaciones orales:

1. Grindlay G, Martinez D, Gras L, Mora J. Dispersive liquid-liquid
microextraction with inductively coupled plasma atomic emission
spectrometry: an oxymoron? 2" Caparica Christmas Conference on
Sample Treatment held in capuchos-Portugal, the 5-7th, December of
2016.

Poster:

1. Pérez E, Martinez D, Torregrosa D, Grindlay G, Gras L, Mora J.
Coupling dispersive liquid liquid microextraction with inductively
coupled plasma techniques. EWCPS 2017 European Winter
Conference on Plasma Spectrochemistry 2017. Sankt Anton (Austria),
19-24th February 2017.

Capitulo 4. Simultaneous determination of As, Cd and Pb in food samples
by means of inductively coupled plasma atomic emission spectrometry: a
comparison between knotted-reactor extraction and dispersive liquid-liquid

microextraction.

En este trabajo, se ha desarrollado un nuevo método para la

determinacién de As, Cd y Pb en diferentes tipos de alimentos (arroz, chocolate,
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mejillones y vino). La determinacion de estos elementos se ha realizado
mediante ICP-AES tras una etapa previa de extraccion y preconcentracion con
DLLME vy utilizando como medio de extraccion un disolvente supramolecular
basado en THF y 1-undecanol. Los resultados muestran que se puede utilizar de
forma combinada DLLME e ICP-AES para el control de As, Cd y Pb en arroz,
chocolate, mejillones y vino segun el Reglamento 1881/2006 de la Comision.
Esta estrategia es mucho mas atractiva que los reactores anudados como
sistema de extraccion preconcentracion ya que presenta una mayor velocidad
de analisis y mejores LoD (2-3 veces). El principal inconveniente del reactor
anudado es su baja eficiencia de extraccidén para As que lleva a la imposibilidad

de controlar este metaloide en alimentos.
Capitulo 5. Conclusiones generales.

Aqui se presentan las conclusiones mas importantes obtenidas a lo largo

de todos los trabajos de investigacion realizados.
Apéndice.

En esta seccion se recogen todas las contribuciones cientificas realizadas

a lo largo del desarrollo de la presente Tesis Doctoral.
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INTRODUCCION GENERAL
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En la sociedad actual existe una gran preocupacion por la Seguridad
Alimentaria y el efecto de la alimentacion sobre la salud. Una alimentacion de
calidad debe proporcionar todos los nutrientes que necesita el organismo para
su correcto funcionamiento, pero, ademas, los alimentos han de ser inocuos y
no contener ningun téxico que suponga un perjuicio para el individuo. Esta
preocupacion, ha llevado a diferentes organismos internacionales y autoridades
gubernamentales a establecer normativas muy estrictas dirigidas a garantizar la
calidad de los alimentos tanto desde el punto de vista nutricional como del
toxicologico [1]. Asi, por ejemplo, el Reglamento (CEE) n° 315/93 del Consejo
[2], regula los contaminantes en alimentos de forma genérica. En esta normativa,
se plantean tres lineas principales de actuacion: (i) mercado interior. Se prohibe
la comercializacion de productos alimenticios que contengan toxicos en
proporciones inaceptables respecto de la salud publica y en particular desde el
punto de vista toxicologico; (ii) buenas practicas de fabricacion. Los toxicos
deberan mantenerse al minimo nivel posible mediante practicas correctas en
todas las fases de la cadena alimentaria, desde produccién hasta el consumo; y
(i) salud publica. A fin de proteger la salud publica, se estableceran los limites
maximos cuya tolerancia pudiese resultar necesaria por lo que respecta a
determinados contaminantes. No obstante, pese a los avances logrados, los
incidentes de Seguridad Alimentaria pueden ocurrir como, por ejemplo, los

escandalos de melamina en China [3] y la carne de caballo en Europa [4].

Las especies toxicas presentes en los alimentos suelen tener un origen
antropico (p.ej. contaminacion ambiental, adulteraciones, etc.) pero, en
ocasiones, estos también pueden encontrarse de forma natural en el propio
alimento como consecuencia del metabolismo de ciertos organismos vivos
presentes en él (p.ej. micotoxinas). Desde un punto de vista quimico, los téxicos
se pueden clasificar en: (i) organicos (p.ej. melanina, dioxinas); (ii) inorganicos
(p.€j. Pb, Cd, etc.); y (ii) organometéalicos, compuestos organicos que contienen

un metal o metaloide en su estructura (p.ej. metilmercurio, tetrabutilestafio etc.).

Dentro del grupo de los toxicos inorganicos, destacan los metales y los

metaloides (p.ej. As, Cd, Cr, Hg, etc.) [5]. Estas especies, aunque pueden tener
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un origen natural, llegan a los alimentos principalmente a través de la agricultura
y de la industria y tienen efectos nocivos sobre la biota y los humanos [6,7]2. El
Comité permanente de la Cadena Alimentaria y Sanidad Animal conjuntamente
con la Autoridad Europea de Seguridad Alimentaria (EFSA) establecen los
limites maximos tolerados de metales toxicos en alimentos. El Reglamento
1881/2006, de 19 de Diciembre de 2006 [8], de la Comision Europea, fija el
contenido maximo de As, Cd, Pb, Hg y Sn en los productos alimenticios.
Recientemente, se han realizado algunas modificaciones en dicho Reglamento
para algunos elementos (Cd [9], Pb [10] y As [11]) que, basicamente, afladen
mas alimentos a los que hay presentes en la normativa original. La Tabla 1.1.
muestra los niveles maximos permitidos de As, Cd, Hg, Pb y Sn en funcion de
los limites establecidos por las normativas vigentes en la Union Europea. Como
se puede observar, las fuentes principales para cada elemento toxico, en
general, se encuentran repartidas en distintos alimentos salvo para el caso del
Sn que se encuentra especificamente en alimentos enlatados y el Hg que se
encuentra en productos de origen marino. Los limites permitidos segun el
Reglamento [8], varian de un elemento a otro en funcién de su toxicidad e ingesta
estimada total. Se observa que los niveles mas restrictivos son para Cd y Pb
seguido de As y Hg. Los niveles permitidos de Sn son mas elevados (50mg/Kg

de peso fresco) ya que se elimina del organismo con mucha mas facilidad [12].

2 En este trabajo se utilizara el término “metal” de forma genérica para englobar tanto a los
metales de transicion como a los metaloides.
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Las técnicas que se emplean para determinar metales en alimentos son
diversas y cabe destacar: (i) técnicas electroquimicas [19,20]; (ii) técnicas
cromatograficas [21] ; y (iii) técnicas espectroscépicas [22]. Dentro de este ultimo
conjunto, las mas empleadas son las de Espectrometria Atémica por su sencillez
y parametros analiticos (p.ej. selectividad, sensibilidad, precisién, exactitud,
capacidad multielemental, etc.) (Tabla 1.2).

Tabla 1.2. Parametros analiticos de diversas técnicas de Espectrometria Atémica.

Parametro FAAS HGAAS ETAAS ICP-AES ICP-MS
Limite de
deteccion mg L mg L ug I mg Lt-pg It | ng Lt-pg L?
(LoD)
Rapidez Baja Baja Muy baja Muy elevada Elevada
Intervalo 10° 10° 10° 10° 10°
dindmico
Precision 0,1-1% 0,4-7% 1-5% 0,3-2% 1-3%
_Ana}lls_ls No No No No Si
isotopico
Coste Bajo Bajo Media-alto Alto Muy alto
Elementos
simultaneos 1 1 1 Varios Varios
determinados

Si el nUmero de elementos a determinar en un alimento es inferior a 3 0
4, se emplean fundamentalmente técnicas Espectroscopicas de Absorcion
Atdmica [23,24] basadas en la reduccion de intensidad que experimenta la
radiacion de una determinada longitud de onda al pasar a través de un conjunto
de atomos libres [25]. Dentro de las técnicas de Espectrometria Atomica
analitica, se encuentran, la Espectroscopia de Absorcion Atomica en Llama
(FAAS), Espectroscopia de Absorcion Atomica por Generacion de Hidruros
(HGAAS) y la Espectroscopia de Absorcién Atomica Electrotérmica (ETAAS)
[25]. En FAAS se emplea una llama para atomizar la muestra y se suele utilizar
para la determinacién de metales en gran concentraciéon como Ca, Na, K, etc,
asi como de algunos metales a niveles traza [25]. Cuando se requiere determinar

elementos toxicos a niveles de ultratraza, se emplea HGAAS y ETAAS. La
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primera técnica se basa en la generacion de hidruros volatiles (normalmente con
NaBH4) y su posterior introduccion en la célula de atomizacion (llama). Esta
forma de trabajo permite mejorar los LoD de forma significativa y resulta
especialmente adecuada para metaloides (As, Sb, Se, etc.). En ETAAS, la
muestra se atomiza en un horno de grafito [26]. Ademas de la mejora que
proporciona en los LoD, el gran atractivo de esta técnica radica en la posibilidad
de analizar alimentos en estado soélido de forma directa y sin ningun tratamiento
de muestra previo. Sin embargo, es una técnica compleja y la matriz afecta de

forma significativa a la exactitud y la precision.

Cuando el objetivo es determinar un elevado numero de elementos de
forma simultanea, se emplean las técnicas espectroscopicas de plasma y, mas
especificamente, las de Plasma de Acoplamiento Inductivo (ICP) (Tabla 1.2). El
ICP se genera por acoplamiento de la energia que proporciona un generador de
radiofrecuencia a una corriente de Ar parcialmente ionizada mediante la
generacion de un campo electromagnético inducido por una espiral [27]. En la
Espectroscopia de Emision Atdmica mediante Plasma de Acoplamiento Inductivo
(ICP-AES), la especie de interés se determina a través de la radiacion que emiten
sus atomos/iones en el plasma [27]. Por otro lado, si se determinan los iones
generados en funcion de su relacidon masa-carga mediante un espectrometro de
masas, se tiene la Espectroscopia de Masas con Plasma de Acoplamiento
Inductivo (ICP-MS)[27]. En estas dos técnicas, la muestra a analizar se suele
introducir en forma liquida mediante un nebulizador y una camara de
nebulizacién. No obstante, ambas técnicas permiten analizar solidos de forma
directa mediante Vaporizaciéon Electrotérmica (ETV) o Ablacion Laser (LA)
[28,29]. Por regla general, ICP-MS se utiliza fundamentalmente para determinar
metales toxicos a niveles ultratraza debido a su elevada sensibilidad y bajos
LoDs (Tabla 1.2). Un atractivo adicional de esta técnica es que proporciona
informacion sobre los is6topos de un elemento y esto puede ser utilizado en
estudios de autenticidad de alimentos [30]. El principal handicap de ICP-MS para
su uso en laboratorios de rutina es su elevado coste, complejidad y efectos de
matriz [31]. En cuanto a ICP-AES, es una técnica mas robusta y menos sensible
a los efectos de matriz. Con esta técnica, la mayor parte de aplicaciones se

centran en la determinacion de elementos mayoritarios y traza. No obstante, si
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se emplea un tratamiento de muestra previo para extraccién y preconcentracion
alos metales de interés, se pueden obtener LoDs préximos a los que proporciona
ICP-MS.

Las matrices de los alimentos son notoriamente complejas ya que
contienen componentes tan diversos como sales, carbohidratos, lipidos y
proteinas dificultando el analisis elemental mediante técnicas de Espectrometria
Atémica. Por ello, y con objeto de reducir los efectos de matriz, se suele realizar
un pretratamiento de muestra previo. El tratamiento mas habitual consiste en una
digestion acida a elevada temperatura para descomponer la muestra y, asi,
obtener una disolucibn homogénea que se pueda introducir en la célula de
atomizacion. Inicialmente, los alimentos se descomponian con ayuda de un
sistema a reflujo en una placa calefactora pero esta estrategia es muy lenta (>24
horas), da lugar a pérdidas de analitos volatiles y, debido a las elevadas
cantidades de acido que se necesitan, genera muchos residuos y tiene un coste
elevado [32]. Para evitar estos inconvenientes, en la actualidad, la digestion se
suele llevar a cabo en reactores de teflon cerrados donde el calentamiento se
realiza mediante radiacion de microondas. Esta estrategia permite calentar la
disolucion éacida de forma directa (no conduccion-conveccion) mejorando la
eficiencia del proceso y minimizando la cantidad de reactivos y de residuos
generados [33]. Cuando se utiliza ETAAS, ICP-AES e ICP-MS, es posible
realizar un analisis directo de las muestras solidas, simplificando el
procedimiento analitico [34]. No obstante, esta estrategia no es facil de
implementar en los laboratorios analiticos por la posible heterogeneidad de la
muestra y la dificultad a la hora de calibrar [35]. Por lo que respecta a muestras
liquidas, y a pesar de que pueden ser analizadas de forma directa, también son
sometidas a un tratamiento de muestra previo para reducir interferencias como,

por ejemplo: (i) filtracion; (ii) dilucion; y (iii) digestion acida [32,33].

Independientemente del estado fisico de la muestra, cuando se realiza
la determinacion de metales téxicos es necesaria una etapa adicional de

extraccion y preconcentracion para facilitar su cuantificacion dados los bajos
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niveles en los que se encuentran. Estas estrategias, ademas, permiten reducir

las interferencias producidas por la matriz.

Las técnicas de extraccion de metales en alimentos son muy diversas y
se clasifican en funcién de la naturaleza de las fases que se ponen en contacto
[36]. En la extraccion sdlido-liquido (SPE), se pone en contacto un sélido
adsorbente con la muestra liquida mientras que en la extraccién liquido-liquido

(LLE), la fase extractora es una disolvente organico inmiscible con la muestra.

En SPE, la fase solida tiene mayor atraccién por los analitos que el
disolvente en el que se encuentran disueltos (normalmente en una disolucion
acida). Conforme la muestra pasa a través del absorbente, los metales se
concentran en su superficie, mientras que el resto de los componentes pasa a
Su traves sin ser retenidos y son eliminados. Los adsorbentes utilizados para
extraer y preconcentrar metales son muy variados e incluyen: silice, carbén
activado, celulosa, resinas quelantes y espumas de poliuretano [37]. No
obstante, este tipo de extraccion presenta diversos problemas operativos para
su uso en el laboratorio de forma rutinaria como: (i) cambios de volumen en el
material adsorbente; (ii) cambios en el empaquetamiento que afectan a la
velocidad de eluccion; (iii) desactivacion y/o perdida a nivel superficial de los
grupos funcionales responsables de la extraccion de analito; y (iv) variabilidad
en las propiedades adsorbentes entre lotes diferentes de producto [38]. El
fundamento de la extraccion liquido-liquido se basa en la distribucion o reparto
del analito entre dos fases inmiscibles. En el caso concreto de los metales, y
dado que estas especies estdn mayoritariamente en forma ionica en agua y
disoluciones acidas, se requiere de un agente quelante que facilite la formacion
de un complejo neutro para su extraccion en la fase organica. En este tipo de
estrategia, la extraccion eficiente de analito depende de diversos parametros
como, por ejemplo: (i) disolvente extractante; (i) tipo de quelante y

concentracion; (iii) pH; y (iv) fuerza ionica [39].

El principal inconveniente de las técnicas de extraccién convencionales
radica en los elevados voliumenes de reactivos requeridos y los residuos que se

generan, asi como el coste e impacto ambiental que se deriva de ello [40]. Por
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ello, se han desarrollado nuevas estrategias analiticas que pretenden mitigar los
inconvenientes anteriores. Por ejemplo, en el campo de la Espectrometria
Atdémica, se ha empleado los reactores anudados (KR) como forma de extraer
metales [41]. En esta metodologia, la muestra y la disolucion del agente quelante
se introduce en el interior de un capilar de teflén de un sistema FIA que ha sido
previamente enrollado sobre si mismo. Al mezclar las dos disoluciones, se forma
el quelato de metal que queda retenido en las paredes internas del reactor. A
continuacion, se introduce en el sistema un eluyente (organico o disolucién &cida
de elevada concentracién) para recuperar el analito. Este sistema permite
trabajar de forma on-line y presenta una eficiencia en la retencion de analito que
se introduce en el sistema del 40-50% [42]. La Tabla 1.3. muestra algunas de las
aplicaciones mas relevante de esta técnica en Espectrometria Atdbmica. Tal y

como se puede observar, la mayor parte de las

Tabla 1.3. Aplicaciones mas relevantes del reactor anudado en Espectrometria Atémica.

Analito Muestra Eluyente Quelante Técnica | Ref.
Ag, Cd, Co,

Cu, In, Mo, Aguas Metanol APDC ICP-MS | [43]
Ni, Pby Sb

As Aguas Etanol PDC ETAAS | [44]

Cd Mejillones Etanol Quinina FAAS [45]

Cd Miel Etanol 5-Br-PADAP FAAS [46]

Cd Vino HNO3 5-Br-PADAP | ICP-AES | [47]

Cd, Pby Ni Aguas MIBK DDTC FAAS | [48]

Cu . ;‘j?rtr‘]aef] t{) . Etanol DDTC FAAS | [49]

Cu Aguas y arroz MIBK DDTC FAAS [50]

Pb Aguas Etanol DDTC ETAAS | [51]

Sc Aguas 30% w w?! HNO; | 5-Br-PADAP | ICP-AES | [52]

Tiemas |\ wuas y rocas 1 M HNOs 8-HQ ICP-MS | [53]

raras
\% Aguas 30% w w?! HNO; | 5-Br-PADAP | ICP-AES | [54]
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aplicaciones estan relacionadas con el andlisis de agua. Los trabajos con
alimentos han sido més escasos por la complejidad que presenta la matriz de
este tipo de muestras. Otra via de accidén que se ha seguido para resolver los
inconvenientes de las técnicas clasicas de extraccion ha sido su miniaturizacion.
El principal atractivo de las técnicas de microextraccion es que reducen el

consumo de muestra y reactivos a unos pocos pL [40].

La Microextraccion Dispersiva Liquido-Liquido (DLLME) es una técnica
de microextraccion desarrollada por Rezaee et al. en 2006 [55] con objeto de
mitigar los inconvenientes que presenta la LLE. Desde su introduccién, el nimero
de aplicaciones de DLLME ha crecido de forma exponencial (Figura 1.1). Su
principal atractivo radica en su sencillez, rapidez, altos factores de
enriguecimiento, bajo consumo de disolvente extractante y minima generacion
de residuos. De hecho, esta técnica cumple con muchos de los requisitos de la
Quimica Analitica Verde [56].

200
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2006 2007 2008 2009 2010 2011 2012 2013 2014 2015 2016 2017 2018
ARo

Niumero de trabajos
|_\
8

Figura.1l.1. Namero de trabajos sobre DLLME publicados entre 2006 y 2018. Base de
datos Scopus; palabra clave: DLLME.

En esta técnica (Figura 1.2), el disolvente extractante se dispersa en la
muestra (liquida) mediante el empleo de un tercer disolvente (dispersante) que

es miscible tanto con la muestra como con el extractante. Para ello, y con ayuda
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de una jeringa, se inyecta la mezcla disolvente extractante-dispersante en la
muestra de tal forma que se obtiene una suspension de microgotas de
extractante en la muestra. Las microgotas formadas tienen una elevada
superficie especifica, lo que resulta en una extraccibn enormemente eficiente. A
continuacion, se realiza un centrifugado para favorecer la coalescencia de las
microgotas y se recupera el extractante con una jeringa. Si el disolvente
extractante es mas denso que el agua (p.ej. tetracloruro de carbono, cloroformo,
etc.) [57], éste queda depositado en la parte inferior del recipiente que contiene
a la muestra mientras que si es menos denso (p.ej. 1-undecanol) queda en la
parte superior [15]. Como dispersante, se suelen utilizar alcoholes (metanol y
etanol), acetona o acetonitrilo [15]. Para realizar con éxito la determinacion de
metales mediante DLLME, la muestra debe ser previamente acondicionada con
un agente quelante (ditiocarbamatos, 8-hidroxiquinoleina, 1-(2-piridazilo)-2-
naftol, etc.) y una disolucion reguladora para que se formen los complejos de
metal que seran extraidos en la fase organica [58]. En general, dentro del analisis
inorganico (metales), la mayor parte de aplicaciones de DLLME se ha centrado
en muestras de agua debido a la baja complejidad que presenta la matriz de este

tipo de muestras [59-62].

Centrifugacion

) ﬁ‘ ) Anslisis

Muestra Dispersion  Sedimentacion  Extraccion
fase orgénica

Figura.l.2. Esquema del procedimiento experimental en DLLME.
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Desde su invencién, el nUmero de disolventes extractantes que se ha
utilizado en DLLME para la determinacion de metales ha sido muy diverso. En

un primer momento, y por motivos historicos, se utilizaron fundamentalmente

Tabla 1.4. Aplicaciones mas significativas de DLLME en Espectrometria Atémica
utilizando como extractante disolventes organicos volatiles.

Analito | Muestra Extractante | Dispersante | Quelante | Técnica | Ref.
As Aguas CCly Metanol APDC ETAAS | [63]
. . 5-Br-

Bi Aguas Diclorobenceno Acetona PADAP FAAS [64]
Cd Aguas CHCls Etanol APDC ICP-AES | [65]
CF‘,’by Aguas CCla Metanol APDC | ETAAS | [66]
CS’BFi)b Aguas CCly Metanol DDTC ICP-MS | [67]
Cr Aguas CCly Etanol APDC FAAS [68]

Cr, Cu, i
Niy Zn Aguas CCly Metanol DDTC ICP-AES | [69]
Pb Aguas CCly Acetona DDTP ETAAS | [70]
Pb Aguas CCly Metanol DDTP FAAS [71]
Pd Aguas CCly Etanol TRH ETAAS | [72]
Sh Aguas CHCls Etanol BPHA ETAAS | [73]
Se Aguas CCly Etanol APDC ETAAS | [74]

disolventes organicos volatiles como tetracloruro de carbono, cloroformo o
diclorobenceno (Tabla 1.4). Sin embargo, desde un punto de vista practico y
medio ambiental, este tipo de disolventes presenta diversos problemas como: (i)
elevada volatilidad; (ii) toxicidad; y (iii) efectos nocivos sobre el medio ambiente
(p.€j. capa de ozono). Para evitar los inconvenientes anteriores, se han buscado
extractantes alternativos a los disolventes organicos volatiles. Entre ellos, cabe
destacar alcoholes de cadena larga, liquidos i6nicos Yy disolventes
supramoleculares. Dentro de los alcoholes de cadena larga, se ha utilizado 1-
undecanol y 1-dodecanol (Tabla 1.5). Estos alcoholes son menos densos que el

aguay, por tanto, a diferencia de los disolventes organicos volatiles, se acumulan
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en la parte superior de la muestra [75]. A nivel préctico, recuperar este tipo de
extractos no es facil y, por ello, se suele someter a la mezcla extractante-muestra
a una etapa de enfriamiento [76]. Dado que los puntos de fusién de estos
alcoholes se encuentran ligeramente por debajo de los 25°C, es posible
recuperarlos en estado sdélido una vez han sido congelados [76]. Los liquidos
idnicos (ILs) son disolventes idnicos no moleculares con puntos de fusién por
debajo de 100°C [77]. Las propiedades méas notables incluyen su despreciable
presion de vapor a temperatura ambiente, alta estabilidad térmica y viscosidad
variable [77]. Su miscibilidad en agua y disolventes organicos puede controlarse
seleccionando la combinacion cation/anion o incorporando ciertos grupos
funcionales en la molécula de IL[78]. Inicialmente, este tipo de disolventes se
consideraron como inocuos para el medio ambiente. Sin embargo, algunos
estudios cuestionan la validez de esta ultima afirmacion por la complejidad de
su sintesis y su efecto sobre la biota [79,80]. En general, este tipo de disolventes
se han utilizado en aplicaciones medio ambientales pero no han sido aplicados
de forma extensiva para la determinacion de metales en alimentos (Tabla 1.6)
[81]. Los disolventes supramoleculares (SUPRAS) consisten en agregados de
micelas inversas de dimensiones nanomeétricas dispersas en una fase continua.
Los SUPRAS se producen mediante un procedimiento de autoensamblaje al
cambiar el pH [82], la temperatura [83] y/o la fuerza idnica [84] de una solucién
al tiempo que se agrega un disolvente anfilico [85]. Una forma muy sencilla de
generar este tipo de estructuras se basa en combinar THF con un alcohol (1-
undecanol) o un &cido (decanoico) de cadena larga. Al igual que los ILs, este tipo
de disolventes apenas han sido utilizados para determinar metales en alimentos
(Tabla 1.7).
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Hasta la fecha, los estudios descritos en la bibliografia muestran que
DLLME se ha utilizado de forma preferencial con técnicas de Espectrometria de
Absorcion Atdmica, sobre todo ETAAS. El volumen de extracto obtenido tras un
tratamiento de DLLME es de unos pocos microlitos (30-50 pL) y se adapta
perfectamente a las condiciones de trabajo de un horno de grafito [112]. Ademas,
con ayuda de un modificador y de la seleccion adecuada del programa de
temperatura del horno es posible mitigar las interferencias que se derivan de
trabajar con muestras de naturaleza organica [113]. A nivel practico, resulta
problematico trabajar con disolventes muy viscosos ya que el automuestrador
del instrumento no es capaz de inyectar la muestra de forma reproducible en el
interior del tubo de grafito. Por ello, y a pesar de que tiene un impacto negativo
sobre la sensibilidad y los LoDs, se suele llevar a cabo una dilucion previa del
extractante con un disolvente organico (p.ej. metanol) para reducir la viscosidad
[114]. Los estudios en FAAS han sido algo mas limitados ya que el volumen de
extracto no se adecua a las caracteristicas del sistema de introduccion de
muestras de esta técnica y requiere hacer ciertas modificaciones en el mismo
[115]. A diferencia de ETAAS, el efecto de la matriz organica en el atomizador

(Ilama) es inferior, dando lugar a menores interferencias espectrales.

Por lo que respecta a las técnicas de plasma, el uso de DLLME como
técnica de preparacion de muestra ha sido escaso. A priori, el uso combinado de
DLLME con técnicas de ICP presenta un gran atractivo por la posibilidad de
determinar varios analitos de forma simultanea, aumentado la velocidad de
analisis y reduciendo la generacién de residuos y coste. Sin embargo, el
acoplamiento entre ambas técnicas presenta limitaciones. En primer lugar, el
volumen de extracto obtenido en DLLME no se ajusta a las caracteristicas del
sistema de introduccién de muestras liquidas estandar de un ICP. Por otro lado,
los extractantes organicos que se utilizan en DLLME tienen un efectivo negativo
sobre el plasma. Asi, por ejemplo, los disolventes organicos volatiles (p.ej.
tetracloruro de carbono, cloroforomo, etc.) disminuyen la temperatura del plasma
y pueden llegar a extinguirlo. Los disolventes organicos que son altamente

viscosos (l-undecanol, ILs, SUPRAS, etc.) afectan negativamente a la
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nebulizacién y al transporte de aerosol al plasma y, ademas, dan lugar a efectos
de memoria. Con objeto de resolver las limitaciones anteriores, en la bibliografia,
se han propuesto diversas estrategias como: (i) evaporacion del disolvente y
redisolucion del extracto en una disolucion acida [116]; (i) re-extraccion en agua
[117]; (iii) dilucion con un disolvente adecuado [118]; y (iv) el uso de sistemas de
introduccion de muestras no convencionales como, por ejemplo, la atomizacién
ETV o LA [119]. Si bien estas estrategias permiten el acoplamiento, introducen
nuevos inconvenientes. Asi, por ejemplo, algunas de las ventajas que ofrece
DLLME (sencillez, elevada velocidad de analisis) se ven afectadas de manera
negativa. Ademas, en algunos casos, requieren de modificaciones en la
configuracion del ICP que no son siempre posibles o que incurren en un gasto
adicional elevado.

Atendiendo a la bibliografia, se detectan dos grandes retos a la hora de
utilizar de forma combinada DLLME y técnicas de Espectrometria atomica para
la determinacién de metales en alimentos. En primer lugar, la mayor parte de los
trabajos desarrollados hasta el momento emplean disolventes organicos volatiles
como medio de extraccion y, atendiendo a los principios de la Quimica Verde,
seria conveniente substituir estos disolventes por otros menos peligrosos y
toxicos [120]. Por ello, y para mejorar la sostenibilidad de la extraccion-
preconcentracion de metales mediante DLLME, se pretenden desarrollar nuevas
metodologias analiticas basadas en el uso de liquidos i6nicos (hexaflurofosfato
de 1-butil-3-metilimizadolio) y disolventes supramoleculares (THF/1-undecanol)
como extractantes. Hasta la fecha, este tipo de disolventes se han venido
utilizando para la extraccion de metales en aguas y no se conoce bien sus
ventajas y limitaciones a la hora de trabajar con matrices mas complejas como
las que presentan los alimentos [121]. Por otro lado, se ha detectado que las
técnicas de espectrometria de plasma (ICP-AES e ICP-MS) estan infrautilizadas
como sistema de deteccién con DLLME [122]. A diferencia de las técnicas de

Absorcion Atdmica, las técnicas de plasma permitirian mejorar significativamente
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la velocidad de analisis por su capacidad para detectar mas de un elemento de
forma simultdnea. Normalmente, la falta de trabajos en este campo se ha
atribuido a los efectos negativos de los disolventes orgénicos en el plasma
(interferencias espectrales y no espectrales). Sin embargo, existen evidencias
significativas que cuestionan la validez de dichas afirmaciones [123]. La mayor
parte de trabajos publicados se centran en la optimizacion de la extraccion y
apenas incluyen informacién sobre cémo se lleva la optimizacion de las
condiciones experimentales del plasma y del sistema de introduccion de
muestras [124]. Este hecho es especialmente llamativo dada la gran influencia
de las condiciones experimentales del plasma sobre los parametros analiticos
[125]. En este sentido, es importante sefialar que ICP-AES e ICP-MS se han
venido utilizando de forma extensiva como detector en técnicas cromatograficas
o para el analisis de productos petroquimicos [126]. No existe ningun tipo de
limitacion para analizar moléculas organicas siempre que se optimice el

instrumento de forma adecuada [123].
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Determination of Cd and Pb in wines by means of DLLME-ETAAS

1. Introduction.

Wine is one of the most widely consumed beverage around the world.
Nevertheless, it exhibits significant Pb and Cd levels (i.e. low-medium pg L*
range) that are mainly related to atmospheric contamination, pesticides and
materials used in wine production, transport and storage [1,2]. Due to their
hazardous nature, Cd and Pb maximum allowed levels in wine are regulated
worldwide [3,4]. Thus, for instance, the Organisation Internationale de la Vigne et
du Vin (OIV) limits Cd and Pb in wine to 10 pug L and 150 pg L%, respectively
[3].

Cadmium and Pb analysis in wine is usually carried out by means of
spectrometric techniques [5]. Among them, mainly when no multi-element
analysis is required, electrothermal atomic absorption spectrometry (ETAAS) is
the most preferred choice due to its high selectivity and low limits of detection
(LoDs). Direct wine analysis by ETAAS is difficult due to the occurrence of both
spectral and non-spectral interferences originated from wine matrix components
(organics and salts) [5]. For instance, non-volatile organic components of wine
are a source of non-specific background absorption and affect long-term
reproducibility because of the accumulation of carbonaceous residues after
several graphite tube firings [6,7]. To deal with these interferences, some
strategies can be applied: (i) a judicious optimization of ETAAS temperature
program and modifier [6—10]; (ii) the use of transversally heated furnaces [6,10];
(i) a Zeeman-based background correction [6,7,11]; and/or, (iv) the use of a
sample pre-treatment step prior to the analysis. To this end, acid digestion
[7,11,12] or dilution [6,13] have been employed but at the expense of the sample
throughput and detection capabilities. Solid-phase extraction/preconcentration
procedures using different type of columns have been also reported for the
guantification of Cd and Pb in wines by flame atomic absorption spectrometry
(FAAS) [14—-17] at the concentration levels imposed by regulatory authorities. Up
to date, the use of extraction/preconcentration procedures for Cd and Pb analysis
in wine by means of ETAAS have not been investigated in detail though its
potential advantages to reduce both spectral and non-spectral interferences

derived from wine matrix.
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Dispersive liquid-liquid micro-extraction (DLLME) has been stablished as
a faster and greener sample preparation methodology than conventional liquid-
liquid extraction and solid phase extraction approaches for elemental analysis
[18,19]. DLLME improves LoDs and sample throughput as well as minimizes
matrix effects, reagents requirements and waste generation. Different
spectroscopic techniques have been employed to analyze DLLME extracts [20]
Nevertheless, ETAAS is usually preferred due to its good capability to deal with
micro-volume samples and organic solvents [21,22]. DLLME has been
traditionally employed for metal analysis in water samples and, in a lesser extent,
in [21]. Very little research has been performed evaluating the potential benefits
(and drawbacks) of DLLME for inorganic analysis in wine samples. Seeger et al.
[23] employed DLLME for Cu and Fe determination in wine by FAAS. Results
afforded by DLLME-FAAS were comparable to those obtained by means
inductively coupled plasma atomic emission spectrometry (ICP-AES) after an
acid digestion treatment. However, sample throughput was partially
compromised due to the mandatory use of standard addition calibration strategy
due to the high matrix effects originated by the organic extracts in the flame.
Escudero et al. [1,24] successfully employed a DLLME procedure for As
speciation in wine by ETAAS. Experimental results show that As®* extraction was
highly selective and free from interferences originated by inorganic concomitants
present in wine. To our best knowledge, no further works related on this topic

have been reported.

The goal of this work is to develop a hew analytical method for Cd and Pb
determination in wine by means of DLLME-ETAAS. To this end, both DLLME (i.e.
extractant mass, disperser type and volume, pH and ionic strength) and ETAAS
(i.e. modifier and temperature program) experimental parameters have been
optimized. Finally, the developed methodology has been applied to the analysis
of different wine samples (white, rosé, red, sparkling and fortified). To evaluate
the results obtained, wine samples have also been analyzed by means of
inductively coupled plasma - mass spectrometry (ICP-MS) after a digestion

procedure.
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2. Experimental.

2.1. Reagents.

1-butyl-3-methyl-imidazolium hexafluorophosphate (BmimPFs >97%,
sodium diethyldithiocarbamate trihydrate (DDTC, >99%), methanol (>99.9%),
ethanol (>99.5%), sodium chloride (>99.5%) and Pb, Cd and Pd mono-elemental
standard solutions (1000 mg L) were obtained from Sigma-Aldrich (Steinheim,
Germany). Nitric acid (69% w w), sodium dihydrogen phosphate (>99.5%),
disodium dihydrogen phosphate (>99.5%), glacial acetic acid (99.7%), sodium
acetate (99%) and potassium nitrate (99%) were purchased from Merck
(Darmstadt, Germany). Calcium nitrate hexahydrated (99%), copper nitrate
trinydrate (99%), iron (111) nitrate (98%), manganese nitrate (>98.5%), magnesium
nitrate (99%), strontium nitrate (99%) and zinc nitrate hexahydrate (98.5%) were
obtained from Scharlab (Barcelona, Spain).

All solutions were prepared using high purity water (i.e. with conductivity
lower than 18 MQ cm™*) obtained from a Milli-Q water system (Millipore Inc. Paris,

France).

2.2. Wine samples.

Five Spanish wine samples, purchased in local markets, were analysed to
cover different matrix characteristics and ethanol content: white (Fidencio, Spain,
11.5% w w?), rosé (Piccolo Giovanni, Italy, 9.0% w w), sparkling (Cava Jaume
Serra, Spain, 11.5% w w?), fortified (Mistela Murviedro, Spain, 15% w w') and

red wine (Fidencio crianza, Spain, 13.5% w w?).

2.3. Dispersive liquid-liquid microextraction.

The extraction/preconcentration procedure for Cd and Pb determination
was performed as follows. First, 2 mL of wine sample or analyte standard were
placed on a centrifuge tube with 100 pL of the suitable buffer solution (e.g. acetic
acid/sodium acetate dyhidrogen/hydrogen phosphate). Then, 100 uL of NaCl and
100 pL of the DDTC solutions were added. Next, a mixture of BmimPFg
(extractant) and methanol (disperser) was injected using a 1.00 mL syringe and

the resulting system was shaken for 2 minutes using a vortex. To separate the
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two phases generated (water/ionic liquid), the mixture was centrifuged for 5
minutes at 3500 rpm. The lower layer of the ionic liquid was removed with a
micropipete and then diluted with methanol (BmimPFe/methanol 1:1 ratio) prior
to ETAAS analysis.

2.4. Microwave digestion.

For comparison, wine samples were analyzed by ICP-MS (model 7700x,
Agilent, Santa Clara, USA) after a microwave assisted digestion treatment in
closed vessel. To this end, 5 g of the selected wine was weighed into a PTFA
digestion vessel and 5 mL of concentrated nitric acid was added. The mixture
was allowed to react and after clearance of fumes (20 min) the vessel was closed.
Afterwards, samples were digested in a Star D microwave digestion system
(Milestone, Shelton, CT, USA) using the program recommended by the

manufacturer. Finally, the digested samples were made up to 20 g with water.
2.5. Instrumentation.

Cadmium and Pb in DLLME extracts were determined using an atomic
absorption spectrometer (model 2100, Perkin Elmer, Norwalk, USA) equipped
with a graphite furnace atomizer and a deuterium background correction system.
Samples were introduced into the furnace by an auto-sampler (model AS-60,
Perkin ElImer, Norwalk, USA). Pyrolytically coated graphite tubes without platform
were used in this work. Cadmium and Pb signals were measured using the
optimized temperature program given in Table 2.1. For comparison, wine
samples were also analyzed by ICP-MS. Instrumental and experimental

conditions employed in ICP-MS are described elsewhere [25].
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Table 2.1. ETAAS oieratini conditions.

Lamp current (Ma) 9 8
Wavelength (nm) 283.3 228.8
Spectral bandwith (nm) 0.7
Inyected volume (L) 20
Furnace heating program
Step Tempaerature (°C)
Dry 100 20 10
Pyrolysis 350 10 20
400-1300 10 20
Atomization 400-1300 1.0 5
Clean 2600 1.0 3
3. Results.

3.1. Optimization of graphite furnace experimental conditions.

lonic liquids are considered safer and more environmentally friendly than
the (volatile) organic solvent traditionally employed in DLLME procedures. In the
present work, BmimPFs has been selected as extraction media. However, direct
analysis of Cd and Pb in BmimPFs extracts by ETAAS is not straightforward due
to the physical properties of both ionic liquid (low volatility and high viscosity) and
analytes (high volatility). First, the high viscosity of BmimPFs (i.e. 381 cP at 25°C)
makes difficult the sample handling. The direct introduction of ionic liquids into
the furnace by means of a [26,27] did not afford reproducible results for Pb and
Cd analysis even when using an autosampler. To solve this drawback, Li et al.
[28] proposed to reduce the BmimPFg viscosity by dilution with an appropriate
solvent (e.g. alcohols). In the present work, it was observed that irrespective of
the dilution factor used (ranging from 1:0.5 to 1:3), BmimPFs: methanol mixtures
were easily introduced in the furnace by the autosampler with high reproducibility.
Therefore, to reduce the analyte dilution, a 1:0.5 BmimPFe methanol dilution ratio
was first selected after the DLLME procedure. Nonetheless, high background

signals were registered irrespective of the modifier and temperature program
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employed and even using a deuterium correction system. Better results were

obtained by employing a 1:1 BmimPFe: methanol mixture.
3.1.1. Modifier.

In this work, palladium (as a nitrate salt) was selected as matrix modifier
since it is usually employed for the analysis of Cd and Pb in carbon containing
matrices [6,8,27,29] avoiding the structured background caused by other
modifiers (i.e. phosphates) [7,8,30]. To check the influence of the palladium
concentration on the absorbance of Cd and Pb, standard solutions of these
elements (with a final concentration of 1 and 10 pg L, respectively) with amounts
of Pd ranging from 0.5 to 9 pg were prepared in a 1:1 BmimPFs: methanol
mixture. Experimental results shown that the use of Pd makes feasible to use
higher pyrolysis temperatures thus reducing the background signal. Cadmium
and Pb absorbance increased with Pd concentration up to 1 pg of Pd. For higher
Pd concentrations, no noticeable effect was observed on the absorbance of both
elements. Therefore, the amount of modifier was kept at 1 pg for further

experiments.
3.1.2. Furnace temperature program.

Taking into account the high temperatures required to decompose
BmimPFs (>350°C), a two-step pyrolysis procedure was selected to reduce
background signals [28,31,32]. The pyrolysis temperature was initially set at 350°
C for 20 seconds and, then, it was increased up to values ranging from 400 to
1200°C for 20 extra seconds. Figure 2.1 shows the pyrolysis and atomization
curves for Cd and Pb. In this figure, absorbance of both elements were
normalized against their respective maximum value. As it can be observed in
Figure 2.1A, absorbance remains constant up to pyrolysis temperatures of 800-
900°C. Nevertheless, it is interesting to note that, when increasing the pyrolysis
temperature from 400°C up to the above-mentioned values, background signal
was reduced approximately 3-fold. Due to these reasons, pyrolysis temperatures
of 800°C and 900°C were selected for Cd and Pb, respectively. With regard the
atomization temperature (Fig 1.B), the optimum value obtained for both elements
was of 1600°C. These temperatures are similar to those reported by other authors

operating with different ionic liquids (i.e. 1-octyl-3-methylimidazolium bis
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(trifluoromethylsulfonyl)  imide [27] and  1-hexyl-3-methylimizadolium
hexafluorophosphate [28]. Finally, it is worth to mention that no significant
memory effects were observed due to carbon deposition in the furnace after
several graphite firings, thus ensuring the reproducibility of the signal
measurements (5-10%).
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Figure. 2.1. Influence of the pyrolysis(A) and atomization(B) temperature on the
normalized absorbance for Cd (M) and Pb (A) in ETAAS. Modifier:1 ug Pd.
Atomization temperature in (A): Cd and Pb: 1600°C; Pyrolysis temperature in (B):
Cd 800°C, Pb 900°C.
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3.2. Optimization of DLLME experimental conditions.

Optimization of the DLLME procedure was carried out using 2 mL of a
synthetic wine sample containing 12.5% v v ethanol and potassium 1000 mg L"
! (i.e. the major organic and inorganic wine components). The variables tested
were: (i) DDTC concentration (chelating agent); (iii) pH; (iii) ionic strength; (iv)

BmimPFs mass (extractant solvent); and (v) methanol volume (disperser solvent).
3.2.1. Effect of chelating agent concentration and pH.

Metal extraction into the ionic liquid relies on the formation of a neutral
chelate with DDTC. Figure 2.2 shows the influence of DDTC concentration on the
absorbance of Cd and Pb. As it can be observed, absorbance for both elements
increased with DDTC concentration up to 1.0 %. Above this value, no significant

signal improvement was observed.
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Figure. 2.2. Influence of the DDTC on the normalized absorbance for Cd (M) and Pb (A)
in ETAAS. BmimPFs mass: 150 ug; methanol volume: 600 pL; solution pH: 6; NacCl
concentration: 5.0% w w™.

Solution pH also plays a significant role on the metal-chelate formation
and, hence, on the Cd and Pb extraction. The influence of the pH on analyte
extraction was investigated in the pH range from 3 to 9 (Figure 2.3). No significant
influence of the solution pH on Cd absorbance was observed. Nevertheless, Pb
signal shows a maximum at pH values around 6-7. From these findings, DDTC

concentration and pH were set at 1% v v and 6, respectively.
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Figure. 2.3. Influence of the solution pH on the normalized absorbance for Cd (®) and
Pb (A) in ETAAS. BmimPFs mass: 150 pg; methanol volume: 600 pL; DDTC
concentration: 1.0 w w-1; NaCl concentration: 5.0% w w.

3.2.2. Effect of solution ionic strength.

The influence of the ionic strength on Cd and Pb extraction from the
aqueous phase to the organic phase was investigated using synthetic wine
samples spiked with variable amounts of NaCl (0-15% w vt). Cadmium and Pb
absorbance showed a maximum for the solution containing 5.0 % w v NacCl.
These results suggest that analyte extraction is partially favoured by increasing
the media ionic strength. Therefore, this optimum NaCl concentration was

employed in further experiments.
3.2.3. Effect of the amount of extractant.

To evaluate the influence of BmimPFs amount on Cd and Pb extraction,
ionic liquid masses ranging from 150 to 300 mg were tested. BmimPFs masses
lower than 150 mg were not explored due to the lack of reproducibility in drop
formation and the low masses of ionic liquid recovered after the DLLME treatment
(<15 ug). It was observed that Cd and Pb absorbance decreased when increasing
the amount of BmimPFe. These findings are easily explained taking into account
that analyte preconcentration factor is reduced when increasing the mass of
extractant [28,33,34]. Therefore, a BmimPFe mass of 150 mg was selected for

further studies.

61



Capitulo 2

3.2.4 Effect of the disperser solvent nature and volume.

Two organic solvents (methanol and acetone) were tested as potential
dispersers for BmimPFs. Results shown that Cd and Pb signals were on average
1.2-fold higher for methanol than for acetone. Similar findings were obtained by
Khan et al., [34] operating BmimPFe for Cd extraction with 1-(2-pyridylazo)-2-
naphthol in environmental and biological samples. Figure 2.4 shows the influence
of methanol volume on the normalized Cd and Pb absorbance in ETAAS. As it
can be observed, absorbance for these elements increases with methanol
volume up to 600 pL due to a higher extraction efficiency of the metal-chelate
complex from the water to the organic phase. Volumes higher than 600 puL were
not employed due to the lack of BmimPFes droplet formation after the DLLME
treatment. These results suggest that the BmimPFs solubility in the synthetic wine
standards is favored by the disperser solvent. In fact, this issue was not found
operating ethanol-free wine standards. Therefore, methanol volume was set at
600 L.
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Figure. 2.4. Influence of the disperser volume on the normalized absorbance for
Cd (m) and Pb (A) in ETAAS. BmimPF¢ mass: 150 ug; DDTC concentration: 1.0
w w!; solution pH: 6; NaCl concentration: 5.0% w w.

3.3. Analytical figures of merit.

Due to the lack of a certified wine reference material for Cd and Pb
analysis, method accuracy was evaluated by means of a recovery test using
different wine samples. Taking into account the levels usually found for these

elements in wines, samples were spiked with 1 ug Lt of Cd and 10 pg L of Pb.
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The assay was performed using the optimum ETAAS and DLLME operating
conditions described in the previous sections. Results for the recovery test are
reported in Table 2.2. As it can be observed, Pb recovery was almost quantitative
(96-100%)), regardless the wine sample selected. However, results obtained for
Cd were systematically lower (i.e., 20-79% lower) than the expected ones. These
results suggest that other elements present in wine are affecting the Cd
extraction. According to the literature [5], along with potassium, wines contain
significant amounts of: (i) Ca (100 mg L™1); (ii) Mg (100 mg L™1); (iii) Fe (4 mg L™%);
(iv) Cu (1 mg L1); and (v) Zn (1 mg L™1). Thus, to insight on the origin of the poor
Cd recoveries obtained, different synthetic wine (12% v v ethanol and 1000 mg
Lt potassium) matrices containing each of the above-mentioned concomitants
were prepared. Cadmium recovery was quantitative for all the matrices tested
except for the Zn containing one. Thus, when operating matrices containing Zn
levels below 0.5 mg L%, Cd recoveries were quantitative. From this concentration
on, Cd recoveries always decrease when increasing the concentration of Zn
present in the matrix. At concentrations of 1 mg Zn L, Cd recovery was found of
76x4%. Taking into account these findings, Zn concentration was determined in
all the wine samples tested. As expected, a direct correlation between Zn levels
and Cd recovery was found (Table 2.2). So the highest Cd recoveries were
obtained for those samples containing the lowest Zn concentration levels. As
regards the precision of Cd and Pb measurements, the relative standard
deviation obtained after the analysis of five independent replicates range

between 4-9% (values typically obtained in ETAAS).

Table 2.2. Recovery values for Cd and Pb by DLLME-ETAAS and concentration of Zn
present in the different wine samples.

White 98+4 79+5 800+30
Rose 99+5 52+4 1400+90
Sparkling 98+4 51+6 1300+100
Fortified 100+3 36+4 2100+180
Red 96+4 2045 2800+130

*Mean + standard deviation, 5 replicates
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Cadmium and Pb LoDs were calculated using the calibration graph
according to the method described by Hubuax et al. (i.e. based on 5 standards,
95% confidence level) [35]. LoDs obtained for Cd and Pb were 0.01 and 0.08 ug
L1, respectively. As reported in Table 2.3, these values were about 8 and 9-fold
lower than those obtained in ETAAS using a direct analysis method (i.e., without
DLLME). These improvement factors are in agreement with the experimental
enrichment factors obtained for Cd and Pb when operating with DLLME. These
results suggest that LoDs could be further improved by increasing the analyte
enrichment factor. In fact, LoDs obtained in this work are higher than those
reported in the literature using other DLLME procedures for Cd and Pb analysis
by ETAAS [21]. It can be explained taking into account that in the method
proposed, the extraction with BmimPFs (i) requires a dilution with methanol prior
to the sample introduction into the graphite furnace, thus reducing the analyte
enrichment factor. In addition, also the sample volume used in this work was at
least between 2.5 and 5-fold lower than those usually reported due to the limited
volume of the centrifuge tubes employed; and, (ii) is negatively affected by the

presence of ethanol in the wine matrix. In spite of these facts, data in Table 2.3

Table 2.3. Comparison of the LoD obtained using the diverse methodologies reported
for Cd and Pb determination in wine by ETAAS.

Direct analysis Deuterium 0.08
This work
DLLME Deuterium 0.01
Cd Direct analysis Zeeman 0.03 [7]
Digestion Zeeman 0.1 [11]
Dilution Zeeman 0.03 [6]
Direct analysis Deuterium 0.16
This work
DLLME Deuterium 0.08
Pb Direct analysis Zeeman 0.8 [7]
Digestion Zeeman 1.0 [11]
Dilution Zeeman 0.8 [6]
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clearly demonstrate that the LoDs obtained with the method proposed in this work
are lower than those previously reported for Cd and Pb in wines by ETAAS using
alternative sample preparation methodologies. In addition, the proposed method
reduces both instrumental analysis complexity and costs since it does not require
neither time consuming digestion treatments nor complex background correction

systems to deal with spectral interferences.
3.4. Analysis of wine samples.

Five wine samples have been analyzed to quantify Cd and Pb levels using
the methodology developed. Lead analysis was performed by means of
calibration with standards containing ethanol 12% v v and 1000 mg K L. Given
the variability of the Zn content in the wine samples, standard addition was
chosen as the calibration strategy for Cd analysis. Other approaches (e.g. Zn
matched standards, additional extraction treatments) were not investigated due
to their higher complexity as well as their negative impact on the benefits derived
of using DLLME for sample preparation (e.g. sample throughput, simplicity, etc.).
Results obtained were compared to those obtained using a microwave acid
sample digestion procedure and ICP-MS detection. Wine digestion decompose
organic components mitigating carbon matrix effects. As it can be derived from
data shown in Table 2.4, no significant difference was found in the Pb
concentration values obtained by DLLME-ETAAS and ICP-MS. Lead

Table 2.4. Lead and cadmium concentration values in the different wine samples by
means of DLLME-ETAAS and ICP-MS.

DLLME-ETAAS ICP-MS DLLME-ETAAS
White 2.0+0.2 1.8+0.1 <0.01
Rose 2.17+0.16 2.14+0.07 <0.01
Sparkling 1.75+0.15 2.0+0.1 <0.01
Fortified 1.8+0.3 1.7+0.1 <0.01
Red 2.7+0.2 2.7+0.2 <0.01

*Mean + standard deviation, 5 replicates

65



Capitulo 2

concentration levels in the tested wine samples agreed with those previously
reported [28]. Cadmium concentration levels in all the samples tested were below
the LoD of both DLLME-ETAAS and ICP-MS (Table 2.4).

4. Conclusions.

Results reported in this work demonstrate that DLLME using ionic liquids
is a very simple and useful sample-pre-treatment methodology for accurate
determination of Cd and Pb in wine samples by ETAAS. Cadmium extraction in
BmimPFs is strongly affected by the presence of Zn in wine samples. As a
consequence, the use of a standard addition calibration strategy is mandatory for
this element. Under optimum conditions, the LoDs obtained for Cd and Pb are
lower than those previously reported in ETAAS using conventional sample
preparation strategies (i.e., sample dilution, digestion and direct analysis). These
results highlight the great potential of DLLME for metal analysis in wine but further
research is still required mainly to improve the method selectivity (especially for
Cd) and LoDs.
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Coupling DLLME to ICP-AES: An oxymoron?

1. Introduction.

Dispersive liquid-liquid micro-extraction (DLLME) has been stablished as a
fast and green sample preparation methodology to separate and preconcentrate
analytes from samples with complex matrices [1]. Though most of the analytical
applications reported in the literature have been focused on organic analytes,
DLLME has also been employed for metal and non-metal analysis by means of
spectroscopic techniques [2]. In these cases, detection is usually accomplished by
means atomic absorption spectrometry (AAS) due to the robustness of the
atomization sources (i.e. flame or furnace) and to the reasonably good analytical
figures of merit [3,4]. Among the AAS techniques, electrothermal atomic absorption
spectrometry (ETAAS) is often preferred because of the limited sample volume
available after DLLME procedures. Nevertheless, its low sample throughput limits
the application of the technique.

Inductively coupled plasma (ICP)-based techniques (i.e., ICP- atomic
emission, ICP-AES, and ICP- mass spectrometry, ICP-MS) have a greater
analytical potential than AAS techniques. ICP-based techniques allow
simultaneous multi-element analysis, thus increasing sample throughput with
minimum sample and reagent consumption as well as waste generation. However,
due to the limited volume available after the microextraction procedure and low
plasma tolerance to the organic solvents usually employed for analyte extraction
[2,5], DLLME is not usually employed coupled to ICP-based techniques [6,7].
Thus, high volatile solvents (such as carbon tetrachloride, chloroform, etc.) have a
deleterious effect on plasma conditions that negatively affects analytical figures of
merit and could even lead to plasma extinction. Also, high viscous solvents (e.g.
1-undecanol or ionic liquids), cause additional problems arising from a poor
nebulization efficiency and strong memory effects. To address these
shortcomings, several strategies have been suggested in the literature: (i) solvent
evaporation and subsequent acid reconstitution before the analysis [8,9]; (ii) water
back-extraction [10,11]; (iii) dilution with an appropriate solvent [12—-15]; and (Vi)
the use of alternative sample introduction systems such as flow injection analysis
(FIA) [16], electrothermal vaporization [17] or laser ablation [18]. Nevertheless,
despite the above-mentioned approaches make feasible DLLME coupling to ICP-

based techniques, some severe drawbacks still remain. In fact, the main inherent
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benefits of DLLME (e.g. simplicity, high sample throughput, etc.) are mostly
counterbalanced due to the additional steps required to perform the analysis.
Moreover, some approaches may require complex modifications in the ICP
configuration that are not always available in most of the analytical laboratories.

From the above-mentioned considerations, it can be derived that DLLME-
ICP-based techniques is a rather complex coupling and, hence, usually discarded
from a practical point of view. However, a comprehensive review of the works
reported in this field reveals that most of the previous studies have been mainly
focused on the optimization of the extraction procedure. Nevertheless, no studies
including the optimization of the experimental and instrumental conditions of the
plasma source have been performed up to date. This is a very surprisingly fact
taking into account the strong influence of the ICP parameters (e.g. plasma power,
sample uptake rate, nebulizer gas flow rate, etc.) and the sample introduction
system on the analytical figures of merit [5,19,20]. In our opinion, to couple DLLME-
ICP-based techniques, the optimization of the full variables (experimental and
instrumental) of both DLLME and ICP is mandatory. The extensive number of
applications based on the use of plasma-based techniques for elemental analysis

in organic matrices [19] justify the interest of this coupling.

The goal of this work is to explore and evaluate different analytical
approaches for coupling DLLME to ICP-AES. To this end, several organic solvents
usually employed in DLLME procedures and covering different range of the main
physical properties affecting the signal response in ICP-AES (i.e., viscosity and
volatility) have been selected: 1-undecanol, 1-butyl-3-methyl-imidazolium
hexafluorophosphate and chloroform. These solvents have been introduced
(either directly or after a dilution step with alcohol or acid solutions) into the plasma
source by means of a flow injection device. Main ICP-AES experimental variables
(plasma r.f. power, nebulizer gas flow rate and carrier flow rate) have been also
optimized to make feasible the analysis of these organic solvents by ICP-AES and
to achieve the best analytical figures of merit. Finally, the proposed DLLME-ICP-
AES approaches have been compared and evaluated by analyzing several water

samples (i.e. marine, tap and river).
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2. Experimental.

2.1. Chemicals.

Organic  solvents  (i.e., 1-undecanol, chloroform, 1-butyl-3-
methylimidazolium hexafluorophosphate, acetone, methanol, absolute ethanol
and 1-propanol) and chelating agents (i.e. diethyldithiocarbamate (DDTC), 2-
theonyltrifluoroacetone (TTA), ammonium pyrrolidine dithiocarbamate (APDC) and
a multi-element 200 mg L organometallic solution were purchased from Sigma-
Aldrich (Steinheim, Germany). Sodium chloride, 69% w w! nitric acid, 36% w w?
hydrochloric acid, 85% w w! phosphoric acid, sodium dihydrogen phosphate,
acetic acid and sodium acetate were obtained from Panreac (Barcelona, Spain).
An ICP-IV multi-element 1000 mg L* solution was provided by Merck (Darmstadt,

Germany).
2.2. Solutions.

Three different extractant solvents, namely: (i) 1-undecanol; (ii) 1-butyl-3-
methyl-imidazolium hexafluorophosphate (BmimPFs); and (iii) chloroform, have
been evaluated. These solvents were selected, among the most common
extractants in DLLME, to face most of the main problems arising from DLLME-ICP-

AES coupling (e.g. solvent viscosity and volatility) (see Table 3.1) [21-23].

Table 3.1. Physical properties of the organic solvents tested in this work at 25°C.

Surface tension Viscosity Density Vapor pressure
(MmN m?) (mPas?) | (gmL%® (mmHg)
1-undecanol 26.5 17.2 0.83 0.0004
BmimPFg 47.7 381 1.38 -

Chloroform 26.7 0.56 1.49 26.2
Methanol 22.7 0.54 0.79 128
Ethanol 22.0 1.07 0.79 59
1-propanol 20.9 1.95 0.80 21
HCI (36% w w) 65.8 1.84 1.6 35

&20°C
When operating with viscous solvents (1-undecanol or BmimPFe), a dilution

step prior to the analysis by ICP-AES was mandatory. Thus, 1-undecanol was

diluted in different alcohols, namely, methanol, ethanol and 1-propanol. This

75



Capitulo 3

approach was also employed for BmimPFs but, in this case, 36% w w hydrochloric
acid solution was additionally tested as a dilution solvent. Physical properties of
the different dilution solvents employed for 1-undecanol and BmimPFs are also
gathered in Table 3.1. Dilution ratios ranging from 1:0.5 to 1:3 for both 1-undecanol
and BmimPFe were tested. Analyte standard solution in each media was prepared
in two-steps. First, an aliquot of the aqueous 1000 mg L* ICP-IV multi-elemental
reference solution was spiked into the proper dilution solvent (i.e. methanol,
ethanol, 1-propanol or 36% w w hydrochloric acid solution). Next, this solution
was mixed in the right proportion with 1-undecanol or BmimPFg for a final analyte
concentration of 1 mg Lt. Chloroform-based samples were directly analyzed by
ICP-AES. Therefore, analyte chloroform standard (1 mg L) was prepared by
diluting the appropriate aliquots of a 200 mg L multi-elemental organometallic

solution in this solvent.
2.3. Instrumentation.

ICP-AES measurements were performed using an Agilent 720 ICP-AES
(Agilent, Santa Clara, USA) with axial viewing using the operating conditions
reported in Table 3.2. Different sample introduction systems were tested
depending on the characteristics of the extractant solvent used. Thus, when
operating with both 1-undecanol and chloroform, a standard sample introduction
system made of a concentric pneumatic nebulizer (Seaspray, Glass Expansion,
Australia) and a cyclonic spray chamber (Cinnabar, Glass Expansion, Australia)
was used. As regards BmimPFs, a micronebulizer (OneNeb, Ingeniatrics, Sevilla,
Spain) coupled to a single-pass with impact bead PTFE spray chamber (Thermo
Scientific, Germany) was employed. All the organic solvents were drived to the
nebulizer by means of a V-451 flow injection manifold (Upchurch Scientific,
Silsden, United Kingdom) equipped with a 25 pL loop valve. DLLME extracts were
injected using a home-made 300 pL plastic syringe with PEEK coated quartz
capillary needle (200 um i.d., PEEKSIL, Upchurch, Oak Harbor, Washington,
USA). Samples were introduced into a carrier stream controlled by a peristaltic
pump (Model Minipuls 3, Gilson, France). Different carriers were evaluated through
this work: (i) 1% w w! HNOg; (ii) 1% w wt HCI; and (iii) air.
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Table 3.2. ICP-AES operating conditions.

Solvent
Agilent 720 ICP-AES 1-undecanol BmimPFs Chloroform
Plasma forward power (W) 1400
Argon flow rate (L mint)
Plasma 15.0
Auxiliary 1.25 2.50
Nebulizer 0.6-0.9 0.5-0.8
Carrier flow rate (mL min™) 0.4-1.5 0.4-1.0
Sample introduction system
Nebulizer Seaspray® | Seaspray®Oneneb® | Seaspray®
Cyclonic
Spraychamber (atera) | Glone | (Geesisngepass | Gy
(PFA)
Flow injection loop volume (uL) 25
Acquisition time (s)/replicates 30/3

Signal acquisition was performed by means of the transient signal (TRS)

software of Agilent’'s ICP-AES. Microsoft Excel® software was employed for

manually signal integration. The wavelengths of the emission lines monitored in

this work are listed in Table 3.S1 (Appendix).

2.4. Samples.

Three water samples covering a wide range of matrix characteristics were

tested: (i) tap water (University of Alicante); (ii) river water (Vinalop6 river, N
38°28°15.0096”, W 0°48’15.0336”); and (iii) marine water (Mediterranean Sea, N
38°22°31.7424”, W 0°24°32.5224”). All samples were collected in polyethylene

terephthalate bottles and, after a filtration step with a 0.45 pm syringe filter,

acidified and stored at 4°C until the analysis.
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2.5. DLLME procedures.

Three DLLME procedures for water analysis were employed to evaluate the
different coupling strategies developed in the present work. Next, these
methodologies are briefly described.

1-undecanol-based extraction.

Metal extraction with 1-undecanol was carried out using the DLLME
procedure described by Yamini et al. [12] with some minor modifications. A sample
solution of 5 mL was placed into a 10 mL screw-cap and pH was adjusted using
an acetic acid-acetate buffer solution (pH: 6). Next, it was spiked with 600 pL of a
30 w v! NaCl solution and 25 pL of a 1 g L? TTA solution in methanol.
Simultaneously, 50 uL of 1-undecanol were mixed with 500 pL of acetone and the
mixture quickly injected into the sample solution by using a 5.0 mL of syringe. A
cloudy solution was formed and, after a centrifugation step (5 min 4000 rpm), the
sample solution was transferred into an ice bath where the 1-undecanol (=45 L)
was solidified at the top of the top of the test tube. Finally, 1-undecanol was
transferred into an Eppendorf tube where it was melted and diluted with methanol
(1:0.5 ratio) before ICP-AES analysis.

BmimPFe-based extraction.

In this procedure, based on that reported by Wen et al. [24], 5 mL of the
sample were spiked with a phosphoric/dihydrogen phosphate buffer solution to
adjust the pH (4). Next, 70 mg of NaCl and 100 pL of a 9% APDC solution added
to the sample. A mixture of BmimPFe (150 mg) and methanol (600 pL) was injected
into the sample to form a cloudy solution. The sample was then centrifuged (5 min
4000 rpm) and BmimPFs (settled at the bottom of the glass test tube) finally
transferred into an Eppendorf tube, where it was diluted with methanol (1:0.5

proportion) before ICP-AES analysis.

Chloroform-based extraction.

In this procedure, based on that previously described by Hemmatkhah et al.
[25], 5 mL of water containing 3.5% w w NaCl and 0.010 g DDTC were placed in

a 10 mL screw cap glass tube with conical bottom. The solution pH was adjusted
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to 6.0 with an acetic acid/acetate buffer solution. Next, 100 mg of chloroform were
dissolved in 400 pL of ethanol and the mixture was injected into the glass tube
containing the sample. A cloudy solution is formed and, after centrifugation (4000
rpm, 2 minutes), chloroform was sedimented at the bottom of the conical test tube.
Chloroform was then transferred into an Eppendorf tube and directly analyzed by
ICP-AES.

3. Results.
3.1. Coupling 1-undecanol-based DLLME procedures to ICP-AES.

3.1.1. Strategies for 1-undecanol introduction into the ICP.

Direct analysis of 1-undecanol by ICP-AES is not a feasible task due to its
high viscosity (17.2 mPa s1, see Table 3.1). As a consequence, this solvent cannot
be properly displaced by the peristaltic pump, thus giving rise to poor signal
reproducibility and high wash-out times. In addition, when operating with
pneumatic nebulizers, high viscosity solvents generate coarser aerosols than the
low viscous ones thus negatively affecting the aerosol transport into the plasma
and, then, the analytical signal [5,26]. To solve these problems and make feasible
the introduction of 1-undecanol solutions in ICP-AES, several strategies were
evaluated. First, since solvent viscosity decreases with temperature, 1-undecanol
was heated (from 40-70°C) before being injected into the FIA system. Though
sample pumping improved increasing the temperature, memory effects were still
significant. Alternatively, PTFE tubing from the peristaltic pump to the nebulizer
was also heated but no improvement was observed. A second approach reported
in the literature to deal with 1-undecanol matrix samples by ICP-AES is its dilution
with alcohols [12,14]. Up to date, no systematic study about the influence of the
alcohol nature and concentration used for 1-undecanol dilution have been carried
out, in spite of the strong influence of the sample matrix on the analytical figures
of merit in ICP-AES [5,27]. In the present work, methanol, ethanol and 1-propanol
were investigated as dilution solvents for 1-undecanol. Different 1-undecanol:
alcohol mixtures (ranging from 1:0.5 to 1:3) containing 1 mg L analyte were
prepared and measured by ICP-AES (Figure 3.1). In general, mixture composition
did not have a significant influence on the analytical signal. Signals for the 1:0.5

and the 1:1 mixtures were very similar but their peak areas were around 1.2-fold
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lower than those obtained for the 1:2 and 1:3 ones. Similar findings were observed
when using ethanol and 1-propanol. These results suggest that alcohol dilution
slightly improves the aerosol generation due to the reduction of the solution
viscosity. Nevertheless, since the 1-undecanol dilution factor is not too high, no
significant differences are expected between the different mixtures tested. From
these experiments, the 1:0.5 mixture was selected for further analysis since it
provides the minimum sample dilution after the DLLME treatment.
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Figure 3.1. Cd Il 214.439 nm emission signal profile for different 1-undecanol:methanol
mixtures. (A) 1:0.5; (®) 1:1; (®) 1:2; and (®) 1:3. Qg: 0.7 L minY; Q: 0.6 mL min™. FIA
carrier: 1% w w* HNOs.

The proposed dilution factor is lower than that previously reported in the
literature (i.e., usually > 1:1) [12,14]. In general, the type of alcohol employed to
dilute 1-undecanol had a limited influence on the analyte emission signal (Figure
3.2). Emission signals obtained for the methanol mixture were about 15% higher,
on average, than those obtained with ethanol or 1-propanol. This behavior was the
expected considering the highest volatility of methanol (Table 3.1). Plasma
robustness was checked by means of the Mg Il (280.271 nm)/Mg | (285.213 nm)
line intensity ratio for the different 1-undecanol/alcohol mixtures [28]. In all cases,
Mg II/Mg | ratio were similar to that obtained for water, thus suggesting that the

presence of 1-undecanol/alcohol mixtures did not affect plasma temperature.
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Figure 3.2. Influence of the alcohol employed for 1-undecanol dilution on the integrated
emission signal of several elements. Qg: 0.7 L min'; Q;: 0.6 mL min‘*; 1-undecanol/ alcohol
ratio: 1:0.5; FIA carrier: 1% w w* HNOgs, (®) Methanol; (%) ethanol;(®) 1-propanol.

Finally, the influence of the carrier nature on the signal obtained in DLLME-
ICP-AES was also evaluated. Up to date, poor attention has been paid in the
literature to optimize the FIA experimental conditions required for 1-undecanol
analysis by ICP-AES, mainly regarding the nature of the carrier solution. In fact,
with the exception of Yamini et al. [12] that report the use of 80% 1-propanol v v?!
as a carrier, no significant details about carrier characteristics are found in the
literature [11]. Despite its potential interferences [29], acids are preferred over
organic solvents in ICP-AES since they can be directly introduced into the plasma
avoiding the use of complex instrumental arrangements (e.g. oxygen addition,
desolvation, etc.) [19,27]. Nevertheless, no study reporting the use of acids as
carrier solutions have been found for the analysis of DLLME extracts by ICP-AES.
In the present work, 1% w w nitric acid and 1% w w hydrochloric acid solutions
were tested as carriers instead of organic solvents for the first time. Results
demonstrated that acid solutions can be successfully used to introduce 1-
undecanol/alcohol mixtures into the plasma with high reproducibility and no
memory effect. No differences between the signals afforded with both acids were

registered.
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3.1.2. Optimization of ICP-AES experimental conditions.

Analytical figures of merit in ICP-based techniques strongly depend on
plasma experimental conditions. For this reason, the influence of the nebulizer gas
(Qg) and carrier flow rate (Qi) on analyte signal was carried out. Plasma r.f. power
was kept closed to maximum nominal value available with the instrument (1400
W) to favor analyte atomization and ionization. Figure 3.3 shows the influence of
Qg on Cd Il 214.439 nm integrated emission signal for the 1:0.5 1-undecanol:
methanol mixture at different Q, values. Results indicate that the highest emission
signals were obtained at Qg of 0.7 L min™t, irrespective of the Q; tested. Moreover,
results in this figure also indicate that the highest emission signals were obtained
at the lowest Q, employed. Thus, Cd Il 214.439 nm integrated emission signal
raises 2.3-fold when decreasing Qifrom 1.5 to 0.6 mL min at the optimum Qq.
Similar results were observed for the different alcohol mixtures and analytes
tested. This behavior can be explained in terms of aerosol generation and transport
[26] and plasma characteristics [27]. Thus, the Mg II/Mg | ratios measured at 0.6

and 1.5 mL min! were of 6.0 and 5.0, respectively.
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Figure 3.3. Influence of the nebulizer gas flow rate on Cd Il 214.439 nm integrated
emission signal operating 1:0.5 1-undecanol: methanol mixture at different Q. (¢) 0.6 mL
mint; (A) 0.9 mL min?; (®) 1.2 mL mint; and (M) 1.5 mL mint. FIA carrier: 1% w w!
HNO:s.
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3.2. Coupling BminPFs-based DLLME procedures to ICP-AES.

3.2.1. Strategies for BminPFs introduction into the ICP.

When operating with BmimPFe, similar (or even worse) experimental
drawbacks than those described for 1l-undecanol are observed. In fact, the
viscosity of BmimPFs is higher (about 22-fold higher) than that of 1-undecanol
(Table 3.1). Therefore, a dilution step with an appropriate solvent previous to the
BmimPFs solutions into the plasma is also mandatory. Following a similar approach
used with 1-undecanol, BmimPFe could be diluted with methanol, ethanol and 1-
propanol in different proportions (ranging from 1:0.5 to 1:3). Different BmimPFe
methanol mixtures (1:0.5 to 1:3) containing 1 mg L analyte were measured to
evaluate matrix influence on the signal. It was observed that when operating the
1:1 mixture, signal was about 60% higher than that obtained with the 1:0.5 one.
Signals for the highest diluted BmimPFs ratios (1:2 or 1:3) were similar to those for
the 1:1 ratio. These findings suggest the beneficial effects of the BmimPFg dilution
on the aerosol generation due to the reduction of solution viscosity. This behavior
is in agreement with the previous findings obtained with 1-undecanol but the
influence of dilution on analyte emission signal for BminPFs was more significant
due to its higher viscosity. The signal improvement registered for the 1:1 mixture
did not compensate the analyte dilution factor expected when operating the 1:1
dilution instead of the 1:0.5 one (2-fold). Therefore, the 1:0.5 dilution was selected
for further studies. As expected from the low dilution factors employed for
BmimPFs, no significant differences on analyte signals were registered operating
the different BmimPFe mixtures (Figure 3.S1, Appendix). Thus, for instance, the
use of methanol as a diluent solvent provided the highest signals but signal
improvement when compared to ethanol and 1-propanol was only 1.2 fold. This

value is similar to that previously found with 1-undecanol.

Attempting to find alternatives to alcohols for BmimPFs dilution, the
possibility of using hydrochloric acid was explored in this work for the first time.
Preliminary experiments demonstrated that when mixing 1:1 BmimPFe:
concentrated hydrochloric acid (36 % w w'), a single phase was obtained after 4-
5 hours at room temperature. Interestingly, the mixture viscosity was clearly lower

than that of the pure BmimPFe. Several experimental evidences suggest that the
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structure of the ionic liquid is modified in the presence of hydrochloric acid. The
ionic liquid/acid mixture has a brownish color similar to that of the
hexafluorophosphoric acid solutions [30]. This compound is not stable in aqueous
media and it is found in equilibrium with phosphoric acid, phosphoric conjugate
forms and hydrofluoric acid [31]. Thus, assuming the formation of
hexafluorophosphoric acid from the reaction between BmimPFe and hydrochloric
acid, hydrofluoric acid must be formed. This hypothesis was clearly confirmed after
checking a glass surface that was in contact with a 1:1 BmimPFs:HCI mixture for
15 minutes. Finally, it was also observed that blank signals for DLLME extracts
operating glass vials were systematically higher than those obtained operating
plastic ones. The miscibility of BmimPFs with hydrochloric acid was further
investigated by modifying acid concentration and BmimPFs: acid ratio. Results
indicate that BmimPFs was only miscible with concentrated hydrochloric acid,
regardless the acid proportion employed (from 1:0.5 to 1:3). Finally, several
strategies were tested to improve the miscibility kinetics between BmimPFs and
hydrochloric acid. First, the different ionic liquid — hydrochloric acid mixtures were
shaken either with a vortex or ultrasounds but unsuccessfully. Better results were
obtained when heating the BmimPFe¢/HClI mixture in Eppendorf tubes at
temperatures between 40-70°C. Operating this way, a single phase was obtained
after heating the mixture at 70°C for 5 min (fast enough for practical purposes). It
is worth to point out that concentrated nitric acid is also useful for BmimPFg dilution
but it was discarded due to the flammability and oxidizing capabilities of BmimNOs.
Because of HF presence in the BmimPFs: acid mixture, the standard ICP-AES
sample introduction system was replaced by a nebulizer and a spray made of
PTFE. For the sake of comparison, this configuration was also employed with the
experiments performed with BmimPFe alcohol solutions. Also the plasma torch is
susceptible to be affected by the presence of HF. Nevertheless, after several hours
operating BmimPFe: hydrochloric acid mixtures no sign of HF attack was observed.
Presumably, it was due to the low sample volume introduced and the system wash-
out with the carrier solution. Although at first glance, physical properties of
BmimPFs: hydrochloric acid mixtures are expected to be less favorable for aerosol
generation and transport, analyte signals for the BmimPFe: acid mixtures were
almost identical to those afforded by ethanol and 1-propanol (Figure 3.S1,

appendix). Plasma robustness was examined for the different BmimPFs mixtures
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but no significant differences in the Mg II/Mg | intensity ratio were observed. In fact,
the value obtained for this parameter was similar to that found when operating with
water (and, hence, 1l-undecanol: alcohol mixtures). Considering the above-
discussed results, it seems to be clear that the use of hydrochloric acid for
BmimPFs dilution does not afford any advantage against the use of alcohols.
Moreover, the standard glass-made sample introduction system could be used
instead of the PTFE since no HF is formed when diluting BmimPFe with alcohols.

As regards the nature of the carrier solutions, similar to that observed with
1-undecanol, nitric acid and hydrochloric acid solutions can be employed as
carriers for BmimPFe analysis. The use of inorganic acid solutions as carrier is
clearly simpler and less prone to interferences than that previously proposed by
Ranjpbar et al. [16] for metal analysis with 1-hexyl-3-methyl imidazolium
bis(trifluoromethylsulfonyl)imide (i.e. 80% v v 1-propanol solution). In fact, no
significant memory effects were registered for the different diluted BmimPFe
mixtures operating the acid carriers. Analyte wash out was similar to that obtained
with 1-undecanol (25-30 s).

3.2.2. Optimization of ICP-AES experimental conditions.

The influence of ICP experimental conditions (Qg and Q) on the analyte
signal (and plasma properties) obtained when operating with BmimPFs were
analogous to those already shown for 1-undecanol (Fig. 4.2). Thus, despite of the
use of a different sample introduction system, the optimum Qg for BmimPFes was
also found at 0.7 L min-L. Interestingly, it was observed that the influence of Q; on
analyte signal was less significant than with 1-undecanol. Regardless the solvent
employed for BmimPFs dilution, analyte signal rose approximately 1.6-fold when
decreasing Qifrom 1.5 to 0.6 mL minL. This behavior can be attributed to the higher

viscosity of BmimPFe mixtures regarding to 1-undecanol ones.
3.3. Coupling chloroform-based DLLME procedures to ICP-AES.
3.3.1. Strategies for chloroform introduction into the ICP.

Opposite to that occurring with 1-undecanol and BmimPFe, the low viscosity
of chloroform permits it to generate pneumatic aerosols with no additional dilution

treatment. Nevertheless, the direct analysis of chloroform DLLME extracts by ICP-
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AES has been previously avoided in the literature due to the undesirable effects
caused by this solvent in ICP-AES (mainly signal instability and negative effects
on the plasma excitation characteristics) [16]. Instead, additional pretreatments to
remove chloroform have been recommended before metal analysis by ICP (e.g.
back extraction, evaporation, etc.) [8-10,15]. In this work, however, it was noted
that chloroform could be directly introduced in the ICP with the FIA manifold. The
volume of chloroform introduced into the instrument (25 pL) was low enough to
avoid carbon deposits and plasma shutdown. Nevertheless, it is important to note
that plasma appearance was affected by the high solvent load consequence of the
high chloroform volatility (e.g. green light emission from the C> band in the aerosol
channel) [5]. With the goal of improving the analytical response, some minor
changes were performed on the ICP-AES operating conditions employed with
viscous solvents [19]. First, auxiliary gas flow was increased from 1.25 to 2.25 L
min thus improving plasma tolerance to organics [5]. On the other hand, Qi higher
than 1.0 mL min-twere not employed to avoid plasma flickering. Operating on this
way, there is not any experimental limitation to operate chloroform directly in ICP-
AES thus taking advantage all the benefits of DLLME (e.g. sample throughput,

simplicity, analyte enrichment factors, etc.).
3.3.2. Optimization of ICP-AES experimental conditions.

In line with the strategy used with the viscous solvent, either 1% w w? nitric
and hydrochloric acids were employed as carriers for chloroform. In addition, air
was also tested since it could be advantageous for volatile solvent introduction into
the ICP [32,33]. Figure 3.4 shows the results obtained for Cd Il 214.439 nm
integrated emission signal using chloroform and both 1% w w-? nitric acid and air
as FIA carriers. Results for 1% w w* hydrochloric acid are not shown since they
were similar to those obtained with the nitric acid solution. From results in
Figure.3.4 it can be derived that emission signal strongly depends on the carrier
employed. Thus, when operating air as carrier, Cd signals (Figure 3.4.B) were
higher than those obtained for 1 % w w* HNO3 (Figure 3.4.A), regardless the Q,
tested. These findings could be explained considering that when using air: (i) the
analyte is not dispersed in the liquid stream, (ii) the spray chamber is kept dry
between injection which in turns favor solvent evaporation and aerosol transport to

the plasma; and (iii) analyte losses due to coalescence and aerosol turbulence are
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reduced. Nevertheless, from a practical point of view, the benefits of using air as a
carrier were counterbalanced by the higher memory effects due to the lack of a

solution to wash-out the system between samples during the analysis [32].

50
A

w B
o o
I I
L 2 &

p-

N
(=]
T

Integrated signal-10-*{counts)
[
o

0 L L L L
0.5 0.6 0.7 0.8 0.9 1.0

Nebulizer gas flow (Lmin-?)

9]
o

iy
=)
T

w
(=)
T

N
(=)
T

=
(=]
T

Integrated signal :10"*{counts)

0 L L L 1
0.5 0.6 0.7 0.8 0.9 1.0

Nebulizer gas flow (L min?)

Figure. 3.4. Influence of the nebulizer gas flow rate on Cd Il 214.439 nm integrated
emission signal with chloroform at different sample uptake rate using 1% w w™ nitric acid
(A) and air (B) as FIA carriers. (#) 0.4 mL min™*; (4) 0.6 mL min™*; (®) 0.8 mL min™*; and
(m) 1.0 mL min~. FIA carrier: 1% w w™ HNOs.

Figure 3.4 also shown that, in general, irrespective of the carrier used, the
optimum Qq for Cd signal was also found at 0.7 L min-* but this optimum value was
more diffuse than that observed with viscous solvents (Figure 3.3). In fact, as it
can be seen in Figure 3.4, a signal plateau was obtained between 0.6 and 0.7 L
mint for some Q) values, especially when operating with air carrier. Finally, as

expected, signal improved when decreasing Q; due to a better aerosol generation
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and transport and plasma characteristics [27]. It is interesting to note that
differences between both carriers were reduced when decreasing Q) [33]. Thus,
when Q; is decreased from 1.0 to 0.4 mL mint, analyte signal ratio between air
and nitric acid passed from 1.84 to 1.17-fold. To explain this behavior, it must be
considered that liquid evaporation is favored at low Q; values, thus improving
analyte transport (i.e. less aerosol losses) and, hence, differences between air and
liquid carriers are reduced. Though the use of air as a carrier afforded higher
signals than the acid solutions, this approach was unattractive from a practical
point of view due to memory effects. Opposite to that observed when operating
viscous solvents, and despite the experimental changes made on the ICP setup,
plasma characteristics were strongly deteriorated by the presence of chloroform.
Thus, for a given set of experimental conditions, the Mgll/Mgl ratio was half of that
obtained with water, 1-undecanol or BmimPFe.

3.4. Analysis of real samples.

The multi-element analysis (i.e., Al, Cd, Cr, Cu, Fe, Mn, Ni, Pb and Zn) of
different water samples was performed to validate the strategies developed for
coupling DLLME to ICP-AES. To this end, previously described DLLME
procedures for 1l-undecanol [12], BmimPFe [24] and chloroform [25] were
employed for metal extraction in waters. Next, each organic extract was analyzed
by ICP-AES under the optimum conditions obtained for each solvent (Table 3.3).
Qi was set at 0.4 mL min! for all the solvents tested to favor aerosol generation
and plasma characteristics. Though better results are theoretically expected
decreasing further this parameter, nebulization process becomes less stable [20]
thus distorting the emission signal profile and reducing signal precision. Moreover,

higher wash-out times were required compromising sample throughput.

Table 3.3. Optimum coupling strategies for the analysis of 1-undecanol, BmimPFe and
chloroform extracts by ICP-AES.

Parameter l-undecanol | BmimPFs | Chloroform
Dilution Solvent Methanol -
Dilution ratio 1:0.5 -
Carrier 1% w w?! HNO;
Qg (L min™) 0.7
Qi (mL mint) 0.4
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Preliminary experiments showed that analyte extraction efficiency was
strongly dependent on the water salt content and, hence, some changes in the
extraction procedures were required. To study the influence of water salts (ionic
strength) on analyte extraction for each DLLME procedure, 100 pg L analyte
standard solution containing variable amounts of NaCl from 0.1to 7.5 % w w* were
used. Results shown that each DLLME methodology is differently affected by
NaCl. Thus, analyte extraction efficiency for the 1l-undecanol-based DLLME
procedure decreased with NaCl concentration. On the other hand, extraction
efficiency showed a maximum at 3.5 % w w! NaCl when operating with chloroform.
Interestingly, no influence of NaCl concentration on the analyte extraction
efficiency was observed when using BmimPFs. These results suggest that NaCl
content (i.e. solution ionic strength) exerts a great influence on metal extraction
since it affects both the solubility of the metal-chelate complex in the sample as
well as the miscibility between the organics and water. From these experiments, it
was clear the significance of controlling salt content to avoid interferences. Taking
into account these findings, both standards and samples were spiked with NaCl
3.5% w w! for all the DLLME procedures to perform calibration using a single set

of standards.

First, a recovery test was performed to evaluate the accuracy. To this end,
all the samples were spiked with a multi-element standard solution for a final
concentration of 100 pug Lt and, then, they were analyzed by ICP-AES after the
appropriate DLLME treatment. Results obtained are shown in Table 3.4. As it can
be observed, recoveries for all the elements with 1-undecanol and chloroform were
almost quantitative (i.e., recoveries ranging from 96 to 109%). However, analyte
recoveries for BmimPFs were only quantitative for Pb. It must be considered that
the BmimPFs-based DLLME procedure used in the present work was initially
developed for Pb determination and, hence, results for this element were totally
expected. The origin of the poor recoveries for the remaining elements could be
partially related to pH influence on APDC chelating capabilities [34]. This topic,

however, was not further investigated since it was beyond the scope of this work.

Table 3.5, shows the results of the elemental analysis of water samples
obtained using the 1-undecanol and chloroform-based DLLME procedures. For the

sake of comparison, the results obtained with a direct water analysis by ICP-AES
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are also included. Data for the BmimPFs-based DLLME procedure are not included
since it only worked for Pb and the concentration of this element was below LoD
(<5 pg L. In fact, none of the methodologies tested could detect Pb as well as
Cd and Cr due to their low concentration levels in the samples analyzed. In
general, results for the elemental analysis using DLLME procedures agree with
those obtained using a direct analysis procedure. Nevertheless, the use of DLLME
methodologies allowed the analysis of a higher number of elements (e.g. Al, Fe,
etc.) in water samples due to their lower limits of detection (Table 3.6). In
comparison with a direct water analysis, DLLME methodologies afford, on
average, a LoD improvement of 8 and 13-fold when operating with 1-undecanol
and chloroform, respectively. These results confirm the usefulness of the coupling
strategies evaluated for the analysis of DLLME extracts by ICP-AES. Itis important
to remark that the improvement in the analytical figures of merit reported for
DLLME-ICP-AES was related to two different factors: (i) the preconcentrating
process itself; and, (ii) the higher analyte transport efficiency afforded when using
organic solvents in ICP-AES. To evaluate the contribution of aerosol generation
and transport with organics on the analytical figures of merit (sensitivity and LoD),
the corresponding calibration curve for organics and water were compared (Table
3.S2, Appendix). The use of 1-undecanol and BmimPFs improved sensitivity and
LoD 2.2-fold on average for the different elements tested. LoD improvement for
chloroform was also similar (2.8-fold) but less than expected according to signal
enhancement factors (6.5-fold on average) due to high blank signals originated by
the chloroform impurities. Therefore, a higher improvement in LoDs for chloroform
is still feasible improving reagent quality. Nonetheless, different commercial
chloroform providers were tested but similar backgrounds were observed in all

cases.
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Table 3.6. Limits of detection (LoD) in ICP-AES for direct sample analysis and 1-
undecanol and chloroform-based DLLME procedures. ICP-AES: Qq: 0.7 L min?, Qi:0.4
mL min*; 1-undecanol dilution: methanol; 1:0.5 ratio; FIA carrier: 1% w w™* HNO:s.

Limit of detection (ug L™)

Element | Direct analysis | 1l-undecanol-DLLME | Chloroform-DLLME
Al 50 6 35
Cd 30 6 1.4
Cr 40 6 6
Cu 30 2 7
Fe 30 4 4
Mn 40 22 6
Ni 30 8 0,7
Pb 20 4 1.1
Zn 20 3 2

4. Conclusions.

Results in this work clearly demonstrate that there is not any limitation for
coupling DLLME to ICP-AES when experimental conditions are wisely selected.
In fact, despite the different physical properties shown by the organic solvents
usually employed in DLLME, a single set of experimental conditions can be
employed for metal analysis. In addition, it should be taking into account that
analytical figures of merit in ICP-AES are not only improved by the DLLME
treatment process but also to aerosol generation and transport afforded by the
organics regarding to water. When compared to FAAS and ETAAS detection, the
use of ICP-AES makes feasible the simultaneous analysis of different metals thus
improving sample throughput. In addition, internal standardization calibration
could be implemented to improve accuracy and precision as well as to mitigate

potential matrix effected derived by the organics in the plasma.

It is expected that the strategies developed in this work could also be
applied for ICP-MS. Nonetheless, special attention should be paid in this case to
the spectral and non-spectral interferences due to carbon since ICP-MS is more
sensitive to matrix effects. In fact, the use of organics could be beneficial to further

improve the analytical figures of merit since the ionization of some hard-to-ionize
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elements (e.g. As, Se, etc.) is improved by carbon presence in the plasma [35].

These experiments are currently being carried out in our laboratories.
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6. Appendix.

Table 3.S1. Spectroscopic data values for the selected lines tested

Element Wavelenght/ nm (line type) Eexc/ €V Eion/ €V Esum/ €V
Al 396.152 (1) 3.14 - 3.14
Cd 214.439 (Il 5.78 8.99 14.77
Cr 357.868 (1) 3.46 - 3.46
Cu 213.598 (Il) 8.52 7.73 16.25
Fe 238.204 (1) 5.20 7.87 13.07
Mg 280.271 (Il 4.42 7.72 12.07

285.213 (1) 4.35 - 4.35
Mn 257.610 (I 4.81 7.44 12.25
Ni 231.604 (1) 6.39 7.64 14.03
Pb 220.353 (Il) 7.37 7.42 14.79
Zn 213.857 (1) 5.80 - 5.80

Esum = ionization energy (Eion) + excitation energy (Eexc)
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Figure 3.S1. Influence of the solvent employed for BmimPFs dilution on the
integrated emission signal of several elements. Qg: 0.7 L min'Y; Qi: 0.6 mL min;
1-undecanol/ solvent ratio: 1:0.5; FIA carrier: 1% w w* HCI. () HCI; (=) 1-propanol;
(=) ethanol; (w) methanol.
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Inductively coupled plasma atomic emission spectrometry (ICP-AES) is
widely employed in food sciences for major, minor and trace elemental analysis
due to its outstanding figures of merit such as: (i) accuracy and precision; (ii) limits
of detection in the order of pug L*; (iii) dynamic range; and (iv) multi-element
capabilities [1]. Since the conventional sample introduction system in ICP-AES
operates with liquid samples, a preliminary preparation step is required to analyze
foods. Solid samples are usually analyzed after solubilization by an acid digestion
treatment. Though beverages can be directly introduced into the plasma, they
also require a preliminary sample pretreatment (i.e. filtration, dilution and even
acid digestion) to mitigate both spectral and non-spectral interferences [1].
Determination of toxic elements in foods, such as: As, Cd, Pb, etc. by means of
ICP-AES is more troublesome since detection capabilities achieved by
commercial instrumental techniques are mostly close to (or even above) the
maximum allowed levels established by current international food security
policies, particularly those from EU [2]. Consequently, after sample
decomposition, an additional extraction-preconcentration treatment is mandatory

for accurate quantitation of toxic elements in foods.

However, coupling extraction-preconcentration techniques to ICP-AES for
metal analysis is challenging [3]. Organic solvents or organic-water mixtures are
usually employed in solid-liquid and liquid-liquid extraction procedures, but they
could negatively affect the plasma discharge giving rise to both spectral and non-
spectral interferences and could even lead to plasma extinction [4,5]. Depending
on the extraction-preconcentration methodology, several strategies have been
proposed to deal with the interferences caused by organic compounds in ICP-
AES such as: (i) solvent evaporation followed by acid reconstitution [6]; (ii) water
back-extraction [7]; (i) dilution with an appropriate solvent [8]; and (iv) the use of
non-conventional sample introduction systems (e.g. electrothermal vaporization)
[9]. Nevertheless, these strategies increase the complexity of analysis, rise costs
and reduce sample throughput. Moreover, they do not benefit of physicochemical
properties of organics for aerosol generation and transport. Due to their lower
surface tension and higher volatility, organic solvents generate finer aerosol and

give rise to higher aerosol transport than aqueous solutions [10,11].

103



Consequently, an improvement on sensitivity and limits of detection (LoD) is
expected. Martinez et al. [12] have recently demonstrated that some organic
extracts used for dispersive liquid-liquid microextraction (DLLME) (e.g.
chloroform, 1-undecanol and 1-butyl-3-methylimidazolium hexafluorophosphate)
can be directly analyzed by means of ICP-AES. These authors observed that LoD
were indeed enhanced by the preconcentration itself, but also, by a higher sample
introduction efficiency observed due to the injection of organic solvents into the
plasma.

The goal of this work was to evaluate the analytical capabilities of ICP-
AES for the simultaneous determination of As, Cd and Pb in food samples
according to current EU policies. To this end, knotted reactor (KR) and DLLME
were selected for analyte extraction-preconcentration, since these techniques
have been scarcely applied for toxic metal determination in foods with ICP-AES
detection. The study included a throughout optimization of ICP-AES experimental
conditions for direct analysis of organic extracts. Next, KR and DLLME extraction
conditions were optimized for the simultaneous determination of As, Cd and Pb
in a single run, taking advantage of ICP-AES multi-element capabilities. Finally,
KR-ICP-AES and DLLME-ICP-AES methods were validated and applied to
several food samples (i.e. chocolate, mussels, rice and wine) representative of

the commodities regulated by EU food policies.

Tetrahydrofuran (THF, 99%), acetone (>99.5%) and methanol (>99.9%)
were obtained from Honeywell (New Jersey, USA). 1-decanol (99%), 1-
undecanol (99%), decanoic acid (98%), acetonitrile (99%), sodium citrate tribasic
dihydrate (99%), ammonium pyrrolidine dithiocarbamate (APDC) (99.9%) and
elemental standard solutions (1000 mg L) were purchased from Sigma-Aldrich
(Steinheim, Germany). Absolute ethanol (99.9%), nitric acid (69% w w), sodium
dihydrogen phosphate (>99.5%), sodium chloride (>99.5%), disodium hydrogen
phosphate (>99.5%), glacial acetic acid (99.7%), sodium acetate (99%) and 1-
propanol (>99.5%) were obtained from Panreac (Barcelona, Spain). Finally, citric

acid (>99.5%) was obtained from VWR (Radnor, USA).
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Four different food samples covering different type of matrices were
analyzed in this work: (i) mussels (Mytilus edulis chilensis, Chile); (ii) rice (La
Fallera, Spain); (iii) red wine (Cafio Viejo, Spain, alcoholic content: 10% w w?)
and (iv) chocolate (Nestle, Spain, cocoa content: 44% w w). These foods are

representative of the commodities regulated for toxic metals by the EU [2].

In this work, except for wine, all the samples were acid digested prior the
extraction-preconcentration step by means either KR or DLLME. Mussels, rice
and chocolate samples were digested in a microwave oven model Start D
(Milestone, ltaly) using the program recommended by the manufacturer (Table
4.S1). Before the digestion treatment, mussels were dried at 60°C for 48h and all
the samples were grinded (Ultracomb, China). After sample decomposition,
digests were quantitatively transferred into a 20mL volumetric flask and
neutralized with a NaOH solution. Finally, samples (digest and untreated wine)
were handled with the corresponding sample extraction/preconcentration
treatment. Experimental conditions for both KR and DLLME were optimized by
means of experimental design [13]. Data analysis was carried out using

Statgraphics® centurion 16.1.11 32-bit software (Statpoint Technologies, USA).
eactor extractior

Contrary to previous works in ICP-AES [14], the KR was operated off-line.
An overview of KR operation is shown in Figure 4.1. First, a sample solution of 4
mL was placed into a 10 mL vial and pH was adjusted with the corresponding
buffer solution (i.e. acetic acid/sodium acetate, dihydrogenphosphate/
hydrogenphosphate, etc.). Next, the sample (flow rate 2.0 mL min't) and APDC
solution (flow rate 0.5 mL mint) were mixed with the aid of a T-joint and the
mixture was loaded on an PTFE knotted reactor (i.d. 500 um, 334 cm length) in
which the analyte-APDC complex is retained. Next, the complex was eluted with
150 pyL of an appropriate organic solvent (i.e. methanol, ethanol, 1-propanol,

acetic acid and acetonitrile) and transferred to an Eppendorf tube. Finally, a
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cleaning step was carried out using a 3% w w™ nitric acid solution, which was

circulated for 2 minutes at a rate of 3 mL min™.

Knotted reactor

Step 1-Preconcentration

| { m Waste
-y Oy B — Knotted resctor

T-joint
Sample  APDC connectar

Step 2-Elution

- —— - — Knotted reactor

THjoint
E | ue nt connactor

- DLLME

Centrlfugatlon

Sample solution Dispersion Sedimentation Extraction phase collection

Figure. 4.1. Schematic diagram of the experimental procedure employed with KR and
DLLME.

2.3.2. Dispersive liquid—liquid microextraction.

Supramolecular solvents have been selected as the extraction media
since they are more environmentally friendly than the traditional volatile organic
solvents (e.g. chloroform, etc.) employed in DLLME. These solvents are

nanostructured liquids spontaneously generated from aqueous or hydro-organic
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solutions of amphiphiles through a self-assembly process known as coacervation
[15,16]. In this work, three supramolecular solvents have been generated by
combining THF with different surfactants (i.e. 1-decanol, 1l-undecanol and
decanoic acid). Figure 4.1 shows a scheme of the DLLME experimental
procedure. Sample aliquots of 4 mL were spiked with a buffer solution to adjust
the pH and 100 pL of APDC (2%) were added for complex formation. Next, a
mixture of THF and the corresponding surfactant was added to the sample with
a 2.5 mL glass syringe (Hamilton s/1000, USA). A cloudy solution was formed
and, after centrifugation (90 s at 3500 rpm), the micelle upper layer was
transferred to an Eppendorf tube, where it was diluted prior to ICP-AES analysis
due to its high viscosity. To this end, different dilution solvents (i.e. methanol,
ethanol, 1-propanol, acetonitrile and acetic acid) and supramolecular:dilution
solvent ratios (1:0.5 to 1:3) were investigated.

ICP-AES measurements were performed using an Agilent 720 ICP-AES
instrument (Santa Clara, USA) with axial viewing, under the operating conditions
reported in Table 1. Sample introduction was achieved using a concentric
pneumatic nebulizer (Seaspray, Glass Expansion, Australia) and a cyclonic spray
chamber Cinnabar, Glass Expansion, Australia). Samples were introduced into
the system with the aid of a flow injection manifold (Model V-451, Upchurch
Scientific, Silsden, United Kingdom) equipped with a 25 pL loop valve and a
homemade 300 pL plastic syringe with a PEEK coated quartz capillary needle
(200 pm i.d., PEEKSIL, Upchurch, Oak Harbor, Washington, USA). Samples
were introduced into a 1% w w™! HNOs carrier stream controlled by a peristaltic
pump (Model Minipuls 3, Gilson, France). As 1 193.696 nm, Cd Il 214.439 nm and
Pb Il 220.353 nm were the monitored wavelengths for each analyte. Signal
acquisition was performed by means of the transient signal (TRS) software of the
ICP-AES instrument. Microsoft Excel® software was employed for manual signal

integration.
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Table 4.1. ICP-AES oieratini] conditions

Argon flow rate (L min~t)

Plasma 15.0
Auxiliary 15
Nebulizer 0.6-0.9
Carrier flow rate (mL min™1) 0.4-1.3

Sample introduction system

Nebulizer Sea Spray
Spray chamber Cyclonic
Flow injection loop volume (uL) 25
Acquisition time (s) 50
Replicates 4

For comparison, digested samples and untreated wine were also analyzed
by means of ICP-MS. Instrumental and experimental details for ICP-MS

measurements are described elsewhere [17].

3. Results.

3.1. Knotted-reactor extraction.
3.1.1. Coupling KR to ICP-AES.

When KR-based systems are used coupled to atomic absorption
spectrometry, organic solvents are traditionally employed as the elution solvent
to favor analyte-complex solubility [12]. In ICP-based techniques, however,
inorganic eluents are preferred instead to avoid the negative effects of organic
compounds on the plasma [18,19]. In this work, the possibility of applying organic
solvents with KR in ICP-AES was investigated since these solvents favor aerosol
generation and analyte transport, thus improving analytical figures of merit in
comparison to inorganic acid solutions [12]. To this end, several modifications
were introduced on the experimental arrangement traditionally employed in ICP-
AES [14]. First, the KR was operated off-line, resulting in a higher flexibility
regarding experimental conditions (e.g. carrier flows, organic solvents, etc.). On
the other hand, to improve plasma stability operating with organic solvents,
eluates from the KR were introduced into the ICP-AES by means of a FIA-

manifold using a 1% w w nitric acid solution as the carrier medium [12].
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First, the influence of the elution solvent on analyte signal in ICP-AES was
evaluated. To this end, a 2 mg L analyte standard solution was preconcentrated
within the KR according to the experimental procedure described in Section 2.4.
Next, the analyte-complex was eluted with 150 pL of different organic solvents
(i.e. methanol, ethanol, 1-propanol, acetonitrile and acetic acid) and the extracts
were analyzed directly by means of ICP-AES. For the sake of comparison, a
standard sample in 10% w w! nitric acid solution was also registered. Figure 4.2
shows Cd Il 214.439 nm signal profiles with the different organic eluents tested.
It was observed that, when operating with 1-propanol, acetic acid and 10% w w!
nitric acid solution, the plasma was highly robust, and the analyte signal profile
was well-defined. For the remaining matrices (i.e. methanol, ethanol and
acetonitrile), however, plasma was unstable and strong memory effects were
observed. These results are easily explained considering that plasma energy
operating with volatile solvents is significantly reduced due to the higher solvent
plasma load [20,21]. As expected by physicochemical properties (i.e. surface
tension) [10,11,21], analyte signals for 1-propanol and acetic acid solutions were
significantly higher than those obtained with 10% w w* nitric acid. Signal
improvements operating with 1-propanol and acetic acid were, on average, 1.7
and 1.8-fold, respectively. Based on these experiments, acetic acid was selected

as the analyte elution solvent with the KR.

18
B —m—10% nitricacid
16 |
—_ L F —a—1-propanol
: 14 j Acetic acid
§ 12 —=—Acetonitrile
< .0 [ Methanol
= i Ethanol
a0 8
S 6 |
E 4 F . e s U SR
“ L1
2 o B "h“_w::-m_""."“*"-
u l I 1 1 L 1 L ' ']
0 10 20 30 40 50 60
Time (s)

Figure 4.2. Influence of the elution solvent on the Cd Il 214.439 nm emission signal
profile with KR. ICP-AES operating conditions: Qg: 0.7 L min't; Qi 0.4 mL mint. Analyte
concentration: 2 mg L™. (4 ) Acetic acid; (®) 1-propanol; (™) nitric acid; () ethanol; (1)
methanol; (o)

109



Capitulo 4

3.1.2. Optimization of ICP-AES experimental conditions.

Inductively coupled plasma atomic emission experimental conditions were
optimized to operate with acetic acid extracts. Plasma r.f. power was kept close
to the maximum available instrumental nominal value (i.e. 1400 W) to favor matrix
decomposition as well as analyte atomization, ionization and excitation within the
plasma. To evaluate the influence of the nebulizer gas flow rate (Qg) and sample
uptake rate (Q)) on signal emission, a 1 mg L analyte standard solution in acetic
acid was prepared. Figure 4.3 shows the influence of Qg on Cd Il 214.439 nm
integrated signal for acetic acid at different Q| values. Results indicate that analyte
emission is favored when decreasing both Qg and Q.. This behavior can be
explained in terms of aerosol generation and plasma robustness [14]. Similar
findings were observed for As | 193.696 nm and Pb Il 220.353 nm. From data
gathered in Figure 4.3, an optimum Qg of 0.6 L min! and a Qi of 0.4 mL min-!
were selected to analyze acetic acid extracts. These conditions allowed the long-
term ICP-AES operation with acetic acid eluates without formation of carbon

deposits on the torch.
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Figure 4.3. Influence of the nebulizer gas flow rate on Cd Il 214.439 nm integrated
emission signal operating acetic acid at different Q, with KR: (®) 0.4 mL min~%; (A) 0.7
mL min~*; (@) 1 mL min~*; and (4) 1.3 mL min~. Analyte concentration: 1 mg L™.

Integrated signal-10*(counts)

&
wn

110



The experimental variables controlling metal extraction in the KR were
optimized by means of a central composite design (CCD) [14]. After checking
previous studies in the literature [14,18,19] and some preliminary experiments,
pH, APDC concentration, KR length and sample elution flow were identified as
the most significant variables controlling As, Cd and Pb extraction. Each variable
was investigated in five levels: (i) pH. 9 (++), 7 (+), 5 (0), 3 (-) and 1 (--); (ii) APDC
concentration: 1.65 % w wt (++), 0.8 % w w (+), 0.53 % w w (0), 0.27 % w W
1 (-) and 0.005 % w w (--); (iii) reactor length: 334 cm (++), 256 cm (+), 178 cm
(0), 100cm (-) and 22 cm (--); and (iv) elution flow rate: 0.56 mL mint (++), 0.45
mL min? (+), 0.34 mL min (0), 0.23 mL min? (-) and 0.11 mL min! (--). A total
of 25 experiments were performed by triplicate using a standard 1 mg L analyte
solution (Table 4.S2).

No conclusive results were obtained during the optimization of As
extraction since ICP-AES signals were not significantly affected by changes in
the KR extraction conditions. Alternatively, As concentration was increased up to
15 mg L to improve optimization, but no significant improvement was achieved.
This behavior is explained considering that As-APDC complex is poorly retained
within the KR (i.e. 18%) [23] and that the sensitivity of As in ICP-AES
measurements is low. Therefore, and taking into account legal requirements for
this element in foods [2], the analysis of As by means of KR-ICP-AES was
discarded. To examine the significance of each variable on Cd and Pb extraction,
data was analyzed by ANOVA and the effects were summarized by means of the
corresponding Pareto charts (Figure 4.4). The ANOVA data analysis revealed
that pH, APDC concentration and reactor length have a (positive) significant
effect on Cd and Pb extraction. These results are logical, considering that metal-
APDC complex formation is favored by increasing chelate concentration and
decreasing solution pH [24]. Similarly, a higher reactor length favors metal-

chelate complex retention in the KR.
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Figure 4.4. Pareto charts obtained in the optimization study of the main variables
affecting Cd and Pb extraction with KR. (™) positive effect; (W) negative effect. Dotted
vertical line corresponds to 95% confidence level. ICP-AES operating conditions: Qg: 0.7
L min~; Qi: 0.4 mL min~. Analyte concentration: 1 mg L™,

Experimental data also revealed that there are some interactions among
the investigated variables. Thus, Cd extraction significantly depended on two-
factor interactions effects, pH/elution flow rate and APDC concentration/reactor
length. On the other hand, Pb extraction significantly depended on pH/APDC
concentration and APDC concentration/reactor length. Table 4.2 shows the
optimum experimental conditions derived from the CCD model for Cd and Pb
extraction. In general, optimal experimental conditions for both elements were

rather similar, although some differences were noticed on the pH and the elution
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flow rate. Because of the simultaneous multi-elemental capabilities of ICP-AES,
a compromise pH and elution flow rate should be selected for the simultaneous
determination of both elements in a single run. From the CCD model, it was
predicted that Cd and Pb extraction would be reduced in 5% when operating at
pH 1.2 and with an elution flow rate of 0.3 mL™1. This data was experimentally
verified and, consequently, the above-mentioned pH and elution flow rate were
selected accordingly for further studies.

Table 4.2. Compromise experimental conditions for the simultaneous analysis of Cd and
Pb by means of KR.

pH 1 1.4 1.2
APDC concentration (w w) 1.06 | 1.06 1.06
Elution flow rate (mL min?) 0.4 0.11 0.32

Reactor length (cm) 333 334 334

3.2. Dispe uid microextraction.

3.2.1. Coup “P-AES.

Supramolecular solvents based on the use of THF with either alcohols
[25,26,27] or organic acids [28] have been employed in the literature for metal
extraction by means of DLLME and atomic absorption spectrometry detection. To
date, however, no previous attempt to apply this type of solvents in ICP-based
techniques has been reported. Therefore, some experiments were initially
performed to evaluate the best strategy to make use of them in ICP-AES. It
should be considered that supramolecular solvents are highly viscous
substances [28] and, consequently, analytical figures of merit could be

compromised due to its negative influence on aerosol generation [4].

In this work, supramolecular solvents were prepared by combining THF
with different surfactants, namely: (i) 1-decanol [25,26]; (ii)) 1-undecanol [27];
and (iii) decanoic acid [28]. Initially, supramolecular solvents were directly
introduced into the ICP-AES instrument by the FIA manifold, but emission
signals from As, Cd and Pb were highly irreproducible due to poor nebulization
and memory effects. Therefore, they were diluted with methanol (1:1 proportion)
to decrease their viscosity. Supramolecular solvents based on 1-decanol and 1-

undecanol
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could be introduced into the plasma in a highly reproducible manner, but the
nebulizer and FIA system was quickly blocked after injections with the decanoic
acid-based micelles. A closed inspection of the nebulizer and system tubing
revealed the appearance of a white solid deposit which corresponded to decanoic
acid. Solubility of decanoic acid in the carrier solution (1% w w-! nitric acid) is low
(approximately 0.15 g L) and, consequently, this substance precipitates inside
the sample introduction system. In fact, decanoic acid precipitate was also visible
inside the spray chamber. To improve decanoic acid solubility, water-organic
mixtures could be used as a carrier solution instead of the nitric acid solution, but
this approach compromises both short and long-term instrument performance
due to the continuous organic solvent load to the plasma [4]. Consequently,
decanoic acid-based supramolecular solvents were discarded for further studies.
Supramolecular solvents based on 1-decanol and 1-undecanol were more
attractive since these alcohols are in liquid form at room temperature and no

precipitate could form in the presence of the carrier solution.

Because the analytical figures of merit in ICP-based techniques strongly
depend on the physicochemical properties of the sample matrix [5], the influence
of the solvent employed to dilute the supramolecular solvent on analyte signal in
ICP-AES was examined. In addition to methanol, four additional solvents were
tested: (i) ethanol; (ii) 1-propanol; (iii) acetonitrile; and (iv) acetic acid. For each
of them, 1:1 supramolecular:dilution solvent mixtures were prepared containing
1 mg L of As, Cd and Pb. Figure 4.5 shows the influence of the dilution solvent
on the integrated net analyte signals for the 1:1 diluted 1-decanol-based micelles.
The highest signal for all the analytes was obtained operating with acetic acid,
followed by the alcohols and acetonitrile. Differences among the tested solvents
were mainly related to blank corrections, since all the mixtures yielded similar raw
signals. Comparable findings were also observed using 1-undecanol as
surfactant. A priori, higher signals would have been expected for alcohols and
acetonitrile due to their higher volatility, which theoretically favors aerosol
transport efficiency [10,11]. Experimental data suggest, however, that volatility
is not critical for the selection of the dilution solvent due to the low dilution
factors employed in this work. Based on the results presented in Fig. 5, acetic
acid was selected to dilute the supramolecular solvent. Additionally, the

influence of the
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supramolecular solvent:acetic acid ratio on emission signals was also examined.
To this end, supramolecular:acetic acid ratios ranging from 1:0.25 to 1:3 were
investigated. All the assayed mixtures had a fixed amount of analyte (1 mg L),
thus allowing the evaluation of the influence of the matrix physicochemical
properties on aerosol generation and transport. For all the analytes, emission
signals improved with dilution up to a 1:1 supramolecular:acetic acid ratio and
remain constant with further acetic acid additions (Figure 4.S1). This data
suggests that dilution is beneficial to improve aerosol generation, probably due
to a reduction of sample viscosity. Nevertheless, from a practical point of view,
high dilution of DLLME extracts is useless on practical analysis due to its negative
effect on sensitivity and limits of detection (LoD). When increasing DLLME extract
dilution from 1:0.5 to 1:1 analyte concentration is decreased 50% but signal
improvement is just 43%. In this work, a 1:0.5 dilution ratio was selected as a

compromise between analyte figures of merit and sample handling.

& ()]
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Integrated net signal-10*(counts)
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Figure 4.5. Influence of the dilution solvent employed for supramolecular solvent dilution
on the integrated emission signal of As 1 193.696 nm, Cd Il 214.439 nm and Pb 11 220.353
nm. ICP-AES operating conditions: Qg 0.7 L min™;, Q: 04 mL min™
supramolecular/dilution solvent ratio: 1:1; analyte concentration: 1 mg L™ (m)
Methanol;(®); ethanol (®); 1-propanol; (M) acetonitrile;(™) acetic acid.

3.2.2. Optimization of ICP-AES experimental conditions.

Next, plasma experimental conditions were optimized to operate with the
1:0.5 supramolecular solvent:acetic acid mixtures. The influence of both Q4 and
Qi on analyte signal for DLLME was similar to that previously observed for pure

acetic acid extracts with the KR (Figure 4.S2). These results are not unexpected
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considering that organic extracts are introduced into the plasma with the same
sample introduction system. Consequently, Qg and Q, were respectively fixed at
0.6 L min't and 0.4 mL min.

A CCD design was employed for a detailed optimization of extraction
conditions with DLLME. Some preliminary experiments were performed to
evaluate the influence of the surfactant nature (1-decanol and 1-undecanol) on
analyte extraction. It was observed that metal extraction was almost independent
of the selected surfactant and, hence, 1-decanol was selected for further studies.
According to this preliminary experiments and previous works [29], pH, APDC
concentration, THF volume and surfactant mass metal extraction were identified
as the main relevant variables controlling metal extraction. Each of the four
variables selected were investigated in five levels: (ii) pH. 12 (++), 9 (+), 6 (0), 3
(-) and 0 (--); (ii) APDC concentration: 0.55 % w w (++), 0.40 % w w! (+), 0.25
% w w?(0),0.10 % ww?(-) and 0.00 % w w (--); (i) THF volume: 0.53 mL (++),
0.40 mL (+), 0.28 mL (0), 0.15 mL (-) and 0.03 mL (--); and (iv) surfactant mass:
320 mg (++), 240 mg (+), 160 mg (0), 80 mg (-) and O (--). A total of 25
experiments were performed by triplicate using a 1 mg L standard analyte
solution (Table 4.S3). To examine the significance of each variable on metal
extraction, data were analyzed by ANOVA and effects were summarized by
means Pareto charts (Figure 4.6). It was observed that the most significant
variables depended on the studied analyte. For instance, Cd and Pb extraction
was significantly affected by pH, APDC concentration, THF volume and
surfactant mass. Extraction recovery for both metals was favored by increasing
pH, APDC concentration and THF volume as well as by decreasing surfactant
mass. On the other hand, only THF exerts a (positive) significant effect on As
extraction. In either case, it was noticed that the investigated variables were not
orthogonal, since analyte extraction was also dependent on two-factor interaction
effects. Table 4.3 shows the optimum experimental conditions derived from the
CCD model for As, Cd and Pb extraction by means of DLLME. As it shown, there
are significant differences on the optimum pH and surfactant mass values for
each element. For instance, Cd and Pb extraction is maximum at pH values

around 6, whereas As requires highly acidic conditions (pH = 1.8). As was
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Figure 4.6. Pareto charts obtained in the optimization study of the main variables
affecting Cd and Pb extraction with DLLME. (™) positive effect; (®) negative effect.
Dotted vertical line corresponds to 95% confidence level. ICP-AES operating conditions:
Qq: 0.7 L min™t; Qi: 0.4 mL min~?; supramolecular/acetic acid dilution ratio: 1:0.5; analyte
concentration: 1 mg L™,
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previously necessary with KR extraction, the CCD model was examined to select
a compromise set of experimental conditions for the simultaneous analysis of all
the analytes in a single run. Table 4.3 gathers the compromise DLLME
experimental conditions selected for As, Cd and Pb extraction. It was observed
that, under those conditions, extraction efficiency for all the analytes was reduced

10% on average in comparison with the optimum conditions for each element.

Table 4.3. Compromise experimental conditions for the simultaneous analysis of As, Cd
and Pb by means of DLLME.

pH 1.8 6.6 5.6 4.0
APDC (% w w?) 0.2 0.08 0.3 0.2
THF (mL) 0.5 0.5 0.5 0.5
Alcohol (mg) 135 48 158 100

3.3. Comparison between KR and DLLME.

Analytical figures of merit achieved by KR and DLLME for As, Cd and Pb
determination by means of ICP-AES are summarized in Table 4.4. This table
shows the number of elements quantifiable by each approach, LoD, enrichment
factor (EF), dynamic range, sample throughput and consumptive index. The LoD
was calculated from the analyte calibration graph according to IUPAC’s
recommendation as 3 times the standard deviation of the blank signal divided by
the calibration curve slope. Enrichment or preconcentration factor is defined as
the ratio of analyte concentration in the organic phase (i.e. pure acetic acid with
KR and 1:0.5 supramolecular:acetic acid mixture with DLLME) to the initial
concentration in the aqueous phase [30]. Finally, the consumptive index (Cl) is
defined as the ratio between the sample volume and EF [31]. From data gathered
in Table 4.4, DLLME is clearly a more attractive sample preparation strategy than
KR for metal analysis by means of ICP-AES. First, it allows the simultaneous
determination of As, Cd and Pb whereas KR is just limited to the last two

elements. On the other hand, DLLME is more efficient preconcentrating metals
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since, despite DLLME organic extracts require a dilution step for ICP-AES
analysis, it still affords a higher EF. Consequently, DLLME presents improved
LoD (on average 3-fold) and Cl in comparison with the KR. An additional benefit
of DLLME regarding KR is the higher sample throughput, due to its simpler
experimental arrangement. Finally, no significant differences were observed on

the dynamic ranges between both strategies.

When compared to conventional ICP-AES, both approaches significantly improve
LoDs for As, Cd and Pb determination (Table 4.S4). Thus, LoD improvement
afforded by the KR was on average 12.5-fold whereas for DLLME was 38-fold.
These improvements on the LoD achieved by both pretreatments could be
attributed to: (i) the preconcentration itself (i.e. EF) (Table 4.4); (ii) the beneficial
effect of organic on aerosol generation and transport regarding conventional
aqueous standards [12]; and (iii), particularly for As, carbon influence on analyte

excitation-ionization mechanism [31].

Table 4.4. Analytical figures of merit afforded by KR and DLLME for As, Cd and Pb
determination by means of ICP-AES.

KR DLLME KR DLLME KR DLLME

LoD (ug L) - 2.4 2 0.6 4 1.6
EF - 27 4 18 6 24
Dynamic range (ug L) - 2.4-1200 | 2-4000 | 0.6-900 | 4-1000 | 1.6-1000
Sample throughput
(samples %) - 12 2 12 2 12
Consumption index - 6.8 1 4.5 15 6

Analytical figures of merit afforded by both KR and DLLME have also been
compared with those previously reported in the literature operating these
strategies with ICP-AES detection (Table 4.5). First, no comparison was feasible
for As, since this element has not been previously studied with ICP-AES.
Regarding KR preconcentration, analytical figures of merit for Cd and Pb are
worse than those reported by Lara et al. [18] and Olsina et al. [19] but it should
be considered that a ultrasonic nebulizer was employed to improve aerosol
generation and transport in those works. On the other hand, Cd and Pb data for

DLLME was similar to those found in previous works but using less sample
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volume (4 mL). However, one of the main advantages presented by the herein

proposed method is its robustness for the analysis of food samples, which
represent far more complex matrices than water and liquid matrices studied in

previous works.
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3.4. Methods validation.

European conformity guidelines for analytical methods of food
contaminants were employed to validate both KR and DLLME methodologies
[32]. To this end, four food samples were analyzed, namely: (i) chocolate; (ii)
mussels; (iii) rice; and (iv) wine. These samples were selected to cover different
matrices, thus allowing the evaluation of selectivity and robustness of each
sample preparation strategy under different experimental conditions. All the
samples were subjected to an acid digestion procedure in a MW oven before the
corresponding extraction-preconcentration treatment, except for wine, which was
directly analyzed. Calibration was performed by means of matrix-matched
standards. Thus, standards for digested sample analysis were prepared
simulating the acid content present after the digestion treatment (nitric acid 10%
w wl), whereas standards for wine analysis were prepared containing the most
relevant organic and inorganic components (ethanol 12% v v~ and 1000 mg K

L™) in wine.

The accuracy of the methods was evaluated by means of a recovery test
(Table 4.6). Food samples were spiked with known amounts of As, Cd and Pb
for a final concentration of 600 pg kg™. European union guidelines establish that
trueness of the measurements for analyte concentration levels above 10 ug Kg-
lis successfully assessed when the recovery values are within -20% to 10%
[27].

Table 4.6. Metals recovery assay for different commodities with KR and DLLME.

Sample Cd Pb As Cd Pb
Mussel 86+4 89+5 98+4 98+3 97+5
Chocolate 97+7 87+5 97+7 101+4 98+5
Rice 90+4 7916 9715 98+6 10245
Wine 93+5 97+2 9615 98+3 9915
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According to this criterion, and with independence of the considered
sample, quantitative recoveries for all the elements were obtained operating both
with a KR and DLLME. The repeatability was determined by analyzing six
replicates of each food sample on the same day for each methodology. Relative
standard deviation (RSD) values for Cd and Pb in KR treatment were in the range
of 3-5%. Similar values were found for As, Cd and Pb with DLLME. The
reproducibility (inter-assay precision) of each methodology was evaluated as the
RSD of the measurements obtained for six replicates on three different days. In
this case, RSD values for both strategies ranged from 5 to 10%. Alternatively, the
analyzed food samples were simultaneously analyzed by ICP-MS without
preconcentration (Table 4.S5). Calibration was also carried out with matrix-
matched standards. For mussels, results afforded by KR- and DLLME-ICP-AES
agreed with those obtained in ICP-MS. No comparison was feasible for the
remaining samples since the LoDs achieved by KR- and DLLME-ICP-AES were
not low enough to quantify the As, Cd and Pb levels present. Nevertheless, with
the exception of As with KR, LoDs obtained with both methods allow to control
these elements in chocolate, mussels, rice and wine samples according to the
policy stablished by the EU [1] (Table 4.S6). The potential use of KR and DLLME
for As, Cd and Pb analysis in other foods regulated by the EU 1881/2006 directive
was also evaluated. To this end, a theoretical LoD was calculated for each
method assuming an acid digestion treatment of 0.5 g sample and dilution up to
25 mL (i.e. similar experimental conditions to those employed in this work). In
general, except for children destined commaodities, LoDs obtained with DLLME-
ICP-AES would be low enough to quantify As, Cd and Pb. Regarding KR-ICP-
AES, this strategy is more limited for metal control in foods, since it does not allow
As quantification and Cd and Pb detection capabilities are lower than those
afforded by DLLME (Table 4.S7).

Results in this work demonstrate that, after an extraction-preconcentration
procedure, ICP-AES could be successfully employed for As, Cd and Pb control

in food samples according to Commission regulation No°1881/2006. Among the
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two extraction procedures evaluated, DLLME is rather a more attractive approach
than KR. The former strategy allows to quantify all the elements simultaneously
in a single run whereas the later is just limited to Cd and Pb. Moreover, DLLME
improves LoD (2-3fold) and sample throughput regarding KR. When compared
to conventional ICP-AES analysis (no extraction-preconcentration), both
approaches improve LoD more than 10-fold thanks to the preconcentration
procedure itself but also due to the beneficial effect of organics on aerosol
generation and transport regarding aqueous standards.
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Capitulo 4

6. Appendix.

Table 4.S1. Experimental conditions for the acid digestion treatment of mussels, rice and
chocolate samples.

Mussels 0.4 1 15
5 mL of 200 45
Chocolate 0.5 2 15
HNO3
1 10
Rice 1.0 + 3 mL water 180 45
2 15
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Table 4.S2. Cadmium and Pb signal response for CCD design operating KR-ICP-
AES. ICP-AES operating conditions: Qg: 0.7 L min™%; Qi: 0.4 mL min~. Analyte

concentration: 1 mg L.

APDC concentration Reactor Elution flow

PH (ww? lenght (cm) | (mL min™) cd i

3 0.27 100 0.23 5542 20.0+£0.5
7 0.8 256 0.23 26812 25.0£0.5
5 0.54 178 0.11 25712 20.0+0.7
5 0.54 178 0.34 113+1 17.0+0.6
5 0.54 178 0.56 126+2 13.0+0.5
3 0.27 100 0.45 165+1.7 | 20.0+0.8
5 0.54 334 0.34 149+1.7 | 19.0£0.7
3 0.8 100 0.45 1652 25.0+£1.2
3 0.8 100 0.23 45+1.3 | 22.0+0.8
5 0.54 22 0.34 31+1.0 | 17.0£0.7
7 0.8 100 0.45 46+1.3 | 19.0+£0.7
3 0.27 256 0.23 1032 14.0+£0.6
5 1.07 178 0.34 145+2 19.0+£0.6
5 0.54 178 0.34 11343 17.0+£0.7
9 0.54 178 0.34 1602 17.0+£0.7
5 0.005 178 0.34 83+1.5 | 12.0+0.5
7 0.27 100 0.23 30.0+1.4 | 11.840.5
7 0.8 256 0.45 633 20.0£0.7
7 0.27 256 0.23 47+2 16.0+0.8
3 0.8 256 0.23 25+6 42.0+0.2
3 0.27 256 0.45 95+2 17.0+0.5
1 0.54 178 0.34 1706 28.0+0.8
7 0.27 256 0.45 60+2 15.0+0.5
7 0.27 100 0.45 38+1.8 | 14.8+0.3
7 0.8 100 0.11 5612 15.5+0.6




Capitulo 4

Table 4.S3. Arsenic, Cd and Pb signal response for a CCD design operating DLLME.
Qq: 0.7 L min™%; Qi: 0.4 mL min~?; supramolecular/acetic acid dilution ratio: 1:0.5; analyte

concentration: 1 mg L™,

APDC Alcohol THF
pH | concentration mass volume As Cd Pb
(ww) (mg) (mL)

3 0.1 80 0.15 23.0+0.5 | 50.0£1.3 | 7.9+0.3
6 0.25 160 0.025 13.0+0.3 1907 8.7+0.5
9 0.4 80 0.15 14.0+£0.3 93.0+£5 6.7+£0.2
9 0.4 80 0.4 27.0£0.6 17019 10.5+£0.2
3 0.4 80 0.15 21.0+04 100+5 11.0£0.4
6 0.55 160 0.275 20.0£0.5 | 300.0+£1.0 | 22.0£0.8
12 0.25 160 0.275 23.0+0.4 130+6 3.0£0.2
9 0.1 240 0.4 25.0£0.6 110+4 14.0+£0.2
9 0.4 240 0.4 30.0x0.8 190+6 21.7+0.4
6 0.25 160 0.275 23.0£0.7 26019 20.2+0.2
0 0.25 160 0.275 27.0+0.9 7214 3.0£0.2
6 0.25 160 0.275 20.0+0.7 26019 18.0+0.6
3 0.4 240 0.4 27.0+0.8 120+5 10.0+0.4
3 0.4 80 0.4 31.0+0.9 160+5 20.0+0.7
6 0 160 0.275 21.0+0.8 56+2 4.610.2
6 0.25 160 0.525 30.0+1.0 | 300+10 | 18.0+0.5
9 0.1 80 0.15 17.0+0.7 139+3 8.0+0.3
6 0.25 0 0.275 0 0 0

9 0.1 80 0.4 29.0+0.8 289+9 16.5+0.7
3 0.1 80 0.4 25.0+0.8 27519 17.9+0.4
9 0.1 240 0.15 18.0+£0.5 131+6 5.2+0.2
9 0.4 240 0.15 20.0+£0.6 184+6 8.4+0.5
6 0.25 320 0.275 22.0£0.7 28019 13.2+0.2
3 0.4 240 0.15 18.0+0.7 170+4 6.0£0.4
3 0.1 240 0.4 30.0£1.0 12712 12.2+0.5
3 0.1 240 0.15 16.0+£0.9 150+9 3.20£0.05
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Table 4.S4. LoD improvement afforded by Kr and DLLME regarding conventional ICP-
AES analysis (no preconcentration)

As - 40
Cd 15 50
Pb 10 25
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Table 4.S5. Elemental analysis of the mussel sample by means of ICP-based

techniques. ICP-AES exierimental conditions: Qi: 0.7 L min™%; Qi: 0.4 mL min™2,

Element KR-ICP-AES DLLME-ICP-AES ICP-MS
As - 10.3+0.3 10.5+0.4
Cd 3.8+0.8 3.4+0.3 3.2+0.3
Pb <LoD 0.40+0.05 0.30+0.01
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Table 4.S6. Arsenic, Cd and Pb maximum allowed levels in chocolate, mussels, rice
and wine according to EU 1881/2006 policy and LoDs afforded by KR- and DLLME-ICP-

AES.
Sample As Cd Pb As Cd Pb As Cd Pb
Chocolate - 300 - - 100 | 200 | 130 30 80
Mussels - 1000 1500 - 130 | 250 | 150 40 100
Rice 200 200 200 - 50 | 100 25 15 40
Wine 200 10 150 - 1 15 2.4 0.6 1.6
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Table 4.57. Arsenic, Cd and Pb maximum allowed levels in several foods according to
EU 1881/2006 policy and theoretical LoDs for KR- and DLLME-ICP-AES considering
an acid digestion treatment of 0.5 g sample and dilution up to 25 mL.

Pancakes, wafers, cookies and rice 300
As cakes | |
Rice destined for the production of 100 150
food for infants and young children
Honey 100
Food complement 3000
Fats and oils including milk fat 100
Meat (excluding offal) of bovine 100
animals, sheep, pigs and poultry
offal of cattle, sheep, pigs and poultry 500
Crustaceans 500
cephalopods 300
Cereals and dried vegetables 200
Sweet corn and fruits excluding
cranberries, strawberry trees, currants 100
and elderberries
blueberries, strawberry trees, currants 200
Pb and elderberries 200 80
Vegetables 100-300
Raw milk, thermally treated milk and
milk for the manufacture of dairy 20
products
Preparations for infants and young 50. 10
children: powder and liquid
Foods for special medical purposes
intended specifically for infants and 50, 30
young children: powder and liquid form
Drinks for children and young children
sold. Marketed liquid or to be
reconstituted following the 30
manufacturer's instructions, including
fruit juices
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Continuation table 4.s7

Cd

Cereals excluding wheat and rice 100
Grains of wheat and rice
Wheat bran and wheat germ for direct consumption 200
Soybeans
Vegetables and fruits excluding root and tuber
vegetables, leafy vegetables, fresh herbs, brassica 50
vegetables, young stems, mushrooms and seaweed
Root and tuber vegetables (excluding celerios,
chirivias, salsifies and rustica radishes), young stems 100
(celery excluded).
Leafy vegetables, free herbs, vegetables of the
Brassica genus, celery, celeriac, chirivias, salsifies, 200
rustic radishes and the following mushrooms:
mushrooms, oyster mushroom and shiitake mushroom
Milk chocolate with a total dry matter content of 100
cocoa> 30
Chocolate with a total cocoa dry matter content <50;
milk chocolate with a total dry matter content of cocoa 300
230%
Chocolate with a total dry matter content of 500
cocoa=50%
Bivalve molluscs and cephalopods 1000
anchovy, swordfish and sardine fish 250
Melva fish 150
Food supplements composed exclusively of dried
seaweed, products made from seaweed or dried 3000
bivalve molluscs
Preparations for infants and continuation preparations:
Powdered preparations for infant formulated from 10
proteins obtained from cow's milk 5
Prepared in liquid for lactating persons based on
proteins obtained from cow's milk 20
Prepared powders for lactated elaborated from 10

isolated soy proteins alone or mixed with milk protein
Prepared in liquid for lactating children prepared from
isolated soy proteins alone or mixed with milk protein

100

30
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Figure 4.S1. Influence of the supramolecular:acetic acid mixture ratio on the integrated
emission signal of Cd I 214.439 nm. ICP-AES operating conditions: Qg: 0.7 L min™; Qi
0.4 mL min™. Analyte concentration: 1 mg L. (®) As; (®); Cd (m) Pb.

10

Integrated signal-10"*(counts)

1:0.25 1:0.5 1:1 1:2 1:3
Supramolecular:acetic acid dilution factor

136



Figure 4.S2. Influence of the nebulizer gas flow rate on Cd Il 214.439 nm integrated
emission signal operating 1:1 supramolecular:acetic acid mixture at different Q; with
DLLME. (®) 0.4 mL min™%; (A) 0.7 mL min~%; (®) 1.0 mL min™%; and (@) 1.3 mL min™.

8 =

Integrated signal-10*(counts)
N

0 L L L L
0.5 0.6 0.7 0.8 0.9 1.0
Nebulizer gas flow rate (L min-?t)
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Conclusiones

Los resultados obtenidos en la presente Tesis Doctoral demuestran el gran
potencial analitico que resulta de combinar DLLME con técnicas de
Espectrometria Atdmica para el andlisis elemental de alimentos de diferente
naturaleza y complejidad. Asi:

1. Es posible llevar a cabo la determinacion de Cd y Pb en muestras de vino
mediante DLLME-ETAAS utilizando como extractante hexafluorofosfato
de 1-butil-3-metilimizadolio. La metodologia desarrollada permite mejorar
los limites de deteccién (hasta 8 y 9 veces para Cd y Pb, respectivamente)
con respecto a los métodos convencionales empleados para el andlisis de
vinos. (i.e., dilucion, digestion &cida, etc.). Ademas, la metodologia
desarrollada es valida para todo tipo de vinos (tinto, rosado, blanco,
espumoso Yy fortificado) y permite el control de Cd y Pb en los niveles
maximos establecidos por la Organizacion Internacional de la Vid.

2. Mediante la seleccion adecuada de las condiciones de trabajo y del
sistema de introduccion de muestras, es posible utlizar de forma
combinada DLLME e ICP-AES para la determinacion simultanea de varios
elementos en aguas y alimentos. De hecho, es posible utilizar un Unico
conjunto de condiciones experimentales en el plasma para analizar
directamente los extractantes que se emplean en DLLME (cloroformo, 1-
undecanol y BmimPFs) independientemente de sus propiedades
fisicoquimicas. No obstante, en el caso de disolventes muy viscosos, es
obligatorio recurrir a una etapa de dilucién (1:0.5) para reducir el efecto
negativo de esta propiedad fisica.

3. Es posible determinar As, Cd y Pb en alimentos de forma simultanea
mediante DLLME-ICP-AES utilizando como extractante un disolvente
supramolecular basado en THF y 1-undecanol. Los resultados muestran
gue esta metodologia presenta ventajas significativas respecto a la de
reactor anudado en términos de numero de elementos que se pueden
determinar y parametros analiticos. La metodologia desarrollada permite
controlar los niveles de As, Cd y Pb en alimentos segun los criterios

establecidos segun el Reglamento 1881/2006 de la Comisidn.
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ARTICLE INFO ABSTRACT

Wine contains significant amounts of Cd and Pb coming from different contamination sources. The analysis of
these elements still means an enormous challenge due to its low concentration levels and the complexity of the
wine matrix. Therefore, new highly sensitive analytical methods are currently required. The present work re-
Wine . ports a new method based on the use of dispersive liquid-liquid microextraction (DLLME) and electrothermal
](j::(rinlum atomic absorption spectrometry (ETAAS) determination. Results demonstrate that, under optimum DLLME ex-
Sample preparation perimental conditions, accurate Pb determination can be easily performed using external calibration. Cadmium
Dispersive liquid-liquid microextraction determination requires a standard addition calibration strategy since its accuracy is strongly affected by the
Electrothermal atomic absorption spectrometry presence of Zn in the wine matrix. The limits of detection afforded by the method proposed were 0.01 and

0.08 ug L. ™! for Cd and Pb, respectively. These values were around one order of magnitude lower than those
previously reported for wine analysis by ETAAS. This simple methodology has been successfully employed for Cd
and Pb analysis in different types of wines (i.e., white, red, rosé and sparkling wines). The results are in
agreement with those obtained by Inductively Coupled Plasma — Mass Spectrometry after a time-consuming

Keywords:
Food analysis
Food composition

microwave-assisted acid digestion treatment.

1. Introduction

Wine is one of the most widely consumed beverage around the
world. Nevertheless, it exhibits significant Pb and Cd levels (i.e. low-
medium pgL~! range) that are mainly related to atmospheric con-
tamination, pesticides and materials used in wine production, transport
and storage (Pyrzynska, 2004; Pohl, 2007). Due to their hazardous
nature, Cd and Pb maximum allowed levels in wine are regulated
worldwide (EC, 2006; OIV, 2016). Thus, for instance, the Organisation
Internationale de la Vigne et du Vin (OIV) limits Cd and Pb in wine to
10pugL~ ! and 150 pg L™, respectively (OIV, 2016).

Cadmium and Pb analysis in wine is usually carried out by means of
spectrometric techniques (Grindlay et al., 2011). Among them, mainly
when no multi-element analysis is required, electrothermal atomic ab-
sorption spectrometry (ETAAS) is the most preferred choice due to its
high selectivity and low limits of detection (LODs). Direct wine analysis
by ETAAS is difficult due to the occurrence of both spectral and non-
spectral interferences originated from wine matrix components (or-
ganics and salts) (Grindlay et al., 2011). For instance, non-volatile or-
ganic components of wine are a source of non-specific background

* Corresponding author.
E-mail address: guillermo.grindlay@ua.es (G. Grindlay).

https://doi.org/10.1016/j.jfca.2018.01.013

absorption and affect long-term reproducibility because of the accu-
mulation of carbonaceous residues after several graphite tube firings
(Freschi et al., 2001; Ajtony et al., 2008). To deal with these inter-
ferences, some strategies can be applied: (i) a judicious optimization of
ETAAS temperature program and modifier selection (Freschi et al.,
2001; Kristl et al., 2002; Karadjova et al., 2004; Dessuy et al., 2008;
Ajtony et al., 2008); (ii) the use of transversally heated furnaces
(Freschi et al., 2001; Dessuy et al., 2008); (iii) a Zeeman-based back-
ground correction (Freschi et al., 2001; Kim, 2004; Ajtony et al., 2008);
and/or, (iv) the use of a sample pre-treatment step prior to the analysis.
To this end, acid digestion (Kim, 2004; Capelo et al., 2005; Ajtony et al.,
2008) or dilution (Freschi et al., 2001; Karadjova et al., 2007) have
been employed but at the expense of the sample throughput and de-
tection capabilities. Solid-phase extraction/preconcentration proce-
dures using different type of columns have been also reported for the
quantification of Cd and Pb in wines by flame atomic absorption
spectrometry (FAAS) (Lemos et al., 2002; Bakircioglu et al., 2003;
Tuzen and Soylak, 2004; Tuzen et al., 2005) at the concentration levels
imposed by regulatory authorities. Up to date, the use of extraction/
preconcentration procedures for Cd and Pb analysis in wine by means of
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ETAAS have not been investigated in detail though its potential ad-
vantages to reduce both spectral and non-spectral interferences derived
from wine matrix.

Dispersive liquid-liquid micro-extraction (DLLME) has been stab-
lished as a faster and greener sample preparation methodology than
conventional liquid-liquid extraction and solid phase extraction ap-
proaches for elemental analysis (Zgota-Grzeskowiak and Grzeskowiak,
2011; El-Shahawi and Al-Saidi, 2013). DLLME improves LODs and
sample throughput as well as minimizes matrix effects, reagents re-
quirements and waste generation. Different spectroscopic techniques
have been employed to analyze DLLME extracts (Kocot et al., 2016).
Nevertheless, ETAAS is usually preferred due to its good capability to
deal with micro-volume samples and organic solvents (Andruch et al.,
2013; de la Calle et al., 2016). DLLME has been traditionally employed
for metal analysis in water samples and, in a lesser extent, in foods
(Andruch et al., 2013). Very little research has been performed evalu-
ating the potential benefits (and drawbacks) of DLLME for inorganic
analysis in wine samples. Seeger et al. (2015) employed DLLME for Cu
and Fe determination in wine by FAAS. Results afforded by DLLME-
FAAS were comparable to those obtained by means inductively coupled
plasma atomic emission spectrometry (ICP-AES) after an acid digestion
treatment. However, sample throughput was partially compromised
due to the mandatory use of standard addition calibration strategy due
to the high matrix effects originated by the organic extracts in the
flame. Escudero et al. (2013), successfully employed a DLLME proce-
dure for As speciation in wine by ETAAS. Experimental results show
that As®* extraction was highly selective and free from interferences
originated by inorganic concomitants present in wine. To our best
knowledge, no further works related on this topic have been reported.

The goal of this work is to develop a new analytical method for Cd
and Pb determination in wine by means of DLLME-ETAAS. To this end,
both DLLME (i.e. extractant mass, disperser type and volume, pH and
ionic strength) and ETAAS (i.e. modifier and temperature program)
experimental parameters have been optimized. Finally, the developed
methodology has been applied to the analysis of different wine samples
(white, rosé, red, sparkling and fortified). To evaluate the results ob-
tained, wine samples have also been analyzed by means of inductively
coupled plasma — mass spectrometry (ICP-MS) after a digestion proce-
dure.

2. Experimental
2.1. Reagents

1-Butyl-3-methyl-imidazolium hexafluorophosphate (BmimPFg,
>97%), sodium diethyldithiocarbamate trihydrate (DDTC, =99%),
methanol (=99.9%), ethanol (=99.5%), sodium chloride (=99.5%)
and Pb, Cd and Pd mono-elemental standard solutions (1000 mg L™YH
were obtained from Sigma-Aldrich (Steinheim, Germany). Nitric acid
(69% w w™1), sodium dihydrogen phosphate (=99.5%), disodium di-
hydrogen phosphate (=99.5%), glacial acetic acid (99.7%), sodium
acetate (99%) and potassium nitrate (99%) were purchased from Merck
(Darmstadt, Germany). Calcium nitrate hexahydrated (99%), copper
nitrate trihydrate (99%), iron (III) nitrate (98%), manganese nitrate
(=98.5%), magnesium nitrate (99%), strontium nitrate (99%) and zinc
nitrate hexahydrate (98.5%) were obtained from Scharlab (Barcelona,
Spain).

All solutions were prepared using high purity water (i.e. with con-
ductivity lower than 18 MQ cm-1) obtained from a Milli-Q water system
(Millipore Inc. Paris, France).

2.2. Wine samples
Five Spanish wine samples, purchased in local markets, were ana-

lyzed to cover different matrix characteristics and ethanol content:
white (Fidencio, Spain, 11.5% w w™ '), rosé (Piccolo Giovanni, Italy,
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9.0% w w1, sparkling (Cava Jaume Serra, Spain, 11.5% w w ),
fortified (Mistela Murviedro, Spain, 15% w w~') and red wine
(Fidencio crianza, Spain, 13.5% w w™h.

2.3. Dispersive liquid-liquid microextraction

The extraction/preconcentration procedure for Cd and Pb determi-
nation was performed as follows. First, 2 mL of wine sample or analyte
standard were placed on a centrifuge tube with 100 uL of the suitable
buffer solution (e.g. acetic acid/sodium acetate dihydrogen/hydrogen
phosphate). Then, 100 pL of NaCl and 100 pL of the DDTC solutions
were added. Next, a mixture of BmimPF¢ (extractant) and methanol
(disperser) was injected using a 1.00mL syringe and the resulting
system was shaken for 2 min using a vortex. To separate the two phases
generated (water/ionic liquid), the mixture was centrifuged for 5 min at
3500 rpm. The lower layer of the ionic liquid was removed with a mi-
cropipette and then diluted with methanol (BmimPF¢/methanol 1:1
ratio) prior to ETAAS analysis.

2.4. Microwave digestion

For comparison, wine samples were analyzed by ICP-MS (model
7700 x, Agilent, Santa Clara, USA) after a microwave assisted digestion
treatment in closed vessel. To this end, 5g of the selected wine was
weighed into a PTFA digestion vessel and 5mL of concentrated nitric
acid was added. The mixture was allowed to react and after clearance of
fumes (20 min) the vessel was closed. Afterwards, samples were di-
gested in a Star D microwave digestion system (Milestone, Shelton, CT,
USA) using the program recommended by the manufacturer. Finally,
the digested samples were made up to 20 g with water.

2.5. Instrumentation

Cadmium and Pb in DLLME extracts were determined using an
atomic absorption spectrometer (model 2100, Perkin Elmer, Norwalk,
USA) equipped with a graphite furnace atomizer and a deuterium
background correction system. Samples were introduced into the fur-
nace by an auto-sampler (model AS-60, Perkin Elmer, Norwalk, USA).
Pyrolytically coated graphite tubes without platform were used in this
work. Cadmium and Pb signals were measured using the optimized
temperature program given in Table 1. For comparison, wine samples
were also analyzed by ICP-MS. Instrumental and experimental condi-
tions employed in ICP-MS are described elsewhere (Abdrabo et al.,
2015).

Table 1
ETAAS operating conditions.

Parameter Lead Cadmium

Lamp current (mA) 9 8

Wavelenght (nm) 283.3 228.8

Spectral bandwith (nm) 0.7

Injected volume (uL) 20

Furnace heating program

Step Temperature (°C) Ramp (s) Hold (s)

Dry 100 20 10

Pyrolysis 350 10 20
400-1300 10 20

Atomization 1000-2100 1.0 5

Clean 2600 1.0 3
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3. Results
3.1. Optimization of graphite furnace experimental conditions

Ionic liquids are considered safer and more environmentally
friendly than the (volatile) organic solvent traditionally employed in
DLLME procedures. In the present work, BmimPF¢ has been selected as
extraction media. However, direct analysis of Cd and Pb in BmimPFg
extracts by ETAAS is not straightforward due to the physical properties
of both ionic liquid (low volatility and high viscosity) and analytes
(high volatility). First, the high viscosity of BmimPFg (i.e. 381 cP at
25 °C) makes difficult the sample handling. The direct introduction of
ionic liquids into the furnace by means of a syringe (Manzoori et al.,
2009; Lépez-Garcia et al., 2013) did not afford reproducible results for
Pb and Cd analysis even when using an autosampler. To solve this
drawback, Li et al. (2009) proposed to reduce the BmimPFj viscosity by
dilution with an appropriate solvent (e.g. alcohols). In the present
work, it was observed that irrespective of the dilution factor used
(ranging from 1:0.5 to 1:3), BmimPFs:methanol mixtures were easily
introduced in the furnace by the autosampler with high reproducibility.
Therefore, to reduce the analyte dilution, a 1:0.5 BmimPFs:methanol
dilution ratio was first selected after the DLLME procedure. None-
theless, high background signals were registered irrespective of the
modifier and temperature program employed and even using a deu-
terium correction system. Better results were obtained by employing a
1:1 BmimPFg:methanol mixture.

3.1.1. Modifier

In this work, palladium (as a nitrate salt) was selected as matrix
modifier since it is usually employed for the analysis of Cd and Pb in
carbon containing matrices (Freschi et al., 2001; Kristl et al., 2002;
Dessuy et al., 2008; Ajtony et al., 2008; Grindlay et al., 2009; Lopez-
Garcia et al., 2013) avoiding the structured background caused by other
modifiers (i.e. phosphates) (Welz and Sperling, 1999; Kristl et al., 2002;
Ajtony et al., 2008). To check the influence of the palladium con-
centration on the absorbance of Cd and Pb, standard solutions of these
elements (with a final concentration of 1 and 10 ugL ™!, respectively)
with amounts of Pd ranging from 0.5 to 9 ug were prepared in a 1:1
BmimPFg:methanol mixture. Experimental results shown that the use of
Pd makes feasible to use higher pyrolysis temperatures thus reducing
the background signal. Cadmium and Pb absorbance increased with Pd
concentration up to 1pg of Pd. For higher Pd concentrations, no no-
ticeable effect was observed on the absorbance of both elements.
Therefore, the amount of modifier was kept at 1 ug for further experi-
ments.

3.1.2. Furnace temperature program

Taking into account the high temperatures required to decompose
BmimPF¢ (> 350 °C), a two-step pyrolysis procedure was selected to
reduce background signals (Li et al., 2009; Berton and Wuilloud, 2010;
Stanisz and Zgota-Grzeskowiak, 2013). The pyrolysis temperature was
initially set at 350 °C for 20 s and, then, it was increased up to values
ranging from 400 to 1200 °C for 20 extra seconds. Fig. 1 shows the
pyrolysis and atomization curves for Cd and Pb. In this figure, absor-
bance of both elements were normalized against their respective max-
imum value. As it can be observed in Fig. 1A, absorbance remains
constant up to pyrolysis temperatures of 800-900 °C. Nevertheless, it is
interesting to note that, when increasing the pyrolysis temperature from
400 °C up to the above-mentioned values, background signal was re-
duced approximately 3-fold. Due to these reasons, pyrolysis tempera-
tures of 800 °C and 900 °C were selected for Cd and Pb, respectively.
With regard the atomization temperature (Fig. 1B), the optimum value
obtained for both elements was of 1600 °C. These temperatures are si-
milar to those reported by other authors operating with different ionic
liquids (i.e., 1-octyl-3-methylimidazolium bis (trifluoromethylsulfonyl)
imide) (Lopez-Garcia et al., 2013) and 1-hexyl-3-methylimizadolium
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Fig. 1. Influence of the pyrolysis (A) and atomization (B) temperature on the normalized
absorbance for Cd (-l-) and Pb (-A-) in ETAAS. Modifier:1 pg Pd. Atomization tem-
perature in (A): Cd and Pb: 1600 °C; Pyrolysis temperature in (B): Cd 800 °C, Pb 900 °C.

hexafluorophosphate (Li et al., 2009). Finally, it is worth to mention
that no significant memory effects were observed due to carbon de-
position in the furnace after several graphite firings, thus ensuring the
reproducibility of the signal measurements (5-10%).

3.2. Optimization of DLLME experimental conditions

Optimization of the DLLME procedure was carried out using 2 mL of
a synthetic wine sample containing 12.5% v v~ ! ethanol and potassium
1000 mg L~ ! (i.e. the major organic and inorganic wine components).
The variables tested were: (i) DDTC concentration (chelating agent);
(iii) pH; (iii) ionic strength; (iv) BmimPFs mass (extractant solvent);
and (v) methanol volume (disperser solvent).

3.2.1. Effect of chelating agent concentration and pH

Metal extraction into the ionic liquid relies on the formation of a
neutral chelate with DDTC. Fig. 2 shows the influence of DDTC con-
centration on the absorbance of Cd and Pb. As it can be observed, ab-
sorbance for both elements increased with DDTC concentration up to
1.0%. Above this value, no significant signal improvement was ob-
served.

Solution pH also plays a significant role on the metal-chelate for-
mation and, hence, on the Cd and Pb extraction. The influence of the pH
on analyte extraction was investigated in the pH range from 3 to 9
(Fig. 3). No significant influence of the solution pH on Cd absorbance
was observed. Nevertheless, Pb signal shows a maximum at pH values
around 6-7. From these findings, DDTC concentration and pH were set
at 1% v v~ ! and 6, respectively.

3.2.2. Effect of solution ionic strength

The influence of the ionic strength on Cd and Pb extraction from the
aqueous phase to the organic phase was investigated using synthetic
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1.0 w w™!; NaCl concentration: 5.0% w w ™.

wine samples spiked with variable amounts of NaCl (0-15% w v~ 1).
Cadmium and Pb absorbance showed a maximum for the solution
containing 5.0% w v~ ! NaCl. These results suggest that analyte ex-
traction is partially favoured by increasing the media ionic strength.
Therefore, this optimum NaCl concentration was employed in further
experiments.

3.2.3. Effect of the amount of extractant

To evaluate the influence of BmimPF¢ amount on Cd and Pb ex-
traction, ionic liquid masses ranging from 150 to 300 mg were tested.
BmimPF¢ masses lower than 150 mg were not explored due to the lack
of reproducibility in drop formation and the low masses of ionic liquid
recovered after the DLLME treatment (< 15 pg). It was observed that
Cd and Pb absorbance decreased when increasing the amount of
BmimPFe. These findings are easily explained taking into account that
analyte preconcentration factor is reduced when increasing the mass of
extractant (Li et al., 2009; Yousefi and Shemirani, 2010; Khan et al.,
2013). Therefore, a BmimPFg mass of 150 mg was selected for further
studies.

3.2.4. Effect of the disperser solvent nature and volume

Two organic solvents (methanol and acetone) were tested as po-
tential dispersers for BmimPFg¢. Results shown that Cd and Pb signals
were on average 1.2-fold higher for methanol than for acetone. Similar
findings were obtained by Khan et al. (2013) operating BmimPF¢ for Cd
extraction with 1-(2-pyridylazo)-2-naphthol in environmental and
biological samples. Fig. 4 shows the influence of methanol volume on
the normalized Cd and Pb absorbance in ETAAS. As it can be observed,
absorbance for these elements increases with methanol volume up to
600 uL due to a higher extraction efficiency of the metal-chelate com-
plex from the water to the organic phase. Volumes higher than 600 pL
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were not employed due to the lack of BmimPF¢ droplet formation after
the DLLME treatment. These results suggest that the BmimPF¢ solubility
in the synthetic wine standards is favoured by the disperser solvent. In
fact, this issue was not found operating ethanol-free wine standards.
Therefore, methanol volume was set at 600 L.

3.3. Analytical figures of merit

Due to the lack of a certified wine reference material for Cd and Pb
analysis, method accuracy was evaluated by means of a recovery test
using different wine samples. Taking into account the levels usually
found for these elements in wines, samples were spiked with 1 pg L ™! of
Cd and 10 ug L™ " of Pb. The assay was performed using the optimum
ETAAS and DLLME operating conditions described in the previous
sections. Results for the recovery test are reported in Table 2. As it can
be observed, Pb recovery was almost quantitative (96-100%), regard-
less the wine sample selected. However, results obtained for Cd were
systematically lower (i.e., 20-79% lower) than the expected ones. These
results suggest that other elements present in wine are affecting the Cd
extraction. According to the literature (Grindlay et al., 2011), along
with potassium, wines contain significant amounts of: (i) Ca
(100mgL™"); (i) Mg (100mgL~Y); (i) Fe (4mgL™%); (iv) Cu
(1 mg L™Y; and (v) Zn (1 mg L™ Y. Thus, to insight on the origin of the
poor Cd recoveries obtained, different synthetic wine (12% v v~!
ethanol and 1000 mgL ™' potassium) matrices containing each of the
above-mentioned concomitants were prepared. Cadmium recovery was
quantitative for all the matrices tested except for the Zn containing one.
Thus, when operating matrices containing Zn levels below 0.5mgL ™",
Cd recoveries were quantitative. From this concentration on, Cd re-
coveries always decrease when increasing the concentration of Zn
present in the matrix. At concentrations of 1 mg ZnL™!, Cd recovery
was found of 76 + 4%. Taking into account these findings, Zn con-
centration was determined in all the wine samples tested. As expected,
a direct correlation between Zn levels and Cd recovery was found
(Table 2). So the highest Cd recoveries were obtained for those samples

Table 2
Recovery values for Cd and Pb by DLLME-ETAAS and concentration of Zn present in the
different wine samples.

Type of wine Recovery (%)” Zn (pgL™H?
Pb cd

White 98 + 4 79 =5 800 + 30

Rosé 99 £ 5 52 + 4 1400 = 90

Sparkling 98 + 4 51 £ 6 1300 + 100

Fortified 100 = 3 36 £ 4 2100 + 180

Red 9% =+ 4 20 £ 5 2800 + 130

? Mean =+ standard deviation, 5 replicates.
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Table 3
Comparison of the LOD obtained using the diverse methodologies reported for Cd and Pb
determination in wine by electrothermal-based spectroscopic techniques.

Journal of Food Composition and Analysis 67 (2018) 178-183

Table 4
Lead and cadmium concentration values in the different wine samples by means of
DLLME-ETAAS and ICP-MS.

Element Sample Background LOD References
preparation correction (ugL™h
cd Direct analysis Deuterium 0.08 This work
DLLME Deuterium 0.01
Direct analysis Zeeman 0.03 Ajtony et al.,
2008
Digestion Zeeman 0.1 Kim, 2004
Dilution Zeeman 0.03 Freschi et al.,
2001
Pb Direct analysis Deuterium 0.16 This work
DLLME Deuterium 0.08
Direct analysis Zeeman 0.8 Ajtony et al.,
2008
Digestion Zeeman 1.0 Kim, 2004
Dilution Zeeman 0.8 Freschi et al.,
2001

containing the lowest Zn concentration levels.

As regards the precision of Cd and Pb measurements, the relative
standard deviation obtained after the analysis of five independent re-
plicates range between 4 and 9% (values typically obtained in ETAAS).

Cadmium and Pb LODs were calculated using the calibration graph
according to the method described by Hubuax et al. (i.e. based on 5
standards, 95% confidence level) (Hubaux and Vos, 1970). LODs ob-
tained for Cd and Pb were 0.01 and 0.08 ugL™!, respectively. As re-
ported in Table 3, these values were about 8 and 9-fold lower than those
obtained in ETAAS using a direct analysis method (i.e., without
DLLME). These improvement factors are in agreement with the ex-
perimental enrichment factors obtained for Cd and Pb when operating
with DLLME. These results suggest that LODs could be further improved
by increasing the analyte enrichment factor. In fact, LoDs obtained in
this work are higher than those reported in the literature using other
DLLME procedures for Cd and Pb analysis by ETAAS (de la Calle et al.,
2016). It can be explained taking into account that in the method
proposed, the extraction with BmimPF¢: (i) requires a dilution with
methanol prior to the sample introduction into the graphite furnace,
thus reducing the analyte enrichment factor. In addition, also the
sample volume used in this work was at least between 2.5 and 5-fold
lower than those usually reported due to the limited volume of the
centrifuge tubes employed; and, (ii) is negatively affected by the pre-
sence of ethanol in the wine matrix. In spite of these facts, data in
Table 3 clearly demonstrate that the LODs obtained with the method
proposed in this work are lower than those previously reported for Cd
and Pb in wines by ETAAS using alternative sample preparation
methodologies. In addition, the proposed method reduces both instru-
mental analysis complexity and costs since it does not require neither
time consuming digestion treatments nor complex background correc-
tion systems to deal with spectral interferences.

3.4. Analysis of wine samples

Five wine samples have been analyzed to quantify Cd and Pb levels
using the methodology developed. Lead analysis was performed by
means of calibration with standards containing ethanol 12% v v~ ! and
1000 mg KL~ '. Given the variability of the Zn content in the wine
samples, standard addition was chosen as the calibration strategy for Cd
analysis. Other approaches (e.g. Zn matched standards, additional ex-
traction treatments) were not investigated due to their higher com-
plexity as well as their negative impact on the benefits derived of using
DLLME for sample preparation (e.g. sample throughput, simplicity,
etc.). Results obtained were compared to those obtained using a mi-
crowave acid sample digestion procedure and ICP-MS detection. Wine
digestion decompose organic components mitigating carbon matrix
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Type of wine Pb (ugL™* Cd (ugL™h?*
DLLME-ETAAS ICP-MS DLLME-ETAAS ICP-MS

White 2.0 = 0.2 1.8 = 0.1 < 0.01

Rosé 2.17 * 0.16 2.14 = 0.07 < 0.01

Sparkling 1.75 * 0.15 2.0 = 0.1 < 0.01

Fortified 1.8 = 0.3 1.7 = 0.1 < 0.01

Red 2.7 = 0.2 2.7 = 0.2 < 0.01

2 Mean * standard deviation, 5 replicates.

effects. As it can be derived from data shown in Table 4, no significant
difference was found in the Pb concentration values obtained by
DLLME-ETAAS and ICP-MS. Lead concentration levels in the tested
wine samples agreed with those previously reported (Grindlay et al.,
2009). Cadmium concentration levels in all the samples tested were
below the LoD of both DLLME-ETAAS and ICP-MS (Table 4).

4. Conclusions

Results reported in this work demonstrate that DLLME using ionic
liquids is a very simple and useful sample-pre-treatment methodology
for accurate determination of Cd and Pb in wine samples by ETAAS.
Cadmium extraction in BmimPFg is strongly affected by the presence of
Zn in wine samples. As a consequence, the use of a standard addition
calibration strategy is mandatory for this element. Under optimum
conditions, the LoDs obtained for Cd and Pb are lower than those
previously reported in ETAAS using conventional sample preparation
strategies (i.e., sample dilution, digestion and direct analysis). These
results highlight the great potential of DLLME for metal analysis in wine
but further research is still required mainly to improve the method
selectivity (especially for Cd) and LoDs.
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WINE ANALYSYS

Introduction

Wine is a widely consumed beverage around the world with significant Pb levels. Lead is a toxic metal with numerous
adverse effects such as hemoglobin synthesis and nervous system(1). The source of Pb in wine is mainly related to
atmospheric precipitation, pesticides and materials used in production, transport and storage. The commission
Europe(CE) set maximum values lead in wines as 200 pg/l (2). Lead analysis is usually performed by means of
spectroscopic techniques such as Graphite Atomic Absorption Spectrometry (GFAAS) and Inductively Coupled Plasma
Mass Spectrometry due to its lower limits of detection (3). However, results are strongly affected by the occurrence of
both spectral and non-spectral interferences. To mitigate wine matrix effects, several sample pre-treatment strategies
such as dilution or acid digestion has been employed.
The goal of this work is to develop a new methodology for Pb determination in wine by means GFAAS after a
extraction/preconcentration procedure based on the use of dispersive liquid-liquid microextraction (DLLME) and ionic
liquids (1-butyl-3-methylimidazolium hexafluorophosphate, BmimPFg). To this end, the influence of chelating agent,
extractant and dispersant volume, pH and ionic strength on Pb detection has been investigated.
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Experimental conditions

Instrumentation: Perkin Elmer 2100 Atomic

Absorption spectrometer with Perkin Elmer HGA 700

Autosampler: Perkin EImer AS-70
Furnace temperatures:
Pyrolysis: 800°C
Atomization: 1800°C
Modifier: Pd (100 mg/L; 8 pL)

Sample volume: 20 uL

— Direct analysis

¢Pb CONTENT?

Absorbance (a.u.)

Absorbance (a.u.)

25mg.

16

. Addition of : 1) Buffer solution. 2) DDTC 3)

NaCl 4) Tensioactive (Triton x-100)

. Injection of mixture of BminPFg (extractant)

and methanol (dispersant)

. Centrifugation (phase separation)

. Organic phase analysis

GFAAS

Table 1. DLLME experimental
variables studied

DDTC 0,1-8% w/w
pH 3,34-741
NaCl 0-20% w/w
BmimPF, 120-290 mg
Methanol ~ 300-1000 pl

Triton x-100 10-110 mg

¢ Interferences
(High background
signal)

« No interferences
¢ Preconcentration

Universidad de Alicante

DLLME procedure optimization

Influence of DDTC

0 2 4 6 8
DDTC concentration (% w/w)

Figure 1. Influence of the DDTC concentration on the lead
absorbance. pH: 5,03; BminPFg: 140mg; methanol: 500 l; NaCl:
20 % w/w; tensioactive: 25mg.

Influence of methanol

10

w| A

200 300 400 500 600 700 800 900 1000 1100

Methanol (L)

Analytical figures of merit

1.4 4
1.2 A
1.0 4
0.8
0.6
04 -
0.2

Absorbance (a.u.)

Figure 4. Influence of the methanol on the lead absorbance. DDTC:
2% w/w; pH: 5,03; BminPFg: 140mg; NaCl: 20 % w/w; tensioactive:

]
DLLME
Pb recovery test: 103+9%
' Sfoldsensitivity | Renetibility: 2-7%
enhancement

no-DLLME

0.0
0

20 40 60 80
Pbconcentration (ppb)

100

Limits of detection: 0.3 ppb

Figure 7. Pb calibration curve with and without DLLME
sample pretreatment. DLLME experimental conditions: DDTC:
4% w/w; pH: 6,71; BminPFg: 140 mg; methanol: 600 pl; NaCl:
10 % w/w; tensioactive: 50 mg. Calibration with matrix-
matching standards (ethanol 12% v v + K1000 mg L)

Figure 2. Influence of the pH on the lead absorbance. DDTC: 2%
w/w; BminPFg: 140 mg; methanol: 500 pl; NaCl: 20% w/w;
tensioactive: 25mg.

Influence of pH Influence of extractant
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Figure 3. Influence of the extractant on the lead absorbance.
DDTC: 2% w/w; pH: 5,03; methanol: 500 pl; NaCl: 20% w/w;
tensioactive: 25mg.

Influence of NaCl Influence of tensioactive
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Figure 6. Influence of the tensioactive on the lead absorbance.
DDTC : 2% w/w; pH: 5,03; BminPFs: 140 mg; methanol: 500 pl;
NaCl: 20% w/w.

Figure 5. Influence of the NaCl concentration on the lead
absorbance. DDTC: 2% w/w; pH: 5.03; BminPFs: 140 mg ;
methanol: 500 pl; tensioactive: 25mg.

""""""""" Conclusions

« Lead determination in wine is feasible using DLLME coupled to GFAAS

» DLLME improves limits of detection and reduces matrix effects when compared to
direct wine analysis by GFAAS

* Pb extraction efficiency in wine by means of DDLME depends on the chelating agent ,
extractant, dispersant and tensioactive concentration as well as the solution pH and
ionic strength.
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Introduction

Lead and cadmium levels in wines are regulated due to their negative impact on human health. The analysis
of these elements is usually performed by means of spectroscopic techniques such as Graphite Atomic
Absorption Spectrometry (GFAAS) and Inductively Coupled Plasma Mass Spectrometry (ICP-MS) due to its
lower limits of detection. However, results are strongly affected by the occurrence of both spectral and non-
spectral interferences. To mitigate wine matrix effects, several sample pre-treatment strategies such as

10 September 2015 yww euroanalysis2015.com

Experimental conditions

Table 1. DLLME experimental
variables studied

Instrumentation: Perkin Elmer 2100 Atomic
Absorption spectrometer with Perkin Elmer HGA 700

Autosampler: Perkin Elmer AS-70

o L N . N 3 DDTC 0,1-8% w/w
dilution, acid digestion or sample extraction could be employed. The goal of this work is to develop a new Furnace temperatures: oH S
methodology for Pb and Cd determination in wine by means GFAAS after an extraction/preconcentration -~ anno o

N T e ) . Pyrolysis: 900°C NaCl 0-20% w/w
procedure based on the simultaneous use of dispersive liquid-liquid microextraction (DLLME) and ionic o o
ization: 1800° -
liquids (1-butyl-3-methylimidazolium hexafluorophosphate). To this end, the influence of chelating agent, Atomization: 1800°C mimFFs m9
extractant and dispersant volume, pH and ionic strength on both Pb and Cd detection has been investigated. Modifier: Pd (100 mg/L; 8 L) Methanol ~ 300-1000 puL

Sample volume: 20 pL Triton x-100 10-110 mg

WINE — Direct analysis

* Interferences

. Addition of : 1) Buffer solution. 2) DDTC 3) (High background signal)

NaCl 4) Tensioactive (Triton x-100)

. Injection of mixture of BminPF; (extractant)
and methanol (dispersant)

'— DLLME
. Centrifugation (phase separation) GFAAS * No interferences
* Preconcentration
Pb & Cd CONTENT?
. Organic phase analysis
DLLME procedure optimization
Influence of DDTC Influence of pH Influence of extractant

?

Normalized absorbance
2

Normalized sbsorbance

Normalized absorbance

030 ‘>.1<:

g

000
0 2 4 6 8 10 E N s 6 7 s i 100 150 20 20 0 350
oDTC (e ww) " CAMimPF, (mg)

Figure 1. Influence of the DDTC concentration on the lead and
cadmium absorbance. pH: 5,03; BminPF: 140mg; methanol: 500
wl; NaCl: 20 % w/w; tensioactive: 25mg.

Influence of dispersant Influence of ionic strength Influence of tensioactive
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Figure 4. Influence of the dispersant (methanol) volume on the
lead and cadmium absorbance. DDTC: 2% w/w; pH: 5,03; BminPF:
140mg; NaCl: 20 % w/w; tensioactive: 25mg.

Figure 2. Influence of the pH on the lead and cadmium
absorbance. DDTC: 2% w/w; BminPF: 140 mg; methanol: 500 pl;
NaCl: 20% w/w; tensioactive: 25mg.

Figure 5. Influence of the NaCl concentration on the lead and
cadmium absorbance. DDTC: 2% w/w; pH: 5.03; BminPFg: 140 mg ;
methanol: 500 pl; tensioactive: 25mg.

Figure 3. Influence of the extractant (BminPF,) volume on the
lead and cadmium absorbance. DDTC: 2% w/w; pH: 5,03;
methanol: 500 pl; NaCl: 20% w/w; tensioactive: 25mg.

Figure 6. Influence of the tensioactive amount on the lead and
cadmium absorbance. DDTC : 2% w/w; pH: 5,03; BminPF: 140 mg;
methanol: 500 pl; NaCl: 20% w/w.

Analytical figures of merit — Wine analysis ——————
Table 2. Analytical figures of merit for the DLLME-GFAAS  faple 3. Analytical recovery test using Table 4. Influence of wine matrix concomitants on | Table 5. Determination of Cd and Pb levels in different
methodology. Experimental conditions: DDTC: 4% w/W;  gptimum extraction conditions. analyte  recovery using optimum  extraction  ine samples.
pH 6.51; BminPF;: 140 mg ; methanol: 500 pl; conditions.
tensioactive: 25mg. b o o

Vine sample Ph cd White 9844 7945 Ca (100) t White 20802 <01
acentration factor 8 7 Rosé 9945 5244 Mg (100) b Rosé E <0.1
>f detection 07 01 Fortified 10063 3644 Fe (4) 9845 Fortified ~ 1.8103  <0.1
tepetatibility 5% 7% Cava 9814 5146 Mn (3) + Cava t <01
Red 9644 2045 Cu (1) 9543 Red 27102 <0.1
(1) 7614
— Conclusions

* Cd and Pb determination in wine is feasible using DLLME coupled to GFAAS

| * DLLME improves limits of detection and reduces matrix effects when compared to direct wine analysis
by GFAAS

| * Cd and Pb extraction efficiency in wine by means of DDLME depends on the chelating agent ,

3 extractant, dispersant and tensioactive concentration as well as the solution pH and ionic strength.
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ARTICLE INFO ABSTRACT

Coupling dispersive liquid-liquid micro-extraction (DLLME) to inductively coupled plasma atomic emission
spectrometry (ICP-AES) is usually troublesome due to the limited plasma tolerance to the organic solvents
usually employed for metal extraction. This work explores different coupling strategies allowing the multi-
element determination by ICP-AES of the solutions obtained after DLLME procedures. To this end, three of the
most common extractant solvents in DLLME procedures (1-undecanol, 1-butyl-3-methyl-imidazolium hexa-
fluorophosphate and chloroform) have been selected to face most of the main problems reported in DLLME-
ICP-AES coupling (i.e., those arising from the high solvent viscosity and volatility). Results demonstrate that
DLLME can be successfully coupled to ICP-AES after a careful optimization of the experimental conditions.
Thus, elemental analysis in 1-undecanol and 1-butyl-3-methyl-imidazolium hexafluorophosphate extracts can
be achieved by ICP-AES after a simple dilution step with methanol (1:0.5). Chloroform can be directly
introduced into the plasma with minimum changes in the ICP-AES configuration usually employed when
operating with aqueous solutions. Diluted inorganic acid solutions (1% w w™" either nitric or hydrochloric acids)
have been successfully tested for the first time as a carrier for the introduction of organic extractants in ICP-
AES. The coupling strategies proposed have been successfully applied to the multi-element analysis (Al, Cu, Fe,

Keywords:

Metals

Sample preparation

Dispersive liquid-liquid microextraction
Flow-injection

Atomic emission spectrometry
Inductively coupled plasma

Mn, Ni and Zn) of different water samples (i.e. marine, tap and river) by DLLME-ICP-AES.

1. Introduction

Dispersive liquid-liquid micro-extraction (DLLME) has been stab-
lished as a fast and green sample preparation methodology to separate
and preconcentrate analytes from samples with complex matrices [1].
Though most of the analytical applications reported in the literature
have been focused on organic analytes, DLLME has also been employed
for metal and non-metal analysis by means of spectroscopic techniques
[2]. In these cases, detection is usually accomplished by means atomic
absorption spectrometry (AAS) due to the robustness of the atomiza-
tion sources (i.e. flame or furnace) and to the reasonably good
analytical figures of merit [3,4]. Among the AAS techniques, electro-
thermal atomic absorption spectrometry (ETAAS) is often preferred
because of the limited sample volume available after DLLME proce-
dures. Nevertheless, its low sample throughput limits the application of
the technique.

Inductively coupled plasma (ICP)-based techniques (i.e., ICP-atom-
ic emission, ICP-AES, and ICP-mass spectrometry, ICP-MS) have a
greater analytical potential than AAS techniques. ICP-based techniques
allow simultaneous multi-element analysis, thus increasing sample

* Corresponding author.
E-mail address: guillermo.grindlay@ua.es (G. Grindlay).
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throughput with minimum sample and reagent consumption as well as
waste generation. However, due to the limited volume available after
the microextraction procedure and low plasma tolerance to the organic
solvents usually employed for analyte extraction [2,5], DLLME is not
usually employed coupled to ICP-based techniques [6,7]. Thus, high
volatile solvents (such as carbon tetrachloride, chloroform, etc.) have a
deleterious effect on plasma conditions that negatively affects analytical
figures of merit and could even lead to plasma extinction. Also, high
viscous solvents (e.g. 1-undecanol or ionic liquids), cause additional
problems arising from a poor nebulization efficiency and strong
memory effects. To address these shortcomings, several strategies have
been suggested in the literature: (i) solvent evaporation and subsequent
acid reconstitution before the analysis [8,9]; (ii) water back-extraction
[10,11]; (iii) dilution with an appropriate solvent [12—15]; and (vi) the
use of alternative sample introduction systems such as flow injection
analysis (FIA) [16], electrothermal vaporization [17] or laser ablation
[18]. Nevertheless, despite the above-mentioned approaches make
feasible DLLME coupling to ICP-based techniques, some severe draw-
backs still remain. In fact, the main inherent benefits of DLLME (e.g.
simplicity, high sample throughput, etc.) are mostly counterbalanced
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due to the additional steps required to perform the analysis. Moreover,
some approaches may require complex modifications in the ICP
configuration that are not always available in most of the analytical
laboratories.

From the above-mentioned considerations, it can be derived that
DLLME-ICP-based techniques is a rather complex coupling and, hence,
usually discarded from a practical point of view. However, a compre-
hensive review of the works reported in this field reveals that most of
the previous studies have been mainly focused on the optimization of
the extraction procedure. Nevertheless, no studies including the
optimization of the experimental and instrumental conditions of the
plasma source have been performed up to date. This is a very
surprisingly fact taking into account the strong influence of the ICP
parameters (e.g. plasma power, sample uptake rate, nebulizer gas flow
rate, etc.) and the sample introduction system on the analytical figures
of merit [5,19,20]. In our opinion, to couple DLLME-ICP-based
techniques, the optimization of the full variables (experimental and
instrumental) of both DLLME and ICP is mandatory. The extensive
number of applications based on the use of plasma-based techniques
for elemental analysis in organic matrices [19] justify the interest of
this coupling.

The goal of this work is to explore and evaluate different analytical
approaches for coupling DLLME to ICP-AES. To this end, several
organic solvents usually employed in DLLME procedures and covering
different range of the main physical properties affecting the signal
response in ICP-AES (i.e., viscosity and volatility) have been selected:
1-undecanol, 1-butyl-3-methyl-imidazolium hexafluorophosphate and
chloroform. These solvents have been introduced (either directly or
after a dilution step with alcohol or acid solutions) into the plasma
source by means of a flow injection device. Main ICP-AES experimental
variables (plasma r.f. power, nebulizer gas flow rate and carrier flow
rate) have been also optimized to make feasible the analysis of these
organic solvents by ICP-AES and to achieve the best analytical figures
of merit. Finally, the proposed DLLME-ICP-AES approaches have been
compared and evaluated by analyzing several water samples (i.e.
marine, tap and river).

2. Experimental
2.1. Chemicals

Organic solvents (i.e., 1-undecanol, chloroform, 1-butyl-3-methyli-
midazolium hexafluorophosphate, acetone, methanol, absolute ethanol
and 1-propanol) and chelating agents (i.e. diethyldithiocarbamate
(DDTC)), 2-theonyltrifluoroacetone (TTA), ammonium pyrrolidine
dithiocarbamate (APDC) and a multi-element 200 mg L™ organome-
tallic solution were purchased from Sigma-Aldrich (Steinheim,
Germany). Sodium chloride, 69% w w! nitric acid, 36% w w!
hydrochloric acid, 85% w w~! phosphoric acid, sodium dihydrogen
phosphate, acetic acid and sodium acetate were obtained from Panreac
(Barcelona, Spain). An ICP-IV multi-element 1000 mg L™! solution was
provided by Merck (Darmstadt, Germany).

2.2. Solutions

Three different extractant solvents, namely: (i) 1-undecanol; (ii) 1-
butyl-3-methyl-imidazolium hexafluorophosphate (BmimPF); and
(iii) chloroform, have been evaluated. These solvents were selected,
among the most common extractants in DLLME, to face most of the
main problems arising from DLLME-ICP-AES coupling (e.g. solvent
viscosity and volatility) (see Table 1) [21-23].

When operating with viscous solvents (1-undecanol or BmimPFg), a
dilution step prior to the analysis by ICP-AES was mandatory. Thus, 1-
undecanol was diluted in different alcohols, namely, methanol, ethanol
and 1-propanol. This approach was also employed for BmimPFg but, in
this case, 36% w w! hydrochloric acid solution was additionally tested
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Table 1
Physical properties of the organic solvents tested in this work at 25 °C.

Surface Viscosity Density Vapor
tension (mPas™) (gmL™1)? pressure
(mNm™) (mmHg)
1-undecanol 26.5 17.2 0.83 0.0004
BmimPFg 47.7 381 1.38 -
Chloroform 26.7 0.56 1.49 26.2
Methanol 22.7 0.54 0.79 128
Ethanol 22.0 1.07 0.79 59
1-propanol 20.9 1.95 0.80 21
HCI (36% w 65.8 1.84 1.6 35
wh
220 °C.

as a dilution solvent. Physical properties of the different dilution
solvents employed for 1-undecanol and BmimPF, are also gathered
in Table 1. Dilution ratios ranging from 1:0.5 to 1:3 for both 1-
undecanol and BmimPFy were tested. Analyte standard solution in
each media was prepared in two-steps. First, an aliquot of the aqueous
1000 mg L™ ICP-IV multi-elemental reference solution was spiked
into the proper dilution solvent (i.e. methanol, ethanol, 1-propanol or
36% w w™ ! hydrochloric acid solution). Next, this solution was mixed in
the right proportion with 1-undecanol or BmimPFg for a final analyte
concentration of 1 mg L1,

Chloroform-based samples were directly analyzed by ICP-AES.
Therefore, analyte chloroform standard (1 mg L") was prepared by
diluting the appropriate aliquots of a 200 mg L' multi-elemental
organometallic solution in this solvent.

2.3. Instrumentation

ICP-AES measurements were performed using an Agilent 720 ICP-
AES (Agilent, Santa Clara, USA) with axial viewing using the operating
conditions reported in Table 2. Different sample introduction systems
were tested depending on the characteristics of the extractant solvent
used. Thus, when operating with both 1-undecanol and chloroform, a
standard sample introduction system made of a concentric pneumatic
nebulizer (Seaspray, Glass Expansion, Australia) and a cyclonic spray
chamber (Cinnabar, Glass Expansion, Australia) was used. As regards
BmimPF4, a micronebulizer (OneNeb, Ingeniatrics, Sevilla, Spain)
coupled to a single-pass with impact bead PTFE spray chamber
(Thermo Scientific, Germany) was employed. All the organic solvents
were drived to the nebulizer by means of a V-451 flow injection
manifold (Upchurch Scientific, Silsden, United Kingdom) equipped
with a 25 pL loop valve. DLLME extracts were injected using a home-
made 300 pL plastic syringe with PEEK coated quartz capillary needle
(200 pm 1i.d., PEEKSIL, Upchurch, Oak Harbor, Washington, USA).
Samples were introduced into a carrier stream controlled by a
peristaltic pump (Model Minipuls 3, Gilson, France). Different carriers
were evaluated through this work: (i) 1% w w™ ! HNOs; (ii) 1% w w?
HCI; and (iii) air.

Signal acquisition was performed by means of the transient signal
(TRS) software of Agilent's ICP-AES. Microsoft Excel’ software was
employed for manually signal integration. The wavelengths of the
emission lines monitored in this work are listed in Table S1
(Appendix).

2.4. Samples

Three water samples covering a wide range of matrix characteristics
were tested: (i) tap water (University of Alicante); (ii) river water
(Vinalop6 river, N 38°28’15.0096”, W 0°48’15.0336"); and (iii)
marine water (Mediterranean Sea, N 38°22731.7424", W
0°24'32.5224"). All samples were collected in polyethylene terephtha-
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Table 2
ICP-AES operating conditions.

Talanta 176 (2018) 374-381

Solvent
Agilent 720 ICP-AES 1-undecanol BmimPFg Chloroform
Plasma forward power (W) 1400
Argon flow rate (L min™")
Plasma 15.0
Auxiliary 1.25 2.50
Nebulizer 0.6-0.9 0.5-0.8
Carrier flow rate (mL min~!) 0.4-1.5 0.4-1.0
Sample introduction system
Nebulizer Seaspray® Seaspray®/Oneneb® Seaspray®
Spray chamber (material) Cyclonic (Glass) Cyclonic (Glass)/Single pass with impact bead (PFA) Cyclonic (Glass)
Flow injection loop volume (pnL) 25
Acquisition time (s)/replicates 30/3

late bottles and, after a filtration step with a 0.45 um syringe filter,
acidified and stored at 4 °C until the analysis.

2.5. DLLME procedures

Three DLLME procedures for water analysis were employed to
evaluate the different coupling strategies developed in the present
work. Next, these methodologies are briefly described.

2.5.1. I-undecanol-based extraction

Metal extraction with 1-undecanol was carried out using the
DLLME procedure described by Yamini et al. [12] with some minor
modifications. A sample solution of 5 mL was placed into a 10 mL
screw-cap and pH was adjusted using an acetic acid-acetate buffer
solution (pH: 6). Next, it was spiked with 600 pL of a 30 w v ! NaCl
solution and 25pL of a 1gL™' TTA solution in methanol.
Simultaneously, 50 uL of 1-undecanol were mixed with 500 uL of
acetone and the mixture quickly injected into the sample solution by
using a 5.0 mL of syringe. A cloudy solution was formed and, after a
centrifugation step (5 min 4000 rpm), the sample solution was trans-
ferred into an ice bath where the 1-undecanol (= 45 pL) was solidified
at the top of the top of the test tube. Finally, 1-undecanol was
transferred into an Eppendorf tube where it was melted and diluted
with methanol (1:0.5 ratio) before ICP-AES analysis.

2.5.2. BmimPFg-based extraction

In this procedure, based on that reported by Wen et al. [24], 5 mL
of the sample were spiked with a phosphoric/dihydrogen phosphate
buffer solution to adjust the pH (4). Next, 70 mg of NaCl and 100 pL of
a 9% APDC solution added to the sample. A mixture of BmimPFq
(150 mg) and methanol (650 pL) was injected into the sample to form a
cloudy solution. The sample was then centrifuged (5 min 4000 rpm)
and BmimPFq (settled at the bottom of the glass test tube) finally
transferred into an Eppendorf tube, where it was diluted with methanol
(1:0.5 proportion) before ICP-AES analysis.

2.5.3. Chloroform-based extraction

In this procedure, based on that previously described by
Hemmatkhah et al. [25], 5 mL of water containing 3.5% w w~! NaCl
and 0.010 g DDTC were placed in a 10 mL screw cap glass tube with
conical bottom. The solution pH was adjusted to 6.0 with an acetic
acid/acetate buffer solution. Next, 100 mg of chloroform were dis-
solved in 400 pL of ethanol and the mixture was injected into the glass
tube containing the sample. A cloudy solution is formed and, after
centrifugation (4000 rpm, 2 min), chloroform was sedimented at the
bottom of the conical test tube. Chloroform was then transferred into
an Eppendorf tube and directly analyzed by ICP-AES.
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3. Results
3.1. Coupling 1-undecanol-based DLLME procedures to ICP-AES

3.1.1. Strategies for 1-undecanol introduction into the ICP

Direct analysis of 1-undecanol by ICP-AES is not a feasible task due
to its high viscosity (17.2 mPa s™%, see Table 1). As a consequence, this
solvent cannot be properly displaced by the peristaltic pump, thus
giving rise to poor signal reproducibility and high wash-out times. In
addition, when operating with pneumatic nebulizers, high viscosity
solvents generate coarser aerosols than the low viscous ones thus
negatively affecting the aerosol transport into the plasma and, then, the
analytical signal [5,26]. To solve these problems and make feasible the
introduction of 1-undecanol solutions in ICP-AES, several strategies
were evaluated. First, since solvent viscosity decreases with tempera-
ture, 1-undecanol was heated (from 40 to 70 °C) before being injected
into the FIA system. Though sample pumping improved increasing the
temperature, memory effects were still significant. Alternatively, PTFE
tubing from the peristaltic pump to the nebulizer was also heated but
no improvement was observed. A second approach reported in the
literature to deal with 1-undecanol matrix samples by ICP-AES is its
dilution with alcohols [12,14]. Up to date, no systematic study about
the influence of the alcohol nature and concentration used for 1-
undecanol dilution have been carried out, in spite of the strong
influence of the sample matrix on the analytical figures of merit in
ICP-AES [5,27]. In the present work, methanol, ethanol and 1-
propanol were investigated as dilution solvents for 1-undecanol.
Different 1-undecanol:alcohol mixtures (ranging from 1:0.5 to 1:3)
containing 1 mg L' analyte were prepared and measured by ICP-AES
(Fig. 1). In general, mixture composition did not have a significant
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Fig. 1. Cd II 214.439 nm emission signal profile for different 1-undecanol:methanol
mixtures. (A) 1:0.5; (@) 1:1; () 1:2; and (’) 1:3. Qg 0.7 Lmin~!; Q
0.6 mL min~". FIA carrier: 1% w w™! HNOj.
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Fig. 2. Influence of the alcohol employed for 1-undecanol dilution on the integrated

emission signal of several elements. Qg: 0.7 Lmin~!; Q;: 0.6 mL min~!; 1-undecanol/
alcohol ratio: 1:0.5; FIA carrier: 1% w w™' HNO;.

influence on the analytical signal. Signals for the 1:0.5 and the 1:1
mixtures were very similar but their peak areas were around 1.2-fold
lower than those obtained for the 1:2 and 1:3 ones. Similar findings
were observed when using ethanol and 1-propanol. These results
suggest that alcohol dilution slightly improves the aerosol generation
due to the reduction of the solution viscosity. Nevertheless, since the 1-
undecanol dilution factor is not too high, no significant differences are
expected between the different mixtures tested. From these experi-
ments, the 1:0.5 mixture was selected for further analysis since it
provides the minimum sample dilution after the DLLME treatment.
The proposed dilution factor is lower than that previously reported in
the literature (i.e., usually > 1:1) [12,14]. In general, the type of alcohol
employed to dilute 1-undecanol had a limited influence on the analyte
emission signal (Fig. 2). Emission signals obtained for the methanol
mixture were about 15% higher, on average, than those obtained with
ethanol or 1-propanol. This behavior was the expected considering the
highest volatility of methanol (Table 1). Plasma robustness was
checked by means of the Mg II (280.271 nm)/Mg I (285.213 nm) line
intensity ratio for the different 1-undecanol/alcohol mixtures [28]. In
all cases, Mg II/Mg I ratio were similar to that obtained for water, thus
suggesting that the presence of 1-undecanol/alcohol mixtures did not
affect plasma temperature.

Finally, the influence of the carrier nature on the signal obtained in
DLLME-ICP-AES was also evaluated. Up to date, poor attention has
been paid in the literature to optimize the FIA experimental conditions
required for 1-undecanol analysis by ICP-AES, mainly regarding the
nature of the carrier solution. In fact, with the exception of Yamini et al.
[12] that report the use of 80% l-propanol v v'! as a carrier, no
significant details about carrier characteristics are found in the
literature [10]. Despite its potential interferences [29], acids are
preferred over organic solvents in ICP-AES since they can be directly
introduced into the plasma avoiding the use of complex instrumental
arrangements (e.g. oxygen addition, desolvation, etc.) [19,27].
Nevertheless, no study reporting the use of acids as carrier solutions
have been found for the analysis of DLLME extracts by ICP-AES. In the
present work, 1% w w! nitric acid and 1% w w™! hydrochloric acid
solutions were tested as carriers instead of organic solvents for the first
time. Results demonstrated that acid solutions can be successfully used
to introduce 1-undecanol/alcohol mixtures into the plasma with high
reproducibility and no memory effect. No differences between the
signals afforded with both acids were registered.

3.1.2. Optimization of ICP-AES experimental conditions

Analytical figures of merit in ICP-based techniques strongly depend
on plasma experimental conditions. For this reason, the influence of
the nebulizer gas (Q,) and carrier flow rate (Q;) on analyte signal was
carried out. Plasma r.f. power was kept closed to maximum nominal

158

377

Talanta 176 (2018) 374-381

30
25
20 -

T o/\\

10

Integrated signal-10*{counts)

0 . .
0.6 0.7 0.8
Nebulizer gas flow (L min?)

0.9 1.0

Fig. 3. Influence of the nebulizer gas flow rate on Cd II 214.439 nm integrated emission

signal operating 1:0.5 1-undecanol:methanol mixture at different Q. (’) 0.6 mL min~;

(A) 0.9 mL min™}; (@) 1.2mL min~!; and (M) 1.5 mL min~'. FIA carrier: 1% w w™!
HNOs3.

value available with the instrument (1400 W) to favor analyte atomiza-
tion and ionization. Fig. 3 shows the influence of Q; on Cd II
214.439 nm integrated emission signal for the 1:0.5 1-undecanol:-
methanol mixture at different Q; values. Results indicate that the
highest emission signals were obtained at Q, of 0.7 L min™", irrespec-
tive of the Q, tested. Moreover, results in this figure also indicate that
the highest emission signals were obtained at the lowest Q; employed.
Thus, Cd IT 214.439 nm integrated emission signal raises 2.3-fold when
decreasing Q, from 1.5 to 0.6 mL min~! at the optimum Q. Similar
results were observed for the different alcohol mixtures and analytes
tested. This behavior can be explained in terms of aerosol generation
and transport [26] and plasma characteristics [27]. Thus, the Mg II/Mg
I ratios measured at 0.6 and 1.5mLmin™' were of 6.0 and 5.0,
respectively.

3.2. Coupling BmimPFgs-based DLLME procedures to ICP-AES

3.2.1. Strategies for BmimPFg introduction into the ICP

When operating with BmimPFg, similar (or even worse) experi-
mental drawbacks than those described for 1-undecanol are observed.
In fact, the viscosity of BmimPFg is higher (about 22-fold higher) than
that of 1-undecanol (Table 1). Therefore, a dilution step with an
appropriate solvent previous to the BmimPFg solutions into the plasma
is also mandatory. Following a similar approach used with 1-undeca-
nol, BmimPF4 could be diluted with methanol, ethanol and 1-propanol
in different proportions (ranging from 1:0.5 to 1:3). Different
BmimPFg:methanol mixtures (1:0.5 to 1:3) containing 1 mg L™! ana-
lyte were measured to evaluate matrix influence on the signal. It was
observed that when operating the 1:1 mixture, signal was about 60%
higher than that obtained with the 1:0.5 one. Signals for the highest
diluted BmimPFg ratios (1:2 or 1:3) were similar to those for the 1:1
ratio. These findings suggest the beneficial effects of the BmimPFgq
dilution on the aerosol generation due to the reduction of solution
viscosity. This behavior is in agreement with the previous findings
obtained with 1-undecanol but the influence of dilution on analyte
emission signal for BmimPFg was more significant due to its higher
viscosity. The signal improvement registered for the 1:1 mixture did
not compensate the analyte dilution factor expected when operating the
1:1 dilution instead of the 1:0.5 one (2-fold). Therefore, the 1:0.5
dilution was selected for further studies. As expected from the low
dilution factors employed for BmimPFs no significant differences on
analyte signals were registered operating the different BmimPFq
mixtures (Fig. S1, Appendix). Thus, for instance, the use of methanol
as a diluent solvent provided the highest signals but signal improve-
ment when compared to ethanol and 1-propanol was only 1.2 fold. This
value is similar to that previously found with 1-undecanol.
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Attempting to find alternatives to alcohols for BmimPFg dilution,
the possibility of using hydrochloric acid was explored in this work for
the first time. Preliminary experiments demonstrated that when mixing
1:1 BmimPFg:concentrated hydrochloric acid (36% w w™'), a single
phase was obtained after 4-5 h at room temperature. Interestingly, the
mixture viscosity was clearly lower than that of the pure BmimPFg.
Several experimental evidences suggest that the structure of the ionic
liquid is modified in the presence of hydrochloric acid. The ionic liquid/
acid mixture has a brownish color similar to that of the hexafluoropho-
sphoric acid solutions [30]. This compound is not stable in aqueous
media and it is found in equilibrium with phosphoric acid, phosphoric
conjugate forms and hydrofluoric acid [31]. Thus, assuming the
formation of hexafluorophosphoric acid from the reaction between
BmimPFy and hydrochloric acid, hydrofluoric acid must be formed.
This hypothesis was clearly confirmed after checking a glass surface
that was in contact with a 1:1 BmimPF4:HCl mixture for 15 min.
Finally, it was also observed that blank signals for DLLME extracts
operating glass vials were systematically higher than those obtained
operating plastic ones. The miscibility of BmimPF, with hydrochloric
acid was further investigated by modifying acid concentration and
BmimPFg:acid ratio. Results indicate that BmimPFg was only miscible
with concentrated hydrochloric acid, regardless the acid proportion
employed (from 1:0.5 to 1:3). Finally, several strategies were tested to
improve the miscibility kinetics between BmimPFg and hydrochloric
acid. First, the different ionic liquid — hydrochloric acid mixtures were
shaken either with a vortex or ultrasounds but unsuccessfully. Better
results were obtained when heating the BmimPF¢/HCl mixture in
Eppendorf tubes at temperatures between 40—-70 °C. Operating this
way, a single phase was obtained after heating the mixture at 70 °C for
5 min (fast enough for practical purposes). It is worth to point out that
concentrated nitric acid is also useful for BmimPFg dilution but it was
discarded due to the flammability and oxidizing capabilities of
BmimNOs;. Because of HF presence in the BmimPFg:acid mixture,
the standard ICP-AES sample introduction system was replaced by a
nebulizer and a spray made of PTFE. For the sake of comparison, this
configuration was also employed with the experiments performed with
BmimPFg:alcohol solutions. Also the plasma torch is susceptible to be
affected by the presence of HF. Nevertheless, after several hours
operating BmimPF¢:hydrochloric acid mixtures no sign of HF attack
was observed. Presumably, it was due to the low sample volume
introduced and the system wash-out with the carrier solution.
Although at first glance, physical properties of BmimPFs:hydrochloric
acid mixtures are expected to be less favorable for aerosol generation
and transport, analyte signals for the BmimPF4:acid mixtures were
almost identical to those afforded by ethanol and 1-propanol (Fig. S1,
Appendix). Plasma robustness was examined for the different
BmimPFy mixtures but no significant differences in the Mg II/Mg I
intensity ratio were observed. In fact, the value obtained for this
parameter was similar to that found when operating with water (and,
hence, 1-undecanol:alcohol mixtures). Considering the above-dis-
cussed results, it seems to be clear that the use of hydrochloric acid
for BmimPF dilution does not afford any advantage against the use of
alcohols. Moreover, the standard glass-made sample introduction
system could be used instead of the PTFE since no HF is formed when
diluting BmimPFg with alcohols.

As regards the nature of the carrier solutions, similar to that
observed with 1-undecanol, nitric acid and hydrochloric acid solutions
can be employed as carriers for BmimPFg analysis. The use of inorganic
acid solutions as carrier is clearly simpler and less prone to interfer-
ences than that previously proposed by Ranjbar et al. [16] for metal
analysis with 1-hexyl-3-methyl imidazolium bis(trifluoromethylsulfo-
nyl)imide (i.e. 80% v v'* 1-propanol solution). In fact, no significant
memory effects were registered for the different diluted BmimPFgq
mixtures operating the acid carriers. Analyte wash out was similar to
that obtained with 1-undecanol (25-30 s)
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3.2.2. Optimization of ICP-AES experimental conditions

The influence of ICP experimental conditions (Qgz and Q) on the
analyte signal (and plasma properties) obtained when operating with
BmimPF, were analogous to those already shown for 1-undecanol
(Fig. 2). Thus, despite of the use of a different sample introduction
system, the optimum Qg for BmimPF, was also found at 0.7 L min~1.
Interestingly, it was observed that the influence of Q; on analyte signal
was less significant than with 1-undecanol. Regardless the solvent
employed for BmimPF, dilution, analyte signal rose approximately 1.6-
fold when decreasing Q; from 1.5 to 0.6 mL min~!. This behavior can
be attributed to the higher viscosity of BmimPFg mixtures regarding to
1-undecanol ones.

3.3. Coupling chloroform-based DLLME procedures to ICP-AES

3.3.1. Strategies for chloroform introduction into the ICP

Opposite to that occurring with 1-undecanol and BmimPFg, the low
viscosity of chloroform permits it to generate pneumatic aerosols with
no additional dilution treatment. Nevertheless, the direct analysis of
chloroform DLLME extracts by ICP-AES has been previously avoided
in the literature due to the undesirable effects caused by this solvent in
ICP-AES (mainly signal instability and negative effects on the plasma
excitation characteristics) [16]. Instead, additional pretreatments to
remove chloroform have been recommended before metal analysis by
ICP (e.g. back extraction, evaporation, etc.) [8—10,15]. In this work,
however, it was noted that chloroform could be directly introduced in
the ICP with the FIA manifold. The volume of chloroform introduced
into the instrument (25 pL) was low enough to avoid carbon deposits
and plasma shutdown. Nevertheless, it is important to note that plasma
appearance was affected by the high solvent load consequence of the
high chloroform volatility (e.g. green light emission from the C, band in
the aerosol channel) [5]. With the goal of improving the analytical
response, some minor changes were performed on the ICP-AES
operating conditions employed with viscous solvents [19]. First,
auxiliary gas flow was increased from 1.25 to 2.25 Lmin~! thus
improving plasma tolerance to organics [5]. On the other hand, Q
higher than 1.0 mL min~! were not employed to avoid plasma flicker-
ing. Operating on this way, there is not any experimental limitation to
operate chloroform directly in ICP-AES thus taking advantage all the
benefits of DLLME (e.g. sample throughput, simplicity, analyte enrich-
ment factors, etc.).

3.3.2. Optimization of ICP-AES experimental conditions

In line with the strategy used with the viscous solvent, either 1% w
w™ " nitric and hydrochloric acids were employed as carriers for
chloroform. In addition, air was also tested since it could be advanta-
geous for volatile solvent introduction into the ICP [32,33]. Fig. 4
shows the results obtained for Cd II 214.439 nm integrated emission
signal using chloroform and both 1% w w™! nitric acid and air as FIA
carriers. Results for 1% w w™* hydrochloric acid are not shown since
they were similar to those obtained with the nitric acid solution. From
results in Fig. 4 it can be derived that emission signal strongly depends
on the carrier employed. Thus, when operating air as carrier, Cd signals
(Fig. 4 B) were higher than those obtained for 1% w w ! HNO;
(Fig. 4A), regardless the Q tested. These findings could be explained
considering that when using air: (i) the analyte is not dispersed in the
liquid stream, (ii) the spray chamber is kept dry between injection
which in turns favor solvent evaporation and aerosol transport to the
plasma; and (iii) analyte losses due to coalescence and aerosol
turbulence are reduced. Nevertheless, from a practical point of view,
the benefits of using air as a carrier were counterbalanced by the higher
memory effects due to the lack of a solution to wash-out the system
between samples during the analysis [32].

Fig. 4 also shown that, in general, irrespective of the carrier used,
the optimum Q, for Cd signal was also found at 0.7 L min~! but this

1
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Fig. 4. Influence of the nebulizer gas flow rate on Cd II 214.439 nm integrated emission
signal with chloroform at different sample uptake rate using 1% w w™* nitric acid (A) and
air (B) as FIA carriers. (‘) 0.4 mL min~; (A) 0.6 mL min~; (@) 0.8 mL min~; and
(M) 1.0 mL min~'. FIA carrier: 1% w w™! HNO3.

optimum value was more diffuse than that observed with viscous
solvents (Fig. 3). In fact, as it can be seen in Fig. 4, a signal plateau was
obtained between 0.6 and 0.7 L min™* for some Q, values, especially
when operating with air carrier. Finally, as expected, signal improved
when decreasing Q; due to a better aerosol generation and transport
and plasma characteristics [27]. It is interesting to note that differences
between both carriers were reduced when decreasing Ql [33]. Thus,
when Q, is decreased from 1.0 to 0.4 mL min~!, analyte signal ratio
between air and nitric acid passed from 1.84 to 1.17-fold. To explain
this behavior, it must be considered that liquid evaporation is favored
at low Q values, thus improving analyte transport (i.e. less aerosol
losses) and, hence, differences between air and liquid carriers are
reduced. Though the use of air as a carrier afforded higher signals than
the acid solutions, this approach was unattractive from a practical point
of view due to memory effects. Opposite to that observed when
operating viscous solvents, and despite the experimental changes made
on the ICP setup, plasma characteristics were strongly deteriorated by
the presence of chloroform. Thus, for a given set of experimental
conditions, the MgII/MglI ratio was half of that obtained with water, 1-
undecanol or BmimPFg.

3.4. Analysis of real samples

The multi-element analysis (i.e., Al, Cd, Cr, Cu, Fe, Mn, Ni, Pb and
Zn) of different water samples was performed to validate the strategies
developed for coupling DLLME to ICP-AES. To this end, previously
described DLLME procedures for 1-undecanol [12], BmimPFg [24] and
chloroform [25] were employed for metal extraction in waters. Next,
each organic extract was analyzed by ICP-AES under the optimum
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Table 3
Optimum coupling strategies for the analysis of 1-undecanol, BmimPF and chloroform
extracts by ICP-AES.

Parameter 1-undecanol BmimPFg Chloroform
Dilution solvent Methanol -

Dilution ratio 1:0.5 -

Carrier 1% w w~! HNO;

Qg (Lmin™) 0.7

Q; (mL min™%) 0.4

conditions obtained for each solvent (Table 3). Q, was set at
0.4 mL min~! for all the solvents tested to favor aerosol generation
and plasma characteristics. Though better results are theoretically
expected decreasing further this parameter, nebulization process
becomes less stable [20] thus distorting the emission signal profile
and reducing signal precision. Moreover, higher wash-out times were
required compromising sample throughput.

Preliminary experiments showed that analyte extraction efficiency
was strongly dependent on the water salt content and, hence, some
changes in the extraction procedures were required. To study the
influence of water salts (ionic strength) on analyte extraction for each
DLLME procedure, 100 pg L™ analyte standard solution containing
variable amounts of NaCl from 0.1% to 7.5% w w™! were used. Results
shown that each DLLME methodology is differently affected by NaCl.
Thus, analyte extraction efficiency for the 1-undecanol-based DLLME
procedure decreased with NaCl concentration. On the other hand,
extraction efficiency showed a maximum at 3.5% w w~! NaCl when
operating with chloroform. Interestingly, no influence of NaCl con-
centration on the analyte extraction efficiency was observed when using
BmimPFg. These results suggest that NaCl content (i.e. solution ionic
strength) exerts a great influence on metal extraction since it affects
both the solubility of the metal-chelate complex in the sample as well as
the miscibility between the organics and water. From these experi-
ments, it was clear the significance of controlling salt content to avoid
interferences. Taking into account these findings, both standards and
samples were spiked with NaCl 3.5% w w! for all the DLLME
procedures to perform calibration using a single set of standards.

First, a recovery test was performed to evaluate the accuracy. To
this end, all the samples were spiked with a multi-element standard
solution for a final concentration of 100 pg L™ and, then, they were
analyzed by ICP-AES after the appropriate DLLME treatment. Results
obtained are shown in Table 4. As it can be observed, recoveries for all
the elements with 1-undecanol and chloroform were almost quantita-
tive (i.e., recoveries ranging from 96% to 109%). However, analyte
recoveries for BmimPFg were only quantitative for Pb. It must be
considered that the BmimPF¢-based DLLME procedure used in the
present work was initially developed for Pb determination and, hence,
results for this element were totally expected. The origin of the poor
recoveries for the remaining elements could be partially related to pH
influence on APDC chelating capabilities [34]. This topic, however, was
not further investigated since it was beyond the scope of this work.

Table 5 shows the results of the elemental analysis of water samples
obtained using the 1-undecanol and chloroform-based DLLME proce-
dures. For the sake of comparison, the results obtained with a direct
water analysis by ICP-AES are also included. Data for the BmimPFs-
based DLLME procedure are not included since it only worked for Pb
and the concentration of this element was below the limit of detection
(LoD) (<5 pg LY. In fact, none of the methodologies tested could
detect Pb as well as Cd and Cr due to their low concentration levels in
the samples analyzed. In general, results for the elemental analysis
using DLLME procedures agree with those obtained using a direct
analysis procedure. Nevertheless, the use of DLLME methodologies
allowed the analysis of a higher number of elements (e.g. Al, Fe, etc.) in
water samples due to their lower limits of detection (Table 6). In
comparison with a direct water analysis, DLLME methodologies afford,
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Table 4

Recoveries obtained for analyte spiked water samples using different DLLME procedures based on 1-undecanol, BmimPFs and chloroform extraction. ICP-AES: Q,: 0.7 L min™!

Q:0.4 mL min . FIA carrier: 1% w w™! HNO3.
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’

Recovery values (%)

1-undecanol BmimPFg Chloroform
Element Sea Tap River Sea Tap River Sea Tap River
Al 102 +4 99+2 100 +4 <5 <5 <5 99+4 100+ 2 99+5
Cd 99+3 101+3 98+3 <5 14+10 14+ 10 103+3 102+3 109+3
Cr 97+5 97+4 98+3 <5 23+13 <5 100+1 103+3 99+3
Cu 100+ 3 98+4 98+3 <5 19+13 <5 98+3 99+3 98+2
Fe 99+4 98+4 98+4 <5 <5 <5 100 + 4 99+5 100+ 3
Mn 101+4 100+ 3 101+3 70 £10 80+20 60+ 10 99+2 97+3 95+5
Ni 100+ 3 100 + 4 98+3 <5 15+9 14+7 99+ 4 98 +4 102+3
Pb 99+5 96+ 5 98+4 99+5 96+6 96+ 7 98+4 97+3 99+2
Zn 100+ 2 98 +4 100 +4 <5 <5 <5 99 +4 98 +4 102+ 4
on average, a LoD improvement of 8 and 13-fold when operating with
Table 6

1-undecanol and chloroform, respectively. These results confirm the
usefulness of the coupling strategies evaluated for the analysis of
DLLME extracts by ICP-AES. It is important to remark that the
improvement in the analytical figures of merit reported for DLLME-
ICP-AES was related to two different factors: (i) the preconcentrating
process itself; and, (ii) the higher analyte transport efficiency afforded
when using organic solvents in ICP-AES. To evaluate the contribution
of aerosol generation and transport with organics on the analytical
figures of merit (sensitivity and LoD), the corresponding calibration
curve for organics and water were compared (Table S2, Appendix). The
use of 1-undecanol and BmimPFg improved sensitivity and LoD 2.2-
fold on average for the different elements tested. LoD improvement for
chloroform was also similar (2.8-fold) but less than expected according
to signal enhancement factors (6.5-fold on average) due to high blank
signals originated by the chloroform impurities. Therefore, a higher
improvement in LoDs for chloroform is still feasible improving reagent
quality. Nonetheless, different commercial chloroform providers were
tested but similar backgrounds were observed in all cases.

4. Conclusions

Results in this work clearly demonstrate that there is not any
limitation for coupling DLLME to ICP-AES when experimental condi-
tions are wisely selected. In fact, despite the different physical proper-
ties shown by the organic solvents usually employed in DLLME, a
single set of experimental conditions can be employed for metal
analysis. In addition, it should be taking into account that analytical
figures of merit in ICP-AES are not only improved by the DLLME
treatment process but also to aerosol generation and transport afforded
by the organics regarding to water. When compared to FAAS and

Table 5

Limits of detection in ICP-AES for direct sample analysis and 1-undecanol and
chloroform-based DLLME procedures. ICP-AES: Q,: 0.7 Lmin~!, Q:0.4 mLmin™!; 1-
undecanol dilution: methanol; 1:0.5 ratio; FIA carrier: 1% w w™' HNO;.

Limit of detection (ug L™")

Element Direct 1-undecanol- Chloroform-
analysis DLLME DLLME

Al 50 6 35

cd 30 6 1,4

Cr 40 6 6

Cu 30 2 7

Fe 30 4 4

Mn 40 22 6

Ni 30 8 ,7

Pb 20 4 1,1

Zn 20 3

ETAAS detection, the use of ICP-AES makes feasible the simultaneous
analysis of different metals thus improving sample throughput. In
addition, internal standardization calibration could be implemented to
improve accuracy and precision as well as to mitigate potential matrix
effected derived by the organics in the plasma.

It is expected that the strategies developed in this work could also
be applied for ICP-MS. Nonetheless, special attention should be paid in
this case to the spectral and non-spectral interferences due to carbon
since ICP-MS is more sensitive to matrix effects. In fact, the use of
organics could be beneficial to further improve the analytical figures of
merit since the ionization of some hard-to-ionize elements (e.g. As, Se,
etc.) is improved by carbon presence in the plasma [35]. These
experiments are currently being carried out in our laboratories.

Results of the analysis of water samples in ICP-AES using 1-undecanol and chloroform-based DLLME procedures as well as direct sample analysis (no preconcentration). ICP-AES: Qg:

0.7 Lmin~!, Q;:0.4 mL min'. FIA carrier: 1% w w™! HNO3.

Concentration (ug L™!)

Direct analysis

1-undecanol-DLLME

Chloroform-DLLME

Element Sea Tap River Sea Tap River Sea Tap River
Al <150 215+ 14 <150 75+2 226 +5 135+4 71+4 2205 135+4
Cu 230+20 145+6 350+9 207 +4 150+ 4 3314 208+ 3 140+ 4 335+3
Fe <90 <90 < LoD 61+4 59+5 23+3 64+2 571 24+5
Mn 240 +20 < LoD < LoD 238+3 < LoD < LoD 229+3 < LoD < LoD
Ni 400+5 130+ 7 140 £ 12 407 £2 1115 140+ 2 4105 1103 136+ 3
Zn 100 £ 15 85+7 <60 98+2 73+4 56+4 97+ 4 72+4 534

Precision is presented in form of confidence intervals obtained as ts where ¢ is the Student's ¢ (4.3 for a 95% confidence level) and s is the standard deviation of three replicates of the

analysis.
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INTRODUCTION

Dispersive liquid-liquid microextraction (DLLME) has been stablished as a fast and green sample preparation methodology to extract and preconcentrate different kind of species from complex matrices.DLLME improves limits of|
detection and minimizes interferences with minimum reagents requirements and waste generation. Up to date, the coupling DLLME with inductively coupled plasma atomic emission spectrometry (ICP-AES) and inductively coupled|
plasma mass spectrometry (ICP-MS) has been limited mainly due to the properties of the organic solvents usually employed (i.e. high viscosity and/or volatility) To avoid these drawbacks, different approaches have been suggested
(e.g. solvent evaporation, water back-extraction, etc.) but they counterbalance main DLLME benefits and may require complex modifications in the ICP configuration. The goal of this work is to evaluate different strategies for the|
analysis of DLLME extracts with ICP-based techniques. To this end, the influence of the sample introduction system and ICP experimental conditions on analytical figures of merit have been evaluated for several solvents usually|
employed in DLLME procedures (chloroform, 1-undecanol and 1-Butyl-3-methylimidazolium hexafluorophosphate).

Y EXPERIMENTAL

COUPLING DLLME

Table 1. ICP-AES operating conditions \

SOLVENT

Agilent 720 ICP-AES

¥ No organic solvents requried

-

¥ No complex sample introduction system
v" No oxygen addition

WITH ICPAES = = Chloroform 1-undecanol BminPFg
+ I = = Plasma forward power (W) 1400
Argon flow rate (L/min)
o Injection valve ICP-AES 720 Agilent Plasma 16.5 15
Peristaltic pump 25 L . »
(25pL) Auxiliary 25 1.25
. Nebulizer 0.5-0.8 0.6-0.9
Multi-elemental X i :
analysis Carrier flow rate (mL/min) 0.4-1.2 0.6-1.5
Sample introduction system
. . injecti 25
Carrier: 1% w/w HNO, or HCI solution j ﬂ;ai’lzggl‘i‘g’;i‘t‘; Flow injection loop volume (L) s

Acquisition time (s)/replicates

Table 2. DLLME extraction procedures tested

Alcohols
(1:0.5 proportion; Type of solvent (volume pL) 1-undecanol (40) BminPFs (110) Chloroform (60)
¥ Minimum dilution, Disperser (volume pL) Acetone (600) Acetone (400) Ethanol (400)
[p— pH 6 22 6
Chelating agent (concentration %) TTA (0.3) DDTC(0.3) APDC (0.5)

Y. Yaminietal., J.
Chromatogr. 1217 (2010)
2358

M. Dehghaniet al., Asian J. P. Hemmatkhahetal.,
Chem. 25 (2013) 3984  Microchim Acta 166 (2009)
69

Reference

T ICP-AES optimization
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Figure 1. Influence of the nebulizer gas flow rate on the Cd I
214.439 nm intengrated emission signal operating 1-undecanol at
different Q. Dilution solvent: methanol; 1-undecanol-alcohol

25

Nebulizer gas flow (L/min)

Figure 2. Influence of the nebulizer gas flow rate on the Cd Il
214.439 nm integrated emission signal operating BMIMPF; at
different Q Dilution solvent: methanol; 1-undecanol-alcohol
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Figure 3. Influence of the dilution solvent on the Cd Il

- S ) 2 Figure 4. Influence of the nebulizer gas flow rate on the Cd Il
214.439 nm integrated emission signal operating 1-

214.439 nm integrated emission signal operating chloroform at

undecanol and BminPFs. Q,: 0.7 L/min; Q;: 0.4 mL/min

differentQ,

proportion: 1:0.5. proportion: 1:0.5.

)

o Real sample analysis ~

Table 4. Recoveries obtained for analyte spiked water samples using the 1-
different DLLME procedures based on 1-undecanol, BminPF6 and chloroform.

Analyte spike 100 pg/L. ICP-AES: Q: 0.7 L/min, Q;:0.6 mL/min.

Table 5. Results of the analysis of water samples in ICP-AES using the

undecanol and chloroform-based DLLME procedures. ICP-AES: Qg: 0.7 L/min,
Ql:0.6 mL/min.

Concentration (ug/L)

Table 3. Analyte enrichment factor (EF) and limits of detection (LoD) for several elements
operating the different DLLME-ICP-AES procedures. ICP-AES: Qy: 0.7 L/min, Q;: 0.6 mL/min.
1-undecanol and BminPF; dilution solvent: methanol; Organic-alcohol proportion:

1:05.
1-undecanol BminPF6 cl |
1-undecanol | BminPF; | Chloroform | 1-undecanol | BminPF; | Chloroform Element Sea River | Sea | River | Sea | River

aa a7 o 15 20 35 cd 96:3 | 993 | <5 | <5 | 100:3 | 9843
2.4 16 7.5 1:3) 18 36 Cr 925 90+3 | <5 <5 99+1 963 <6 <6 <5 <5
15 26 8.4 13 22 40 cu 9743 | 9543 | <5 | <5 | 95:3 | o6x2 20744 15084 140%4 33543
L2 22 G 21 2o 21 Fe 95+4 | 9413 | <5 | <5 | 96x4 | o723 6134 2313 6412 2415
1.3 19 4.0 15 18 312

Ni 9743 9443 | <5 < 9544 9943 4072 140£2 4105 13643
2.7 2.4 8.0 16 23] 1.0

Pb 9445 9544 [995| 9616 9744 94+4 <4 <4 <11 <11

 Limit of detection improvement in agreement with signal enhancement with the
exception of chloroform (high blank signals, metal contamination

« Signal and limit detection enhancement in ICP-AES by organics due to higher aerosol
generation and transport efficiency.

Multi-elemental analysis depends on the selectivity of the

r Good agreement between the different DLLME methodologies
extraction procedure

L

.- CONCLUSIONS
'v" Coupling DLLME to ICP-AES is totally feasible allowing multi-elemental analysis
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O 43A - Dispersive liquid-liquid microextraction with inductively coupled
plasma atomic emission spectrometry— an oxymoron?
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Abstract

Inductively coupled plasma atomic emission spectrometry (ICP-AES) is usually employed for the
analysis of metal, metalioids and some non-metals in different kind of samples (i.e. environmental,
pharmaceutics, foads, etc.).. The main: advantages of these techniques are: (i) accuracy and
precision; (ii) low limits of detection (g L--ng L range); (iff) high dynamic range; and (iv) muiti-
element capabilities. Howe_ver,_'s'a'mple'throLtghp_ut- is often limited by manual and labor-intensive
sample preparation méthodologies (e.g. acid digestion, liquid-liquid extraction, etc.)

Dispersive liquid-liquid micro-extraction (DLEME) has been stablished as a faster and greener
sample preparation methodology to separate and preconcantrate analytes from complex matrices.
DLLME improves ‘limits. of detection and minimizes ‘interferences: with minimum reagents
requirements and waste generation. Up to date, the use of DELME with ICP-AES has been very
limited due to the physicochemical properties of the extractants émployed. High volatile solvents
(.g. carbon tetrachloride) usually have a deleterious effect on’ plasma conditions that could even
lead to plasma extinction. Oni the other hand, high:viscous solvents (e.g. undecanol or most of
the common ionic liquids) could not bhe directly introduiced into the plasma with the conventional
liquid sample: infroduction system. To address these: sues, different approaches have been
. suggested (e.g. solvent evaporation; water back-extraction, etc.) bt they counterbalance main
. DLLME benefits and may require complex modific tions in the ICP configuration (e.g. desolvation

.~ system or oxygen addition)

-analyze DLLME extracts with ICP-AES.
ndecanol; ' 1-butyl-3-methyl-imidazolium
ysicochemical properties have been
d be directly introduced in ICP-AES
treatment. The analysis of undecanol
lution step with a less viscous solvent is
race and:ultra-trace analysis of different

1. The goal of this work Is to explore differant stra

To this end, three extractants (chlorofor (A
xafliuorophospahte, BminsPFs). 'showing  diffetent.
lected. Experimental results shown that chlorofor:
ising flow injection analysis (FIA) without any previous
nd. BminiPFs is also feasible by FIA{ICP-AES but
_required.: These strategies have been ‘applied fo

- environmental and food samples. -

e
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