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Justificacion y Objeto del Trabajo







Los hidrocarburos aromaticos policiclicos (PAH) y el mercurio son contaminantes cuya pre-
sencia en el medioambiente es ubicua, es decir, estdn muy presentes en el suelo, el aire y el
agua. Se consideran a nivel mundial como especies contaminantes toxicas de especial peligro-
sidad cuya presencia, por encima de ciertos umbrales, implica un riesgo implicito para la salud
humana y los ecosistemas. De ahi la necesidad de llevar a cabo un control eficiente de los nive-
les de estos contaminantes en el medioambiente.

Por tanto, todas aquellas actividades de investigacidon orientadas hacia el desarrollo de
métodos analiticos cada vez mas simples, baratos, rapidos y fiables, como las desarrolladas en
esta memoria, resultan de gran interés y, por otro lado, adquieren especial relevancia en el
campo de la prevencidn, vigilancia y control medioambiental.

En este marco, los objetivos especificos planteados para el desarrollo del presente trabajo,
pueden resumirse en los siguientes puntos:

1. Desarrollar y validar metodologias de pretratamiento del material particulado at-
mosférico en suspension para la extraccién y preconcentracién de hidrocarburos

aromaticos policiclicos, y optimizar su determinacién mediante GC-MS/MS.

2. Desarrollar metodologias electroanaliticas para la monitorizacién de Hg(lIl) en diversas
matrices ambientales, basadas en el empleo de electrodos serigrafiados o impresos de
oro y de carbono modificados con nanoparticulas de oro.

3. Investigar especificamente el empleo de metodologias de extraccidn de Hg(ll) presente
en matrices ambientales sdlidas, mediante la aplicacion de la energia de ultrasonidos
(sonda y bafio).

4. Investigar el acoplamiento de las metodologias desarrolladas en el punto 3 con la de-
teccion voltamperométrica y los sensores descritos en el punto 2 y con ICP-MS, y su
aplicabilidad para la monitorizacién ambiental de Hg(ll).

5. Aplicar técnicas quimiométricas, como herramienta Util para el desarrollo rapido y efi-
ciente de métodos analiticos, y técnicas estadisticas, para la evaluacion de las implica-
ciones medioambientales de los contaminantes estudiados, sus correlaciones con
otros parametros de importancia ambiental, su distribucién espacial y su evolucién
temporal.

6. Aplicar la técnica de impedancia electroquimica para la caracterizacién superficial de
los electrodos impresos mencionados en el punto 2.
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Resumen







Los hidrocarburos aromaticos policiclicos (PAH) y el mercurio son contaminantes ambienta-
les con un especial interés analitico porque estan presentes en el medioambiente a muy bajas
concentraciones, sus propiedades toxicoldgicas los convierten en sustancias de especial peli-
grosidad para la salud humana y el medio ambiente y, en consecuencia, son especies priorita-
rias en el control y vigilancia medioambiental a nivel mundial, incluidas en diversos acuerdos
internacionales y normas legales de obligado cumplimiento. De modo que las lineas recientes
de investigacion en Quimica Analitica, dirigida hacia el desarrollo y aplicacién de métodos
analiticos sensibles, rapidos, simples y eficaces, resultan de gran interés en el campo medio-
ambiental por su utilidad para la monitorizacidn de dichos contaminantes.

En la primera parte de esta Tesis, Capitulo 3.1., se describe la optimizacion y validacion de
una metodologia analitica basada en la extraccién a reflujo y deteccién GC-MS/MS para la eva-
luacion de los perfiles de PAH en muestras de aerosoles atmosféricos de dreas urbanas y rura-
les de Extremadura con un bajo indice de contaminacién. Se han utilizado diversas herramien-
tas estadisticas para el estudio de las implicaciones medioambientales de los PAH en el aire
ambiente, en relacién a su concentracion, fuentes de emision, correlaciones con otros conta-
minantes, distribucién espacial y evolucion temporal.

En la segunda parte, Capitulos 3.2. al 3.5., se profundiza en el desarrollo y aplicaciéon de me-
todologias electroanaliticas, basadas en el empleo de electrodos impresos de oro y carbono
modificados con nanoparticulas de oro, para la monitorizacidn de Hg(ll) en diferentes matrices
medioambientales (agua de lluvia, agua residual y polvo atmosférico de interiores). En cada
capitulo, se describe detalladamente la optimizacién de las variables instrumentales involucra-
das en el desarrollo de dichos métodos. Especificamente, en el Capitulo 3.2., se describe tam-
bién la utilizacion de un nuevo disefio de celda electroquimica adaptada para el trabajo con
este tipo de electrodos y en los Capitulos 3.4. y 3.5., se demuestra, ademas, la eficacia de la
energia de ultrasonidos (sonda y bafo) para la extracciéon de Hg(ll) presente en muestras am-
bientales sélidas y el ventajoso acoplamiento de estos pretratamientos con las técnicas vol-
tamperométricas para la deteccién de este analito. En el Capitulo 3.5., se describe la optimiza-
cion de un disefio de experimentos como herramienta Util para la optimizacion de las variables
que influyen en la extraccion de Hg(ll) mediante la aplicacidn de la sonda de ultrasonidos.

En el Capitulo 3.6., se describe la aplicacion de la metodologia de extraccidon con sonda de
ultrasonidos, desarrollada en el capitulo anterior de esta Tesis, y su acoplamiento con la técni-
ca ICP-MS, para la monitorizacidn de Hg(ll) y la evaluacién de dicha contaminacion en suelos
afectados por emisiones industriales en Chile, durante el periodo comprendido entre 2007 y
2011. Se describe, asimismo, el empleo de distintas herramientas estadisticas y quimiométri-
cas para llevar a cabo el estudio ambiental.
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Resumo






Os hidrocarbonetos aromaticos policiclicos (PAH) e o merclrio sdo poluentes ambientais
com um interesse analitico especial porque estdo presentes no ambiente em concentracdes
muito baixas e as suas propriedades toxicolégicas torna-os substdncias particularmente
perigosas para a saude e o ambiente. S3o, portanto, espécies prioritarias na vigilancia
ambiental em todo o mundo, conforme estabelecem varios acordos e leis internacionais.
Assim, as linhas recentes de investigacdo em Quimica Analitica orientam-se para o
desenvolvimento e aplicacdo de métodos analiticos sensiveis, rdpidos, simples e eficientes,
sendo de um grande interesse na drea ambiental pela sua utilidade no control desses
poluentes.

Na primeira parte desta Tese, Capitulo 3.1., descreve-se a otimiza¢do e validacdo de um
método analitico baseado na extracdo a refluxo e na detecdo GC-MS/MS para avaliar o perfil
de PAH em amostras de aerossois atmosféricos de Extremadura, caracterizadas pelo baixo
nivel de poluicdo. Usaram-se varias ferramentas estatisticas para o estudo das implicacGes
ambientais dos PAH no ar, em relacdo a sua concentracdao, as fontes de emissdo, as suas
correlagGes com outros poluentes, a sua distribuicdo espacial e a evolucao temporal.

Na segunda parte, Capitulos 3.2. ao 3.5.,, descreve-se pormenorizadamente o
desenvolvimento e aplicagdo de métodos eletroanaliticos, com base na utilizacdo dos
elétrodos impressos (screen-printed) de ouro e de carbono modificados com nanoparticulas de
ouro para o analise do Hg (Il) em diferentes amostras ambientais (dgua da chuva, dgua residual
e pd atmosférico de ambientes interiores). Cada um dos capitulos descreve em detalhe a
otimizacdo das varidveis instrumentais envolvidas nos métodos voltamétricos.
Nomeadamente, no Capitulo 3.2., descreve-se também a utilizacdo de uma nova célula
eletroquimica recentemente concebida e adaptada para funcionar com este tipo de elétrodos.
Nos Capitulos 3.4. e 3.5., demonstra-se a eficacia da energia de ultrassom (banho e sonda
ultrassoénicos) para a extracdo do Hg (ll) presente em amostras ambientais sélidas, além do
vantajoso acoplamento destes pretratamentos com as técnicas voltamétricas para a detecdo
deste analito. No Capitulo 3.5., descreve-se a otimizacdo de um projeto de experimentos
(design of experiments) e a sua aplicagdo na otimizacdo das varidveis que influenciam a
extracdo do Hg (ll) com sonda de ultrassom.

No Capitulo 3.6., descreve-se a aplicacdo da metodologia de extracdo com sonda
ultrassénica, desenvolvida no capitulo anterior desta Tese, e 0 seu acoplamento com a técnica
ICP-MS para a avalia¢do da poluicdo pelo Hg(ll) em solos afetados por emissdes industriais no
Chile, entre 2007 e 2011. Além disso, descreve-se a utilizacdo de diferentes ferramentas
estatisticas e quimiométricas para cometer o estudo ambiental.

Finalmente, o Capitulo 3.7., faz uma abordagem do estudo de caraterizacao superficial dos
elétrodos impressos de ouro e de carbono modificados com nanoparticulas de ouro, utilizados
no desenvolvimento deste relatério, utilizando a técnica da espectroscopia de impedancia
eletroquimica.
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Abstract






Polycyclic aromatic hydrocarbons (PAHs) and mercury are environmental pollutants with a
special analytical interest because they are present in the environment at very low concentra-
tions, and their toxicological properties become particularly dangerous to human health and
ecosystem. Therefore, they are priority species in the worldwide control and environmental
monitoring, as established in various international agreements and enforceable laws. So, re-
cent research lines in Analytical Chemistry, lead to the development and application of sensi-
tive, rapid, simple, and efficient analytical methods, are of great interest in the environmental
field for their utility in the monitorization of these pollutants.

In the first part of this Thesis, Chapter 3.1., was described the optimization and validation of
an analytical methodology based on the reflux extraction and detection by GC-MS/MS for
evaluating the PAH profiles in atmospheric aerosol samples from low polluted urban and rural
areas located in Extremadura. Several statistical tools were used for studying the environ-
mental implications of PAH in ambient air in relation to its concentration, emission sources,
correlation with other pollutants, spatial distribution, and temporal evolution.

In the second part, Chapters 3.2. to 3.5., was carried out the development and application
of electroanalytical methods, based on the use of screen-printed gold electrodes and gold
nanoparticles modified screen-printed carbon electrodes for Hg (Il) monitoring in different
environmental matrices (rainwater, wastewater, and indoor dust). Each chapter describes in
detail the optimization of the instrumental variables involved in the development of the ana-
lytical methods. Specifically, in the Chapter 3.2., the use of a new design of electrochemical
cell, adapted to work with this screen-printed electrodes, was also described, and in the Chap-
ters 3.4. and 3.5., the effectiveness of ultrasonic energy (bath and probe) for the extraction of
Hg (ll) from solid environmental samples and the advantageous coupling of these pretreat-
ments with voltammetric techniques for detection of this analyte, were also demonstrated. In
Chapter 3.5., were described the optimization of a design of experiments as useful tool for the
optimization of the variables that influence the extraction of Hg (ll) by using an ultrasonic
probe.

In the Chapter 3.6., was described the application of the methodology of ultrasonic extrac-
tion with a probe developed before and its coupling with ICP-MS for the assessment of mer-
cury pollution in soils affected by industrial emissions in Chile, from 2007 to 2011. It was also
described the application of different statistical and chemometric tools to conduct the envi-
ronmental study.

Finally, in the Chapter 3.7., the characterization of screen-printed gold electrodes and gold
nanoparticles modified screen-printed carbon electrodes was performed by using the electro-
chemical impedance spectroscopy.
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Capitulo 1. Introducciéon






En este capitulo se presentan las principales caracteristicas quimicas y ambientales de los
analitos sobre los que se ha trabajo en la parte experimental: los hidrocarburos aromaticos
policiclicos y el mercurio. Se comentan también los principales antecedentes analiticos relati-
vos a la determinacién de estas sustancias en matrices ambientales.

1.1. HIDROCARBUROS AROMATICOS POLICICLICOS

1.1.1. GENERALIDADES

El término hidrocarburos aromaticos policiclicos (PAH) engloba a un amplio conjunto de
compuestos organicos cuya estructura molecular contiene dos o mas anillos de benceno fusio-
nados. Tienen una solubilidad en agua relativamente baja, son altamente lipofilicos y poco
biodegradables; siendo, por tanto, compuestos con una elevada persistencia en el medioam-
biente y considerados como altamente téxicos. (WHO, 2000; Villar et al., 2004).

Debido a sus bajas presiones de vapor, algunos PAH estan presentes en el aire a temperatu-
ra ambiente tanto en fase gaseosa como adsorbidos sobre las particulas en suspension (fase
aerosol). Los mas volatiles se encuentran casi exclusivamente en fase gaseosa, mientras que
los PAH de 3 6 4 anillos (presiones de vapor entre 10° y 10®mmHg) pueden tener fracciones
en ambas fases. Los mas pesados y de mayor potencial carcindgeno (5 y 6 anillos con presiones
de vapor de 10™mmHg) se encuentran predominantemente asociados a las particulas at-
mosféricas en suspension (Yusa et al., 2006; Ravindra et al., 2008).

Los PAH unidos al material particulado pueden sufrir fotodescomposicion cuando se expo-
nen a la luz ultravioleta procedente de la radiacion solar. En la atmdsfera, pueden reaccionar
con otros contaminantes como ozono, éxidos de nitrégeno y didxido de azufre, dando lugar a
dionas, nitro y dinitro-PAH y acidos sulfénicos, respectivamente (WHO, 2000).

Los hidrocarburos aromaticos policiclicos estdan ampliamente distribuidos en la atmdsfera y
son uno de los primeros contaminantes identificados como carcindgenos. A medida que au-
menta su peso molecular, su poder carcindgeno también aumenta. De hecho, el ben-
zo[a]pireno, que tiene una estructura formada por 5 anillos de benceno fusionados, fue el pri-
mero de ellos al cual se le atribuyeron propiedades cancerigenas para el ser humano (Ravindra
et al., 2008).

Ademas, los PAH asociados a las particulas en suspensidn estdn considerados como uno de
los factores de mayor riesgo para la salud humana debido a que las particulas pueden ser in-
haladas e incorporadas directamente al sistema respiratorio. Por eso, en los ultimos tiempos
se ha prestado especial atencidn a los estudios realizados en todo el mundo sobre el compor-
tamiento de estos compuestos (especialmente asociados a las particulas) en el aire ambiente
(Wai Fon et al., 2007).

La Agencia Estadounidense para las Sustancias Toxicas y el Registro de Enfermedades
(ATSDR) y la Agencia Estadounidense de Proteccion Ambiental (EPA) han considerado como
prioritarios, en funcidn de su perfil toxicoldgico, los dieciséis PAH que se presentan en la Tabla
1.1 (ATSDR, 1995). Las razones fundamentales de esta eleccidn son las siguientes:
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1. Sonlos compuestos de los que existe mayor informacion.

2. Sesospecha que son los mas perjudiciales para la salud.

3. Existe un mayor riesgo de exposicion.

4. De todos los PAH analizados, son los que estan presentes en mayor concentracion.

Tabla 1.1. 16 PAH prioritarios segin US-EPA y ATSDR

PAH
Naftaleno (NAP) Benzo[a]antraceno (BaA)
Acenaftileno (ACY) Criseno (CHR)
Acenafteno (ACE) Benzo[b]fluoranteno (BbF)
Fluoreno (FLO) Benzol[k]fluoranteno (BkF)
Fenantreno (PHE) Benzo[a]pireno (BaP)
Antraceno (ANT) Indeno[1,2,3-cd]pireno (lcdP)
Fluoranteno (FLA) Dibenzo[a,h]lantraceno (DBA)
Pireno (PYR) Benzo[g,h,ilperileno (BghiP)

Los términos que figuran entre paréntesis en la Tabla 1.1 corresponden a las abreviaturas
utilizadas en esta memoria para cada compuesto y en la Figura 1.1 se han representado sus
estructuras moleculares.

[20]



0 & Qoo oo

Naftaleno Acenaftileno Acenafteno Fluoreno Fenantreno Antraceno
Fluoranteno Pireno Benzo(a)antraceno Criseno Benzo(b)fluoranteno
Benzo(k)fluoranteno Benzo(a)pireno Indeno(1,2,3-cd)pireno Dibenzo(a,h)antraceno Benzo(g,h,i)perileno

Figura 1.1. Estructuras moleculares de los PAH
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1.1.2. FUENTES DE EMISION

Los PAH son la forma mas estable de los hidrocarburos que tienen una baja relacién hidré-
geno/carbono y normalmente se encuentran como mezclas complejas en lugar de cémo com-
puestos individuales (Ravindra et al., 2008). Su origen es fundamentalmente antropogénico y
se forman principalmente como resultado de procesos de pirdlisis; especialmente por la com-
bustion incompleta de materiales organicos durante las actividades industriales y humanas
tales como el procesado del crudo y del carbén, la combustién del gas natural, la incineracién
de residuos, el trafico rodado y el consumo de tabaco. También se originan en procesos natu-
rales como pueden ser las erupciones volcdnicas y los incendios forestales, aunque su contri-
bucidn es insignificante (WHO, 2000).

La asignacion de fuentes de emisidn de PAH a la atmdsfera es un tema que continda en dis-
cusion. En la bibliografia, son numerosos los autores que han descrito la influencia que las
actividades naturales y antropogénicas tienen en la concentracion de los PAH en el aire am-
biente. Ravindra et al., en una revision publicada en 2008, proponen la siguiente clasificacion:

1. Fuentes de emisién de origen antropogénico:

o Emisiones domésticas (quema de lefia, gasolina, gas, residuos, tabaco, barbacoas,
etc.)

o Emisiones debidas al tréfico (rodado, aéreo, tren, maquinas)

o Emisiones industriales (produccién de aluminio, cementera, siderurgica, incineracion

de residuos, petroquimica etc.)
. Emisiones agricolas (quema de biomasa)
2. Fuentes de emision de origen natural:

o Origen terrestre (incendios forestales originados de forma natural, erupciones volca-
nicas, biosintesis de microorganismos y plantas)

o Origen césmico (sintesis a altas temperaturas)

1.1.3. EFECTOS SOBRE LA SALUD

Los hidrocarburos aromaticos policiclicos pueden ser perjudiciales para la salud en deter-
minadas circunstancias. Algunos PAH, tales como benzo[a]antraceno, benzo[a]pireno, ben-
zo[b]fluoranteno, benzo[k]fluoranteno, criseno, dibenzo[a,h]antraceno e indeno[1,2,3-
cd]pireno, son los causantes de tumores en animales de laboratorio cuando éstos han estado
expuestos a su presencia en el aire, en la comida o cuando han estado largos periodos de
tiempo en contacto con la piel. Asimismo, algunos estudios han demostrado que la misma
exposicion en los humanos (respiracién y contacto con la piel) a mezclas de PAH y otros com-
puestos, también pueden originar enfermedades como el cancer (Menzie et al., 1992; ATSDR,
1995; WHO, 2000; Ravindra et al., 2001). El riesgo principal de estos compuestos es que al
estar adsorbidos sobre las particulas, preferentemente en las de menor didmetro aerodinami-

(22]



co (PM,s y PM,), penetran facilmente en el sistema respiratorio siendo causantes también de
enfermedades pulmonares crdonicas como el asma (Srogi, 2007; Cheng et al., 2007).

La Agencia Internacional de Investigacion sobre el Cancer (IARC) ha clasificado los dieciséis
PAH prioritarios de la EPA en funcién de su poder carcindgeno segln se muestra en la Tabla
1.2

Tabla 1.2. Cardcter carcinégeno de los PAH segun la IARC

Cancerigenos para los seres humanos BaA, BaP

Posibles cancerigenos para los seres humanos BbF, BkF, IcdP

No clasificados por cardcter carcindégeno ANT, BghiP, CHR, FLO, FLA, PHE, PYR

Sin embargo, la clasificacion que sugiere la EPA (Tabla 1.3) muestra algunas diferencias.

Tabla 1.3. Caracter carcinégeno de los PAH segun la EPA

Probables carcindgenos humanos BaA, BaP, BbF, BkF, CHR, DBA, IcdP

No clasificados por cardcter carcindgeno ACY, ANT, BghiP, FLA, FLO, PHE, PYR

No obstante, la mayor parte de la informacién disponible sobre los efectos en la salud de
los PAH en los seres humanos se refiere a mezclas complejas y no a su actuacion individual,
como se ha comentado anteriormente (Ravindra et al., 2008).

Por lo tanto, no es posible evaluar la contribucion de cualquiera de los PAH al caracter car-
cindgeno total de estas mezclas debido a la complejidad de las mismas y a la presencia de
otras sustancias cancerigenas. La Unica forma de cuantificar la exposicidn total de los seres
humanos a los PAH con potencial carcindégeno es utilizando el benzo[a]pireno como indicador
o marcador del contenido de PAH totales en el aire ambiente, ya que es el hidrocarburo
aromatico policiclico mas estudiado de todos los presentes en el aire y, por tanto, del que se
conocen un mayor nimero de datos cuantitativos acerca de sus propiedades carcindgenas y
mutagénicas (WHO, 2000; Position Paper, 2001; Lin et al., 2002; Gutiérrez-Daban et al., 2005;
Srogi, 2007; Ravindra et al., 2008).

Por eso, las leyes que regulan actualmente el contenido de los hidrocarburos aromaticos
policiclicos en el aire ambiente, sélo contemplan la determinacién del contenido de ben-
zo[a]pireno.
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1.1.4. LEGISLACION

La legislacion vigente actualmente en relacion a la determinacién del contenido de hidro-
carburos aromaticos policiclicos en el aire ambiente esta recogida en la directiva europea
2004/107/CE (directiva hija de la Directiva 96/62/CE), transpuesta a la legislacién espafiola por
el Real Decreto 812/2007, de 22 de junio, sobre evaluacidn y gestion de la calidad del aire am-
biente en relacidn con el arsénico, el cadmio, el mercurio, el niquel y los hidrocarburos aroma-
ticos policiclicos.

Este Real Decreto utiliza como indicador del riesgo cancerigeno de los hidrocarburos
aromaticos policiclicos al benzo[a]pireno y establece como valor objetivo una concentracién de
1 ng/m?, referida al contenido total en la fraccién PM;, como promedio durante un afio natu-
ral.

1.1.5. ANTECEDENTES ANALITICOS SOBRE PAH EN EL MATERIAL PAR-
TICULADO ATMOSFERICO

La determinacién de hidrocarburos aromaticos policiclicos en el material atmosférico en
suspension es un problema analitico de gran complejidad debido a la heterogeneidad de la
matriz, a la naturaleza quimica de los compuestos y a las bajas concentraciones en lasque se
encuentran.

La toma de muestras del material particulado atmosférico para la posterior determinacién
de estos analitos no presenta una especial dificultad. Se lleva a cabo mediante su retencién en
filtros (celulosa, vidrio, cuarzo o tefldn) a través de los que se fuerza a pasar el aire mediante
un sistema de bombeo. Se utilizan impactadores de cascada que se acoplan a los captadores
de particulas para separarlas en funcién de su tamafio. Estos captadores pueden ser de alto o
bajo volumen. No obstante, existen ciertas incertidumbres asociadas al muestreo debido a la
influencia de algunos contaminantes (O3, NO,) en la descomposicidn de los analitos adsorbidos
sobre las particulas (Brorstrom et al., 1983; Peltonen y Kuljukka, 1995; UNE 77250, 2001). Por
eso, se pueden utilizar como alternativa captadores modificados en los que se incorpora una
pieza cilindrica o denuder cuya eficacia en la minimizacién de las pérdidas de analitos (en fase
gaseosa y en fase particulada) estd descrita en la bibliografia (Temime-Roussel et al., 2004; EN
15549, 2008).

Por las razones expuestas al inicio de este apartado, la gran mayoria de las metodologias de
pretratamiento para la determinacion de estos compuestos son, muy tediosas y requieren
varias etapas de extraccidén y preconcentracion previas al analisis (Liu et al., 2007).

El método mads utilizado para la extraccion de los PAH es la cldsica extraccidon Soxhlet, em-
pleando como disolventes diclorometano, acetonitrilo, benceno, tolueno, n-hexano, acetona,
ciclohexano y/o mezclas de ellos. Es el método mas utilizado porque posee una eficacia muy
elevada, pero tiene dos inconvenientes importantes, que son el tiempo de extraccidn y la ele-
vada cantidad de disolvente que se requiere (EPA, 1999; Cecinato et al., 2000; Lépez-Cancio et
al., 2002; UNE 77250, 2001; Gutiérrez-Daban et al., 2005; Christensen et al., 2005; Stroher et
al., 2007; Barrero y Cantén, 2007; Callén et al., 2008; EN 15548, 2008).
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La extraccion con ultrasonidos es otro de los métodos mas utilizados. Es una técnica muy
eficaz para la separacidn de los PAH que, a diferencia de la primera, consume poco tiempo y
poca cantidad de disolvente (Lodovici et al., 2003; Borras y Tortajada-Genaro, 2007; Stréher et
al., 2007; Sharma et al., 2007; Lee et al., 2008; EN 15548, 2008). En la bibliografia se describen
numerosas metodologias llevadas a cabo en bafio de ultrasonidos, sin embargo, existe tam-
bién alguna referencia actual en la que se emplea la sonda ultrasénica (ultrasonidos focaliza-
do) para la separacidon de estos compuestos en otro tipo de matriz ambiental sélida como el
suelo (EPA, 1996a; Capelo et al., 2005).

Es cada vez mas habitual encontrar también en la bibliografia otros métodos de extraccién
de los PAH del material particulado atmosférico basados en el uso de microondas (MAE) (Pi-
fieiro-Iglesias et al., 2000; Bruno et al., 2007; EPA, 2007; EN 15548, 2008; Castro et al., 2009).
En base a esto, se han desarrollado diversas metodologias como la extracciéon dindmica asisti-
da por microondas (DMAE) en la que se va afiadiendo secuencialmente disolvente fresco sobre
el recipiente de extraccién, asegurando asi que el proceso sea cuantitativo (Ericsson and
Colmsjo, 2002), la extraccion mediante el empleo de micro-ondas focalizado (FMAE) (Shu et
al., 2003), la extraccidn con microondas a baja temperatura (Karthikeyan et al., 2006), todas
ellas off-line, asi como aplicaciones on-line de estas técnicas de pretratamiento para conseguir
automatizar el proceso, reducir el tiempo de andlisis y minimizar las posibles pérdidas de anali-
to (Chen et al., 2008).

Por otra parte, se describen otras técnicas como extracciéon con agua subcritica, extraccién
con fluidos supercriticos (como el CO,), extraccion acelerada con disolventes (ASE) y extraccion
con disolventes a presién (PSE) que también estan siendo aplicadas para la extraccién de los
PAH en muestras atmosféricas (Romero et al., 2002; Ravindra et al., 2006; Liu et al., 2007; EN
15549, 2008).

En cuanto a las técnicas de preconcentracion, se recoge en la bibliografia la utilizacion de
equipos Kuderna-Danish, la evaporacion rotativa y la concentracion bajo corriente de nitrége-
no. Las dos primeras se aplican a volumenes elevados de disolvente, mientras que la uUltima se
utiliza para concentrar volimenes mas pequefios. El riesgo de pérdida de analito en esta etapa
es elevado, por lo que conviene emplear estas técnicas con mucha precaucion (Chang et al.,
2001; UNE 77250, 2001; Pifieiro-Iglesias et al., 2002; Gutiérrez-Daban et al., 2005; Christensen
et al., 2005; Liu et al., 2007, Borras y Tortajada-Genaro, 2007; Stroher et al., 2007; EN 15549,
2008; Castro et al., 2009)

Una de las ultimas etapas del tratamiento previo a la determinacidn analitica, es la limpieza
de la muestra. En esencia, esta etapa consiste en una separacién de los analitos de interés
mediante cromatografia en columna. Generalmente, se utilizan gel de silice y alimina como
fase estacionaria; esta separacién también se puede llevar a cabo utilizando cartuchos Cig,
como en la extraccion en fase sélida clasica (Pifeiro-Iglesias et al., 2000; Pifieiro-Iglesias et al.,
2002; Gutiérrez-Daban et al., 2005). La necesidad de realizar este proceso es un tema en discu-
sién en la bibliografia. En la gran mayoria de los articulos esta etapa forma parte del pretrata-
miento, aunque cada vez se encuentran mas estudios donde se obvia este paso, como descri-
ben Liu et al. en una revisién realizada en 2007.

[25]



La determinacion directa de trazas de PAH en aerosoles atmosféricos mediante técnicas
cromatograficas modernas de alta eficacia es todavia muy dificil. Las limitaciones estdn asocia-
das no sélo con la insuficiente sensibilidad de las técnicas analiticas, sino con las propias inter-
ferencias de la matriz. Por esta razdn, se requieren técnicas de extraccion, preconcentracion y
limpieza, como las descritas previamente, que involucran un gran numero de etapas y que, por
tanto, suponen un riesgo en cuanto a las pérdidas de analitos (Liu et al., 2007). A pesar de que
son procedimientos muy complejos y dificiles de automatizar, existen en la bibliografia algunas
aplicaciones que han conseguido acoplar las técnicas de extraccién con los instrumentos de
analisis para la determinacion de PAH en muestras de suelo, sedimentos y material particulado
atmosférico (Ericsson y Colmsjo, 2000; Ericsson y Colmsjo, 2002; Moreira Vaz, 2003; Chen et
al.,, 2008). No obstante, Bente et al., (2008), proponen la determinacion directa de los PAH
adsorbidos sobre las particulas atmosféricas en suspensidn acoplando un sistema de desorcion
ldser a un espectréometro de masas (LD-REMPI-SP-TOFMS); obviamente, se trata de una meto-
dologia punta en la que se emplea una instrumentacidn de elevado coste.

Por ultimo, debido a la propia naturaleza de los PAH, las técnicas analiticas mas utilizadas
son la cromatografia de gases y la cromatografia liquida de alta resolucidn. La mayor aplicabili-
dad de la cromatografia gaseosa en la determinacién de estos analitos se basa en la favorable
combinacién de alta selectividad y resolucién, buenas exactitud y precision, amplio intervalo
dindmico lineal de concentraciones y elevada sensibilidad (Santos y Galceran, 2002).

La eleccion de la fase estacionaria apropiada para la separacion de los PAH es un aspecto
critico en el desarrollo del método de analisis. En cromatografia de gases se utilizan general-
mente columnas capilares cuya fase estacionaria esté compuesta por polixilosanos ya que no
generan mucho ruido de fondo como consecuencia del sangrado de columna, incluso a altas
temperaturas. La combinacidn de polixilosanos de distinta naturaleza en la fase estacionaria de
la columna permite obtener distintos intervalos de polaridades que favorezcan la separacién y
la resolucion de los picos cromatograficos de los analitos (Poster et al., 2006).

El cromatégrafo de gases puede ir acoplado a distintos tipos de detectores como un es-
pectrdmetro de masas (GC-MS), un detector de ionizacion en llama (GC-FID), un detector de
tiempo de vuelo acoplado a un espectrémetro de masas (GC-TOF-MS) o un espectrometro de
masas de trampa de iones (GC-iontrapMS), siendo los dos primeros los mas ampliamente re-
cogidos en la bibliografia. Por su parte, la cromatografia liquida puede ir acoplada a un detec-
tor UV (HPLC-DAD) o a un detector fluorescente (HPLC-FL), aprovechando el caracter fluores-
cente de la mayoria de estos analitos (Santos y Galceran, 2002; Poster et al., 2006).

Con el objetivo de buscar mejoras en la sensibilidad y la selectividad, las tendencias actua-
les en el analisis de los PAH van encaminadas a llevar a cabo modificaciones tanto en los siste-
mas de deteccién como en las partes instrumentales relacionadas con la separacion y la inyec-
cion. Las perspectivas futuras estan orientadas, por tanto, a la utilizacion de la cromatografia
de gases acoplada a un detector de masas en tandem (GC-MS-MS), a la cromatografia de gases
de alta velocidad (HSGC), a la cromatografia de gases en tandem (GCxGC), a la cromatografia
de gases de volumen grande de inyeccién y temperatura programada (PTV-LV-GC) o a la cro-
matografia liquida con deteccién de masas (LC-MS). Incluso la combinacion de la cromatografia
liguida y la gaseosa (LC-GC) es una alternativa potente que combina las mejores caracteristicas

[26]



de ambas técnicas y es ideal para el analisis de muestras complejas (Santos y Galceran, 2002;
Poster et al., 2006; Yusa et al., 2006; Bruno et al., 2007).

En relacién a la interpretacién medioambiental (identificacion de fuentes de emisién, com-
portamiento espacio-temporal, influencia de algunos pardmetros meteorolédgicos y contami-
nantes ambientales), de los resultados obtenidos del andlisis de los PAH unidos al material
particulado atmosférico, se recoge en la bibliografia la aplicacién de diversas herramientas
quimiométricas como el andlisis de componentes principales (PCA), analisis de conglomerados
o cluster (HCA), la aplicacién del test ANOVA o el célculo de coeficientes de correlacion pa-
ramétrico (Pearson) y no paramétrico (Spearman) (Lodovici et al., 2003; Ravindra et al., 2006;
Sharma et al., 2007; Barrero y Cantén, 2007; Stréher et al., 2007; Hien et al., 2007; Ravindra et
al., 2008; Callén et al., 2008; Tham et al., 2008).
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1.2. MERCURIO

1.2.1. GENERALIDADES.

El mercurio es un elemento que estd presente de manera natural en el medio ambiente,
coexistiendo en diferentes formas segun se detalla mas adelante (UNEP, 2002).Esta reconocido
como contaminante global porque puede ser transportado a largas distanciasen la atmdsfera,
es persistente en el medio ambiente, se acumula en la cadena alimentaria, pudiendo plantear
graves efectos adversos en la salud humana y en los ecosistemas. Por todo ello, el mercurio es
uno de los contaminantes ambientales mas estudiados (Drasch et al., 2004; Leopold et al.,
2010; Liu et al, 2012).

De entre sus propiedades fisico-quimicas, cabe mencionar que el mercurio es un metal pe-
sado de color blanco-plateado brillante y es el Unico que se encuentra en estado liquido a
temperatura ambiente. Si no estd encapsulado se evapora facilmente generando vapores inco-
loros e inodoros que son téxicos y corrosivos (UNEP, 2002). Posee un numero atémico de 80,
un peso atémico de 200,59, temperaturas de fusion y ebullicién de -38,84 °C y 356,62 °C, res-
pectivamente, y una densidad de 13,53 g/cm?® (Handbook, 2004). Es buen conductor de la elec-
tricidad y su coeficiente de dilatacién es practicamente constante.

El mercurio se encuentra en la naturaleza en forma de siete isdtopos cuyas masas (en orden
decreciente de abundancia) son 202, 200, 199, 201, 198, 204, 196, ademas de un radioisétopo
relativamente estable, el 203 (Adriano, 2001; UNEP, 2002). Sus estados de oxidacién son 0
(Hg®, metalico), +1 (Hg,*", mercurioso) y +2 (Hg**, mercurico) y sus propiedades, muy diferen-
tes, son funcidon de los mismos (Drasch et al., 2004; Liu et al, 2012). Este elemento tiene la
capacidad de que algunos metales como el oro, la plata, el cobre o el cinc se disuelven facil-
mente en él para formar un liquido o una amalgama sélida (Drasch et al., 2004).

Considerando las diferentes propiedades toxicocinéticas (absorcion, distribucion fisioldgica,
metabolismo y eliminacién)de cada una de las especies de mercurio a las que estan expuestos
los organismos vivos y a su comportamiento diferente dentro del ciclo del mercurio en el me-
dio ambiente, dichas especies se pueden agrupar en tres categorias (Drasch et al., 2004):

. Mercurio metalico

El mercurio elemental (Hg® es normalmente conocido como vapor de mercurio cuando
esta presente en la atmdsfera o como mercurio metalico en su forma liquida. Hg® es una espe-
cie de considerable toxicidad asi como importante desde un punto de vista ambiental, ya que
tiene una presion de vapor relativamente alta y una cierta solubilidad en agua (aprox. 60 pg/L,
25°C).

o lones inorgdnicos de mercurio

El Hg(ll) puede formar diferentes sales inorganicas, como son el éxido de mercurio(ll)
(HgO), el cloruro de mercurio(ll) (HgCl,) y el sulfuro de mercurio(ll) (HgS, cinabrio). El HgCl,es
un compuesto volatil que puede estar presente como gas atmosférico pero que también se
encuentra en la fase acuosa, ya que posee una elevada solubilidad en agua (62 g/L, 20 °C) que
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lo convierte en una especie altamente tdxica. Por el contrario, la solubilidad en agua del HgS es
extremadamente baja (aprox. 10 ng/L) y, consecuentemente, es un compuesto menos tdxico
que el HgCl,. Por otra parte, la elevada afinidad del Hg(ll) por los grupos sulfhidrilos de los
aminodcidos (cisteina y metionina) en las enzimas, explica también su alta toxicidad. Su afini-
dad es incluso mayor por los grupos HSe’, lo que explica el rol de proteccidén de este otro ele-
mento frente a la intoxicacidn por mercurio.

El Hg(l), por su parte, se encuentra exclusivamente formando sales diméricas como Hg,Cl,
(calomelanos) que es una sal menos soluble en agua, y por tanto, menos téxica que HgCl,.

o Compuestos organicos de mercurio

El Hg(ll) se une a través de un enlace covalente (R-Hg-X) o dos (R-Hg-R) con atomos de car-
bono. A efectos practicos, los compuestos organicos de mercurio se limitan a los alquilmercu-
rios (monometilmercurio, monoetilmercurio y dimetilmercurio), hidroximercurio y arilmercu-
rios (fenilmercurio).Los cationes orgénicos de mercurio (R-Hg'*) forman sales con acidos orga-
nicos e inorganicos (por ejemplo, cloruros y acetatos), y reaccionan facilmente con ligandos
bioldgicos, en particular con los grupos sulfhidrilos. Los compuestos organicos de mercurio,
fundamentalmente los haluros (por ejemplo, CH3;HgCl) y los dialquilmercurio, son lipofilicos
por lo que tienen la capacidad de atravesar facilmente las membranas bioldgicas. Asi, la dife-
rencia que existe entre los distintos compuestos organicos de mercurio se relaciona directa-
mente con la estabilidad de los enlaces C-Hg in vivo. Por esa razén, los alquilmercurios son
compuestos mas resistentes a la biodegradacién que los compuestos hidroxi o arilmercurio.

En definitiva, el mercurio es uno de los elementos mas tdxicos que puede estar presente en
los diferentes compartimentos medioambientales (atmdsfera, agua, suelo, sedimentos y biota)
y que ademads no se puede descomponer ni degradar en sustancias inofensivas. En condiciones
ambientales, los compuestos de mercurio mas probables de encontrar son las sales inorgani-
cas de Hg(ll) como HgCl,, Hg(OH), y HgS; metilmercurio en forma de CHsHgCl y CH3HgOH; vy, en
menor proporcion, especies como (CHs),Hg o fenilmercurio (Drasch et al., 2004).

1.2.2. EL MERCURIO EN EL MEDIOAMBIENTE

1.2.2.1. CICLO DEL MERCURIO

El mercurio esta sometido en el medio ambiente a una serie de complicados procesos de
transformacion y transporte. El desarrollo de su ciclo biogeoquimico esta estrechamente rela-
cionado con las formas quimicas de mercurio que estan presentes en los diferentes comparti-
mentos ambientales (Liu et al, 2012).

Las emisiones de mercurio procedentes tanto de fuentes naturales como antropogénicas
son, principalmente, en la forma de mercurio elemental (Hg(0)) que constituye mas del 90 %
del mercurio total en la atmésfera (Liu et al, 2012). Sin embargo, las transformaciones biogeo-
quimicas pueden llevar a las especies de mercurio a los estados de oxidacion +1 y +2 (Leopold
et al.,, 2010).
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La mayoria de los compuestos inorganicos de Hg(l) son poco solubles en agua y, por tanto,
se encuentran principalmente en suelos y sedimentos. Por el contrario, los complejos inorgani-
cos de Hg(Il) o los compuestos con especies inorganicas y/u organicas dependen de las condi-
ciones ambientales propias. Sus tiempos de residencia en el aire son muy cortos (minutos) y
son rapidamente removidos por procesos de deposicidon debido a sus elevadas actividad super-
ficial y solubilidad en agua. Mas del 90% de la carga de mercurio de las aguas superficiales
resulta de la deposicion atmosférica (Leopold et al., 2010).

Por otro lado, la especie inorganica Hg(ll) sufre biometilacién dentro de los compartimentos
ambientales agua y suelo, dando lugar a la formacién de monometilmercurio (MMeHg) y di-
metilmercurio (DMeHg) a través de unas reacciones reversibles con desmetilacion llevadas a
cabo de manera natural por los microorganismos y/o descomposicion fotolitica (Leopold et al.,
2010).

La movilidad de todas estas especies es muy elevada y su dindmica en el medioambiente se
ilustra en la Figura 1.2. Como puede observarse, las emisiones de mercurio a la atmdsfera pro-
ceden tanto de fuentes naturales y antropogénicas como de las re-emisiones del mercurio que
ha sido previamente depositado desde el aire sobre los suelos, las aguas superficiales y la ve-
getacion. Los datos que se presentan en la Figura 1.2, corresponden a las toneladas de mercu-
rio que se estima estan involucradas en su ciclo biogeoquimico.
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Figura 1.2. Ciclo del mercurio en el medioambiente (Fuente: UNEP, 2013)

1.2.2.2. EL MERCURIO EN LA ATMOSFERA

Los procesos que definen la presencia y evolucién del mercurio en la atmédsfera son las emi-
siones, las transformaciones en otras especies, el transporte y la deposicidn.

Como se ha comentado anteriormente, las emisiones de mercurio a la atmdsfera pueden
tener como origen procesos naturales y antropogénicos. Entre los primeros, se encuentran la
volatilizacidon del mercurio desde medios acudticos y marinos, la volatilizaciéon a partir de la
vegetacion, la liberacién procedente de las fuentes geoldgicas y las emisiones volcanicas. To-
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das estas emisiones naturales tienen lugar fundamentalmente en forma de mercurio elemen-
tal. Algunos modelos recientes de flujo de mercurio a través del medio ambiente sugieren que
las fuentes naturales representan alrededor del 10 % de las cerca de 5500 - 8900 toneladas de
mercurio que actualmente se emiten y reemiten a la atmdsfera a partir de todas las fuentes
(UNEP, 2013).

En cuanto a las emisiones antropogénicas, éstas estdn dominadas por procesos industriales
y fuentes de combustiéon de contenido variable en mercurio, pudiendo darse tanto en fase
gaseosa (Hg(0)u otras especies oxidadas) como en fase particulada (asociado a las particulas
atmosféricas en suspension), donde el mercurio suele encontrarse como especie oxidada
(Gaona Martinez, 2004). Segun establece la reciente evaluacién mundial de mercurio (UNEP,
2013), las fuentes antropogénicas suponen alrededor del 30% de la cantidad total de mercurio
emitido a la atmdsfera cada afio.

Una vez liberado a la atmésfera, el mercurio tiene un tiempo de residencia que varia nota-
blemente en funcién de la forma en la que se encuentre. Asi, el Hg(0)tiene un tiempo de resi-
dencia medio de entre 6 meses y 2 afos, mientras que el mercurio oxidado (Hg(Il)) posee
tiempos de residencia que oscilan entre horas y meses, ya que puede ser depositado con rela-
tiva facilidad tanto por via humeda como por via seca (Drasch et al., 2004).

Las reacciones quimicas que tienen lugar en la atmdsfera ocurren tanto en fase gaseosa
como en fase acuosa (gotas de lluvia) e implican la oxidacién del Hg® a Hg** vy la reduccién de
esta Ultima especie otra vez a mercurio elemental. En la Figura 1.3 se muestra un esquema de
las reacciones del mercurio en la atmédsfera.

Hg°(g) - Hg°(ac)
Hg°(ac) + 05(ac) » Hg?*(ac)
Hg?*(ac) + polvo/evaporacion —» Hg?* (p)
Hg**(ac) + S0%(ac) » Hg°(ac)
Figura 1.3. Esquema de las reacciones del mercurio en la atmdsfera

La via de oxidacion mds importante en fase gaseosa es consecuencia de la reaccion del
mercurio elemental, disuelto en las gotas de agua, con el ozono o los radicales OH. El Hg(ll)
generado puede unirse a las particulas atmosféricas en suspensién (Hg(l1)(p)), abriendo asi un
camino a la deposicién posterior de este metal, o puede reducirse de nuevo a Hg(0), con una
cinética mas lenta que la oxidacién, por reaccién con iones sulfito (S05%) o radicales HO,
(Drasch et al., 2004; Liu et al, 2012).

1.2.2.2.1. FUENTES DE EMISION

Dejando a un lado las fuentes naturales de emisién de mercurio descritas en el apartado
anterior, cuyas estimaciones van acompafadas de un alto grado de incertidumbre debido a la
propia complejidad espacial y temporal de los procesos geoldgicos responsables de dichas
emisiones, las principales fuentes de emisién de mercurio a la atmdsfera tienen un origen an-
tropogénico.
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Dentro de este grupo se puede establecer una primera categoria donde, debido a que el
mercurio estd presente como impureza en los combustibles o en la materia prima, su emision
a la atmdsfera es considerada como no intencionada. De entre ellas, la quema de carbén vy, en
menor medida, el uso de otros combustibles fdsiles, son una de las fuentes de emision antro-
pogénica mas significativas (Liu et al, 2012; UNEP, 2013).

Asimismo, la mineria, la fundicidon y la produccion de metales férricos y no férricos son
también importantes fuentes de emisidn de mercurio a nivel mundial. En la mineria y el proce-
samiento de los metales, la mayor parte del mercurio es capturado, almacenado o vendido
para su uso en otras actividades. Sin embargo, el volumen relativamente pequefio de la pro-
duccién primaria de mercurio hace que hoy ésta sea una fuente mucho mas pequefia de lo que
ha sido en el pasado (UNEP, 2013).

La produccién de cemento que, por lo general, consiste en la quema de combustibles fdsi-
les para calentar los materiales necesarios para fabricar cemento, es otra de las principales
fuentes antropogénicas de mercurio de origen no intencionado (UNEP, 2013).

Las emisiones y emanaciones de mercurio a la atmdsfera durante el refinado del petréleo
crudo son también conocidas, aunque se sabe que el mercurio estd presente en pequefias
cantidades puesto que se retira de los derivados del petrdleo y el gas natural antes de su com-
bustion. La mayor parte del mercurio en el petréleo crudo estd asociada a los residuos sélidos
que son posteriormente almacenados (UNEP, 2013).

Una segunda categoria de fuentes de emisién incluye sectores donde, por el contrario, el
mercurio se utiliza intencionadamente. A ésta pertenece la mineria de oro artesanal y a pe-
quefa escala, donde el mercurio es utilizado para extraer oro de las rocas, suelos y sedimen-
tos. Se trata de una fuente importante de liberacién de mercurio a escala mundial, aunque las
estimaciones de dichas emisiones son todavia un verdadero desafio (UNEP, 2013).

Otra actividad importante es el tratamiento de los residuos procedentes de los productos
de consumo que contienen mercurio, cuyo final pueden ser los vertederos o incineradoras (Liu
et al, 2012). Debido a que el mercurio posee unas caracteristicas singulares, entre las que des-
tacan que es liquido a temperatura ambiente, es un buen conductor eléctrico, tiene una den-
sidad elevada y alta tension superficial, se expande y contrae uniformemente en toda su gama
liguida respondiendo a cambios de presion y temperatura, y es tdxico para los microorganis-
mos (incluso los organismos patégenos) y otras plagas (UNEP, 2002), es considerado un exce-
lente material y es utilizado en una amplia gama de productos, aunque cada vez en menor
medida. Entre ellos estdn incluidas las baterias, pinturas, interruptores, dispositivos eléctricos
y electrénicos, termdmetros, amalgamas dentales, medidores de presién sanguinea, lamparas
fluorescentes y de bajo consumo, pesticidas, fungicidas, instrumentacion analitica, medicinas y
cosméticos, que son desechados como residuos sélidos. De esta manera, el mercurio que se
acumula en los vertederos puede movilizarse lentamente en el medio ambiente, mientras que
los residuos que se incineran pueden ser una fuente importante de mercurio hacia la atmaésfe-
ra, especialmente si la incineracién no es controlada (Gaona Martinez, 2004, UNEP, 2013).

El mercurio se sigue utilizando como catalizador en algunos procesos industriales para pro-
ducir cloro y sosa cdustica (en las plantas de cloro-alcali con tecnologia de células de mercu-
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rio), para producir el mondmero de cloruro de vinilo que se utiliza para fabricar policloruro de
vinilo (PVC), y en la produccién de espumas de poliuretano (Liu et al, 2012; UNEP, 2013)

La tercera categoria de fuentes de emision, la cual supone aproximadamente el 60% de las
emisiones de este contaminante a la atmdsfera, corresponde a la reemisién del mercurio pre-
viamente depositado sobre los suelos, las aguas superficiales y la vegetacidn. Esta recirculacién
del mercurio de nuevo hacia la atmdsfera es el resultado de procesos naturales que convierten
las formas inorgdanicas y organicas de mercurio en mercurio elemental, que es mas volatil (Liu
et al, 2012; Nelson et al, 2012). Los incendios forestales o la quema de biomasa, por ejemplo,
son fendmenos a través de los cudles el mercurio depositado en las superficies de las plantas
puede ser posteriormente reemitido (UNEP, 2013).

En la Figura 1.4 se representan los porcentajes de emisidon correspondientes a cada una de
las fuentes antropogénicas vinculadas a los distintos sectores ya mencionados, segun los datos
recientes publicados por la UNEP en el documento de evaluacidn global de mercurio 2013.

Residuos de Cremacion Quema de
productos (amalgamas petréleo y gas
Industria cloro- consumidos dentales) natural
alcali 5% <1% 1%

1%

Produccion 12
Quema de carbon metales férreos

24% 2%
Mineria de oro
ElLELEIRY
pequeiia escala
36%

Produccion 12

Lugares Refineria Produccién me’tales no
contaminados de Produccién Mineria de oro a gran (A f:l:ri‘: 20)
4% petréleo de cemento mercurio  escala ’ li)‘y ,
1% 9% <1% 5% o

Figura 1.4.Contribuciones relativas estimadas para las emisiones de mercurio a la atmdsfera proceden-
tes de fuentes antropogénicas en 2010 (Fuente: UNEP, 2013)
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Las estimaciones relativas a la emision de mercurio a la atmdsfera estan sujetas a incerti-
dumbres elevadas, no sélo considerando las cantidades totales de mercurio emitido, sino tam-
bién en su especiacion (especie elemental u oxidada), y su reparto entre la fase gaseosa y las
particulas en suspensidn. En definitiva, la quimica atmosférica, la especiacién y la distribucién
entre fases son aspectos de gran importancia ya que controlan los procesos atmosféricos y la
deposicién, y, en consecuencia, el destino del mercurio en el medio ambiente (Nelson et al,
2012).

1.2.2.3. EL MERCURIO EN EL SUELO

Una vez depositadas en el suelo, las especies de Hg(ll) estan sujetas a un amplio abanico de
reacciones quimicas y bioldgicas. Las condiciones del suelo (pH, temperatura, contenido en
acidos humicos) generalmente son favorables para la formacién de compuestos inorganicos y
compuestos inorganicos complejados con aniones organicos (Adriano, 2001). Este comporta-
miento complejante con la materia orgdnica del suelo (acidos fulvico y himico) controla en
gran medida la movilidad del mercurio dentro de él. Sin embargo, una parte de ese mercurio
divalente puede ser adsorbido por ligandos orgdnicos solubles u otras formas de carbono
orgdnico disuelto (DOC) facilitando su reparto hacia la fase acuosa donde puede ser removido
por lixiviacion (Gaona Martinez, 2004).

Por estas razones, el suelo se comporta como un gran depdsito de almacenamiento de
mercurio antropogénico que continua siendo liberado a las aguas superficiales y otros medios
durante largos periodos de tiempo. Hay que tener en cuenta que los niveles de mercurio en el
suelo varian enormemente con la profundidad, encontrdndose las mayores concentraciones
de este contaminante en los primeros 20 cm de suelo (Drasch et al, 2004).

Otra especie de mercurio presente en proporciones muy pequefias en los suelos y sedimen-
tos, pero de gran importancia debido a su toxicidad y capacidad para la bioacumulacién, es el
metilmercurio, que tal como se ha mencionado con anterioridad, se forma a partir de la accién
microbiana sobre las especies de Hg(ll). El metilmercurio presenta también una gran afinidad
por la materia orgdnica lo que limita su movilidad en el medioambiente (Drasch et al., 2004).

1.2.2.4. EL MERCURIO EN LOS SISTEMAS ACUATICOS

Las principales especies de mercurio disuelto en el agua son mercurio elemental, complejos
de Hg(ll) con diferentes ligandos orgdnicos e inorganicos y especies orgdnicas de mercurio,
principalmente monometilmercurio y dimetilmercurio. La forma quimica de este metal en los
sistemas acudticos esta fuertemente influenciada por las condiciones redox y el pH, asi como
por la concentracién de agentes complejantes orgdnicos e inorganicos (Wang et al., 2004).

Existen dos rutas principales de transformaciéon de Hg(ll) en los sistemas acuaticos:

. La reduccion a mercurio elemental, que es llevada a cabo por microorganismos acua-
ticos, como las cianobacterias, o por la reduccidn del Hg(ll) o el metilmercurio induci-
da por la luz.
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o La transformacién bacteriana in-situ de las especies inorganicas de mercurio a una
especie de mayor toxicidad como el metilmercurio, que posee la capacidad de acu-
mularse en los peces (bioconcentracion y bioacumulacidn) con el riesgo posterior de
entrar en la cadena tréfica (biomagnificacion).

CH,Hg?

Aire Hg® ——= Hg* «—— Hp® «—— (CH3),He
.

e SR e W S S «-“m_d_.--"'“\ﬂ_,z"‘xm___f_‘“x
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Agua Hg® «—— Hg®* «—> CH;Hg* <— (CH;)Hg

HgO > Hg#* «<—= CHjHg* «<— (CH;),Hg

™S Hes

Sedimentos

Figura 1.5. Diagrama de interconversidn de las especies de mercurio en aguas naturales
(Fuentes: Adriano, 2001; Leopold et al, 2010)

En cualquier sistema acuatico, el ciclo del mercurio es a prioriel mismo; sin embargo, el
proceso de metilacion de esta especie en el mar es normalmente menor que en aguas dulces,
lo cual se puede atribuir al contenido salino de las primeras y a la carga de los complejos que
forma el mercurio con el azufre y el cloro, que lo hacen menos disponible a las bacterias en-
cargadas del proceso de transformacién en metilmercurio (Drasch et al., 2004).

Por otra parte, el dimetilmercurio es la especie metilada predominante en las aguas pro-
fundas de los océanos aunque su mecanismo de formacién no se conoce con exactitud. El
DMeHg abandona rapidamente el sistema acuatico por evaporacién o degradacion fotolitica,
por lo que no se considera como una especie disponible para su acumulacién en los organis-
mos acuaticos.

1.2.2.4.1. EMISIONES ANTROPOGENICAS EN EL MEDIO AMBIENTE ACUATICO

A diferencia de las emisiones de mercurio a la atmdsfera, que son en su mayoria en forma
de mercurio elemental gaseoso, las liberaciones al agua son predominantemente en la forma
de mercurio inorganico (UNEP, 2013). Aunque todavia existe bastante incertidumbre en la
estimacion de la liberacién global de mercurio al agua, las fuentes de contaminaciéon pueden
agruparse, independientemente de su caracter puntual o difuso, en seis categorias: deposicidn
atmosférica, erosion de suelos contaminados, vertidos urbanos, agricultura, mineria y emisio-
nes industriales (Wang et al., 2004)

De entre ellas, la deposicion atmosférica de mercurio es la fuente de contaminacion mas
importante en los sistemas acuaticos. Por otro lado, la erosién de suelos contaminados es la
fuente de contaminacién mas significativa de mercurio asociado a las particulas, debido al
transporte de este contaminante a través de las escorrentias de agua o nieve superficiales. La
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construccion de carreteras, los vertidos de aguas residuales domésticas e industriales, la mi-
neria y la agricultura (pesticidas y fungicidas), entre otras, contindan jugando un papel impor-
tante como fuente de emisiéon de mercurio al medio ambiente (Wang et al., 2004; UNEP,
2013).

1.2.3. EFECTOS TOXICOS EN LOS SERES HUMANOS.

Los seres humanos pueden estar expuestos al mercurio por inhalacién de aire contamina-
do, por ingestién de alimentos o agua contaminada o a través de la piel. Por eso, cuando se
producen intoxicaciones es necesario conocer la via de incorporacion y la forma quimica en la
que se ha introducido el mercurio en el organismo (ATSDR, 1999; Syversen and Kaur, 2012).

Cuando se ingieren pequefias cantidades de mercurio metalico, sélo una pequeia parte de
éste entra al cuerpo a través del estdmago o el intestino. Sin embargo, cuando se inhalan va-
pores de mercurio, casi el 80 % de la cantidad respirada entra desde los pulmones directamen-
te al torrente sanguineo, que lo extiende rapidamente a otras partes del cuerpo, incluyendo el
cerebro y los rifiones (ATSDR, 1999; Syversen and Kaur, 2012). Una vez dentro de él, el mercu-
rio metdlico puede permanecer semanas o meses. La mayor parte de este mercurio metalico
absorbido por el cuerpo finalmente se excreta en la orina y las heces, mientras que las canti-
dades mas pequefias se eliminan en el aire exhalado (ATSDR, 1999). La exposicién prolongada
puede inducir desérdenes en el sistema nervioso central, incluyendo temblores, pérdidas de
memoria y delirios (Syversen and Kaur, 2012).

Los compuestos inorganicos de mercurio han sido utilizados en una amplia variedad de
productos cosméticos y medicamentos. Esto hace que la exposicidn accidental o intencionada
a los compuestos inorganicos de mercurio no sea algo excepcional (Syversen and Kaur, 2012).
Algunos compuestos, como el Hg,Cl, y el HgCl,, no tienen la capacidad de incorporarse al or-
ganismo por inhalacidon con tanta facilidad como el mercurio elemental. Cuando se ingieren,
menos del 10 % es absorbido por el tracto intestinal, aunque hasta un 40 % podria entrar al
cuerpo por esta via. Algunos de los compuestos inorganicos de mercurio pueden entrar al or-
ganismo a través de la piel. Al igual que el mercurio elemental, el mercurio inorganico se ex-
tiende por el organismo a través del torrente sanguineo y se acumula en los rifiones y el cere-
bro, aunque en éste ultimo con menos facilidad que el Hg(0) (ATSDR, 1999). La exposicién pro-
longada a compuestos de Hg(ll) puede ocasionar también enfermedades de tipo autoinmune
(Syversen and Kaur, 2012).

De entre los compuestos organicos de mercurio el interés principal de la investigacién epi-
demioldgica y experimental ha estado dirigido hacia el metilmercurio (MeHg) (Syversen and
Kaur, 2012). Esta especie orgdnica es la forma de mercurio mas facilmente absorbida por el
tracto gastrointestinal (cerca del 95 %). Después de comer pescado u otros alimentos que
estdn contaminados con metilmercurio, éste entra facilmente al torrente sanguineo y se ex-
tiende rdapidamente a otras partes del cuerpo (higado, rifidn, cerebro) (ATSDR, 1999).El MeHg
también se absorbe facilmente por inhalacién y aproximadamente el 80 % se conserva des-
pués de la exposicidén al vapor. Asimismo, si el MeHg estd presente en el aerosol, la tasa de
absorciéon dependera del tamafio de particula y de sus caracteristicas. Después de la exposi-
cién a esta especie via oral, la absorcidn desde el intestino es practicamente del 100 % (Syver-
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sen and Kaur, 2012).Por otro lado, sélo pequefas cantidades de metilmercurio entran al sis-
tema circulatorio directamente a través de la piel, aunque otras formas de mercurio organico
(en particular, el dimetilmercurio) se incorporan rapidamente por esta via (ATSDR, 1999).El
trastorno neuroldgico grave y permanente causado por envenenamiento por MeHg y cuyos
sintomas son ataxia, alteracién sensorial en manos y pies, deterioro de la vista y el oido, debi-
lidad y en casos extremos paralisis y muerte, es lo que se conoce como enfermedad de Mina-
mata, denominada asi porque la ciudad de Minamata (Japdn) fue, en la década de los 50, el
centro de una de las tragedias medioambientales mas importantes de la historia. Esta enfer-
medad se desarrollé a causa de un envenenamiento por mercurio procedente de los vertidos
continuados de una industria petroquimica, contaminando el pescado y el marisco posterior-
mente ingeridos por el pueblo de Minamata (NIMD, 2012)

En resumen, en los seres humanos la inhalacién de vapor de mercurio en concentraciones
superiores a 1-2 mg/m® puede poner en peligro el funcionamiento de los bronquios y los pul-
mones. Puede generar sabor metalico, nduseas, diarrea, dolor abdominal, bronquitis, altera-
ciones del sistema nervioso central o taquicardia. La ingestion de sales solubles de Hg(ll) da
lugar a sabor metdlico, hipersalivacién, faringitis, disfagia, vémitos, dolor abdominal, diarrea
sangrante, pérdida de dientes, problemas de rifidn o colapso circulatorio, entre otras enfer-
medades. En cuanto al metilmercurio, el sistema nervioso central es el principal tejido diana.
La vision y la audicidn, asi como aquellas regiones cerebrales relacionadas con la coordinacion,
son las funciones mas afectadas. A diferencia de otras especies de mercurio, la intoxicacion
por metilmercurio, incluso en dosis letales, se manifiesta varias semanas después y puede de-
rivar en problemas crénicos (Drasch et al., 2004).

1.2.4. LEGISLACION

Debido a que el mercurio estd considerado a escala mundial como una sustancia peligrosa
prioritaria en el ambito del control y la proteccién medioambiental, existen importantes inicia-
tivas, bajo el liderazgo del Programa de Naciones Unidas para el Medio Ambiente, que tienen
como objetivo proteger la salud humana y el medio ambiente mediante la minimizacidn, y a
ser posible eliminacién, de las emisiones antropogénicas globales de mercurio. Sin embargo,
esto no ha dado lugar todavia a la creacién de una normativa y legislacion comun para la regu-
lacién del contenido en mercurio en el medioambiente. No obstante, lejos de ser propuestas
adoptadas a nivel global, la Organizacién Mundial de la Salud y la Agencia Americana de Pro-
teccién Ambiental coinciden en establecer un valor maximo de Hg(ll) en el agua potable de 2
ng/mL (OMS, 2011; EPA, 2013). En Europa, la Directiva 2008/105/CE establece una concentra-
cién maxima admisible en aguas superficiales comprendido entre 0,05 y 0,07 ng/mlL, referida al
contenido total en mercurio.

En Espanfia, la legislacion en relacion a la determinaciéon de mercurio para evaluar la calidad
de las aguas destinadas a consumo humano esta recogida en la Directiva 98/83/CE, transpues-
ta a la legislacion espafiola a través del Real Decreto 140/2003, de 7 de febrero, por el que se
establecen los criterios sanitarios de la calidad del agua de consumo humano, dispone como
valor paramétrico una concentracidon de mercurio de 1 ng/mL.
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En cuanto al mercurio en el aire ambiente, La legislacion vigente estd recogida en la ya cita-
da directiva europea 2004/107/CE (directiva hija que deriva de la Directiva 96/62/CE), trans-
puesta a la legislacidn espafiola por el Real Decreto 812/2007, de 22 de junio, sobre evaluacion
y gestion de la calidad del aire ambiente en relacion con el arsénico, el cadmio, el mercurio, el
niquel y los hidrocarburos aromaticos policiclicos. Este real decreto no estipula un valor objeti-
vo para mercurio, pero indica que el Ministerio de Medio Ambiente, a través de la Direccién
General de Calidad y Evaluacion Ambiental y en colaboracion con las comunidades auténomas,
debe establecer puntos de muestreo para la medicion indicativa, en el aire ambiente, del arsé-
nico, cadmio, mercurio gaseoso total, niquel, benzo[a]pireno, y de los demas hidrocarburos
aromaticos policiclicos regulados, asi como de sus depdsitos totales. También se medira el
mercurio particulado y el mercurio gaseoso divalente.

1.2.5. ANTECEDENTES ANALITICOS PARA LA DETERMINACION DE
MERCURIO

La determinacidn analitica de metales a niveles traza o ultratraza es un problema muy im-
portante para las ciencias orientadas a los campos medioambiental, agroalimentario y clinico,
debido a la toxicidad de estos analitos cuando se encuentran en concentraciones por encima
de cierto umbral. Especial atencion se le dedica en la bibliografia al mercurio que, como ya se
ha indicado, es particularmente perjudicial para la salud humana y los ecosistemas a muy bajas
concentraciones (Giacomino et al., 2008).

La elevada volatilidad, la toxicidad y la naturaleza acumulativa y persistente del mercurio,
son las caracteristicas que sitlan a este metal pesado entre los de mayor preocupacion y rele-
vancia medioambiental (Zhang et al., 2011). De esta manera, la determinacién de la concen-
tracion de este contaminante en muestras ambientales como suelos, sedimentos, plantas,
cenizas volantes, polvo atmosférico, polvo de interiores, aguas ambientales, agua de lluvia,
nieve o tejidos animales (especialmente el pescado) es un objetivo que adquiere particular
importancia, ya que puede proporcionar informacién sobre el grado de contaminacion por
mercurio de los diferentes entornos en términos de disponibilidad, movilidad y comportamien-
to quimico (Lu et al., 2003); Collaisol et al., 2004; Elik., 2005; Meucci et al., 2009; Zhang et al.,
2011).Todo ello requiere el acoplamiento de metodologias de muestreo y tratamiento de
muestras, y métodos analiticos lo suficientemente selectivos y sensibles para garantizar el
andlisis cuantitativo de las diferentes especies de este elemento que coexisten en el medio
ambiente.

La técnica mas comunmente utilizada para determinar mercurio total es la espectrometria
de fluorescencia atdmica con vapor frio (CV-AFS) (EPA, 2005; Berzas-Nevado et al., 2008.; da
Silva et al., 2010). Como etapa previa de pretratamiento, las muestras son digeridas para trans-
formar todas las especies de mercurio a mercurio “reducible” (Hg(ll) disuelto) por adicion de
un oxidante fuerte (cloruro de bromo, permanganato potasico, bromato potdsico o luz UV) en
recipientes cerrados, para evitar la pérdida del analito por volatilizacion. Después de la reduc-
cion previa del exceso de oxidante, el Hg(ll) es reducido a Hg(0) utilizando, en la mayoria de los
casos, cloruro de estafio(ll) o borohidruro sédico, y es posteriormente purgado fuera de la
disolucién por un gas inerte (N, o Ar). Ese vapor de Hg(0), conocido con el nombre de “vapor
frio”, se transporta directamente hacia el detector o se preconcentra en una trampa de oro
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por formacion de amalgama. Posteriormente, la trampa de oro se calienta y se libera el mercu-
rio concentrado que es transportado hacia el detector donde se mide su seial de fluorescencia
a una longitud de onda de 253,7 nm (Leopold et al., 2009; Leopold et al., 2010; EPA, 2005).
Dependiendo de la pureza de los reactivos y del gas inerte, y de la limpieza del material utiliza-
do, con esta técnica se pueden alcanzar limites de deteccion para el mercurio de pg/L (Leopold
et al., 2010).

Otra de las técnicas mas utilizadas para la cuantificacion de mercurio es la espectrometria
de absorcién atdomica con vapor frio (CV-AAS) debido a su simplicidad, alta sensibilidad, relati-
va ausencia de interferencias, bajo coste y rapidez (Balarama Krishna et al., 2005). Esta técnica
solo se utiliza para el analisis de mercurio, el cual posee una presidon de vapor elevada y, por
tanto, es capaz de emitir vapores monoatdomicos a temperatura ambiente sin necesidad de
atomizar la muestra. De la misma forma que en la determinacion por CV-AFS, el vapor de mer-
curio (Hg(0)) es arrastrado por un gas inerte hacia una celda de cuarzo interpuesta en el cami-
no optico de la [dmpara de catodo hueco para mercurio. La sefial analitica corresponde a la
absorcién de radiacion medida a una longitud de onda de 253,7 nm (EPA, 1994; Welz y Sper-
ling, 1999; EPA, 2001; EN 13506, 2002). Si ademas se incorpora a este sistema una etapa de
preconcentracion basada en la formaciéon de amalgama del vapor de mercurio generado en
una trampa de oro, tal como se ha descrito anteriormente, se consigue una mejora adicional
de los limites de deteccion (Balarama Krishna et al., 2005). No obstante, entre ambas técnicas
la CV-AFS es mas utilizada debido a que posee mayor sensibilidad y un intervalo dindmico line-
al de concentraciones mas amplio (Drasch et al., 2004; Giacomino et al., 2008).

Con el fin de simplificar estos procedimientos y disminuir los riesgos de contaminacién du-
rante el andlisis, se describen en la bibliografia algunos métodos que integran el pretratamien-
to oxidativo de las muestras con una inyeccién en flujo (FI-CV-AFS y FI-CV-AAS). El inconvenien-
te principal de esta variante es que se necesitan rigurosos procedimientos de limpieza que
aseguren bajos niveles de concentracidon de Hg en los blancos y, por tanto, una buena sensibi-
lidad (Drasch et al., 2004; Leopold et al., 2010). Asimismo, existen también en la bibliografia
algunas aplicaciones con ultrasonido (US) acoplado a estas técnicas, como herramienta “ver-
de” para la generacién del vapor frio evitando asi el uso de agentes reductores (Gil et al., 2006)
y obteniéndose incluso mejores limites de deteccion que en la generacion de vapor frio con
cloruro de estafio(ll) (Ribeiro et al., 2007).

La determinacidon de mercurio en plasma acoplado por induccidn unido a un espectrémetro
de masas (ICP-MS) es otra de las herramientas potentes cuya utilizacion en este tipo de aplica-
ciones se ha ido incrementando en la Ultima década (Leopold et al., 2010; Lopez et al., 2010;
Palomo-Marin et al., 2011). A diferencia de las otras dos técnicas anteriormente descritas, el
analisis por ICP-MS tiene la ventaja de que permite la determinacién simultdanea de mercurio y
otros elementos presentes en la muestra. Esta técnica se caracteriza por su elevada precisidn y
bajos limites de deteccidén y, ademas, tiene la capacidad de cuantificar isétopos, lo cual es muy
interesante desde el punto de vista ambiental. Por otra parte, la introduccién de mercurio en
forma gaseosa directamente al plasma, mediante la generaciéon de “vapor frio”, es también
una alternativa que permite reducir el efecto memoria de este analito que dificulta, significati-
vamente en algunos casos, el uso efectivo de esta técnica analitica (Drasch et al., 2004). Otra
estrategia descrita en la bibliografia, con la que se consigue una mayor eficacia en la determi-
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nacion consiste en la adicién de pequefias cantidades de Au(lll) a las muestras previamente a
su analisis por ICP-MS. Asi, aprovechando la especial afinidad del Hg por el oro, se consigue la
estabilizacion de las sefiales analiticas y se minimiza también el problema del mencionado
efecto memoria (Zhu y Alexandratos, 2007). Incluso, recientemente, el empleo de métodos de
dilucién isotdpica acoplados a esta nueva variante (ID-CV-ICPMS) permiten reducir las incerti-
dumbres que acompafian a la determinacién de Hg en muestras ambientales de caracter mas
complejo (suelo, sedimentos o muestras bioldgicas) (Reyes et al.,2008; Geng et al., 2008).

El analisis de mercurio en concentraciones algo mas elevadas se puede llevar a cabo utili-
zando también la técnica de plasma acoplado por induccién unido a un espectrometro de emi-
sién atdmica (ICP-AES) (Giacomino et al., 2008), el cual puede combinarse igualmente con un
sistema generador de vapor frio (dos Santos et al., 2005).

Por otro lado estan las técnicas no destructivas que, por el contrario, no requieren etapas
previas de pretratamiento. Se han encontrado algunas referencias bibliograficas que describen
la utilizacion del analisis por activacion neutrdnica (INAA) (Osawa et al., 2011), la fluorescencia
de rayos X (XRF) (Bernaus et al., 2006), la emisidon de rayos X inducida por particulas (PIXE)
(Pandey et al., 2011), y la espectroscopia de absorcion de rayos X (XAS) (Skyllberg, 2010) para
la determinacion de mercurio en matrices ambientales diversas. La primera de ellas se basa en
la induccién de radiactividad artificial en la muestra mediante la irradiacidn con neutrones y en
la posterior medida de la radiactividad inducida. Se trata de una técnica muy sensible, aunque
los limites de deteccién para la determinacién de Hg son mas altos que los obtenidos con ICP-
MS, CV-AAS o CV-AFS (Pandey et al., 2011). Como ventajas de la técnica hay que mencionar
que permite el analisis multielemental simultdneo, posee un amplio intervalo dindmico lineal
de concentraciones y necesita una minima manipulacidon de la muestra. La principal desventa-
ja, sin embargo, es que no se puede adaptar para realizar medidas in situ. No obstante, se trata
de una técnica muy util como método de referencia para comprobar la exactitud de otros pro-
cedimientos (Drasch et al., 2004). Por su parte, la fluorescencia de rayos X es una técnica rapi-
da basada en la emision de fluorescencia posterior a la activacion de la muestra con una fuen-
te de rayos X. Se trata de una metodologia sensible, aunque los limites de deteccién para Hg
descritos en la bibliografia son algo mayores que los obtenidos con las anteriores, pero permi-
te llevar a cabo analisis in situ (Drasch et al., 2004). De todas ellas, es la técnica mas comun-
mente utilizada para la determinacidn directa de contaminantes metalicos, concretamente, en
el material particulado atmosférico (Pandey et al., 2011). Asimismo, en el andlisis PIXE la mues-
tra se excita con particulas altamente cargadas (protones de 1-4 MeV), midiéndose la emisién
caracteristica de los rayos X producidos. Los limites de deteccidn son superiores a los obteni-
dos con CV-AFS o CV-AAS, aunque se ha demostrado una comparable linealidad con los méto-
dos espectrométricos, especificamente para la determinacion de Hg en polvo de interiores
(Pandey et al., 2011).

También como técnica no destructiva, se describe en la bibliografia la utilizacién de analiza-
dores de mercurio para la monitorizacién de este contaminante en el aire ambiente. Aunque
existen numerosos modelos en el mercado con especificaciones diferentes, su funcionamiento
estd basado en la amalgamacién y desorcion del mercurio captado en una trampa de oro y su
posterior determinacidon por AAS. Presentan unos limites de deteccion muy bajos, pero su
principal inconveniente es la calibracidn, la cual no puede ser realizada por el usuario (Pandey
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et al., 2011). Estos mismos equipos estan también preparados para el analisis de mercurio en
muestras de otra naturaleza (liquida, sélida o semi-sélida).

Como se ha comentado en apartados anteriores, la forma quimica en la que se encuentra
un contaminante en cualquiera de los diferentes compartimentos medioambientales va a de-
terminar propiedades tan significativas como su toxicidad, movilidad o biodisponibilidad. El
mercurio no es una excepcion; por eso, para poder cuantificar de manera independiente sus
especies quimicas, hay que recurrir al acoplamiento de las técnicas anteriores con técnicas de
separacion, como son la cromatografia gaseosa, la cromatografia liquida (Drasch et al., 2004;
Selid et al., 2009; Abollino et al., 2009; Leopold et al., 2010) y, mas recientemente, la electrofo-
resis capilar, que se caracteriza por su velocidad, poder de resolucién y gasto minimo de reac-
tivos y muestras (Martin, et al., 2010). En la bibliografia se encuentran algunas referencias en
las que se aplican estas técnicas acopladas a la determinacién de especies de mercurio en di-
versas matrices ambientales, por ejemplo GC-AFS para la determinacion de Hg(ll) inorganico y
MMeHg en muestras de agua (Stoichev et al., 2004), GC-ICPMS para la determinacion de Hg(ll),
MMeHg y DMeHg en aguas de estuario (Tseng et al., 2000) o para la determinacién de MMeHg
en muestras de sedimentos (Berzas-Nevado et al., 2008); HPLC-CV-ICPMS para la determina-
cién de Hg”" y MMeHg en agua de rio (Martinez Blanco et al., 2000), en muestras de suelo
(Cattani et al., 2008) y para la determinacién del contenido en mercurio total en muestras bio-
légicas de tejidos de mejillones y pescados (Lopez et al., 2010) o plasma humano (de Souza et
al., 2013); HPLC-CV-AFS para el analisis Hg(ll) y MMeHg en aguas naturales (Gomez-Ariza et al.,
2004) y sedimentos (Ramalhosa et al., 2001), ID-HPLC-ICPMSpara la determinacion de Hg(ll) y
MMeHg en muestras de pelo humano (Mizanur-Rahman et al., 2009) o MMeHg en muestras
de tejido de pescado (Reyes et al., 2009); CE-CV-EQTF-AAS para la determinacion de Hg”" vy
MMeHg en muestras bioldgicas de musculo de pescado (Deng et al., 2009) y CE-ICP-MS para la
separacion y deteccion de Hg**, MMeHg y EtHg en musculo de organismos acudaticos (Zhao et
al., 2012), entre otras.

La utilidad y eficacia de todo este conjunto de técnicas analiticas en el control medioam-
biental estdn ampliamente demostradas, destacando en ellas su elevada sensibilidad y preci-
sién. Sin embargo, su aplicacidn requiere una instrumentacién cara y sofisticada, con el incon-
veniente de que, en general, no permiten llevar a cabo la deteccidn in situ de los contaminan-
tes, ya quesus caracteristicas propias no les permiten transformarse en una instrumentacién
portatil (Giacomino et al., 2008; Abollino et al., 2010; Gong et al., 2010a). En el caso concreto
de la monitorizacién de mercurio ambiental, esta desventaja adquiere especial relevancia, ya
gue este contaminante esta presente, por lo general, en concentraciones muy bajas y su de-
terminacion a tiempo real minimizaria los errores por contaminacidn ocurridos durante la re-
cogida y transporte de las muestras al laboratorio (Wang, 1997). Asimismo, la aplicacién de
estas técnicas necesita personal cualificado, largos tiempos de analisis y, en ocasiones, meto-
dologias de preparacion de muestras complicadas.

Por ello, en relacidn a su excelente sensibilidad, gran precision, versatilidad, simplicidad,
portabilidad, poca necesidad energética y bajo coste, los métodos electroquimicos de rediso-
lucién se presentan como una alternativa muy interesante para la monitorizacién de mercurio
(Daniele et al., 2000; Ribeiro et al., 2006; Abollino et al., 2008; Meucci et al., 2009; Zhou et al.,
2012). La recomendacién de la EPA para la utilizacion de las técnicas electroanaliticas de redi-
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solucion en la cuantificacion de metales pesados como el mercurio (EPA, 1996c) es un ejemplo
representativo de esta aplicacion.

A continuacién se describen con detalle los antecedentes analiticos sobre la aplicacién de
estas técnicas, directamente relacionados con los métodos para determinacién de mercurio
desarrollados en este trabajo.

1.2.6. SENSORES ELECTROQUIMICOS PARA LA DETERMINACION DE
MERCURIO

La tendencia actual en el campo de la investigacién en Quimica, estad cada vez mas orienta-
da hacia el cumplimiento de los 12 principios que definen el concepto de Quimica Verde (Anas-
tas y Warner, 1998), el cual esta intimamente asociado con la prevencién de la contaminacién
mediante el disefo de procesos y productos que no posean propiedades dafinas para el me-
dioambiente. En particular, el principio 11 reconoce “la necesidad de desarrollar metodologias
analiticas para la monitorizacion y control en tiempo real del proceso, previo a la formacion de
sustancias peligrosas”. Es aqui donde adquiere singular importancia el desarrollo de sensores
guimicos, entre los que se incluyen los electroquimicos, que traduzcan las interacciones quimi-
cas de los analitos detectados en sefiales eléctricas medibles (Brett, 2007).

Asi pues, las técnicas electroquimicas han sido utilizadas para el desarrollo de sensores ca-
paces de monitorizar contaminantes en el medioambiente, especialmente las técnicas elec-
troanaliticas de redisolucion, que por su elevada sensibilidad y versatilidad, han demostrado
ser muy apropiadas para su uso en este campo (Giacomino et al., 2008; Gong et al., 2010b). La
caracteristica etapa inicial de preconcentracion, en la que los analitos se acumulan en la super-
ficie del electrodo de trabajo, es lo que justifica la elevada sensibilidad de estas técnicas. Son
ademds muy utiles tanto para analisis de contenidos totales de los elementos como para la
caracterizacién de sus distintas especies quimicas (Palchetti et al., 2005; Giell et al., 2008; Jena
y Raj, 2008).

Las técnicas electroquimicas utilizadas para la determinacidon de mercurio en el medioam-
biente estan ampliamente reportadas en la bibliografia. La aplicabilidad de la voltampero-
metria de redisolucién anddica (ASV), la voltamperometria de onda cuadrada (SWASV), la vol-
tamperometria diferencial de pulso (DPASV) y la potenciometria de redisolucidn (PSA) esta
sobradamente demostrada. Asimismo, se describe extensamente en la bibliografia el uso del
oro como el mejor material para la fabricacion de los electrodos de trabajo debido a su eleva-
da afinidad por el mercurio, lo que mejora el efecto de preconcentracién. Sin embargo, hay
que tener en cuenta el principal y mas importante inconveniente que presentan estos electro-
dos con base de Au, y es el conocido fenédmeno de cambio estructural en su superficie causado
por la formacidon de amalgama y, como consecuencia, el tiempo empleado en los cuidadosos
procedimientos de limpieza necesarios para asegurar la reproducibilidad de las respuestas
(Watson et al., 1999; Bonfil et al., 2000; Giacomino et al., 2008).

Con el objetivo de dar solucién a dicha desventaja, se describen en la literatura diferentes
estrategias basadas en la modificaciéon quimica de la superficie de los electrodos utilizando
otros reactivos que contengan grupos activos que puedan interaccionar con el Hg (1) y, como
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consecuencia, mejoren la sensibilidad y la selectividad en la determinaciéon, haciéndolos mas
adecuados, en muchos casos, para aplicaciones en el campo medioambiental (Fu et al., 2012;
Zhou et al., 2012).

Los antecedentes encontrados en relacién con la determinacidn electroquimica de conteni-
dos totales de Hg utilizando diferentes tipos de electrodos de trabajo se encuentran resumidos
en la Tabla 1.4.
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Tabla 1.4. Antecedentes sobre la determinacion electroquimica de Hg total

Electrodo Técnica utilizada LOD Deposicién Aplicacién Referencias
Tiempo Potencial
Ferrocenoylpolythia crown eth- .
. . . Pelo, orina, agua
er(FcTC)-Nafion-modified GC elec- ASV 1-nM 5 min -0,5 V (vs. SCE) ) Gao et al., 1991
natural y residual
trode
. . Agua derioy de Pinilla y Ostapczuk,
Gold film-GC PSA 15 ng/L 10 min -0,25 V (vs. SCE)
mar 1994
Modified with gold and gold-nafion
thick film graphite electrode DPASV 120s -0,3 V (vs. Ag/AgCl) s.a Stojko et al., 1998
(MDTFGE)
Thick film electrodes modified with
a gold
o & . DPASV 5ng/L 300s -1,1V (vs. Ag/AgCl) Agua de rio Faller et al., 1999
(11)/pyrrolidinedithiocarbamate
(PDCQ)
Orinay agua
Rotating gold disk electrode SWASV 0,05 nM 120s -0,4 V (vs. Ag/AgCl) ;/ gl Bonfil et al., 2000
residua
PSA 3-5 min -0,3 V (vs. AgAgCl Agua de lago (in
Gold wire electrode . ( gneCl) & . go ( Daniele et al., 2000
SWASV 2-10 min -0,4 V(vs. AgAgCl) situ)
SAM of 2-mercaptobenzimidazole . Berchmans et al.,
ASV Sub-ppm 10 min -0,7 V (vs. SCE) s.a
(MBI) - Gold electrode 2000
. . ASV 20 ng/L 10 min
Rotating gold disk electrode . 0,0V (vs. Ag/AgCl) s.a Ermakov et al., 2001
ASV (act.elec) 2 ng/L 5 min
. - Aguaderioy
Calix[4]arene-modified GCE SWASV 5 ng/mL 360s -0,6 V (vs. Ag/AgNOQ:s) dual Lu et al., 2003
residua
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Electrodo Técnica utilizada LOD Deposicién Aplicacién Referencias
Tiempo Potencial
Organo-clay-modified carbon paste . ,
ASV 78 nM 10 min -0,6 V (vs. Ag/AgCl) Agua de rio Tonle et al., 2005
electrodes (OCMCPEs)
Sonogel—carbon electrode modified . . -
] ) DPASV 1,4 ng/mL 30 min -0,5V (vs. Ag/AgCl) Agua residual Zejli et al., 2005
with poly-3-methylthiophene
Gold ultra-microelectrode ASV 3,2 ng/mL 30s -0,2 V (vs. SCE) Agua de rio Ordeig et al., 2006
Gold film electrodes PSA 300 ng/L 300s 0,3V (vs. Ag/AgCl) Orina Munoz et al., 2006
Gold film electrodes PSA 5ng/g 5 min 0,3V (vs. Ag/AgCl) Peces y gambas Augelli et al., 2007
. Giacomino et al.,
Solid gold electrode SWASV 0,40 ng/mL 120 s 0,0V (vs. Ag/AgCl) s.a 5008
Gold film electrode DPASV 0,17 ng/mL 60s 0,2 V (vs. Ag/AgCl) Sal de mesa Okcu et al., 2008
, Radulescu y Danet,
Gold electrodes on CD’s PSA 0,30 ng/mL 600 s 0,3 V (vs. SCE) Pescado 5008
Agua potable,
Gold nanoparticle-GCE SWASV 0,15 ng/L 120s 0,0V (vs. Ag/AgCl) sedimentos y Abollino et al., 2008
medicamentos
Gold nanoelectrode ensembles SWASV 0,02 ng/mL 100s -0,35V (vs. Ag/AgCl) Agua de rio Jenay Raj, 2008
Gold nanoparticles-carbon nano- )
DPASV 0,02 ng/mL 5 min 0,0 V(vs. Ag/AgCl) s.a Xu et al., 2008
tubes-GCE (AuNPs-CNTs-GCE)
Mercury-specific oligonucleotide .
" . SWASV 100 ng/L 60 min 0,25 V(vs. Ag/AgCl) s.a Zhu et al., 2009
probe-modified gold nanoparticles
) Disoluciones .
Gold nanoparticle-GCE SWASV 0,15 ng/L 120s 0,0V (vs. Ag/AgCl) o Abollino et al., 2009
sintéticas
Bimetallic Au-Pt nanoparticles- ) Agua de grifoy
SWASV 8 ng/L 5 min 0,5 V(vs. SCE) Gong et al., 2010b

organic nanofibers-GCE

de rio
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Electrodo Técnica utilizada LOD Deposicién Aplicacién Referencias
Tiempo Potencial
2-mercaptobenzothiazole-3D gold ) ]
. SWASV 2nM 5 min -0,7 V (vs. Ag/AgCl) Agua de grifo Fu et al., 2010
micro/nanopore array electrode
Sedimento, ceni-
zas, algas mari-
. nas, atun, plan- .
Gold nanoparticle-GCE SWASV 0,15 ng/L 120s 0,0V (vs. Ag/AgCl) . Abollino et al., 2010
tas marinas, agua
potable y gel
ocular.
Gold nanoparticles graphene elec- i ,
trod SWASV 6 ng/L 5 min -0,2 V (vs. SCE) Agua de rio Gong et al., 2010a
rode
Thiolated amino acids-gold nano- Agua de grifoy . L
. . SWASV 0,46 ng/mL . Safaviy Farjami, 2011
particles composite electrodes residual
) . Agua de grifo, de )
Mercury imprinted polymer sensor DPASV 0,52 nM . Alizadeh et al., 2011
lago y de rio
Vibrating gold microwire electrode DPASV 0,07 ng/mL 30s -1,2 V (vs. Ag/AgCl) Agua de rio Alves et al., 2011
Carbon nanotubes paste electrode Agua natural y .
» ) ] ] ASV 2,4 nM 240s -0,6 V (vs. Ag/AgCl) . Janegitz et al., 2011
modified with crosslinked chitosan residual
Nitro benzoil diphenylmethylen Agua, pelo, pes-
phosphorane-carbon paste elec- SWASV 8,2 ng/mL 210s -0,9 V (vs. Ag/AgCl) cado y plantas Afkhami et al., 2012a
trode comestibles
Gold nanoparticles electrodepo-
SWASV 0,42 nM 300s 0,0V (vs. Ag/AgCl) s.a Hezard et al., 2012

sited on GCE
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Electrodo Técnica utilizada LOD Deposicién Aplicacién Referencias
Tiempo Potencial
5-mercapto-1-methyltetrazole car- . Agua subterra- i
SWASV 23 nM 10 min -0,8 V (vs. Ag/AgCl) ) Sanchez et al., 2012
bon paste electrode neay de rio
Cysteamine covalent functionaliza-
i SWASV 3nM s.a Zhou et al., 2012
tion of graphene electrode
DNA linked-gold nanoparticle elec-
DPASV 7,4 pM s.a Tang et al., 2012
trode
Electropolimerized ion imprinting
poly(2-mercaptobenzothiazole) film .
i . DPASV 0.08 nM 12 min -0,8 V (vs. Ag/AgCl) Agua natural Fuetal., 2012
on gold nanoparticles/single-walled
CNTs-GCE
Gold nanoparticles sol-gel modified .
) DPASV 0,06 nM 90 s 0,37 V (vs. Ag/AgCl) Pescado y arroz Ensafi et al., 2012
Pt wire electrode
New synthesized Schiff base- Agua residual y
multiwalled CNTs-carbon paste SWASV 0,9 nM 90s -1,2 V (vs. Ag/AgCl) de mar, tabacoy Afkhamietal., 2012b
electrode dientes
. . ) Agua potable,
Chemically modified multiwalled- . Kempegowda y Ma-
DPASV 1,0 pM 40s -0,6 V (vs. Ag/AgCl) contaminada e )
CNTs . } lingappa, 2012
industrial
lon imprinted porphyrin multi- Agua subterra-
P porphy DPASV 5,0 nM 100s  -1,0V (vs. Ag/AgCl) 8 Rajabi et al., 2013

walled-CNTs-GCE

neay residual

s.a: sin aplicacion
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Si se tiene en cuenta que uno de los principales retos a los que se estd enfrentando la Qui-
mica Analitica es al desarrollo de métodos que puedan dar respuesta a la creciente necesidad
de realizar andlisis rapidos in situ, la sustituciéon de los electrodos convencionales por unos
nuevos dispositivos conocidos como electrodos serigrafiados o impresos (SPE) (Dominguez-
Renedo et al., 2007; Alves et al., 2011) ha abierto nuevas oportunidades para aplicar las técni-
cas electroquimicas en laboratorios descentralizados (Li et al., 2012). Independientemente de
la naturaleza quimica de las matrices, los SPE estdn demostrando ser sensores electroquimicos
apropiados para el anadlisis in situ debido a su respuesta lineal y rapida, baja demanda de
energia, alta sensibilidad, bajo coste y capacidad de funcionar a temperatura ambiente (Li et
al., 2012).

Estos electrodos impresos son dispositivos fabricados sobre varios tipos de bases ceramica
o plastica donde se serigrafian el electrodo de trabajo, el electrodo auxiliar y el electrodo de
referencia (Figura 1.6).

Qg )

[l
i

Figura 1.6. Diferentes tipos de electrodos impresos comerciales

La composicidon de dichos electrodos determina la sensibilidad y selectividad necesaria para
cada analisis (Dominguez-Renedo et al., 2007). Asi, los SPE pueden ser fabricados en el labora-
torio o pueden adquirirse comercialmente con alguna de las diferentes configuraciones que
existen (Li et al., 2012) (Figura 1.7). Son dispositivos baratos y muy versatiles ya que pueden
modificarse, incluso fabricarse modificados, en funcién de su aplicacién o para introducir me-
joras en la deteccion (Dominguez-Renedo et al., 2007; Li et al., 2012). Se conectan a un poten-
ciostato portatil y pueden utilizarse en modo estatico (sensor en gota), modo hidrodinamico
(celda electroquimica convencional) o dentro de sistemas en flujo (Masawat et al., 2003; Ben-
goechea-Alvarez et al., 2008).
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Figura 1.7. Esquema general de fabricacion de electrodos impresos

Ademas de presentar ventajas en cuanto a la rapidez en el andlisis, los electrodos impresos
ofrecen la posibilidad de llevar a cabo la calibracién y el analisis de las muestras con un mismo
dispositivo, asi como el analisis simultaneo de muestras desconocidas (Figura 1.8).
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Figura 1.8. Electrodos impresos multiples para analisis simultaneo de varias muestras

El verdadero potencial que tiene este tipo de electrodos impresos miniaturizados y dese-
chables, estd reflejado en la gran cantidad de articulos cientificos que se han publicado en los
ultimos afos. Las revisiones realizadas por Honeychurch y Hart, 2006, Dominguez-Renedo et
al., 2007 y, mas recientemente, Li et al., 2012, son el reflejo de la gran aplicabilidad que han
demostrado estos sensores en los campos del analisis medioambiental, biolégico, industrial o
biomédico para la deteccidn de metales pesados, contaminantes organicos o radioisétopos,
entre otras muchas sustancias.

En el caso concreto de la aplicacion de estos sensores para la determinacion de Hg(ll) exis-
ten en la literatura muy pocas referencias. Wang y Tian (1993) utilizaron electrodos impresos
de carbono recubiertos con oro para la determinacion de trazas de Hg(ll) mediante PSA y mas
recientemente, Laschi et al (2006) y Meucci et al (2009) han utilizado electrodos impresos de
oro (SPGE), con los electrodos auxiliar y de referencia de carbono y plata, respectivamente,
para la determinacidn de Hg (Il) en agua y en pescado mediante SWASV. Mandil et al (2010)
describen la utilizacién de electrodos impresos de carbono modificados con pelicula de oro vy,
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éstos mismos, modificados con tioles asociados a particulas magnéticas sintetizadas en el labo-
ratorio, para la determinacién de Hg (Il) en agua potable.

Al igual que con los electrodos convencionales, la tendencia en el campo de los electrodos
impresos va encaminada a la modificacién de la superficie de los electrodos de trabajo para
mejorar los limites de deteccidn y abrir ain mas sus posibilidades de aplicaciéon. En 2011 Ar-
duini et al., describen la determinacion de Hg (Il) en muestras de agua potable, asociado con
tioles en disolucién, utilizando electrodos impresos modificados con una disolucién comercial
de negro de carbon. Por otro lado, Niu et al., (2011) consiguen mejores limites de deteccion
utilizando electrodos impresos con pelicula de antimonio modificada con nanotubos de carbo-
no, para la determinacién de Hg (ll) en muestras de agua fortificadas, mediante SWASV.

1.2.7. ANTECEDENTES SOBRE LA APLICACION DE ULTRASONIDOS CO-
MO TECNICA DE PRETRATAMIENTO PARA LA EXTRACCION DE MERCU-
RIO

A pesar del progreso y la mejora de la instrumentacion analitica, la obtencién de resultados
fiables sigue dependiendo, significativamente todavia, de la etapa previa de preparacion de las
muestras (Priego-Capote and Luque de Castro, 2007).

Las técnicas convencionales de digestidn o extraccién de mercurio en medio acido, que im-
plican altas temperaturas y, a menudo, alta presidn, presentan importantes inconvenientes
relacionados, principalmente, con el alto riesgo de pérdidas por volatilizacién, la contamina-
cion de las muestras y la elevada cantidad de reactivos y tiempo que consumen dichos proce-
dimientos (Rio-Segade and Bendicho, 1999; Collaisol et al., 2004). Sin embargo, el empleo de
metodologias de extraccion sélido-liquido asistida por microondas o ultrasonidos ha consegui-
do dar solucién a los inconvenientes de las técnicas convencionales, facilitando y acelerando el
proceso de extraccion de este analito (Reyes et al., 2008).

La caracteristica principal de la energia ultrasénica como herramienta de pretratamiento en
el analisis quimico, se basa en el conocido fendmeno de cavitaciéon. Cuando una onda ultrasé-
nica pasa a través de un liquido, la presion oscilante de dicha onda implica la generaciéon e
implosién de burbujas de gas en su interior, generdndose condiciones extremas de temperatu-
ra y presion que dan lugar a la termdlisis del soluto y la formacién de radicales, induciendo
drasticas condiciones reactivas en el medio liquido. Ademas si hay un sélido presente en diso-
lucién, el tamafio de particula disminuye por ruptura, incrementando la superficie total del
solido en contacto con el disolvente y favoreciendo el proceso de extraccidon (Collaisol et al.,
2004; Capelo et al., 2005; Priego-Capote y Luque de Castro, 2007; Tadeo et al., 2010).

De la instrumentacién disponible, el bafio de ultrasonidos y la sonda de ultrasonidos son los
mas comunmente utilizados. En el primero, las ondas ultrasénicas llegan indirectamente a
través de las paredes del recipiente que contiene la muestra, mientras que la sonda, que se
introduce dentro de la muestra, lleva a cabo la ultrasonicacion directamente sobre la disolu-
cion con una mayor eficacia, control y menor consumo de tiempo y reactivos (Zhang et al.,
2011). Para llevar a cabo la extraccidn con ultrasonidos hay que estudiar también la influencia
de otros parametros, como el reactivo utilizado para la extraccién, cuya concentracion es criti-

(50]



ca en el desarrollo del proceso, y las propiedades de la matriz que se va a someter al proceso
de extraccion, como son la homogeneidad de la muestra y el tamafio de particula (Capelo et
al., 2005)

Asi pues, la técnica de extraccion asistida por ultrasonidos es especialmente atractiva para
la extraccién de mercurio al permitir el pretratamiento de las muestras de un modo eficaz,
simple, barato y a temperatura ambiente, capaz de evitar el problema bien documentado de
volatilizacidon de mercurio durante esta etapa. En este sentido, la aplicacion de la energia de
ultrasonidos puede ser una alternativa mds apropiada en comparacién con otros procedimien-
tos mas sofisticados basados en la digestién en recipientes cerrados que, por el contrario, se
llevan a cabo a presion y temperatura elevadas. En concreto, se encuentran descritos en la
bibliografia algunos métodos de extraccion en medio acido del Hg inorgdnico presente en
muestras de orina (Munoz et al., 2006) y pescado (Reyes et al., 2008), utilizando el bafio de
ultrasonidos. Asimismo, se describe también el desarrollo y aplicacién de métodos que utilizan
la sonda de ultrasonidos para la extraccién de Hg a partir de tejidos de mejillon (Bendicho et
al., 2012), suelo y sedimentos (Collaisol et al., 2004), orina humana (Capelo et al., 2006), varios
tipos de pescado (Lopez et al., 2010), y muestras de polvo atmosférico (Palomo-Marin et al.,
2011), previamente a su determinacién mediante las técnicas espectrométricas anteriormente
descritas.

1.2.8. LA ESPECTROSCOPIA DE IMPEDANCIA ELECTROQUIMICA COMO
HERRAMIENTA PARA LA CARACTERIZACION SUPERFICIAL

En el campo de la investigacidn en electroquimica, las caracteristicas propias de las técnicas
aplicadas, que ya se han mencionado en apartados anteriores, es lo que hace que continte
existiendo un interés especial por el desarrollo de sensores para la detecciéon de una gran va-
riedad de analitos. La comercializacidn o fabricacién en el laboratorio de electrodos impresos
ha abierto nuevas oportunidades para la aplicacion de estas técnicas on site, en unas condicio-
nes distintas a las utilizadas cominmente en el laboratorio con los electrodos mdas convencio-
nales.

A pesar de que el éxito en la aplicacion de estos sensores depende de la composicién y es-
tabilidad de su compleja superficie, las cuales se pueden ver afectadas por los tratamientos y
temperaturas involucradas en el propio proceso de impresién, poco se sabe todavia acerca de
la naturaleza de las reacciones que ocurren en ella. Tal como se describe en la bibliografia, la
voltamperometria ciclica (CV) y la microscopia de barrido electrénico (SEM) son las técnicas
mas utilizadas en la caracterizacidn superficial de dichos electrodos (Fanjul-Bolado et al., 2008;
Garcia-Gonzalez at al., 2008; Kadara et al., 2009a; Kadara et al., 2009b). Sin embargo, estos
sistemas electroquimicos pueden ser estudiados también con métodos basados en mediciones
de impedancia (Pejcic and De Marco, 2006; Chang and Park, 2010), que aunque ha sido exten-
samente aplicada para llevar a cabo estudios de corrosidon de materiales, en los ultimos afios
se ha visto incrementada su utilizacién en la caracterizacion de sensores electroquimicos
(Gouveia-Caridade, 2008).

La técnica de la espectroscopia de impedancia electroquimica (EIS) se basa en la aplicacién
de una pequefia perturbacion al electrodo en forma de corriente alterna. Normalmente, la
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perturbacién es aplicada en el potencial, siendo medida posteriormente la corriente resultan-
te, a diferentes frecuencias. No obstante, dicha perturbacion puede corresponder a la corrien-
te aplicada o a la velocidad de conveccién cuando se trabaja con sensores en modo hidro-
dinamico. La ventaja principal de que la perturbacion aplicada sea pequeiia es que se simplifi-
can las ecuaciones matematicas que describen los fendmenos implicados en EIS, ya que se
pueden utilizar formas limite de estas ecuaciones, que son tipicamente lineales (Oliveira-Brett
and Brett, 1996).

La impedancia (Z) no es mas que un término que va a describir la resistencia, en este caso
del sensor electroquimico, cuando se aplica una senal en un circuito de corriente alterna. Es lo
que corresponderia al término de resistencia (R) en la Ley de Ohm, que define los circuitos de
corriente continua. La respuesta obtenida es de tipo sinusoidal y puede diferir en fase y ampli-
tud con respecto al potencial aplicado. La medida de esas diferencias permite el analisis de los
procesos que tienen lugar en la superficie del electrodo. Como se observa en la Figura 1.9, la
impedancia corresponderia con el factor de proporcionalidad entre E (potencial aplicado) e |
(corriente resultante), donde hay variacidn con el tiempo (Gouveia-Caridade, 2008).

Figura 1.9. Representacién del potencial (E) y la corriente (I) con el tiempo, en un
circuito de corriente alterna

La impedancia, por su parte, depende de la frecuencia de la perturbacién aplicada; por eso,
se va a obtener una respuesta para cada frecuencia seleccionada dentro de un determinado
intervalo, dando lugar a graficos de impedancia en el plano complejo (o diagrama de Argand)
donde se consideran sus términos real (eje de ordenadas, Z’) e imaginario (eje de abscisas,-Z")
segln establecen las ecuaciones matemadticas que la definen (Figura 1.10).
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Figura 1.10. Grafico de impedancia en el plano complejo para un sistema electroquimico simple

En sistemas electroquimicos reales, la impedancia experimental es siempre obtenida como
resultados de la combinacién, en serie o en paralelo, de una resistencia y una capacitancia
(Oliveira-Brett and Brett, 1996). En principio, cualquiera de estos sistemas puede ser represen-
tado por un modelo eléctrico. Asi, una interfase electrodo/electrolito donde ocurra una de-
terminada reaccidn electroquimica puede asemejarse a un circuito eléctrico formado por un
conjunto de resistencias, condensadores e inductores. Es en esta analogia donde reside una de
las principales ventajas de la impedancia electroquimica, ya que permite la caracterizacién de
un sistema electroquimico a través de un circuito eléctrico equivalente (Gouveia-Caridade,
2008). A estos circuitos pueden adicionarse otros elementos como pueden ser el elemento de
Warburg o el de fase constante, segun las caracteristicas del sistema estudiado.

El objetivo de esta técnica sera, por tanto, medir los valores de Z' y Z”’ para perturbaciones
con varias frecuencias y proponer un circuito equivalente lo mas cercano posible a la realidad
fisica que se ajuste a la misma respuesta. No obstante, hay que tener en cuenta que un deter-
minado sistema puede originar varios circuitos equivalente validos, bien porque dos o mas
circuitos presentaran respuestas idénticas o porque los resultados obtenidos de las experien-
cias en EIS pudieran ser ajustados a varios circuitos eléctricos equivalentes. Por esta razén, es
importante escoger siempre aquel circuito en el que los elementos seleccionados tengan sen-
tido fisico. En la Figura 1.11 se muestra un ejemplo de un circuito eléctrico equivalente (o cir-
cuito de Randles) para un proceso de electrodo simple.
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Figura 1.11. Circuito eléctrico equivalente para un proceso de electrodo simple
(Fuente: Oliveira-Brett and Brett, 1996)

Por lo general, los procesos de electrodos reales son mdas complejos y su analisis a través de
EIS se hace mas complicado de lo que se ha descrito hasta ahora. Asi, otro factor que hay que
tener en cuenta esta relacionado con la dependencia de la impedancia de una interfase con su
estructura microscopica, que es especialmente importante en el caso de los electrodos sdlidos,
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y que puede influir significativamente en la forma de los espectros de impedancia obtenidos.
En este tipo de electrodos se observan desviaciones de la idealidad, por lo que el circuito eléc-
trico equivalente asociado no puede estar compuesto tan solo por una resistencia y una capa-
citancia. La impedancia en estos casos pasa a ser descrita por un elemento de fase constante,
CPE, que representa un condensador no ideal cuyo valor depende de un parametro de rugosi-
dad a, que puede variar entre 0.5 y 1, siendo a = 1 el valor asociado con un electrodo liso de
comportamiento ideal (Gouveia-Caridade, 2008).
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Capitulo 2. Materiales y Métodos






En este capitulo se presentan los materiales y métodos utilizados para la determinacién de
los hidrocarburos aromaticos policiclicos en el material particulado atmosférico y para la de-
terminacion de Hg(ll) en diversas matrices ambientales. El capitulo se ha estructurado en dos
partes diferenciadas, donde se detallan el material e instrumentacion utilizada y las diferentes
metodologias aplicadas para cada uno de los analitos estudiados.

2.1. HIDROCARBUROS AROMATICOS POLICICLICOS EN EL MATE-
RIAL PARTICULADO ATMOSFERICO

Esta primera parte del capitulo describe los materiales y métodos utilizados en el presente
trabajo para la determinacién de los PAH en el material particulado atmosférico. A continua-
cién, se muestra un esquema global donde se resumen los principales apartados que se van a
desarrollar.

Determinacion de PAH
en PM,,

METODOS
_ m | Muestrasl

Muestreador
PMy,

Localizaciones

Equipamiento

—
Almacenamient
o de muestras

Cabina
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Limpieza de
material

Analizadores
Contaminantes
~ Gaseosos

Pretratamiento

Analisis
Estaciones
GC-MS/MS

Meteoroldgicas
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2.1.1. MATERIALES

2.1.1.1. LA RED EXTREMENA DE PROTECCION E INVESTIGACION DE LA CALI-
DAD DEL AIRE (REPICA)

Las muestras de aerosoles analizadas en este trabajo proceden de cinco de las unidades fi-
jas y de las dos unidades mdviles de monitorizacion atmosférica pertenecientes a la Red Ex-
tremefia de Proteccidn e Investigacidn de la Calidad del Aire (REPICA).

En la actualidad, la red esta constituida por:

o Seis unidades fijas para la monitorizacion continua de la calidad del aire. Cinco estan
ubicadas en entornos urbanos (Badajoz, Caceres, Mérida, Zafra y Plasencia) y una en
entorno rural (Parque Nacional de Monfragiie).

. Dos unidades moviles de vigilancia atmosférica con las mismas caracteristicas técni-
cas que las unidades fijas, para permitir la monitorizacion del aire en otras localida-
des o entornos rurales de la region mediante campanfas periddicas.

o Un centro de procesamiento de datos, situado en la Consejeria de Industria, Energia
y Medioambiente de la Junta de Extremadura (Mérida).

. Dos laboratorios analiticos localizados en el Departamento de Quimica Analitica de la
UEx y en el Servicio de Proteccién Ambiental, seccion de Sostenibilidad Ambiental de
la Junta de Extremadura, respectivamente.

En la Figura 2.1, se han representado en verde los laboratorios analiticos, en azul las unida-
des maviles y en naranja las estaciones fijas.

Figura 2.1. Mapa de la estructura de REPICA
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2.1.1.2. UNIDADES DE VIGILANCIA ATMOSFERICA: LOCALIZACIONES

BADAJOZ

Ciudad situada al noroeste de la provincia, de la que es capital, y a escasa distancia de la
frontera portuguesa. Su término municipal ocupa una superficie de 1.470 km? siendo el terce-
ro mas extenso de Espafia (Mora Aliseda, 2001).

Cuenta con 151.214 habitantes (INE, 2011), lo que representa el 21,4 % de la poblacién to-
tal de su provincia y el 13,3 % de la comunidad extremenia.

El sector servicios es el dominante en la ciudad. El comercio se nutre de clientes de la pro-
vincia y de Portugal, debido a importancia de las relaciones comerciales con este pais. También
representa un importante nudo de comunicaciones con el pais vecino, estando prevista la
construcciéon de una plataforma logistica y la llegada del tren de alta velocidad. La ciudad cuen-
ta, asimismo, con un aeropuerto, situado a unos 14 km de distancia (Diputacidon de Badajoz,
2008).

El analisis de los datos climaticos en Badajoz revela la confluencia de caracteristicas genera-
les de varios dominios climaticos peninsulares. La influencia continental se manifiesta en la
inexistencia de estaciones intermedias bien definidas pero se ve atenuada por una evidente
influencia atlantica que suaviza las temperaturas invernales (temperaturas raras veces meno-
res de 0 °C). La influencia del dominio climatico mediterraneo queda patente en unos veranos
muy calurosos (temperaturas cercanas a los 45 °C) y la irregularidad del régimen de precipita-
ciones, con una media anual de 476 mm. La humedad relativa del aire no es elevada. Los vien-
tos mas frecuentes son del oeste-suroeste y generalmente son suaves. No obstante, es fre-
cuente la aparicion de nieblas por la proximidad del rio Guadiana (Mora Aliseda, 2001).

Figura 2.2. Ubicacién de la unidad de Badajoz
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La unidad fija de vigilancia atmosférica de Badajoz (Figura 2.2) esta clasificada como una es-
tacién suburbana de fondo y estd situada en las Instalaciones Deportivas de la Universidad de
Extremadura en la Avenida de Elvas s/n. Sus coordenadas geograficas, se muestran en la Tabla
2.1

Tabla 2.1. Datos geograficos de la unidad fija de vigilancia atmosférica de Badajoz

Latitud Longitud Altitud (m)
38°53'12" N 6°58'15" O 185

CACERES

Ciudad situada en la zona central de Extremadura. Su término municipal ocupa una superfi-
cie total de 1.768 km?, siendo el segundo mas extenso de Espafia (Mora Aliseda, 2001).

Cuenta con 95.616 habitantes (INE, 2011) por lo que es la ciudad mas poblada de la provin-
cia, acumulando el 21,8 % de la poblacién total de la misma. Es el principal centro comercial,
administrativo y eje econémico de la provincia y primer centro turistico de Extremadura en
numero de visitantes. Su economia se basa principalmente en el sector servicios, en el turismo
y la construccion, con una creciente aportacién del sector industrial centrado en industrias
alimenticias, textiles, ceramicas y productos derivados del caucho (Diputacion de Caceres,
2008).

El clima de Caceres es de tipo continental suavizado por la cercania del Océano Atlantico.
Muestra veranos secos y cdlidos (con maximas de 35 °C y minimas de 20 °C) e inviernos tem-
plados y himedos (maximas de 10 "C y minimas de -5 °C), mientras que las estaciones inter-
medias presentan una mayor variabilidad (Mora Aliseda, 2001).

Figura 2.3. Ubicacién de la unidad de Caceres

La unidad fija de vigilancia atmosférica de Caceres (Figura 2.3) esta clasificada también co-
mo una estacién suburbana de fondo y esta situada en las inmediaciones de la Facultad de
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Ciencias del Deporte, Campus Universitario (carretera de Trujillo). Sus coordenadas geografi-
cas, se muestran en la Tabla 2.2.

Tabla 2.2. Datos geograficos de la unidad fija de vigilancia atmosférica de Caceres

Latitud Longitud Altitud (m)
39°29' 01" N 6°20'37" 0 365

MERIDA

Ciudad situada al norte de la provincia de Badajoz. Es la capital autondmica y el nucleo ins-
titucional de Extremadura. Fue declarada Patrimonio de la Humanidad por la UNESCO en el
afio 1993. Su término municipal ocupa 865,6 km? (Mora Aliseda, 2001). Segun los ultimos da-
tos, Mérida cuenta con una poblacion de 57.810 habitantes (INE, 2011)

Estd ubicada estratégicamente en el centro de las comunicaciones entre el norte y el sur a
través de la via de la plata. Posee una excelente red de transportes que se veran ampliadas
préoximamente con la linea ferrovial del AVE que unird Madrid con Lisboa. Es ademas una ciu-
dad muy activa en relacién al turismo, siendo el sector servicios la actividad predominante
(Diputacion de Badajoz, 2008).

El clima es del tipo mediterraneo continental con influencia atlantica, debido a la proximi-
dad de la costa portuguesa. Tanto las precipitaciones como las temperaturas presentan una
acusada estacionalidad. La temperatura media anual se sitla en los 16,65 °C, siendo los meses
de diciembre y enero los mas frios, mientras que las maximas se registran en julio y agosto
(Mora Aliseda, 2001).

Figura 2.4. Ubicacién de la unidad de Mérida

Al igual que las dos anteriores, la unidad fija de vigilancia atmosférica de Mérida (Figura 2.4)
estd clasificada como una estacién suburbana de fondo y se encuentra situada en el Centro
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Universitario, en la calle Santa Teresa de Jornet, 38. Sus coordenadas geograficas, se muestran
en la Tabla 2.3.

Tabla 2.3. Datos geograficos de la unidad fija de vigilancia atmosférica de Mérida

Latitud Longitud Altitud (m)
38°54' 23" N 6°20'18" O 214

ZAFRA

Ciudad situada al suroeste de la provincia de Badajoz, es uno de los municipios mas impor-
tantes de ésta. Topograficamente esta localizada entre la llanura propia de la comarca de Tie-
rra de Barros y la penillanura sur de la regién (Mora Aliseda, 2001). Su término municipal ocu-
pa 62,6 km” y cuenta con una poblacién de 16.677 habitantes (INE, 2011).

Zafra estd ubicada también estratégicamente en el centro de un importante nudo de co-
municaciones que unen varias capitales provinciales y regionales (Badajoz, Mérida, Sevilla,
Huelva y Cérdoba). El sector servicios es la actividad predominante, seguida de la construccion
y la industria (Diputacién de Badajoz, 2008).

Figura 2.5. Ubicacién de la unidad de Zafra

En lo que se refiere al clima, Zafra posee un clima mediterraneo templado, cuya caracteris-
tica principal es la inexistencia de estaciones intermedias, dando lugar a una brusca sucesién
del verano, muy calido y seco, y el invierno con suaves temperaturas y cierta humedad, fruto
de la presencia de borrascas de origen atlantico. En cuanto a la pluviometria, los periodos se-
cos se mezclan con las lluvias torrenciales (Mora Aliseda, 2001).

La unidad fija de vigilancia atmosférica de Zafra (Figura 2.5) estd clasificada también como
una estacion suburbana de fondo, aunque la densidad de poblacién y la extension geografica
sea notablemente menor que en el resto de estaciones urbanas pertenecientes a REPICA. Se
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encuentra situada en el Poligono Industrial Los Cafios. Sus coordenadas geograficas, se mues-
tran en la Tabla 2.4.

Tabla 2.4. Datos geograficos de la unidad fija de vigilancia atmosférica de Zafra

Latitud Longitud Altitud (m)
38°25'41" N 6°23'50" O 551

MONFRAGUE

La comarca de Monfraglie esta situada en el valle del Tajo, en el centro de la provincia de
Caceres. El global de la mancomunidad cuenta con una poblacién de unos 8.701 habitantes
(INE, 2008). Se trata de una zona muy simple orograficamente y muy importante en la region
porque es donde se localiza el Parque Nacional de Monfragiie (BOE ndm. 54, del 03/03/07).

Figura 2.6. Ubicacion de la unidad de Monfragiie

A diferencia de las cuatro anteriores, la unidad fija de vigilancia atmosférica de Monfragiie
(Figura 2.6) esta clasificada como una estacion rural regional de fondo y se encuentra situada
en el Parque Nacional, concretamente en la finca Las Cansinas. Sus coordenadas geograficas,
se muestran en la Tabla 2.5.

Tabla 2.5. Datos geograficos de la unidad fija de vigilancia atmosférica de Monfragiie

Latitud Longitud Altitud (m)
39°50'37" N 5°56'30" O 376
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Figura 2.7.Modelo de unidad fija de monitorizacion de la calidad del aire

UNIDADES MOVILES

La Red Extremefia de Proteccidn e Investigacidon de la Calidad del Aire dispone también de
dos unidades méviles de vigilancia atmosférica (Figura 2.8) que recorren toda la regién y que
permiten monitorizar la calidad del aire en otras localidades o entornos rurales mediante cam-
pafias de medida. Asi, la unidad movil 1 se desplaza por la provincia de Caceres, mientras que
la unidad movil 2 lo hace por la provincia de Badajoz. Como se ha comentado anteriormente,
estas unidades moviles poseen el mismo equipamiento que el resto de estaciones fijas.
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Figura 2.8. Modelo de unidad mdvil de monitorizacién de la calidad del aire

En las Tablas 2.6 y 2.7 se resumen las campafias realizadas por las unidades méviles 1y 2,
respectivamente, durante el tiempo de muestreo seleccionado en este trabajo.

Tabla 2.6. Campaiias realizadas por la unidad movil 1

Ubicacién Inicio campafia Final campafia
Ecoparque Mirabel 24/06/2008 27/06/2008
Jarandilla de la Vera 03/07/2008 31/08/2008
Navalmoral de la Mata 01/09/2008 19/01/2009

Tabla 2.7. Campafias realizadas por la unidad moévil 2

Ubicacion Inicio campafia Final campafia
Llerena 01/07/2008 24/09/2008
Castuera 25/09/2008 02/03/2009

2.1.1.3. UNIDADES DE VIGILANCIA ATMOSFERICA: EQUIPAMIENTO

Todas las estaciones de vigilancia, tanto fijas como méviles, estan equipadas con:

o Analizador de monodxido de carbono (excepto Monfragiie).
o Analizador de didxido de azufre.

. Analizador de 6xidos de nitrégeno.

o Analizador de ozono.

. Analizador de benceno, tolueno y xileno.
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. Analizador de metano e hidrocarburos no metanicos.

. Monitor de particulas PMyo, PM, sy PM;.

J Captador de alto volumen para particulas.
J Sensor de direccién de viento.

J Sensor de velocidad de viento.

J Sensor de temperatura del aire.

J Sensor de humedad del aire.

. Sensor de presidén atmosférica.

J Sensor de radiacion solar.

o Sensor de ruido ambiental (sélo unidades moviles).
. Pluviometro.

J Ordenador de adquisicién de datos.

. Estabilizador de tensién.

J Dos equipos de aire acondicionado.

o Generador de aire cero.

J Calibrador.

2.1.1.4. EQUIPOS UTILIZADOS

2.1.1.4.1. MUESTREADOR DE AEROSOLES

Para la captacién de las particulas atmosféricas en suspensidn se utilizé un muestreador au-
tomatico de alto volumen Digitel (Digitel Elektronic AG, Hegnau, Suiza) modelo DAH-80, que
opera con un flujo de aire de 30 m*/h, y un cabezal de corte para PMy, (Figura 2.9).

(66]



Figura 2.9.Muestreador de alto volumen para PMy,

Estos muestreadores consisten en unidades totalmente automaticas que permiten recoger
con precisién muestras de aire dosificadas. El intervalo de caudales de aspiracién, en ejecucién
normal, es de 100 a 1000 litros por minuto (de 6 a 60 metros cubicos por hora). Las caracteris-
ticas principales de este muestreador son que permite el cambio automatico de filtros, tenien-
do capacidad para 15 filtros en trabajo continuo, y que puede captar un caudal exacto de aire.

2.1.1.4.2. CABINA GRAVIMETRICA

El acondicionamiento y pesada de los filtros (fraccion PM;g) se realizé en una cabina segun
los criterios establecidos por la norma UNE-EN 12341, en la que se recogen las condiciones de
trabajo para la determinacidn gravimétrica del material particulado en suspension.

La cabina gravimétrica (Figura 2.10), segun esta norma, tiene que estar acondicionada a
una temperatura de 20 + 1 °C y una humedad relativa de 50 + 5 %. Para ello dispone de un
sistema de aire acondicionado y un deshumidificador de aire, con los que se aseguran estas
condiciones. Para controlar el grado de cumplimiento, la cabina cuenta también con un ter-
mohigrometro Gemini Data Loggers, modelo Tinyview Plus (Reino Unido), que mide continua-
mente la temperatura y la humedad relativa y que estd conectado a un ordenador donde se
van descargando temporalmente los datos.
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Figura 2.10. Cabina para la determinacion gravimétrica del material particulado

Para la pesada de los filtros, la cabina estd equipada con una microbalanza Mettler Toledo
modelo AX205 Delta Range® con una precision de 10 pg.

Por ultimo, la cabina gravimétrica dispone de unas estanterias con rejillas en las que se co-
locan los filtros para su acondicionamiento. Estos, tal como exige la norma, tienen que perma-
necer en ella al menos 48 horas antes de ser pesadas para su instalacion en el muestreador.

2.1.1.4.3. CROMATOGRAFO DE GASES

La determinacidn analitica de los hidrocarburos aromaticos policiclicos extraidos de la frac-
cion PMy, del material particulado atmosférico, se lleva a cabo en un cromatdgrafo de gases
acoplado a un espectrémetro de masas de trampa de iones Varian Saturn2000 (Varian, Inc.,
EE.UU) (Figura 2.11)

Figura 2.11. Cromatdgrafo de gases utilizado para el analisis de los PAH
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El equipo esta formado por:

. Cromatodgrafo de gases Varian modelo 3800.

. Inyector automatico Varian modelo 8200 con capacidad para 48 viales.

. Detector trampa de iones Varian modelo Saturn2000.

o Columna capilar Varian Factor FourTM VF-5ms (30 mx0,25 mmx0,25 um) cuya fase

estacionaria es 5 %difenil-95 % dimetilpolisiloxano
. Pre-columna Varian CP8009 (2,5 mx0,53 mm)

o Bomba de vacio Edwards (Edwards High Vacuum International, Crawley Sussex, Eng-
land).

o Trampa de oxigeno Varian CP17973.
) Helio (Air Liquide, pureza = 99,999 %).

o Software que controla todos los componentes del sistema para llevar a cabo el anali-
sis de forma automatizada.

2.1.1.4.4. ANALIZADORES EN CONTINUO DE CONTAMINANTES GASEOSOS

Para medir en continuo las concentraciones de algunos contaminantes gaseosos en el aire,
las estaciones de vigilancia atmosférica estan equipadas con analizadores especificos, tales
como:

. Analizador de fluorescencia molecular para evaluar la concentracién de didxido de
azufre (SO,) en el aire ambiente, del modelo SIR S-5001 (S.I.R., S.A., Grupo Bergé, Es-
pafia). Esta técnica se basa en la excitacion electrdnica de las moléculas del gas por
incidencia de una radiacién ultravioleta de longitud de onda especifica. Cuando las
moléculas de SO, vuelven al estado normal, emiten una radiacion fluorescente carac-
teristica que es proporcional al niUmero de moléculas de SO, excitadas.

o Analizador quimioluminiscente para evaluar la concentracién de 6xidos de nitrégeno
(NO,) en el aire ambiente, del modelo SIR S-5012 (S.I.R., S.A., Grupo Bergé, Espania).
Esta técnica se basa en la medida fotométrica de la quimioluminiscencia resultante
de la reaccién del NO con el Os. Se forma una molécula excitada (NOZ*) que al volver
a su estado fundamental, emite una radiacidn caracteristica.

. Analizador de absorcién infrarroja para evaluar la concentracion de monédxido de
carbono (CO) en el aire ambiente, del modelo SIR S-5006 (S.I.R., S.A., Grupo Bergé,
Espafia). Se trata de un analizador fotométrico no dispersivo basado en la absorcion
de radiacion IR especifica por el CO, la cual genera calor de forma proporcional al
numero de moléculas de CO presentes en la muestra.
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. Analizador de absorcién molecular UV para evaluar la concentracidon de ozono (O3) en
el aire ambiente, del modelo SIR S-5014 (S.I.R., S.A., Grupo Bergé, Espaia). El anali-
zador mide directamente la concentracidon de ozono mediante la atenuacidn de la ra-
diaciéon UV monocromatica producida por las moléculas de ozono en una celda 6pti-
ca.

2.1.1.4.5. ESTACIONES METEOROLOGICAS

Las unidades de vigilancia atmosférica disponen de estaciones meteoroldgicas equipadas

con:
o Sensor de temperatura y humedad del aire (marca Vaisala, modelo TH-010).
. Sensor de presion atmosférica (marca SIR, modelo PB-100).
. Sensor de precipitacién (marca Young, modelo 52203).
. Sensor de radiacion solar (marca Skye, modelo SKS-1110).
J Sensor de velocidad y direccién del viento (marca Young, modelo 3002).

2.1.1.5. REACTIVOS

Los reactivos utilizados durante el proceso completo de extraccidn y andlisis de los hidro-
carburos aromaticos policiclicos son los siguientes:

o Multipatron (LGC Promochem, Wesel, Alemania): 100 + 1 ug/mL de cada analito en
tolueno (naftaleno, acenaftileno, acenafteno, fluoreno, fenantreno, antraceno, fluo-
ranteno, pireno, benzo[a]antraceno, criseno, benzo[b]fluoranteno, ben-
zo[k]fluoranteno, benzo[a]pireno, indeno[1,2,3-cd]pireno, dibenzo[a,h]antraceno,
benzo[g,h,ilperileno).

o Patrones internos:
. 1-metilpireno (Ultra Scientific, North Kingstown, EE.UU): 10 £ 0,1 pug/mL en tolueno.

o Acenaftileno-dg (Cambridge Isotope Laboratories, Andover, EE.UU): 200 ug/mL en
isooctano

. Pireno-d,o (Cambridge Isotope Laboratories, Andover, EE.UU): 200 pg/mL en isoocta-
no.

o Material de referencia certificado: NCS ZC 78002 PAH in Coal FlyAsh, aprobado por
China NationalAnalysis Center for Iron and Steel (Beijing, China) y suministrado por
LGC Promochem (Wesel, Alemania).

. Tolueno para andlisis de residuos por CG (Scharlau).

. Acetona multisolvent®, grado HPLC ACS ISO UV Vis (Scharlau).
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o n-hexano, 96% multisolvent®, grado HPLC ACS ISO UV Vis (Scharlau).
. Acetonitrilo multisolvent®, grado HPLC ACS ISO UV Vis (Scharlau).

o Diclorometano estabilizado con aproximadamente 50 ppm de amileno multisolvent
® grado HPLC ACS ISO UV Vis (Scharlau).

o Agua Ultrapura (Equipo Ultramatic System, Wasserlab, Spain).

2.1.1.6.0TROS MATERIALES

o Material de vidrio: Balones de destilacion de 250 y 500 mL, matraces de 2, 5y 10 mL
con tapoén de vidrio, sistema refrigerante de doble camisa de 40 cm, perlas de ebulli-
cion, pipetas graduadas de 1, 5y 10 mL con émbolo de vidrio, equipo de filtracion,
viales cénicos de micro-reaccidon de 5 mL, vasos de precipitados de 100 mL, sistema
de evaporacion en corriente de nitrogeno, columnas de vidrio para limpieza con llave
de tefldn, viales ambar de 2mL e insertos de vidrio de 200 pL.

. Microjeringas: 10 uL y 50 pL (Agilent Technologies, EE.UU); 100 pL (Hamilton Compa-
ny, Suiza).

. Manta calefactora PILZ® con regulacion de energia y capacidad para matraces de 250
mL (IsopadTM, Tyco Termal Control, EE.UU).

o Evaporador rotativo Nahita serie 9200, equipado con bafio termostatizado y bomba
de vacio con membrana y cabezal de PTFE, con un caudal maximo de 20 L/min y un
vacio final de 8 mbar (KNF Laboport, EE.UU).

. Bomba de membrana para filtracidn a vacio marca Nahita.

. Lana de vidrio lavada (Scharlau).

. Gel de silice tipo 60, 0,06-0,2 mm y 0,04-0,06 mm para cromatografia en columna
(Scharlau).

. Nitrogeno (Air Liquide, pureza = 99,999%).
. Filtros de fibra de vidrio Albet circulares de 150 mm de didmetro.

. Filtros de fibra de cuarzo Schleicher&Schuell circulares de 150 mm de diametro.

2.1.1.7. MUESTRAS REALES

En este trabajo se han analizado un total de 72 muestras de material particulado atmosféri-
co (PMyy) recogido durante 24 horas consecutivas, con un flujo de aire de 30 m>/h, sobre filtros
de fibra de cuarzo en los captadores de particulas de alto volumen situados en las estaciones
fijas de vigilancia atmosférica de Badajoz, Caceres, Mérida, Monfragiie y Zafra, y en las dos
unidades moviles que recorren las dos provincias. La toma de muestras se realizd durante el
periodo de tiempo comprendido entre marzo de 2008 y enero de 2009.
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2.1.2. METODOS

2.1.2.1. MUESTREO Y DETERMINACION DE LA CONCENTRACION DE PM1o

La toma de muestras se llevd a cabo sobre filtros de fibra de cuarzo de la marca Schlei-
cher&Schuell en captadores de particulas con cabezal para PMy colocados en las unidades
fijas y moviles de vigilancia atmosférica de REPICA.

El procedimiento estandar utilizado para la pesada de los filtros, segun la norma UNE-EN
12341, es el siguiente:

J Se eliminan, mediante agitacién suave, los posibles restos de fibra que pudieran que-
dar adheridos sobre los filtros blancos.

. A continuacion, se colocan los filtros sobre la estanteria de rejillas en la cabina gra-
vimétrica para su acondicionamiento a una temperatura de 20 = 1 2C y una humedad
relativa de 50 + 5 % controladas. Los filtros se mantienen en esas condiciones al me-
nos 48 horas antes de la pesada y su retirada para el muestreo.

o Los filtros acondicionados se pesan en una balanza analitica, instalada en la cabina
gravimétrica, con una resolucién de al menos 10 pg y se anota la pesada en una ficha
de control junto con su cédigo de referencia.

o Finalmente, los filtros pesados y envueltos en papel de aluminio se introducen en so-
bres previamente identificados y se almacenan en la cabina hasta su recogida.

Una vez que los filtros son transportados a las estaciones de vigilancia atmosférica, se colo-
can en el portafiltros del captador de PMy, donde comienza la toma de muestras. El tiempo
total de muestreo por filtro es de 24 horas consecutivas y el volumen final de aire que pasa a
través de ellos es, aproximadamente, 750 m°.

Finalizado el muestreo, los filtros se recogen, se almacenan doblados por la mitad en los
sobres con sus referencias y se devuelven al laboratorio, donde se inicia de nuevo el procedi-
miento estandar para la pesada (colocacién, acondicionamiento y pesada de filtros con parti-
culas) establecido por la norma UNE-EN 12341.

Durante todo el procedimiento se utilizan guantes libres de polvo y pinzas para manipular
los filtros, con el objetivo de evitar, en la medida de lo posible, contaminaciones.

Por diferencia de pesada entre el filtro en blanco y el filtro con particulas recogido de las es-
taciones de vigilancia atmosférica, se puede conocer la masa neta de particulas contenida en el
filtro. Al dividir esta masa por el volumen de aire que ha pasado por el filtro durante el tiempo
de muestreo (dato obtenido del propio captador de PMy;) se determina la concentracién de
particulas en el aire ambiente. El resultado se expresa en pg/m>.
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2.1.2.2. DETERMINACION DE HIDROCARBUROS AROMATICOS POLICICLICOS
EN MUESTRAS DE AEROSOLES ATMOSFERICOS

2.1.2.2.1. ALMACENAMIENTO DE LAS MUESTRAS

Durante el muestreo, almacenamiento, pretratamiento y andlisis de los PAH hay que evitar
su exposiciéon al calor, al ozono, al didxido de nitrégeno vy a la luz ultravioleta, ya que pueden
degradarlos (EPA, 1999; UNE 77250, 2001; Liu et al., 2007; EN 15549, 2008). Por eso, después
de llevar a cabo el andlisis gravimétrico de las muestras de PMy, los filtros destinados para la
determinacion de hidrocarburos aromaticos policiclicos se separan y se almacenan a una tem-
peratura < 4 °C. Las muestras de PAH se mantendran almacenadas en frio y sin contacto con la
luz durante un tiempo maximo aproximado de dos meses (EN 15549, 2008). Asi mismo, una
vez extraidas las muestras, se recomienda que sean analizadas en un plazo no superior a siete
dias (EPA, 1999).

2.1.2.2.2. LIMPIEZA DEL MATERIAL

La limpieza del material es muy importante en este tipo de analisis, ya que las interferen-
cias existentes debido a las impurezas contenidas en los disolventes, reactivos, material de
vidrio y otros equipos utilizados en el pretratamiento de las muestras, producen una elevacién
de la linea base en la respuesta del detector. Por eso, se tiene que demostrar de manera ruti-
naria que todo el material esta libre de estas interferencias bajo las condiciones de andlisis, lo
gue se lleva a cabo mediante la realizacién de “blancos de proceso” (EPA, 1999; UNE 77250,
2001).

El material de vidrio debe limpiarse escrupulosamente. Es recomendable que todo el mate-
rial utilizado se lave inmediatamente después de su uso.

Para lavar el material de vidrio que se utiliza en este procedimiento, se sigue en el laborato-
rio un estricto protocolo:

1. Sumergir en un bafio de agua con detergente liquido todo el material de vidrio utili-
zado en el pretratamiento. Mantener al menos 24 horas en esas condiciones.

2. Enjuagar, en primer lugar, con agua del grifo todo el material para eliminar los restos
de detergente que pudieran quedar y, en segundo lugar, con agua ultrapura. Dejar

secar al aire.

3. Enjuagar con acetona y dejar secar.

4, Enjuagar con n-hexano y dejar secar.

5. Enjuagar con tolueno y dejar secar.

6. Una vez que esté todo seco, se almacenan adecuadamente hasta su posterior utiliza-
cién.
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Con el objetivo de eliminar posibles trazas organicas que permanecen después del lavado

habitual, se recomienda, en primer lugar, lavar con los disolventes en orden decreciente de

polaridades y, en segundo lugar, calentar el material de vidrio (excepto el material volumétri-
co) en una estufa a 450 °C durante 8 horas (EPA, 1999).

La manipulacién del material destinado a este fin debe llevarse a cabo siempre con guantes

libres de polvo y pinzas metalicas. Se debe trabajar bajo campana extractora y en un ambiente

de laboratorio limpio.

2.1.2.2.3. PRETRATAMIENTO DE LAS MUESTRAS

El procedimiento utilizado para la extraccién de los hidrocarburos aromaticos policiclicos

del material particulado atmosférico (Figura 2.12) se describe detalladamente a continuacion:

1.

Se corta por la mitad el filtro de fibra de cuarzo que contiene el material particulado
(PMy) con unas tijeras metalicas limpias.

En un balén de destilacion limpio de 250 mL, se afiaden 150 mL de tolueno, dos per-
las de ebullicién y la mitad del filtro de fibra de cuarzo. Se pipetean 50 pL de una di-
solucion de 1-metilpireno, que es el patrén interno utilizado para evaluar las pérdidas
de analitos durante la extraccidon (EN 15549, 2008). Estudios preliminares demues-
tran la ausencia de este compuesto en las muestras a analizar, lo que hace posible su
utilizacién como estédndar interno.

Finalmente, se coloca el baldn de destilacidn en el refrigerante y se inicia el calentamiento a

la maxima potencia que permite la manta calefactora. Cuando comience el reflujo, se
disminuye la potencia a la mitad y se mantiene durante una hora. Para favorecer la
extraccién y a su vez minimizar el contacto de la muestra con la luz, se tapa el balén
de destilacion con papel de aluminio limpio durante el proceso.

Finalizado el tiempo de extraccion a reflujo, se deja enfriar el balén de destilacidn
hasta que alcance la temperatura ambiente.

El siguiente paso es la filtracidn del extracto en un sistema de filtracién a vacio cuyo
filtro debe ser de tefldn. El balon de destilacion de 250 mL, donde esta el filtro ex-
traido, se lava a continuacién con tres porciones de tolueno para asegurar que el
arrastre sea cuantitativo. La muestra ya filtrada (aproximadamente 300 mL) se trans-
vasa a un balén de destilacion de 500 mL.

El siguiente paso es la concentracion del filtrado hasta un volumen final aproximado
de 1 mL. Esta operacion se lleva a cabo en el rotavapor, manteniendo la temperatura
del bafio entre 30y 35 °C.

El extracto de muestra obtenido de la evaporacidn se transvasa a un vial cénico de
micro-reaccién (5 mL) de forma cuantitativa utilizando acetonitrilo como disolvente.
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7. A continuacién se concentra la muestra hasta casi sequedad utilizando para ello una
corriente suave y constante de nitrégeno manteniendo el vial sumergido en hielo du-
rante el proceso. El tratamiento posterior de la muestra puede realizarse por dos
vias:

a. Sin limpieza: La muestra concentrada se redisuelve en 100 uL de tolueno, se le adi-
cionan los patrones internos deuterados (acenaftileno-dg y pireno-d,p) y se inyecta en
el GC-MS/MS para su analisis.

b. Con limpieza: La muestra concentrada se redisuelve en 50 L de tolueno y se purifica
eluyendo los extractos correspondientes en una columna de vidrio empaquetada con
gel de silice de dos tamafios de poro diferentes. La segunda fraccidon, que es la que
contiene los PAH, se eluye con una mezcla de n-hexano-diclorometano (4:1).

Las dos fracciones obtenidas de la etapa limpieza se concentran utilizando una corriente
suave de nitrégeno, con los viales sumergidos en un bafio de hielo, hasta casi sequedad. Las
muestras asi obtenidas se redisuelven en 100 pL de tolueno, se les adicionan los patrones in-
ternos deuterados (acenaftileno-dg y pireno-dg) y se inyectan en el GC-MS/MS para su analisis
en las condiciones optimizadas que figuran en la Tabla 2.11.

El material de referencia certificado (aproximadamente 15 mg) se extrae siguiendo este
mismo procedimiento.

1-metilpireno

L)
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GC-MSMS
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Figura 2.12. Descripcion del proceso de extraccién de los PAH del material particulado atmosférico
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2.1.2.2.4. ANALISIS DE LOS HIDROCARBUROS AROMATICOS POLICICLICOS MEDIAN-
TE GC-MS/MS.

La determinacién analitica de los PAH extraidos del material particulado atmosférico se lle-
va a cabo mediante GC-MS/MS. Las condiciones finales optimizadas para el anélisis de los PAH
se muestran en la Tabla 2.8.

Tabla 2.8. Pardmetros cromatograficos optimizados

Inyeccién On-column, modo splitless
Inicio on (20)
Split ratio 0,01 off (off)

5,00 on (100)

60 °C (0,5 min)
300 °C (100 °C/min; 20,0 min)
Volumen de inyeccion 5uL

Programa de temperaturas del inyector

Flujo de columna 1,0 mL/min

60 °C (5,0 min)
170 °C (25 °C/min; 6,0 min)
Programa de temperaturas del horno 240 °C (5 °C/min; 0,0 min)
300 °C (25 °C/min; 6,0 min)
310 °C (10 °C/min; 2,6 min)

Temperaturas:
Trampa de iones 200°C
Linea de transferencia 280 °C
Manifold 60 °C

El modo de inyeccion on-column requiere una simple modificacion instrumental que consis-
te en la utilizacién de una pre-columna de silice fundida (sin fase estacionaria) que se conecta
por un lado con la columna analitica, a través de una pieza de vidrio de 24 mm, y por el otro
con el inyector, a través de un liner de vidrio especifico para este tipo de aplicaciones. La in-
yeccién en columna se acopld con el modo splitless también para asegurar la transferencia
completa de la muestra, esencial cuando ensayo de analitos de ultra traza.

En la Tabla 2.9 se muestran las condiciones MS/MS finalmente optimizadas para la cuantifi-
cacion de los PAH, y el patron interno utilizado en cada caso para dicha cuantificacion.
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Tabla 2.9. Condiciones MS/MS para la cuantificacion de los PAH

) . 16n cuantifi- Patron
Segmento Analito tz (min) L, .
cacién (m/z) interno

2 Naftaleno 9,5 102,0
3 Acenaftileno-dg/Acenaftileno 11,5/11,6 158,0/150,1 _f
4 Acenafteno 11,8 152,2 3
5 Fluoreno 13,1 163,1 &
6 Fenantreno/Antraceno 17,2/17,6 176,2 Ed
7 Fluoranteno 23,3 200,2
8 Pireno-d,o/Pireno 24,3/24,4 210,3/200,2
9 1-metilpireno 27,3 215,0 =
10 B[a]A/Criseno 30,4/30,6 226,3 2
11 B[b]F/B[k]F/B[a]P 34,1/34,2/34,8 250,5 E
12 I[1,2,3-cd]P/DiB[a,h]A/B[g,h,ilPe | 38,2/38,3/39,1 | 274,5/276,7
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2.2. MERCURIO EN MATRICES AMBIENTALES

Esta segunda parte del capitulo describe los materiales y métodos utilizados en el presente
trabajo para la determinacion de Hg(ll) en diferentes matrices medioambientales. A continua-
cién, se muestra un esquema global donde se resumen los principales apartados que se van a
desarrollar.

Determinacion de Hg(ll) en

matrices ambientales

==

SWASV GNP
ICP-MS

W
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2.2.1. MATERIALES

2.2.1.1. POTENCIOSTATO PARA VOLTAMPEROMETRIA

La optimizacién y aplicacién de la voltamperometria de redisolucion anddica de onda cua-
drada (SWASV) para la determinacién de mercurio en muestras de agua, se llevd a cabo utili-
zando un potenciostato/galvanostato portatil PalmSens (Figura 2.13) que funciona de manera
auténoma con bateria y que se conecta a través de un cable USB a un ordenador portatil equi-
pado con el software especifico (Palm Instruments BV, The Netherlands).

Figura 2.13. Potenciostato/galvanostato PalmSens
El equipo utilizado en este trabajo esta compuesto por:

. Potenciostato/galvanostato PalmSens, que tiene unas dimensiones de 155 mm x 85
mm x 35 mm, un peso de 0,43 kg y cuenta con un display con iluminacién para el se-
guimiento de los cambios en las distintas variables instrumentales asi como botones
para su manejo manual. Permite trabajar en un rango de potenciales-dc de + 2,000 V,
amplitudes entre 1 mV y 250 mV, rango de corriente entre 1 nA 'y 10 mA y una preci-
sién £0,2 %.

. Bateria de NiMH de 2,4 V y 2500 mAh, que permite hasta 8 horas de trabajo autoé-
nomo.

. Cargador de bateria (6 V-1500 mA) que puede permanecer conectado al equipo du-
rante su funcionamiento.

. Adaptador serie-USB especifico para conectar el potenciostato con el ordenador.

. Cable flexible DRP-CAC de 1m de largo que actua como interfase entre los electrodos
impresos y el potenciostato (DropSens, Espafia).

. Agitador magnético automatico modelo HI 190M, adaptado para control remoto de
la agitacion durante las etapas de acondicionamiento y deposicion por el potencios-
tato PalmSens (Hanna Instruments, EE.UU).
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. Software PSTrace version 1.1 que controla el funcionamiento del equipo, detecta au-
tomaticamente los picos mostrando los valores de potencial, altura, anchura y super-
ficie de pico y permite llevar a cabo también el suavizado y la sustracciéon de curvas
(Palm Instruments BV, The Netherlands).

. Test Sensor que se conecta con el potenciostato y es utilizado para comprobar el ni-
vel de ruido del instrumento (Palm Instruments BV, The Netherlands).

2.2.1.2. POTENCIOSTATOS PARA LAS MEDIDAS DE IMPEDANCIA ELECTRO-
QUIMICA

Los espectros de impedancia electroquimica (EIS) se obtuvieron utilizando un equipo CH
Instruments modelo 660D controlado por el software proporcionado por el proveedor (CH
Instruments,Inc., EE.UU.) y un equipo Solartron 1250 (Frequency Response Analyzer) acoplado
a la interfaz electroquimica Solartron 1286 (Solartron Analytical, UK), controlado por el softwa-
re ZPlot 3.2. El ajuste de los datos a los circuitos equivalentes se llevd a cabo utilizando el soft-
ware correspondiente CHI y ZView 3.2.

2.2.1.3. ELECTRODOS IMPRESOS Y CELDAS ELECTROQUIMICAS

Se han utilizado como sensores electroquimicos para el analisis de Hg(ll) en agua, electro-
dos impresos comerciales fabricados sobre un soporte ceramico de dimensiones 33 x 10 x 0,5
mm (largo x ancho x alto) donde se encuentran serigrafiados los tres electrodos (trabajo, auxi-
liar y referencia). Concretamente, en este trabajo los electrodos impresos utilizados (Figura
2.14) fueron proporcionados por DropSens (Oviedo, Espafia) y sus caracteristicas se describen
a continuacién:

. DRP-220AT : WE y CE: oro curado a alta temperatura; RE: plata

. DRP-220 BT: WE y CE: oro curado a baja temperatura; RE: plata

° DRP-110GNP: WE: carbono modificado con nanoparticulas de oro; CE: carbono; RE:
plata.

Figura 2.14. Electrodos impresos utilizados (de izquierda a derecha 220AT, 220BT, 110GNP)

Los electrodos de trabajo en todos los sensores son circulares de 4 mm de didametro, lo que
corresponde a una superficie activa de superficie de 0,13 cm?. Los contactos eléctricos también
estan fabricados en plata y se encuentran separados del drea de trabajo por una capa de ais-
lamiento. Los electrodos impresos se reciben ordenados en cajas de plastico con 70 unidades
perfectamente aisladas del exterior para evitar su deterioro y posibles fuentes de contamina-
cion.
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Las experiencias realizadas en el desarrollo de este trabajo, se llevaron a cabo en una celda
comercial (Figura 2.15) preparada para trabajar con electrodos impresos y en un nuevo disefio
de celda electroquimica (Figura 2.16), recientemente descrito por nuestro grupo de investiga-
cién (Granado-Rico et al., 2008).

La celda comercial (DropSens, Espaia) esta fabricada en metacrilato y esta disefiada, espe-
cialmente, para trabajar con electrodos impresos utilizando volimenes de entre 5y 10 mL. Los
electrodos se insertan por una abertura que hay en la tapa superior, colocandose en direccion
perpendicular a la base y dejando las conexiones eléctricas fuera. Este diseiio de celda electro-
quimica permite trabajar con agitacién, realizar adiciones patrdén e incluso desairear, si fuese
necesario, ya que la tapa superior presenta dos perforaciones a los lados de la abertura por
donde se insertan los electrodos.

Figura 2.15. Celda comercial de metacrilato para trabajar con electrodos impresos

Por otro lado, la celda convectiva fabricada en nuestro laboratorio estad disefiada con una
configuracién hidrodinamica donde la superficie del electrodo impreso se coloca de forma
paralela al plano descrito por el movimiento de la barra magnética agitadora para conseguir
una rapida y mas eficiente acumulacién por conveccidn. El soporte cerdmico donde estan seri-
grafiados los electrodos se inserta boca abajo a través de un corte de aproximadamente 1 mm
de espesor realizado a un tubo de de ensayo de polipropileno (celda electroquimica) de 16 mm
de didmetro (10 mL volumen), dejando fuera las conexiones eléctricas. La barra magnética
agitadora se coloca, antes de introducir el electrodo, en el fondo del tubo de tal forma que
quede prdéxima y en posicion paralela a la superficie del electrodo de trabajo de oro para ase-
gurar que el transporte de los analitos por conveccidn sea eficaz y las sefales obtenidas sean
repetibles. Una vez colocado el sistema, se sellan con parafilm los cortes por donde se introdu-
jo el electrodo impreso para evitar pérdidas de disolucidn y asegurar la posicién del electrodo
en la celda electroquimica. Se trata, por tanto, de un disefo portatil y de facil montaje que
permite trabajar con un volumen minimo de 5 mL con la posibilidad, ademads, de llevar a cabo
analisis por adicion patron como en las celdas voltamétricas clasicas.
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Figura 2.16. Disefio experimental para acumulacion convectiva en voltamperometria de redisolucion
utilizando electrodos impresos (Fuente: Granado-Rico et al., 2008)

2.2.1.4. ESPECTROMETRO DE MASAS CON FUENTE DE PLASMA ACOPLADO
POR INDUCCION

Para la validacién de los resultados electroanaliticos obtenidos, se utiliza un espectrémetro
de masas con fuente de plasma acoplado por induccién (ICP-MS) modelo ELAN 9000 (Perkin
Elmer, EE.UU) de la Figura 2.17.

Figura 2.17. Equipo ICP-MS Elan 9000
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Los principales componentes de este equipo son:

J Muestreador automatico modelo ASX-520, que trabaja bajo campana de flujo lami-
nar Telstar Mini H.

o Bomba peristaltica automatica.

o Nebulizador tipo Cross Flow, resistente al HF y al bloqueo con particulas o sélidos en
suspension.

o Camara de Scott, como camara de spray para separar y desechar las gotas de diame-
tro superior a 10 um generadas durante la nebulizacidn, de tal forma que sdlo las pe-
guefias se mantengan en suspensién en el gas que llega al plasma.

o Antorcha de cuarzo y espiral de radiofrecuencia para la generacidn del plasma.

o Conos (de muestreo y skimmer) fabricados en niquel.

o Lentes, responsables de dirigir los iones generados hacia el espectrémetro de masas.

. Espectrometro de masas tipo cuadrupolo fabricado de material ceramico recubierto
de oro.

o Detector SimulScan, que trabaja en dos etapas y tiene un funcionamiento similar a

los fotomultiplicadores, transformando el conteo producido por los iones al chocar
contra él en sefiales eléctricas medibles.

. Sistema de vacio compuesto por dos bombas (turbomolecular y mecénica) modelos
DS602 y DS302 (Varian, EE.UU).

. Sistema de refrigeracién PolysScience (Perkin Elmer, EE.UU).

. Software Elan® version 1.7 que controla todos los componentes del sistema para lle-
var a cabo analisis de forma casi completamente automatica.

o Central de reposicién manual de gases marca Air Liquide, modelo CLSA-1, que pro-
porciona un suministro de gas continuo a un circuito mediante la transicion automa-
tica de la fuente de argdn en uso, préxima a agotarse, a la fuente de reserva.

2.2.1.5. SEM, EDX Y XPS

Las imagenesSEM de lassuperficies de los electrodosde trabajofueron obtenidascon el mi-
croscopio electrénico de barridoFE-SEMHitachiS-4800II (Tokio, Japdn). Este equipo se utilizd
también para obtener las imagenes SEM y los espectros EDX de las muestras de polvo at-
mosférico analizadas en este trabajo.

Para obtener los espectros de rayosX de los SPEs, se utilizé un espectrometro de rayos X de
fotoelectrones (XPS) K-alfa(ThermoScientific, EE.UU.).
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2.2.1.6. EQUIPOS PARA EL PRETRATAMIENTO DE MUESTRAS SOLIDAS

Para la molienda de las muestras sdlidas, se utilizd un molino planetario de bolas modelo
Fritsch Pulverisette 6 (Alemania) equipado con recipiente y bolas de diéxido de zirconio.

La extraccion de Hg en las muestras sélidas, se llevd a cabo utilizando una sonda de ultra-
sonidos, modelo UP200S Hielscher (Alemania), equipada con un generador de alta frecuencia
(200 W, 24 kHz), un sonotrodo de titanio tipo S1 (Imm de diametro) adecuado para volume-
nes entre 0,1 y 5,0 mL y control manual de la amplitud de sonicacién, y un bafo de ultrasoni-
dos Branson 2510 (EE.UU), con una frecuencia fija de 40 kHz (Figura 2.18).

Figura 2.18. Sonda y bafio de ultrasonidos para el pretratamiento de muestras sélidas

Para la separacion de los residuos solidos después de las extracciones con ultrasonidos, se
utilizé una centrifuga Ortoalresa Digicen 21 (Espafia), equipada con un rotor de cierre herméti-
co y un soporte de24microtubosde muestra tipo Eppendorf de 1,5 mL.

2.2.1.7. OTROS MATERIALES
o Micropipetas Eppendorf y Kartell.
o Matraces de vidrio de 5, 10, 25, 50 y 100 mL.
o Vasos de precipitados de 500 y 5000 mL.

o Destilador de acido nitrico de cuarzo (Kiirner, Alemania).

2.2.1.8. REACTIVOS
Los reactivos utilizados en este trabajo son los siguientes:

o Disolucién patréon Hg, calidad ICP (Perkin Elmer, EE.UU): 10 mg/L en &cido nitrico al

5%.
. Disolucidn patrén In, calidad ICP (Panreac, Espafia): 1 g/L en acido nitrico 2-5 %.
J Disolucidn patrdn Y, calidad ICP (Panreac, Espafia): 1 g/L en 4acido nitrico 2-5 %.
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o HCl al 35%, grado Hiperpur Plus (Panreac, Espafia).

. HNOssuprapuro destilado a partir de acido nitrico al 69 %, grado PA-ACS-ISO (Panre-
ac, Espafia).

o Material de referencia: NCS ZC 76303 Mercury in Water, aprobado por China Natio-
nal Analysis Center for Iron and Steel (Pekin, China) y suministrado por LGC Standards
(Barcelona).

. Material de referencia: NIST Standard Reference Material® 1641d Mercury in water,
suministrado por LGC Standards (Barcelona).

. Material de referencia: NIST Standard Reference Material® 2583 Trace Elements in
Indoor Dust, suministrado por LGC Standards (Barcelona).

o Material de referencia: NIST Standard Reference Material® 2710A Montana Soil |,
suministrado por LGC Standards (Barcelona).

. Agua ultrapura (Equipo Ultramatic System, Wasserlab, Spain).

2.2.1.9. SOFTWARE

El software utilizado ha sido The Unscrambler versién 9.7 CAMO Software AS (Trondheim,
Noruega) para la realizacion del disefio de experimentos en la optimizacién de la extraccion de
Hg(Il) con sonda de ultrasonidos, y el programa XLSTAT 2009.1.02 para la realizacion de la cla-
sificacidon ascendente jerarquica en la evaluacién del contenido de Hg(ll) en el suelo.

2.2.1.10. MUESTRAS REALES

Para la aplicacién de estos sensores electroquimicos, basados en electrodos impresos de
oro y de carbono modificados con nanoparticulas de oro, en la determinacion de Hg(ll) en ma-
trices acuosas reales, se analizaron dos muestras de agua de lluvia recogidas en la ciudad de
Badajoz y una muestra de agua procedente de la planta depuradora de aguas residuales de la
industria A. G. Siderurgica Balboa situada en Jerez de los Caballeros. Asimismo, estos dispositi-
vos se utilizaron para la determinacién de Hg(ll) en polvo de interiores, recogidos manualmen-
te en un laboratorio electroquimico y un garaje privado, y en la monitorizacion de Hg(ll) en
suelos recogidos en un area industrial (Puchuncavi, Chile) en diferentes campafas realizadas
entre 2007 y 2011.
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2.2.2. METODOS

2.2.2.1. TOMA DE MUESTRAS DE AGUA DE LLUVIA Y AGUA RESIDUAL INDUS-
TRIAL

Las muestras de agua de lluvia fueron recogidas en dos lugares diferentes dentro de la ciu-
dad de Badajoz y, para ello, se utilizaron dos vasos de precipitados de 500 mL, conveniente-
mente acondicionados (Figura 2.19), que se colocaron durante 48 horas continuas a una altura
de unos 150 cm. del suelo para evitar la resuspension de material particulado hacia el interior
del recipiente. Las muestras fueron acidificadas hasta pH 2 en el sitio de muestreo por adicion
de la cantidad adecuada de acido nitrico suprapuro. A continuacidn, los recipientes se taparon
con parafilm, fueron transportados al laboratorio y almacenados en frio (-4°C) hasta su anali-
sis, que se llevé a cabo al dia siguiente del muestreo.

Figura 2.19. Colector pasivo de agua de lluvia

La muestra de agua residual procede de la planta de tratamiento de aguas residuales de la
industria A. G. Siderurgia Balboa situada en Jerez de los Caballeros (Badajoz). La muestra de
agua fue facilitada por la empresa la cual llevd a cabo su recogida en botes de polietileno pre-
viamente acondicionados, que fueron posteriormente transportados al laboratorio y almace-
nados en frio (-4 °C). Una vez depositado en el fondo el material en suspension, se separd un
volumen determinado del sobrenadante que se acidificé hasta pH 2 con acido nitrico suprapu-
roy se almacené adecuadamente hasta su analisis.

No se realizd ningun tipo de pretratamiento a las muestras de agua (lluvia y residual) previo
a la determinacion de Hg(ll).

2.2.2.2. TOMA DE MUESTRAS DE POLVO DE INTERIORES

Las muestras de polvo fueron recogidas en ambientes interiores, en concreto, en uno de
nuestros laboratorios de investigacion y en un garaje privado. Para ello, se fue barriendo con
un pincel el polvo, depositado en zonas poco perturbadas por la actividad humana, hacia el
interior de unas bolsas pequefias de cierre hermético. Las muestras se guardaron en frio (-4 °C)
hasta su pretratamiento y analisis.
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2.2.2.3. TOMA DE MUESTRAS DE SUELOS

Para el muestreo de suelo, se delimitd, en primer lugar, 1 m* de superficie y se eliminaron
de la zona piedras, hojas, semillas y raices. A continuacién, utilizando un taladro de mano de
polipropileno, se recogieron las muestras de suelo a una profundidad de 5-10 cm de la superfi-
cie. Con una pala de plastico, se extrajeron, aproximadamente 3 kg de muestra que fue alma-
cenada en un contenedor grande de pldstico, previamente acondicionado, que se cerrd
herméticamente para su transporte hacia el laboratorio (Figura 2.20).

Figura 2.20. Toma de muestras de suelo en el drea industrial de Puchuncavi (Chile)

2.2.2.4. PRETRATAMIENTO DE LAS MUESTRAS SOLIDAS

Debido a que las muestras polvo de interiores presentaban un aspecto algodonoso, se tu-
vieron que llevar a cabo procesos de molienda manual, con una cuchilla de acero inoxidable, y
su posterior tamizado en malla de 2 mm, para homogeneizar las muestras.

Las muestras de suelo recogidas en las distintas zonas del entorno industrial, una vez que
llegaron al laboratorio, se secaron en estufa a 50 °C durante 72 horas y se llevé a cabo un pri-
mer tamizado mas grueso, utilizando una malla de polipropileno de 2 mm. Posteriormente, se
separaron diferentes submuestras de suelo para su posterior pretratamiento. Dichas muestras
fueron homogeneizadas mecdnicamente en un molino planetario de bolas, a 500 rpm durante
15 min, y, a continuacién, fueron tamizadas manualmente utilizando una malla de acero inoxi-
dable de 0,2 mm. Estas muestras de suelo fueron guardadas en bolsas de cierre hermético,
convenientemente etiquetadas y almacenadas en frio.

Para la extraccion de Hg(ll) de las muestras de polvo de interiores y de suelo, se aplicé la
energia de ultrasonidos en dos modalidades diferentes: la sonda y el bafio de ultrasonidos. El
reactivo extractante seleccionado en todos los casos fue HCI.

Los pardmetros de extraccidn involucrados en el tratamiento de las muestras sélidas con la
sonda de ultrasonidos (tiempo y amplitud de sonicacién, y concentracion de HCI) fueron opti-
mizados utilizando un disefo central compuesto centrado en las caras (FCCD), del cual se ob-
tuvieron unos valores de 3,2 min, 55 % y 8,13 M, respectivamente. Para la extraccién, se utili-
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zaron 20 mg de muestra. Los blancos y los materiales de referencia fueron procesados siguien-
do la misma metodologia.

Por otro lado, la extraccidon en bano de ultrasonidos se llevé a cabo utilizando un bafio con-
vencional de frecuencia fija, adaptado para trabajar con viales Eppendorf de micro-reaccién. La
concentracién de HCl seleccionada, en funcidn de los datos descritos previamente en la biblio-
grafia, fue 6 M y el tiempo de sonicacién 60 min. Al igual que la extraccion con sonda, se utili-
zaron 20 mg de muestra, ya homogeneizada, y los blancos y los materiales de referencia fue-
ron procesados aplicando la misma metodologia.

2.2.2.5. LIMPIEZA DEL MATERIAL

Esta etapa es de especial importancia en el analisis de elementos en concentraciones traza
y tiene una influencia directa en la calidad de los resultados. Por eso, todo el material utilizado
en este trabajo fue sometido al siguiente procedimiento de lavado:

. Se sumerge el material durante 48 horas en un bafio de HNO; al 10 % en caliente.
o Se enjuaga con agua ultrapura hasta asegurar que no quedan restos de acido.
o Finalmente, se seca en estufa y se guarda en bolsas de polietileno de cierre herméti-

co hasta su utilizacion.

Durante todo el procedimiento de limpieza, el material se manipula con guantes de vinilo
libres de polvo y desechables.

2.2.2.6. DETERMINACION DE MERCURIO MEDIANTE VOLTAMPEROMETRIA
DE REDISOLUCION ANODICA DE ONDA CUADRADA (SWASV) UTILIZANDO
ELECTRODOS IMPRESOS DE ORO (SPGE)

Una vez colocados los electrodos en la celda, la superficie de los electrodos impresos de oro
se acondiciona electroquimicamente para obtener una buena linea base y una respuesta esta-
ble del analito, mediante la aplicaciéon de 5 ciclos en voltamperometria ciclica (CV) utilizando
las siguientes condiciones: rango de potenciales entre 0,0 y +0,7 V, velocidad de barrido de 50
mV/s y potencial de paso de 3 mV. Esta activacion se lleva a cabo en medio HCI 0,1 M.

Una vez que el electrodo ha sido acondicionado, se introducen 5 mL de muestra en la mis-
ma celda, se ajusta la concentracion de cloruros en las muestras hasta 0,1 M, afiadiendo la
cantidad apropiada de HCl, y se inicia la determinacién de mercurio mediante SWASV, sin ne-
cesidad de desaireacion. Las condiciones optimizadas para la determinacién son las siguientes:
potencial de acondicionamiento, previo a cada medida, de +0,7 V durante 15 s, potencial de
deposicién de +0,2 V durante 60 s, tiempo de equilibrio de 10 s, amplitud de 40 mV, potencial
de paso de 6 mV y frecuencia de 20 Hz. Los potenciales inicial y final fueron +0,1 Vy +0,7 V.
Como sefial analitica se emplea la intensidad de pico.
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2.2.2.7. DETERMINACION DE MERCURIO MEDIANTE VOLTAMPEROMETRIA
DE REDISOLUCION ANODICA DE ONDA CUADRADA (SWASV) UTILIZANDO
ELECTRODOS IMPRESOS DE CARBONO MODIFICADOS CON NANOPARTICULAS
DE ORO (GNP)

A diferencia de los SPGE, los experimentos de voltamperometria con los electrodos impre-
sos modificados con nanoparticulas de oro no fue necesario ningun procedimientode activa-
ciénelectroquimica.

Por tanto, se introducen 10 mL de muestra en la celda, se ajusta la concentracion de cloru-
ros en las muestras hasta 0,1 M, afiadiendo la cantidad apropiada de HCI, y se inicia la deter-
minacién de mercurio mediante SWASV, sin necesidad de desaireacion. Las condiciones opti-
mizadas para la determinacién son las siguientes: potencial de acondicionamiento, previo a
cada medida, 0,7 V durante 15 s, potencial de deposicion +0,2 V durante 120 s, tiempo de
equilibrio de 5's, 40 mV de amplitud, potencial paso de 6 mV y frecuencia de25 Hz. Los poten-
ciales inicial y final fueron +0,15 V y +0,7V, respectivamente. Para lograr respuestas estables
no se llevé a cabo agitacion durante el analisis.

Como sefial analitica se emplea la intensidad de pico y la cuantificacién de Hg(ll) en las
muestras reales se llevd a cabo por calibracion externa y por el método de adicién patrén.

2.2.2.8. DETERMINACION DE MERCURIO POR ICP-MS

Se emplea la técnica ICP-MS para la validacién de los resultados obtenidos de la determina-
cion de mercurio mediante SWASV en las muestras problema. Para la cuantificacién del analito
se utilizaron los elementos In(lll) e Y(lll) como patrones internos de concentracién 10 ng/mL

202

para la cuantificacion de Hg(ll). El isétopo mas abundante, ““Hg, fue seleccionado para la

cuantificacioén.

Para llevar a cabo una calibracidon con patrén interno, se construyen, en primer lugar, las
rectas de calibrado individuales del analito y el patrén interno utilizando concentraciones de
0,1, 1, 10 y 100 ng/mL obtenidas por dilucién automatica de la disolucion madre de 100 ng/mL
gue contiene ambos elementos. En segundo lugar, se calcula el factor de respuesta del mercu-
rio (FR) como el cociente entre las pendientes de las rectas de calibrado del patrén interno y
del analito, de forma que la concentracion de éste en cada muestra se calcula de acuerdo con
la expresion (1):

x, = 0 Vi Fr 2.1
Yr1

Donde x; es la concentracion de mercurio en cada muestra en ng/mL, 10 es la concentracion
del patrén interno (In o Y) en cada muestra en ng/mL, y; es la sefial de mercurio en cada mues-
tra (cuentas por segundo) y yp es la sefial del patron interno en cada muestra (cuentas por
segundo).

Las condiciones instrumentales y los parametros de medida mas relevantes utilizados en la
determinacidn analitica son los que se muestran en la Tabla 2.10.
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Tabla 2.10. Condiciones instrumentales y parametros de medida para el equipo ICP-MS

Potencia de la radiofrecuencia 1000 W
Velocidad del gas portador 1 L/min
Voltaje de las lentes 7,25V
Tiempo de lavado 35s
Numero de réplicas por muestra 3

2.2.2.9. ESPECTROSCOPIA DE IMPEDANCIA ELECTROQUIMICA

En ambos equipos empleados para el registro de los espectros de impedancia electroquimi-
ca de los electrodos impresos utilizados en este trabajo, se escaned de forma logaritmica el
rango de frecuencias comprendido entre 65 kHz y 0,1 Hz, con una perturbacién sinusoidal apli-
cada de 10 mV de amplitud con 12-10 repeticiones por frecuencia superpuesta al potencial
aplicado, respectivamente.

Para realizar las medidas de EIS se utilizé la celda electroquimica comercial.
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Abstract

A set of 72 PMy, samples from low polluted urban and rural locations belonging to the regional
air monitoring network of Extremadura (Spain) were collected in a one year sampling period.
Sample pre-treatment and analytical determination by GC-ion trap MS were optimised and
validated for the analysis of the priority 16 US EPA PAHs. The influence of meteorological con-
ditions (T, HR, SR) and other atmospheric pollutants (O3, NO,, SO,, PM;o) has been covered in
detail and Pearson correlation test were used for this purpose. Spatial distribution of particu-
late PAHs was evaluated and the comparison with other European sites was also established.
Possible emission sources were identified and assigned by using molecular diagnostic criteria.

Keywords: PAHs; PM;, Emission sources; Seasonal variation; Air pollutant correlations; Low
polluted urban and rural areas.
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1. Introduction

Polycyclic aromatic hydrocarbons (PAHs) are a large group of toxic and persistent organic
pollutants (WHO 2000; Villar et al. 2004). Since many PAHs have been classified as probable or
possible human carcinogens, they have received widespread interest in recent decades in air
pollution studies. Both the United States Environmental Protection Agency (US EPA) and the
European Environment Agency (EEA) categorize PAHs as priority pollutants (Tsapakis and
Stephanou 2005; Vardar et al. 2008).

Because of their low vapour pressure, some PAHs are present at ambient temperature in
air both in the gaseous phase and associated with particulate matter (aerosol phase) (Ravindra
et al. 2008a). The most volatile compounds are present almost exclusively in the gas phase,
while 3 or 4 rings PAHs (vapour pressure between 10° and 10 Torr) can have significant frac-
tions in both phases. The largest and stronger carcinogenic PAHs (5 and 6 rings with vapour
pressures of 10! Torr) are predominantly associated with airborne particles (Yusa et al. 2006).
These have received special attention because they can be inhaled directly into the human
respiration tract and possibly induce health effects (Tham et al. 2008; Li et al. 2011).

The origin of PAHs in the atmosphere is mainly anthropogenic since they are formed pri-
marily as products of incomplete combustion of organic materials of human and industrial
activities (processing of oil and coal, natural gas combustion, waste incineration, biomass burn-
ing vehicular traffic, liquid and gaseous hydrocarbon combustion). They can also be emitted to
the atmosphere through various natural processes (non-anthropogenic burning of forests and
woodland, volcanic eruptions) (Position Paper 2001; Ravindra et al. 2008b). Ratios of individual
PAHs species are frequently employed as a diagnostic tool to identify and characterise PAHs
emission sources to the ambient air. This tool should be used with caution because they are
often difficult to discriminate between different sources, moreover when natural sources are
involved (Ravindra et al. 2008b; Sienra et al. 2005; Cheng et al. 2007; Dvorska et al. 2011).

Benzo[a]pyrene has been regarded as a marker of the total PAHs and for quantifying the
carcinogenic risk of PAHs in ambient air, predominantly for particle-bound PAHs (European
Directive 2004; Srogi 2007). For this reason, the European Union and Spanish legislation re-
cently defined a target value for benzo[a]pyrene: 1 ng/m?® for the total content in the PMyg
fraction averaged over a calendar year (Gutiérrez-Dabén et al. 2005; Real Decreto 2007; Castro
et al. 2009; European Standard EN-15549 2008).

The study of the occurrence of particulate PAHs and the processes governing their fate is of
great importance. Heterogeneous reactions including photo-oxidation and gas-particle parti-
tioning appear to be major transformation processes of particulate PAHs. However, the at-
mospheric behaviour of particulate PAHs has yet to be understood due to the intrinsic com-
plexity of aerosol characteristics and the interaction with various reactive air pollutants and
meteorological conditions (Li et al. 2011). Studying the correlations of atmospheric pollutants
such as ozone, nitrogen oxides or sulphur dioxide, with PAHs is important for a better under-
standing of their transformation processes in the atmosphere. Also, the influence of meteoro-
logical parameters such as temperature, relative humidity or solar irradiation is of great impor-
tance due to changing weather conditions in different seasons that causes the reported sea-
sonal variation of particulate PAHs (Tsapakis and Stephanou 2005; Li et al. 2011).
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Specifically in Spain, several studies have been published about atmospheric PAHs concen-
trations in some urban and rural locations as Barcelona (Aceves 1993), Mallorca (Simé et al.
1991), Zaragoza (Callén et al. 2008), Sevilla (Gutiérrez-Daban et al. 2005), Las Palmas (Vera
Castellano et al. 2003), Renteria (Barrero Mazquiarran and Cantén Ortiz de Pinedo 2007), Ma-
drid (Barrado et al. 2011) or Jinamar (Lépez-Cancio et al. 2002). Others as Roquetas de Mar,
Toledo, Logrofio, Noia or Mahon have been selected by EMEP (European Monitoring and
Evaluation Programme) as continuous monitoring stations of airborne PAHs. However, there
are no studies about the characterisation of atmospheric PAHs profiles from low polluted ar-
eas in western and south-western Spain. The present work is the first study carried out in a
region located in South-western Spain (Extremadura) for the identification and quantification
of the profiles of PAHs associated with PMyq fraction of particulate matter. This low populated
and low industrialised area has been selected as an interesting model to test the reliability of
standard PAHs monitoring methodologies when operating close to detection limits. Optimisa-
tion of sample pretreatment, method validation, data interpretation and correlation with
other pollutants and meteorological conditions is discussed.

2. Materials and methods

2.1. Study area and sampling protocol

Five specific sampling sites and several rural locations (mobile air monitoring campaigns) in
the region of Extremadura (southwest Spain) were chosen to characterise the profile of PAHs
bound to atmospheric particulate matter. A total of 72 PM,, samples were collected at urban
and rural sampling points belonging to the air quality network of Extremadura, as detailed in
Figure 1 and Table 1. Extremadura is a low populated and low industrialised inland region lo-
cated in the south-western Spain under Mediterranean climate domain, with Continental and
Atlantic climate modifications that produce wide spatial and temporal climate variability.
Minimum temperatures are usually reached in January (mean values ranging from 4.5 to 9.5
°C), whereas maximum temperatures are usually recorded in July (mean values ranging from
21.5 to 28 °C). Wet precipitation is also variable, with minimum mean annual values around
400 L/m? in the plains and maximum values around 1,600 L/m? in elevated zones. Analysis of
wind back-trajectories shows that wind circulation is mainly dominated by Atlantic low pres-
sure fronts influence (57 % of the days, W and NW, occasionally SW). Influence of S winds from
North Africa, with associated transport of desert particulate matter, is also registered (19 % of
the days). Winds from continental Europe are dominant only 4 % of the days and regional tra-
jectories are encountered 14 % of the days. Badajoz (150,376 inhabitants) is the largest and
most industrialised city in the region. Caceres (94,179 inhabitants) and Mérida (57,127 inhabi-
tants) are medium size cities for the region standards. Mérida has a special dynamism due to
its strategic location as a communications hub in the region. Zafra (16,433 inhabitants) is a
relatively small village that is also situated in a strategic position of communication with the
south Spain. The monitoring unit of Monfraglie is located in the Monfraglie National Park area,
with minimum or no human activity in the surrounding. Two mobile atmospheric surveillance
units routinely carry out monitoring campaigns in other rural locations within the region area.

[100]



Figure 1. Map showing aerosol sampling locations in Extremadura, Spain

Table 1. Sampling areas in Extremadura, southwest Spain

. . . Sample
Sampling point Location Type
number
Badajoz 38253'41" N, 6258' 11" W 12 Urban
Céceres 39228'57" N, 6221'28" W 10 Urban
Mérida 38254'22" N, 6220' 22" W 11 Urban
Zafra 38225'41" N, 6223' 50" W 12 Rural
Monfragilie National Park 39250'37" N, 5256'30"W 12 Remote rural
Mobile units (two) Field campaigns 15 Rural

24 hour aerosol samples were obtained by high volume DAH-80 Digitel (Digitel Elektronic
AG, Hegnau, Switzerland) equipments with a PMyo head inlet, operated at 30 m*/h air flow rate
(sample volume ~ 750 m®). Sampling campaigns were carried out from March 2008 to January
2009. Before sampling, the quartz filters (@ 15 cm, Schleicher & Schuell) were conditioned
following the criteria established by UNE-EN 12341:1999 standard method. So, the filters were
placed in a gravimetric cabin at 20 £ 1 2C and 50 + 5 % relative humidity for 48 hours, weighed
on a high precision balance (10 pg, Mettler Toledo AX205 Delta Range), packed in aluminium
foil and paper envelopes, and transferred to the field units. After sampling, the filters went
back to the lab and they were similarly conditioned and weighed for gravimetric determination
of PMy, mass concentration (pg/m?). Finally, the filters were stored in a fridge at -18 C for no
longer than two months. Sample extracts were analysed within 7 days after extraction and
purification. Light, temperature and chemical reactions with air components can degrade PAHs
in the samples (European Standard EN-15549 2008), so special attention was paid to prevent
this risk.

2.2. Sample pre-treatment
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For blanks and PMy, samples, half quartz filter was pretreated using a methodology based
on reflux extraction for 1 h with 150 mL boiling toluene (Cereceda-Balic et al. 2002). At the
beginning, 10 pL of 100 mg/L 1-methylpyrene (Ultra scientific, USA) was also added as internal
standard to inspect analyte losses trough the sample preparation process. After cooling, the
extract was filtered under vacuum on a Teflon filter and evaporated to nearly 1 mL in a rotary
evaporator (30-35 °C). The concentrated extract was transferred to an ice-refrigerated 5 mL
micro-reaction vial and carefully evaporated to dryness under a gentle nitrogen stream. In
order to avoid possible interferences co-extracted with interested PAHs and preserve detector
cleanliness during MS detection, a clean-up fractionation procedure was optimized. Thus, the
residue was dissolved in 50 uL toluene and purified by chromatography on glass columns (175
mm length, 12 mm internal diameter) packed and conditioned as follows: a small amount of
glass wool was first inserted to retain the stationary phase. Then, ~ 700 mg of 0.06-0.2 mm
silica gel and ~ 650 mg of 0.04-0.6 silica gel (both in a n-hexane slurry) were sequentially
added. After eluting the n-hexane reminds, the column was conditioned by adding and eluting
2.5 mL of n-hexane: dichloromethane (4:1 v/v) and finally 2.5 mL n-hexane for three times.
Next, proper clean-up step were carried out in a two stage fractionation with n-hexane and n-
hexane: dichloromethane (4:1 v/v), respectively. First fraction was eluted in 5 mL and was for
removing interfering compounds. Second fraction for complete analytes elution was carried
out using 10 mL of solvent. Finally, both fractions were evaporated to dryness under a gentle
nitrogen stream and dissolved in 1 mL toluene. The deuterated internal standards ace-
naphthylene-dg and pyrene-d;, (Cambridge Isotope Laboratories, USA) were then added and
the sample was injected in the GC-MS/MS.

Special attention to glassware and other material cleaning is essential to avoid contamina-
tion and losses when analysing ultratrace PAHs in aerosol samples coming from low polluted
areas. Therefore, we tested different cleaning protocols, inspecting the blank levels at the end
of the process, and finally selected the following: preliminary cleaning by immersing in lab
liquid detergent solution (24 hours), rinsing with ultrapure water, drying, sequentially rinsing
with acetone, n-hexane and toluene. Drying for 8 hours to 450 2C and stored wrapped with
aluminium foil until used.

2.3. Analysis of PAHs

A Varian 3800 GC system with a model 8200 autosampler and an ion trap Varian Saturn
2000 MS detector was used for PAH detection and quantification. The chromatographic sepa-
ration was carried out on a Varian Factor FourTM VF-5ms column (30 mx0.25 mmx0.25 um)
with 5% diphenyl-95% dimethylpolysiloxane stationary phase, coupled with a Varian CP8009
(2.5 mx0.53 mm) pre-column. Helium carrier gas was used at 1.0 mL/min constant flow. Chro-
matographic parameters were optimized in the SCAN mode. The on-column injection mode (5
uL) required a simple instrumental modification that was made by connecting the injector to
the analytical column via a 24 mm dedicated glass liner. It is a critical point that affects peak
resolution, sensitivity and retention times, so a daily inspection for leaks was carried out. The
on-column injection was coupled with the splitless mode also to ensure complete sample
transfer, essential when assaying ultra trace analytes. The injector was operated at 60 °C (5
min) and 300 °C (100 2C/min, 20 min). The GC oven was programmed from 60 °C (hold for 5
min), 170 °C (25 °C/min, hold for 6 min), 240 °C (5 °C/min), 300 °C (25 °C/min, hold for 6 min)
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and ramped to 310 °C (10 °C/min, hold for 2.6 min). The transfer line and ion trap tempera-
tures were 208 °C and 200 °C, respectively. Retention times were identified and quantification
ions were selected according to multistandard injections results and previously published data.
MS conditions were optimized in the SIM mode. Using the current method, we achieved full
chromatographic separation of these sixteen analytes: naphthalene (NAP), acenaphthylene
(ACY), acenaphthene (ACE), fluorene (FLO), phenanthrene (PHE), anthracene (ANT), fluoran-
thene (FLA), pyrene (PYR), benz[a]anthracene (BaA), chrysene (CHR), benzo[b]fluoranthene
(BbF), benzo[k]fluoranthene (BkF), benzo[a]pyrene (BaP), indeno[1,2,3-cd]pyrene (lcdP),
Dibenz[a,h]lanthracene (DBA) and benzo[g,h,i]perylene (BghiP). Quantification was performed
by standard addition method using acenaphthylene-dg and pyrene-d,q as deuterated internal
standards.

Calibration data of 16 PAHs were obtained by analysing in triplicate multistandard solutions
(LGC Promochem, Germany) of increasing concentrations from 5 to 200 ng/mL. Good correla-
tion coefficients (R%) were obtained for the regression curves. Eight half blank filters were as-
sayed to estimate the detection limits, which were calculated according to the IUPAC defini-
tion considering the sampled volume. LODs obtained ranged from 0.0013 ng/m? (FLO and PYR)
to 0.0042ng/m? (IcdP), low enough for measuring the expected concentrations in the low pol-
luted real samples. For statistics, data below the detection limit were substituted by a half of
the detection limit value. Blank samples spiked with PAH multistandard solution were assayed
and gave recoveries ranged from 50 to 110 %. Certified reference material NCS ZC 78002 “PAH
in Coal Fly Ash” were also analysed using the proposed methodology. Mean extraction recov-
ery of PAHs was 70 % ranging from 45 % (PHE) to 97 % (ANT). Mean recovery obtained for BaP
was 80 % and for 1-methylpyrene, added as internal standard for control, was around 80 %.

2.4. Meteorological parameters and atmospheric pollutants

Each monitoring unit is equipped with a standard meteorological station for registering
temperature, relative humidity, atmospheric pressure, rainfall and wind direction and speed.
Likewise, the monitoring units are equipped with standard analysers for other atmospheric
pollutants. SO, was monitored with a UV fluorescence analyser, NO, with a chemiluminescence
analyser, CO was continuously measured with an infrared absorption analyser and Oz with a
UV absorption analyser. These equipments were calibrated according to regular quality proto-
cols of atmospheric monitoring networks.

2.5. Statistical analysis

All statistical analyses (descriptive statistics and correlations) were performed by using the
SPSS 15.0 software and XLSTAT 7.5.2 software for Windows Excel. Results were considered
statistically significant for a p-value less than 0.05 unlike otherwise stated.

3. Results and discussion

3.1. PAH levels in PM; and seasonal variation
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Figure 2 shows particulate PAH concentrations (sum of the averages obtained per month
and sampling area) for the sampling period. As seen, total PAH levels varied from 1.1 ng/m?
(minimum value obtained in March-08) to 12.2 ng/m?® (maximum value obtained in Dec-08). In
general terms, a seasonal behaviour was observed for total particulate PAHs in Extremadura,
registering the highest total values during the cold months (from Oct-08 to Jan-09) as repre-
sent the bar diagram in the Figure 2.
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Figure 2. Specific contributions of urban and rural locations to the total PAH evolution in Extremadura

The increase in particulate PAH concentration during the cold period and the dependence
of PAH concentration on atmospheric temperature have been reported in a number of previ-
ously published studies (Tsapakis and Stephanou 2005; Li et al. 2011; Li et al. 2009; Vestenius
et al. 2011). Several factors may contribute to the seasonal evolution. Reduced atmospheric
dispersion resulting from lower mixing height as well as reduced photochemical degradation of
PAHSs by solar radiation in cold season. Also, reduced atmospheric reaction can lead to higher
pollutant concentrations in ambient air during cold period. The distribution of PAHs between
the gas and particle phases is affected by low atmospheric temperature and results in a rela-
tively higher portion of PAH remain in the particle phase. In addition to temperature effects on
the physicochemical properties of atmospheric PAHs, anthropogenic factors can also lead to
seasonal variation of particulate PAHs (Li et al. 2009). As described in the literature, PAH emis-
sions from heating sources increase during the cold season (Li et al. 2011; Li et al. 2009;
Vestenius et al. 2011). PAH emissions from automobile exhaust are higher and biomass burn-
ing or even fireplace usage are also likely to contribute to elevated PAH emission in this period.
These factors could explain also the sharp increase in total PAH levels we found in December
(Figure 2), as was previously considered by Li et al, 2009. In contrast, the lowest concentrations
of particulate PAHs in hot months were attributable to absence of seasonal sources and nota-
bly photochemical degradation (Li et al. 2011) because of the high summer temperatures
reached in Extremadura. Seasonal behaviour of the individual particulate PAHs in the whole
region is highlighted. As was expected, significant differences between hot and cold periods
was observed (p=0.001). It also showed that the seasonal differences are more noticeable for
higher molecular weight analytes which tend to be associated with the particulate phase.
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Within the abundant literature about PAH concentrations, few reports include in the same
study the monitorisation of areas with different characteristics i.e. urban, suburban or rural
areas. Therefore, the results obtained in the present work are directly comparable with the
study reported by Ravindra et al, 2006, where PAHs were also determined in particulate sam-
ples collected in urban, suburban and rural areas of Flandes (Belgium). The total average con-
tent of the particle-bound PAHs in the current study was 0.45 ng/m>. In contrast, the value of
total average concentration of PAH reported in Flandes was 5.5 ng/m? (Ravindra et al. 2006).
These remarkable differences are indicative of low pollution in Extremadura.

3.2. Spatial distribution of particulate PAH

Total average content of the particle-bound PAHs measured in the whole period in urban
aerosol samples (mean 0.73 ng/m?) was significantly higher (p=0.028) than the level measured
in rural samples (mean 0.21 ng/m?). Specific contributions of urban and rural locations to the
total PAH evolution in Extremadura are represented in Figure 2. As seen, urban PAHs present a
major contribution to the PAH content and determine the concentration of the analytes asso-
ciated with PMyq in the region. The highest average of the total PAHs was calculated for the
urban site of Badajoz (0.80 ng/m®) and in contrast, the lowest average value was obtained for
the rural area of Monfragiie Natural Park (0.18 ng/m?).

About individual PAHs, a comparison between urban and rural sites has been established.
For all the analytes, significant differences (p<0.05) has been found with the exception of ace-
naphthylene (p=0.925) and acenaphthene (p=0.483). On the other hand, significant differences
between hot and cold periods (p=0.000) were clearly observed for individual PAHs within ur-
ban sites (Figure 3A). Nevertheless, these significant differences were not found for rural sites
(p=0.309) because of the PAHs concentrations were, in many cases, below the detection limit
(Figure 3B).
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Figure 3. Diagram of individual PAHs evolution in the A)urban and B) rural locations

Benzo[a]pyrene has been demonstrated to be one of the most potent carcinogenic and
genotoxic PAHs, it is therefore used as a marker for quantifying the carcinogenic risk of PAHs in
ambient air, predominantly particle-bound PAHs (WHO 2000; Tham et al. 2008; European Di-
rective 2004). For this reason, the European Union and Spanish legislation have defined a tar-
get value for benzo[a]pyrene of 1 ng/m>, for the total content in PMy, fraction averaged over a
calendar year (European Directive 2004; Real Decreto 2007).

The mean concentration of BaP in all locations was 0.032 ng/m3, well below the 1 ng/m3
annual mean established as an objective value in the legislation. As expected, significant dif-
ferences (p=0.009) were found between BaP in urban locations (mean value 0.062 ng/m?) and
rural locations (mean value 0.008 ng/ma), both average values also lower than the established
limit. In Table 2, the annual mean values of BaP obtained in the present study are compared
with other European background concentrations (EMEP, 2008), considering the differences
among the study areas, the matrices and the analytical techniques. The concentrations of BaP
at urban and rural areas monitored in this work (Badajoz, Caceres, Mérida, Monfragiie and
Zafra) are within the lowest data described. Only the values reported at Pallas (Finland), Birke-
nes (Norway), Spitsbergen, Zeppelinfjell (Norway) and Raé (Sweden) are below the values ob-
tained in our study area.
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Table 2. Annual mean values of BaP in the present study area and other European background concen-
trations (EMEP, 2008)

Station Country Matrix Sampling  Analysis BaP (ng/m’)
Niembro Spain PMyo HVS 0.148
Kosetice Czech Republic  air+aerosol HVS GC-MS 0.271
Westerland Germany air+aerosol HVS GC-ECD 0.113
Schauinsland Germany air+aerosol HVS GC-ECD 0.050
Schmiicke Germany air+aerosol HVS GC-ECD 0.117
Zingst Germany air+aerosol HVS GC-ECD 0.195
Lahemaa Estonia air+aerosol 0.171
Pallas (Matorova) Finland air+aerosol HVS GC-MS 0.005
Rucava Latvia aerosol 0.105
Zoseni Latvia aerosol 0.095
Birkenes Norway air+aerosol HVS GC-MS 0.028
Spitsbergen, Zeppe- .

o Norway air+aerosol HVS GC-MS 0.002
linfjell

Diabla Gora Poland PMjq HVS 0.456
Aspvreten Sweden air+aerosol HVS GC-MS 0.059
Rao Sweden air+aerosol HVS GC-MS 0.041
Iskrba Slovenia PMiq LVS 0.229
Badajoz Spain PMyo HVS GC-MS/MS 0.047
Caceres Spain PMq HVS GC-MS/MS 0.081
Mérida Spain PMio HVS GC-MS/MS 0.058
Monfragiie Spain PMyo HVS GC-MS/MS 0.009
Zafra Spain PMyo HVS GC-MS/MS 0.008

3.3. Correlations of PAH levels with meteorological parameters and other atmos-
pheric pollutants

Meteorological parameters, such as ambient temperature (T), solar radiation (SR) and rela-
tive humidity (RH), strongly affect PAH concentrations because chemical reactions involved in
the atmosphere depends on weather conditions (Ravindra et al. 2006; Park et al. 2002). Corre-
lations between these parameters and the total particulate PAH concentrations were evalu-
ated using Pearson correlation method. The Pearson correlation coefficients obtained for total
PAH concentrations in Extremadura with the meteorological parameters are plotted in Figure
4,
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Figure 4. Correlations of total particle-bound PAH levels in Extremadura with the meteorological parameters (T, SR, RH) and atmospheric pollutants (O3, NO,, SO, and PMy,)
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Particulate PAH levels show a significant negative correlation with temperature, indicating
there is strong temperature dependence and seasonal behaviour for PAHSs, as previously re-
ported (Tsapakis and Stephanou 2005; Tham et al. 2008; Ravindra et al. 2006; Hien et al. 2007),
and according with the results described in section 3.1. Also, solar radiation is negatively corre-
lated with particulate PAH concentration. Higher solar irradiation is associated with lower par-
ticulate PAH levels because PAHs were found to be photo-sensitive and they could undergo
chemical degradation under the irradiation of sunlight in the environment (Chetwittayachan et
al. 2002). The result is in good agreement with previous studies (Tham et al. 2008; Park et al.
2002). On the other hand, a moderate and positive correlation was found with relative humid-
ity and total particulate PAHs, in opposite to some reported data (Tsapakis and Stephanou
2005; Ravindra et al. 2006; Park et al 2002). However, our experimental data are in agreement
with the result reported by Lépez-Cancio et al. 2002. This group has argued that an increase of
the relative humidity favours the gas-particle conversion through condensation, resulting in a
higher content of PAHs associated to the particulate phase.

Correlations of total particle-bound PAH levels with other atmospheric pollutants in Extre-
madura (O3, NO,, SO, and PMy,) were also investigated. Results are shown in Table 3 and rep-
resented in Figure 4. Ozone is a reactive atmospheric pollutant mainly originated from the
photochemical reactions among NO, and VOC in the presence of heat and sunlight (Tham et al.
2008). This study found a meaningful negative correlation between O; and total particulate
PAHs that could be explained by gas-particle partitioning. Highest mean value of O; (85.8
ng/m?) was reached in Extremadura during summer season; it suggests that the reaction with
03, favoured by temperature and solar irradiation, could be the most important atmospheric
process responsible of the photo-degradation of particulate PAHs and consequently, the low-
est concentrations observed during the hot period. Similar negative correlations were reported
by other researchers (Tsapakis and Stephanou 2005; Tham et al. 2008; Park et al. 2002; Lodo-
vici et al. 2003). Nitrogen dioxide is mainly a secondary pollutant originating from vehicular
emissions (Tham et al. 2008). In this work, particulate PAH levels show a positive correlation
with NO,. The result is in good agreement with previous findings (Tsapakis and Stephanou
2005; Tham et al. 2008; Park et al. 2002). The observed correlation may indicate that both
atmospheric pollutants are coming from common emission sources, with low temperatures
favouring the high atmospheric concentrations of NO, and the partitioning of PAHSs in particu-
late phase (Tham et al. 2008). Sulfur dioxide is other atmospheric pollutant generally emitted
by combustion sources such as fossil fuel combustion, wood burning or natural gas combustion
(Tham et al. 2008. The very low concentrations of SO, measured in Extremadura (mean value
during the sampling period 1.88 pg/m?) are probably the reason of no correlation with particu-
late PAHs. Correlation between particulate PAHs and PM,, was also investigated. Significant
correlation was found, probably indicating that both pollutants are sharing a common emis-
sion source.

Correlation’s studies of particulate PAHs with meteorological parameters and air pollutants
were also performed independently for urban and rural locations. Results are summarised in
Table 3. As expected, urban particulate PAHs show a similar behaviour than the total particu-
late PAHs in the region. According to the seasonal variation explained in section 3.1, urban
particulate PAHs present a significant negative correlations with ambient temperature and
solar radiation, and consequently, with ozone pollutant. Therefore, significant positive correla-
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tions are found with the relative humidity, NO, and PM,,, as expected. On the other hand,
rural particulate PAHs levels are significantly correlated with the ambient temperature and
ozone those are the most relevant parameter and pollutant in the study area. Significant corre-
lation at 0.05 level was also found with the relative humidity. Other correlations were not es-
tablished because of the concentrations of particulate PAHs and the rest of variables moni-
tored in rural locations were very low.

Table 3. Specific Pearson’s correlation coefficients of particulate PAHs with meteorological parameters
and air pollutants in urban and rural locations

Pearson’s T SR RH SR 03 NO, SO, PM,,
correlation  (°C) (W/m?) (%)  (W/m’) (pg/m’) (pg/m®) (pg/m’) (ng/m’)
Log PAH
urban -0.631** -0.631** 0.530** -0.631** -0.662** 0.539** -0.034 0.522%**
(ng/m’)
Log PAH
rural -0.516** -0.291 0.377* -0.291 -0.465** 0.260 -0.291 -0.137
(ng/m’)

* Correlation is significant at the 0.05 level.
** Correlation is significant at the 0.01 level.

3.4. Diagnostic ratios for source assignment

To identify the origin of atmospheric PAHs in ambient air, emission sources were estimated
by exploring diagnostics ratios of individual PAHs based on previously published works. The
ratios should be used with caution since PAHs are emitted by a variety of sources and they are
often difficult to discriminate. Moreover, the ratio can be altered due to the reactivity of some
PAH species under certain environmental conditions and the presence of other atmospheric
species (Ravindra et al. 2008a; Cheng et al. 2007). Table 4 summarised the main findings ob-
tained from the calculated ratios and the corresponding references. Due to the differences
found between urban and rural particulate PAH concentrations, the emission sources were
assigned separately. In urban locations, six significant diagnostic ratios were found. Diesel and
gasoline were characterised using different ratios and even road dust could be assigned; so, it
might indicate that the traffic is the main source in urban locations. On the other hand, four
diagnostic ratios were found significant in rural locations. Results include several sources re-
lated with traffic emissions and others with biomass burning. Road dust was also identified in
rural locations because of the traffic is an important activity in them. A specific diagnostic ratio
related with the emissions of a cement plant was also assigned, probably due to a similar activ-
ity developed in the area.
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Table 4. Source identification of PAHs in urban and rural PM,, samples of Extremadura, Spain

Sites Diagnostic ratios This study Published values Sources
lcdP/(IcdP+BghiP)  0.52 +0.17 0.35-0.70'%%*° ' Diesel vehicles
0.60-0.70”; 0.46"; 0.43";,< 0.5*¥ 1 Diesel vehicles
0.47%;0.40"; 0.41® : Cata'ysz:r‘:“'pped
+ |
FLO/(FLO+PYR) 0.44 £0.23 0629 : Oil burning
0.42-0.52" ! Road dust
0.21-0.26" i Industrial furnaces
046%; 0,73 : Diesel vehicles
0.38-0.65"*; 0.5 !
BaP/(BaP+CHR)  0.49+0.23 STy ——
0.33"; 0.49'° 0.44" , -atalystequippe
| cars
= 0.5 ! Gasoline
& FLA/(FLA+PYR)  0.45+0.17 o ' :
@ 0.42 ' Fireplace
> 0.60%; 0.51”; 0.73" | Catalyst equipped
| cars
*CPAH/**TPAH  0.58+0.15 0.41";0.73® ' Non-catalyst cars
0.72" ! Oil burning
0.4-0.5" ! Vehicles
0.38-0.64"%; 0.37 . Diesel vehicles
0.22-0.5517 | Catalyst equipped
' ' ! cars
BaA/(BaA+CHR) 0.50+0.17 0.58 i Non-catalyst cars
0.431% : Wood combustion
0.38" : Road dust
o ____ ____ __0208%050% ! Industrial furnaces_
0.62% Wood combustion
lcdP/(lcdP+BghiP)  0.55 +0.14 0.59"% Woodstove
0.61"% Fireplace
0.38-0.64""; 0.37" Diesel vehicles
0.22-0.5517 Catalyst equipped
' ' cars
BaA/(BaA+CHR) 0.58 £ 0.17 0.58® Non-catalyst cars
a a e 0.43%® Wood combustion
0.38 Road dust
0.23-0.89(9); 0.50"® Industrial furnaces
3 0.58" Cement plant
= 1.2-2.2" Diesel vehicles
e 0.4 Catalyst equipped
’ cars
i +
BghiP/BaP 0.97 +0.62 0.8® Oil burning
0.91% Road dust
0.85" Shrub land fires
0.60-0.70"; 0.46"; 0.43%; < 0.5"*¥ | Diesel vehicles
0.47?;0.40"; 0.41® Cata'ysz:;“'pped
FLO/(FLO+PYR 0.44 £0.21
/(FLO+PYR) 0.62® Qil burning
0.42-0.52 Road dust
0.21-0.26" Industrial furnaces

*CPAH (Combustion PAHs) = FLO+PYR+BaA+BbF+BkF+BaP+IcdP+BghiP; **TPAH = total PAHs
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'Ravindra et al. 2008a; %Sienra et al. 2005; 3Cheng et al. 2007; “Sicre et al. 1987; *Mantis et al. 2005; ®Manoli et al.
2004; 7Rogge et al. 1993; 8Kavouras et al. 1999; 9Yang et al. 1998; O halili et al. 1995; 11Gogou et al. 1996; 2Guo et
al. 2003; Byardar et al. 2008; 14Gon(;alves et al. 2011; Byicente et al. 2011;16A|ves et al. 2011; YSimcik et al. 1999 ;
"8Li et al. 1993; 0da et al. 2001.

4. Conclusions

An analytical methodology based on reflux solvent extraction and GC-MS/MS has been op-
timised and validated for performing a first exploratory evaluation of PAH profiles in aerosol
samples from low polluted urban and rural areas of Extremadura, Spain. Low detection limits,
which can be only attained by extreme cautions to prevent contamination risks, allow the de-
termination of 16 PAHs well below the Spanish and European legal reference concentration
values (1 ng/m? for benzo[a]pyrene). A very low total average content of the particle-bound
PAHs was obtained in the current study (0.45 ng/m>).

A typical seasonal variation was confirmed for total particulate PAHs in Extremadura, with
maximum concentrations during the cold months. It was found that the total PAH concentra-
tion had a good negative correlation with ambient temperature and solar radiation, and posi-
tive correlation with the relative humidity, suggesting that gas-particle partitioning may be an
important factor governing the aerosol concentration. As to the influence of other atmos-
pheric pollutants, NO, and PM, are significantly correlated with the total PAHs determined in
the whole studied area, suggesting that the analytes are emitted from the same source, while
O3 had a good negative correlation, indicating that ozonolysis plays an important role in the
transformation of the analytes in the atmosphere. No correlations were found with SO, found
in very low concentrations in the area.

A remarkable spatial influence was found between urban and rural locations. PMg-bound
PAH concentrations were higher at the urban sites, monitoring the highest level in Badajoz,
and were lower at the rural sites, registering the lowest mean level in Monfragiie National
Park.

Source assignment based on PAH diagnostic ratios have shown that vehicular emissions are
the most relevant sources in the atmosphere of urban and rural locations. An important con-
tribution of sources related with biomass burning was also found in rural sites.

These results have important implications in PAH pollution control and public health as well
as for increased knowledge of ambient PAH levels in extreme low polluted urban and remote
rural locations in the south-western Spain.
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Abstract

The applicability of commercial screen-printed gold electrodes (SPGE) for the determination of
Hg(ll) in ambient water samples by square wave anodic stripping voltammetry has been dem-
onstrated. Electrode conditioning procedures, chemical and instrumental variables have been
optimized to develop a reliable method capable of measuring dissolved mercury in the low
ng/mL range (detection limit 1.1 ng/mL), useful for pollution monitoring or screening pur-
poses. The proposed method was tested with the NIST 1641d Mercury in Water Standard Ref-
erence Material (recoveries 90.0 — 110 %) and the NCS ZC 76303 Mercury in Water Certified
Reference Material (recoveries 82.5 — 90.6 %). Waste water samples from industrial origin and
fortified rain water samples were assayed for mercury by the proposed method and by a ref-
erence ICP-MS method, with good agreement. Screen printing technology thus opens a useful
way for the construction of reliable electrochemical sensors for decentralized or even field
Hg(Il) testing.

Keywords: Hg(ll); SWASV; Screen-printed gold electrodes; Rain water; Waste water.
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1. Introduction

Mercury remains as the most worrying heavy metal pollutant at the global scale. Atmos-
pheric emission of elemental mercury can disperse great distances and stay in the atmosphere
for between six months and two years. In aquatic environments, atmospherically deposited
inorganic mercury and direct anthropogenic emissions can be converted to organic forms of
mercury, particularly methylmercury, which is bioaccumulative and toxic. The United States
Comprehensive Environmental Response, Compensation, and Liability Act (CERCLA) lists mer-
cury and its compounds in third place on the “Priority List of Hazardous Substances” and the
European Water Framework Directive (2000/60/EG) classifies mercury as one of 30 “precari-
ous dangerous pollutants”.

Efficient control of mercury environmental levels in remote places (e.g. air, wet deposition,
natural waters), requires simple, fast and reliable analytical protocols. Most standardized ap-
proaches for environmental mercury monitoring, based on cold vapour atomic fluorescence or
atomic absorption [1] are problematic for environmental measurements, since related instru-
mentation is expensive and hardly portable, and thus requires special care by skilled person-
nel.

Electroanalytical approaches appear as attractive alternatives for environmental monitoring
of mercury. Several types of solid electrodes have been so far reported for the voltammetric
stripping analysis of mercury, such as gold disk [2], gold film [3, 4] and gold microelectrode
arrays [5]. In recent literature, chemical modification of the surface of the gold electrodes is
proposed to improve the sensitivity in mercury determination and has been become in a useful
option for environmental applications [6]. Gold is described in the literature as the best elec-
trode material used for mercury determination by different electroanalytical techniques i.e.
ASV, SWASV, DPASV or PSA, because of its high affinity for mercury enhances the preconcen-
tration effect. The major drawback of gold electrodes is the well-known phenomenon of struc-
tural changes of their surface, caused by amalgam formation, and the time-consuming clean-
ing treatments that are needed to achieve reproducibility [7].

Taking into account that the ideal analytical strategy for analyzing toxic elements in the en-
vironment consist of their direct and rapid in situ determination, new electrochemical devices
based on gold screen-printing technology have been designed as an attractive alternative to
substitute conventional solid or gold film electrodes [8]. The increasing availability of low-price
homemade and commercial screen-printed electrochemical platforms has open new fields for
decentralized electroanalytical measurements in a variety of samples [9, 10]. Screen-printed
electrodes are made on plastic or ceramic substrates where working, counter and reference
electrodes are printed. They are commercially available and they present a great versatility,
because they can be manufactured depending on the application. They can connected to the
portable potenciostat and can be operated in static mode (drop sensor), hydrodynamic mode
(common electrochemical cell) or in flowing systems.

About the application of screen-printed sensors for anodic stripping Hg(ll) determination, a
few references are reported in the literature. Chiu et al [11] proposed a new method for de-
termination of mercury in cosmetic samples using silver ink screen-printed electrodes. Wang
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and Tian [12] described the basic electrochemical behaviour of Hg(ll) on screen-printed carbon
electrodes coated with a gold film. The same approach has been described by Adil et al [13] for
analysis of mercury in tap water by SWASV. Recently available gold screen printed electrodes
(SPGE) are more attractive since no need of preplating steps are needed. Laschi et al [14] and
Meucci et al [15] have explored three electrode strips made on plastic substrate and based on
gold working electrode, carbon counter electrode and silver reference electrode for determi-
nation of some heavy metals, including mercury, with some applications described to mercury
detection in fish tissues [15]. No report has been found about the application of commercial
SPGEs to the routine measurement of mercury in water samples, so the main objective of our
work has been the investigation of this possibility, as a means for decentralized or “in situ”
Hg(Il) testing in environmental water samples.

2. Experimental

2.1. Reagents

All chemicals used for the preparation of stock and standard solutions were of analytical
grade. 10 mg/L stock solution of Hg(ll) (ICP quality) was supplied by PerkinElmer (Spain). Work-
ing solutions were prepared by dilution with ultrapure water obtained from a MilliQ (Millipore)
system. Dilute standards were adjusted to pH 2 with subboiled HNO; obtained from a quartz
distiller (Kiirner, Germany). Hiperpur grade HCl was purchased from Panreac (Spain). All other
reagents were of analytical grade.

2.2. Reference materials and real samples

Samples of the NIST Standard Reference Material® 1641d Mercury in Water and NCS ZC
76316 Mercury in Water were used as received for accuracy evaluation.

The rain water samples were collected in glass beakers previously conditioned for trace
analysis (immersed in hot acid nitric at 10%, rinsed with ultrapure water, dried in stove and
kept in hermetic plastic bags). The beakers were exposed to rain for 48 hours in the top of a
pole (150 height). The collected samples were acidified to pH 2 at the sampling site by adding
minute amounts of subboiled nitric acid. The recipients were then closed, transferred to the
lab and stored in a fridge (42 C) until analysis. The determination was carried out same day or
the next. No further pretreatment was applied to the samples before Hg(ll) determination.

Waste water samples from an industrial water treatment plant serving a smelting facility
was provided by A. G. Siderurgia Balboa (Jerez de los Caballeros, Spain). The samples were
acidified to pH 2 with subboiled nitric acid and stored in a fridge (42 C) until assayed.

2.2. Instrumentation

Square wave voltammetric measurements were taken by a computerized hand-held, bat-
tery-powered PalmSens potentiostat/galvanostat (Palm Instruments BV, The Netherlands)
interfaced with a laptop. The whole analytical procedure is controlled by the PalmSens PC
software, including stirring of the samples by a standard stirrer and magnetic bar. Screen-
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printed three electrode strips were purchased from DropSens (Spain). They include a three
electrode configuration printed on the same strip. The dimensions of the strips are 3.4 x 1.0 x
0.05 cm (length x weight x height) and they present a 4 mm diameter disk gold working elec-
trode (SPGE) and counter electrode, both printed on alumina substrate using heat curing com-
posite inks, and a silver pseudo-reference electrode. An insulating layer serves to delimit the
working area and electric contacts. Ink formulation and production characteristics of commer-
cial SPGEs are regarded by the manufacturers as proprietary information. A specific connector
allows the connection of the electrochemical strip to the potentiostat. The electrochemical
strips were mounted on a novel cell configuration recently described by our group [16], for fast
and highly efficient convective accumulation by conventional stirring. Briefly, the gold screen-
printed strip is inserted face down through a partially cut 16 mm diameter (10 mL volume)
plastic tube, leaving the electrical connection out of the tube. The stirring bar is placed in the
bottom of the tube, close and parallel to the working electrode surface for highly effective and
repeatable convection transport of analytes.

A standard ICP-MS protocol for Hg(ll) determination was used for accuracy check of the
electrochemical results on a Perkin EImer ELAN 9000 equipment.

2.3. Experimental procedure

A new screen-printed strip was inserted into the convective cell and the system was sealed
with a plastic film. The gold surface was conditioned to obtain a proper baseline and stable
response, by applying five cycles of cyclic voltammetry (CV) using the following conditions:
potential range between 0.0 and +0.7 V, scan rate 50 mV/s, step potential 3 mV and condition-
ing potential +0.7 V for 15 s which was carried out in HCI 0.10 M. Once the electrode was con-
ditioned, 5 mL of sample was placed in the convective cell and the SWASV determination was
started (no deaireation needed). The chloride concentration of the samples was adjusted to
0.10 M by adding the appropriate amount of HCI. The measurements were performance using
these conditions: conditioning potential +0.7 V for 15 s, deposition potential +0.3 V for 60 s,
equilibration time 10 s, amplitude 40 mV, step potential 6 mV, frequency 20 Hz and stirring
rate 600 rpm. Initial and final potentials were +0.1 V and +0.7V. Bulk stripping voltammetric
signals (without blank subtraction) were used for peak current measurement. Hg(ll) quantifica-
tion in the real samples was performed by external calibration.

3. Results and discussion

3.1. Electrode activation and supporting electrolyte

Gold electrode activation, connected with a proper selection of the supporting electrolyte,
is essential to obtain sharp and reproducible signals in voltammetric stripping measurements
of Hg(ll), as described by several authors [2, 3, 5, 7, 14]. The need of the electrochemical acti-
vation procedure using SPGE is clearly demonstrated by comparing the square wave anodic
stripping voltammogram of 50 ng/mL of mercury in 0.1 M HCl obtained before and after acti-
vation by five cycles of cyclic voltammetry (CV) [14], using the following conditions: potential
range 0/+0.7V, scan rate 50 mV/s (Figure 1).
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Figure 1. Square wave anodic stripping voltammograms of 50 ng/mL of Hg(Il) in HCl 0.1 M on an acti-
vated and on an non-activated SPGE. Activation by five cycles of cyclic voltammetry (CV) using the fol-
lowing conditions: potential range 0/+0.7V, scan rate 50 mV/s. Square-wave voltammetric stripping
signals performed in a convective cell with a frequency of 20 Hz, step potential 6 mV, amplitude 40 mV,
deposition potential + 0.3 V and deposition time 60 s.

According to the previous literature reports, hydrochloric acid was chosen as supporting
electrolyte not only because is widely used for the electrochemical detection of mercury [3; 7;
13], also because a constant concentration of chloride ions in the medium is very important to
ensure the stability of the screen-printed Ag pseudo-reference electrode [14]. Particularly for
Hg(Il) determination, the chloride ions present in the solution enhance the shift of the mercury
stripping peak to more negative potentials, probably due to the formation of mercury chloro-
complexes, decreasing the background current and improving the sensitivity [2, 7, 17].

The influence of HCl concentration on the sensitivity of 50 ng/mL of Hg(ll) voltammetric
signals was evaluated. The experiments were performed at 0.05 M, 0.10 M and 0.15 M of HCI,
using the following procedure: SPGE activation (5 cycles between 0 and +0.7 V, scan rate 50
mV/s, step potential 3 mV and conditioning potential +0.7 V for 15 s) and SWASV analysis of
Hg(Il) (conditioning potential +0.7 V for 15 s, deposition potential +0.3 V for 60 s, amplitude 40
mV, step potential 6 mV, frequency 20 Hz and equilibration time 10 s). Better responses in
terms of sensitivity, repeatability and reproducibility were obtained at 0.10 M HCI, as reported
in the literature [14].

From the cyclic voltammetry methodology proposed by Laschi et al [14] for the condition-
ing of the SPGE, the influence of the number of cycles and the conditioning potential applied
were carefully investigated. Measurements of 50 ng/mL of Hg(ll) were performed using the
same method described above using HCl 0.10 M as supporting electrolyte. In the first case, the
most repeatable and reproducible voltammetric signals were obtained at 5 cycles versus 10
cycles, in agreement to the author publication. In the second, the influence of the conditioning
potential, not report in the paper, was evaluated performing the experiments without condi-
tioning and at potentials 0.5, 0.7 and 0.8 V. The results are shown in the Figure 2. As it can be

[126]



seen, this parameter is very important for the sensitivity and stability of the voltammetric sig-

nals of Hg(ll). From these results, a potential of 0.7 V, applied for 15 s, was chosen for further
experiments.
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Figure 2. Effect of conditioning potential for screen-printed gold electrode activation by cyclic voltam-

metry on the mercury (50 ng/mL) peak height in HCl 0.1 M. Cyclic voltammetry activation with 5 cycles

between 0 and +0.7 V, scan rate 50 mV/s, step potential 3 mV and square-wave voltammetric stripping

measurements with a frequency of 20 Hz, step potential 6 mV, amplitude 40 mV, deposition potential +
0.3V and deposition time 60 s.

3.2 Instrumental variables

The effects of different instrumental variables (modulation amplitude, frequency, step po-
tential, deposition potential and deposition time) for Hg(ll) determination by SWASV were
investigated. For this purpose, measurements of 50 ng/mL Hg(ll) solutions were performed in
duplicate. Deposition time was 60 s.

Modulation amplitude influence was investigated in the range 10-70 mV. According to the
theoretical predictions [18], the Hg(ll) stripping signal increased up to 40 mV, then decreased
due to peak broadening. A similar behaviour was observed when frequency varied from 5 to
35 Hz (optimal value 20 Hz). Step potential was varied in the range 1-10 mV. The analytical
signal increased up to 6 mV, a slight decrease of the signal was observed for higher values.

Optimal measurement parameters were: modulation amplitude 40 mV, frequency 20 and step
potential 6 mV.

The effect of deposition potential was evaluated in the range from -0.1 V to peak potentials
reported by other researchers. The highest voltammetric signal was obtained with a deposition
potential of +0.3 V, which is chosen as optimal value. The optimization process of this parame-
ter was performed in this narrow potential range because no usable voltammetric signals were
obtained at deposition potentials under -0.1 V. At these low potentials, other small signals
appeared in the voltammogram and irreversible changes were produced on the surface of the
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gold working electrode. These unreported findings are probably related to the SPGE manufac-
turing process.

Finally, the influence of deposition time on the peak currents was tested. The deposition
time was varied from 0 to 100 s in increments of 10 s; experiments were conducted on 10 and
50 ng/mL Hg(Il) solutions. The results are shown in the Figure 3. It is noticeable that the linear-
ity of the response with deposition time is limited to about 60 s. Early surface saturation is
probably derived from the nature of the gold ink used for screen printing of the commercial
electrodes used, in contrast to thicker solid gold surfaces previously used for mercury accumu-
lation [7, 19].
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Figure 3. Influence of deposition time on stripping responses of 10 and 50 ng/mL of Hg(ll) in HClI 0.1 M at
the screen-printed gold electrode. Square-wave voltammetric stripping measurements performed in a
convective cell with a frequency of 20 Hz, step potential 6 mV, amplitude 40 mV and deposition poten-

tial + 0.3 V.

3.3. Calibration data

Calibration data for Hg(ll) by using screen-printed gold electrodes were estimated by ana-
lyzing standard solutions of increasing concentrations from 5 to 30 ng/mL as shown in Figure 4.
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Figure 4. Calibration curve and respective voltammetric curves for increasing concentrations of Hg(ll) in
HCI 0.1 M by using the SWASV optimized method at the screen-printed gold electrode performed in a
convective cell (A: 5 ng/mL; B: 10 ng/mL; C: 15 ng/mL; D: 20 ng/mL; E: 30 ng/mL).

The detection limit, calculated according to the IUPAC definition, was 1.1 ng/mL for a depo-
sition time of 60 s. This is enough to meet the requirements of the U.S. EPA regulations for
acceptable Hg” levels in drinking water (2 ng/mL). Our detection limit compares favourably
with previously described voltammetric methods for mercury at gold film on screen printed
electrodes, with the additional advantage of employing a ready to use device instead of a pre-
deposited gold film. Wang and Tian [12] found a detection limit of 0.5 ng/mL but using 4 min
deposition time. Mandil et al [13] calculated a detection limit of 1.5 ng/mL for 120 s deposition
time. About screen printed gold electrodes, Laschi et al [14] described a detection limit of 0.9
ng/mL with 120 s deposition time.

Other relevant analytical parameters evaluated were the linearity (97.8 %) and the analyti-
cal sensitivity (0.94 ng/mL). The reproducibility different SPGE sensors was verified by analyz-
ing a 50 ng/mL of Hg(ll) solution on five different electrodes, the relative standard deviation
was 3.7 % in agreement with previous results [13, 14]. The repeatability of the measurements
on a single SPGE was also examined with 40 repetitive measurements of a 50 ng/mL Hg(ll)
solution, a relative standard deviation of 4.3 % was obtained. These results show the good
stability of the electrode surface, despite of the disposable nature of these low cost electrodes,
thus allowing continuous monitoring of Hg(ll) with a single electrode.

3.4. Certified reference materials and real samples

The proposed voltammetric stripping method was applied to certified and real water sam-
ples. All measurements for each sample, including blanks and sample run, were performed on
the same screen-printed strip mounted on the previously described convective cell. The pro-
posed method was tested with the NIST 1641d Mercury in Water Standard Reference Material
and the NCS ZC 76303 Mercury in Water Certified Reference Material. Results are summarized
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in Table 1, showing the capability of the method for the proper measurement of mercury in
real water matrices for different concentration ranges.

Table 1. Determination of Hg(ll) on screen-printed gold electrodes in standard reference materials.
Square-wave voltammetric stripping measurements with a frequency of 20 Hz, step potential 6 mV,
amplitude 40 mV, deposition potential + 0.3 V and deposition time 60 s.

Reference Materials Certified values Experimental values Recovery (%)
NIST 1641 d 1.557 £+ 0.020 mg/kg 1.558 + 0.156 mg/kg 90.0-110
NCS ZC 76303 10.0 £ 0.4 ng/g 8.7+0.4ng/g 82.5-90.6

A waste water sample from the effluent of and industrial wastewater treatment plant was
assayed for mercury by the proposed method and by a standard reference ICP-MS method,
with good agreement (SWASV value, 1.73 + 0.11 ng/mL; ICP-MS value, 1.70 + 0.04 ng/mL). The
method was then tested on rain water collected at the city of Badajoz. As expected, Hg(ll) was
undetectable so it was fortified with Hg(ll) to 15 and 20 ng/mL. Voltammograms of some real
water samples are shown in the Figure 5.

: —— :
0.2 0.3 0.4 0.5 0.6
E(V)

Figure 5. Stripping voltammograms for waste water sample (A) and rain water samples fortified with 15
ng/mL of Hg(ll) (B) and 20 ng/mL of Hg(ll) (C) on screen-printed gold electrode in HCI 0.1 M. Square-
wave voltammetric stripping measurements performed in a convective cell with a frequency of 20 Hz,
step potential 6 mV, amplitude 40 mV, deposition potential + 0.3 V and deposition time 60 s.

The proposed method gave recoveries ranging from 81.5 to 102.9 % at the 15 ng/mL fortifi-
cation level, and the recoveries for the 20 ng/mL fortification level were 97.1 to 111.1 %. These
results demonstrate the applicability of the method to Hg(ll) monitoring in a real water sam-
ples without noticeable matrix effects. This is the first report about application of commercial
disposable screen printed electrode to mercury monitoring in environmental waters by volt-
ammetric stripping.
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4. Conclusions

Commercial screen-printed gold electrodes combined with a dedicated convective cell and
a portable potentiostat have proven to be useful for SWASV monitoring of inorganic mercury
in ambient water samples, with potential application to in situ monitoring thanks to miniaturi-
zation and portability of the whole equipment, combined with the very stable response ob-
served for repeated (up to 40) measurements on the same screen printed electrode. Detection
limits in the low ng/mL range are enough for pollution control measurements in ambient wa-
ters, as we have demonstrated by testing certified reference materials and real waste water
from industrial origin with good recoveries. Potential applicability to rain water has been dem-
onstrated accurate results obtained for fortified samples analysis. Our present work is focused
on chemical and electrochemical electrode modification to improve the detection limits for
mercury determination in unpolluted wet deposition or natural waters, and for matrix inter-
ference prevention in more complex samples.
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Abstract

We present here a simple, fast and cheap procedure for the determination of Hg(ll) by square
wave anodic stripping voltammetry (SWASV) at a commercial gold nanoparticles-modified
screen-printed carbon electrodes (AuNPs-SPCEs), as a tool for environmental waters monitor-
ing. The advantages of electrode nanostructuration are exploited, e.g. no stirring for the depo-
sition step is needed. The surface of the gold nanostructured screen-printed carbon electrodes
were characterized using SEM, XPS and electrochemical methods. All experimental variables
involved in the voltammetric stripping method were optimized to develop a reliable method
capable of measuring dissolved mercury in the low ng/mL range. The proposed method was
tested with the NIST 1641d Mercury in Water Standard Reference Material with good agree-
ment. The applicability of the AuNPs-SPCEs for Hg(ll) determination in real ambient water
samples, namely rain water, river water and industrial waste water, without any sample pre-
treatment, was successfully demonstrated.

Keywords: Hg(ll); SWASV; Screen-printed electrodes; Gold nanoparticles; Water
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1. Introduction

Mercury is considered to be one of the most hazardous heavy metal pollutants because of
the toxicity and mobility of its species in the different environmental compartments, their bio-
accumulation and, therefore, their impact on human health and ecosystems [1].

Standardized analytical methods for mercury determination in environmental samples,
mainly based on cold vapour atomic absorption spectrometry (CVAAS) [2], cold vapour atomic
fluorescence spectrometry (CVAFS) [3] or inductively coupled plasma mass spectrometry
(ICPMS) [4], have certain disadvantages because they require rather complicated and expen-
sive instrumentation and time-consuming procedures, especially for in situ applications or in
decentralized laboratories. Electroanalytical stripping techniques however appear as a valid
alternative in these situations. They are attractive for the determination of trace heavy metals
because of the low cost associated with them, the short analysis time, the low power con-
sumption and the ease of use, without compromise the sensitivity or reliability of the meas-
ures [5-6].

The literature has so far reported different electroanalytical approaches for mercury de-
termination. They are mainly based in the anodic stripping voltammetry technique and the use
of gold as the best material for the working electrodes (solid, film, wire) due to its high affinity
for Hg, which enhances the preconcentration effect [7-10].

On the other hand, in recent years the study of nanoscale materials is increasing, particu-
larly with respect to metallic nanoparticles (NPs) and also has become one of the most active
areas in environmental analysis [11]. Owing to unique capabilities, such as high active surface
area, increased mass transport, low detection limit, and better signal-to-noise ratio, nanosized
metal particles, especially AuNPs, assembled on conventional electrodes, have emerged as a
promising alternative for the stripping voltammetry analysis of Hg(ll) [5, 6, 12].

Moreover, the recent trend to replacement of conventional electrodes by screen-printed
electrodes (SPEs) is making possible to explore other options in this field [13]. The great versa-
tility presented by the SPEs is based in the wide range of ways in which the electrodes may be
modified (directly modifying the composition of printing ink or just depositing the substances
on the surface) as demonstrated in recent published papers for Hg(ll) determination [14-17].
Furthermore, nanoparticles-modified SPEs are already commercially available; so, it is avoided
to waste long time in the synthesis and stabilization of gold nanoparticles on the electrode, in
contrast to conventional electrodes.

Few papers concerning the use of gold nanoparticles-modified glassy carbon electrodes in
electrochemical analysis of mercury were published. Abollino et al [5] described the develop-
ment of a procedure for the determination of Hg(ll) by SWASV at a homemade gold nanoparti-
cle electrode focusing in the study of the instrumental variables involved and the applicability
for Hg(ll) detection in drinking water, sediments and pharmaceutical samples. Based on this
previous paper, Abollino et al [12] have reported also the methodology for the anodic stripping
voltammetric determination of methylmercury and inorganic mercury at the same electrode.
Recently graphene-based materials have been highly concerned for constructing electrochemi-
cal sensors. Gong et al [6] described a method for the preparation of a sensor with a monodis-
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persed gold nanoparticles assembled on graphene nanosheet matrix for Hg(ll) determination
in water samples. No reports have been found so far about the application of gold nanoparti-
cles-modified screen-printed carbon electrodes to the measurement of mercury. So, the main
objective of this work was the development of a procedure for the determination of Hg(lIl) by
square wave anodic stripping voltammetry (SWASV) using a commercial gold nanoparticles-
modified screen-printed carbon electrodes (AuNPs-SPCE). All experimental variables involve in
the stripping method were investigated in detail in order to identify the best working condi-
tions. The applicability to environmental water samples is also discussed.

2. Experimental

2.1. Reagents

All chemicals used for the preparation of stock and standard solutions were of analytical
grade. 10 mg/L stock solution of Hg(ll) (ICP quality) was supplied by PerkinElmer (Spain). Dilute
standards for calibration were prepared directly into the voltammetric cell. Hiperpur grade HCI
purchased from Panreac (Spain) was used for the preparation of supporting electrolyte. The
ultrapure water (18.2 MQ-cm, 25 2C) was obtained from an Ultramatic system (Wasserlab,
Spain). Real samples were adjusted to pH 2 until assayed with subboiled HNO3 obtained from a
quartz distiller (Kiirner, Germany). Glassware and polyethylene containers were thoroughly
conditioned for trace analysis i.e. soaked in hot nitric acid at 10% for 48 h, rinsed with ul-
trapure water, dried in stove and kept in hermetic plastic bags. Methacrylate voltammetric cell
was similarly immersed in nitric acid at 10% for 24 h, rinsed in ultrapure water and air dried
before use.

2.2. Reference material and real samples

Sample of the NIST Standard Reference Material® 1641d Mercury in Water was used as re-
ceived for accuracy evaluation.

A glass beaker for rain water sampling was exposed to rain for 4 days in the top of a pole
(150 heights), outside our lab in the University of Extremadura campus in Badajoz. The col-
lected sample was acidified at the sampling site by adding minute amounts of subboiled nitric
acid. The recipient was then closed, transferred to the lab and stored in a fridge (42 C) until
analysis. The determination was carried out same day or the next.

River water sample was collected in the River Plate running through the Argentinian city of
Buenos Aires in a polyethylene recipient and carried to the lab where a sub-sample was taken.
It was then acidified to pH 2 with subboiled nitric acid and also kept cold until assay within a
period around two weeks.

Waste water sample from an industrial water treatment plant serving a smelting facility
was provided by A. G. Siderurgia Balboa (Jerez de los Caballeros, Spain) in a suitable plastic
container. Likewise, the samples were acidified and stored in a fridge.
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No further pretreatment was applied to the samples before Hg(ll) determination. They
were only filtered through a 0.20 um disposable syringe Teflon units to remove the suspended
particles.

2.3. Apparatus

Square wave voltammetric measurements were performed on a computerized hand-held,
battery-powered PalmSens potentiostat/galvanostat (Palm Instruments BV, The Netherlands)
interfaced with a laptop and controlled by the PalmSens PC software. Screen-printed electrode
strips were purchased from DropSens (Spain). They are designed in a three electrode configu-
ration printed on the same platform. Working electrode (@ 4 mm), counter electrode and
pseudo-reference electrode are made of gold nanoparticles-on-carbon, carbon and silver, re-
spectively. An insulating layer serves to delimit the working area and silver electric contacts.
Ink formulation and production characteristics of commercial AuNPs-SPCEs are regarded by
the manufacturers as proprietary information. A specific connector allows the direct connec-
tion of the electrochemical strip to the potentiostat. A methacrylate voltammetric cell (Drop-
Sens, Spain) is used to perform the analysis. It is especially suitable for SPEs and is designed to
perform batch analysis with volume of solution between 5 to 10 mL, allowing optional stirring
by means of a magnetic stirrer. The screen-printed strip is immersed in the solution trough a
cut on the top lid and is placed in parallel direction to the sides of the cell, leaving the electrical
connections outside. Deaireation process and standard additions are also able to perform in
this configuration.

A standard ICP-MS protocol for Hg(ll) determination was used for accuracy check of the
electrochemical results on a Perkin EImer ELAN 9000 equipment.

The images of the surface of the AuNPs-SPCE were obtained by scanning electron micros-
copy (SEM) using a FE-SEM S-4800I1 instrument (Hitachi, USA). A K-alpha X-ray photoelectron
spectrometer (XPS) system (Thermo Scientific, USA) was used to obtain the X ray spectra of the
AuNPs-SPCE.

2.4. Stripping voltammetric detection of mercury at AuNPs-SPCE

10 mL of sample was placed in the cell and the SWASV determination was started. No elec-
trochemical activation procedure and no deaireation before voltammetric determination were
needed. The appropriate amount of HCl was added to adjust the chloride concentration of the
samples (0.1 M). The voltammetric measurements were performance with optimized parame-
ters: conditioning potential +0.7 V for 15 s, deposition potential +0.2 V for 120 s, equilibration
time 5 s, amplitude 40 mV, step potential 6 mV and frequency 25 Hz. Initial and final potentials
were +0.15 V and +0.7V. To achieve stable responses the solutions were not stirred during
mercury deposition step.

Bulk stripping voltammetric signals (without blank subtraction) were used for peak current
measurement. Hg(ll) quantification in the real samples was performed by external calibration
and standard addition method. All experiments were performed in triplicate, unless otherwise
stated.
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3. Results and discussion

3.1. Characterisation of the AuNPs-SPCE surface: SEM, XPS and Cyclic Voltammetry

SEM images were used to evaluate the physical appearance and surface characteristics of
gold nanoparticles immobilized on screen-printed carbon electrodes (Figure 1A). The gold
nanoparticles present an average diameter of 24.4 + 1.8 nm. They appear as similar size bright
spheres homogeneously distributed onto the rough carbon sheet. Electrode morphology
seems appropriate for the voltammetric stripping sensing of Hg(ll). Quantitative analysis of
AuNPs-SPCEs by X-ray photoelectron spectroscopy (Figure 1B) confirmed also the presence
and purity of gold nanoparticles, as expected. Carbon and oxygen signals are due to the nature
of sensor supporting material.

Counts/s
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Figure 1. A) Scanning electron microscopy (SEM) image of the gold nanoparticles-modified screen-
printed carbon working electrode surface; B) X-ray photoelectron spectroscopy (XPS) spectra of the gold
nanoparticles-modified screen-printed carbon working electrode surface.

Cyclic voltammetry experiments perform in 0.1M HCI show that AuNPs-SPCEs allow a po-
tential window limited to the potential of gold oxidation ( +0.8 V) and the potential of hydro-
gen reduction ( -0.1 V). Reduction signal of unknown nature was observed in the cyclic volt-
ammogram of blank at potential -0.4V, possibly related to sensor materials. It does not affect
the analytical signal of Hg (Il) which is an oxidation.

3.2. Influence of stirring speed on signal stability

Screen printed electrodes, and especially those modified by adsorbed metal nanoparticles,
have delicate surfaces prone to degradation, for example by samples friction during mechani-
cal stirring. Under the experimental conditions reported in our previous study for the determi-
nation of Hg(ll) by SWASV on bare SPGE [17], signal stability was first inspected as a key pa-
rameter to test the practical use of commercial gold nanoparticle sensors. Consecutive meas-
urements at different stirring speeds in the range from 0 to 1200 r.p.m. were carried out on
the same modified screen-printed electrode on a 0.1 M HCl electrolyte containing 50 ng/mL of
Hg(Il), without previous surface activation process. Voltammetric signal stability using AuNPs-
SPCE was found to be strongly dependent on stirring speed variable (Figure 2). Significant dif-
ferences in terms of peak height were observed at different stirring speed values, but the best
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compromise with the electrode stability was only observed in absence of stirring during the
deposition step.
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Figure 2. Influence of stirring speed on voltammetric responses of 50 ng/mL of Hg(ll) in 0.1 M HCl using

the gold nanoparticles-modified screen-printed carbon electrodes. Square-wave voltammetric stripping

measurements performed with a frequency of 20 Hz, step potential 6 mV, amplitude 40 mV, deposition
potential +0.2 V and deposition time 60s.

Without stirring, the working electrode showed a stable behaviour along 30-35 runs, in
agreement with the relative standard deviation of 6 % obtained for a single AuNPs-SPCE. The
good stability of the electrode surface, despite of the disposable nature of these low cost elec-
trodes, allows continuous monitoring of Hg(ll) with a single electrode. Therefore, no hydrody-
namic accumulation of the analyte was applied in further experiments. Efficient analyte depo-
sition in absence of stirring is a typical advantage of nanostructured electrodes in stripping
analysis, probably due to enhanced mass transfer to the gold nanoparticles by diffusion [11].
This can be viewed as an analytical advantage due to the simplification of the equipment.

3.3. Optimisation of experimental variables

The influence of the experimental variables (step potential, modulation amplitude, fre-
quency, deposition potential and deposition time) involve in the SWASV determination of
Hg(ll) was investigated (Figure 3). Measurements of 50 ng/mL Hg(ll) standard solution spiked
in 0.1 M HCl were performed for evaluating the heights and the shapes of the signals obtained.
Deposition time was 60 s.

Step potential was studied in the range from 1 to 10 mV. The stripping signal underwent an
increase of 50 % up to 6 mV, where the highest peak intensity was obtained. A slight decrease
of the signal was observed for higher values. Modulation amplitude influence was investigated
in the range from 10 to 80 mV. As expected, a significant increase of the signal intensity was
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observed up to 40 mV. From this value, the Hg(ll) signal was remained stable. More similar
behaviour in comparison with SPGE was observed for variable frequency [17] that was varied
in the range from 5 to 55 Hz. The signal increased up to 30 Hz, then decreased due to peak
broadening and the signal noise increase. In agreement with the high peak current values,
good shapes of the signal and better signal to noise ratio, the selected optimal values were 6
mV, 40 mV and 25 Hz for step potential, modulation amplitude and frequency respectively.

The effect of deposition potential was evaluated in the range from -0.1 V to +0.3 V. The
highest voltammetric signal was obtained with a deposition potential of + 0.2 V, which is cho-
sen as optimal value. As reported in our previous work with SPGE [17], the optimization proc-
ess of this parameter was only able to perform in this narrow potential range because no us-
able voltammetric signal appeared in the voltammogram at 0.1 V, probably associated with
sensor manufacturing process. In this case, no irreversible changes were observed on the sur-
face of the modified working electrode when more negative potentials were applied but the
Hg(Il) signal intensity was seen affected as a result of the height peak increase of the undesir-
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Figure 3. Influence of the experimental variables (step potential, modulation amplitude, frequency,
deposition potential and deposition time) involve in the SWASV method. Response to Hg(Il) 50 ng/mL in
0.1 M HClI at the gold nanoparticles-modified screen-printed carbon electrode. No stirring during the
deposition step.

Using the optimized parameter values, the influence of deposition time on the peak cur-
rents was finally tested in the range from 0 to 140 s. As seen in Figure 3, the height of the mer-
cury peak increased with increasing deposition time, up to 100 s; longer deposition times re-
sulted in smaller signals probably due to electrode saturation.
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3.4. Calibration data

Calibration data for Hg(ll) by using gold nanoparticles-modified screen-printed carbon elec-
trodes were estimated by analyzing in triplicate standard solutions of increasing concentra-
tions from 5 to 20 ng/mL. A good correlation coefficient (R?) of 0.9946 was obtained for the
regression curve. The detection limit, calculated according to the IUPAC definition, was 0.8
ng/mL for a deposition time of 120 s. In recent publications, Abollino et al [5, 12] reported a
value of the detection limit of 0.15 ng/mL for the anodic voltammetric determination for Hg(ll)
at AuNPs-glassy carbon electrodes in 0.06M HCI. This difference might be due to the different
characteristics of the ready to use devices, the different concentration of the supporting elec-
trolyte employed, and also because of the accumulation process was not favoured for convec-
tive mass transport. Otherwise, the value of the detection limit obtained improves the value
previously reported on SPGE [17], as expected. Similarly, this LOD is even better than those
reported for Laschi et al [14] (0.9 ng/mL), Meucci et al [15] (0.9 ng/mL) and Abdil et al [16] (1.5
ng/mL) after 120 s deposition time, using a SPGE and a gold film-SPCE, respectively.

Other relevant analytical parameters evaluated were the linearity (97.6 %) and the analyti-
cal sensitivity (0.65 ng/mL). As described in 3.2, the repeatability of the measurements on a
single AuNPs-SPCE was examined with 35 repetitive measurements of a 50 ng/mL Hg(ll) stan-
dard solution and a relative standard deviation of 6 % was obtained. The reproducibility was
also evaluated by using a set of 5 different electrodes. Relative standard deviation was found
to be 4.2 % for 50 ng/mL Hg(ll), an acceptable results considering the disposable nature of
these low cost modified electrodes.

3.5. Certified reference materials and real samples

The NIST Standard Reference Material® 1641d Mercury in Water was assayed to test the
applicability of AuNPs-SPCEs and the proposed voltammetric method. Five replicates with a
supporting electrolyte adjusted to 0.1 M HCl were analyzed after blanks measurements using
the same AuNPs-SPCE. A concentration of 1.52 + 0.06 mg/kg Hg(ll) was measured using the
optimized experimental conditions. Relatively good agreement with the certified value (1.56 +
0.02 mg/kg) demonstrates the capability of the method for the proper measurement of mer-
cury in real water matrices.

A rain water sample collected at the city of Badajoz was assayed for mercury by the pro-
posed method. The only treatment was supporting electrolyte addition to 0.1 M HCI. Hg(ll) was
undetectable so the sample was fortified adding the appropriate amounts of Hg(ll) standard
solution to 12 ng/mL. Three replicates were analyzed using the same strip. The proposed
method gave the recoveries summarized in Table 1.

A river water sample was also analyzed to test the proposed method. The sample also
needs fortification due to undetectable levels of Hg(ll). Appropriate amount of standard was
added to a final concentration of 12 ng/mL. HCI concentration was also adjusted directly in the
voltammetric cell. Three replicates of the sample were also analyzed. The recoveries obtained
with the optimized method are summarized in Table 1. Lower recoveries obtained for the river
water sample respect to the rainwater are probably related with the presence of organic mat-
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ter, because no sample pretreatment was carried out. Hg(ll) was quantified in both samples
using external calibration.

Table 1. Determination of Hg(ll) on gold nanoparticles-modified screen-printed electrodes in rain water
and river water samples. Square-wave voltammetric stripping measurements with a frequency of 25 Hz,
step potential 6 mV, amplitude 40 mV, deposition potential + 0.2 V and deposition time 120 s.

Real samples Experimental results (ng/mL) Recovery (%)
Rain water 12.0+£0.2 98.3-101.7
River water 10.6 £ 0.7 82.5-94.2

The method was finally tested on a waste water sample from the effluent of an industrial
wastewater treatment plant. Using the proposed method, Hg(ll) was quantified by the stan-
dard additions method (Figure 4). Two replicates of each were analyzed. Hg(ll) concentration
measured by SWASV methodology was 2.1 * 0.7 ng/mL, in good agreement with the result
obtained using ICP-MS as the reference technique (2.34 + 0.06 ng/mL). These results show the
applicability of the proposed method in presence of a wide range of interfering ions which
were detected by ICP-MS in the sample.
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Figure 4. Calibration curve and respective stripping voltammograms for increasing concentrations of
Hg(ll) from 2 to 8 ng/mL in HCI 0.1 M by using the SWASV optimized method at the AuNPs-modified
screen-printed carbon electrode. Step potential 6 mV, amplitude 40 mV, frequency 25 Hz, deposition
potential +0.2 V and deposition time 120 s.

These results demonstrate the potential applicability of the method to Hg(ll) determination
in a diverse range of water samples without noticeable matrix effects.
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4. Conclusions

Commercial disposable Au nanoparticles modified screen-printed electrodes have been
demonstrated as useful tools for mercury monitoring in environmental waters by voltammetric
stripping. The specific advantages of screen-printed platforms (miniaturization and low price)
coupled with the unique properties of electrode nanostructuration (no stirring for the deposi-
tion step needed) and square wave sweep (no deaireation needed) are combined in a versatile
and sensitive method for anodic stripping determination of Hg(ll) in ambient water samples.
The electrodes show a stable response for repeated measurements (up to 35). The renewable
active surface of the AuNPs-SPCEs minimizes the problem of memory effects, resulting in en-
hanced method flexibility for routine work. The detection limit obtained in the low ng/mL
range was better than previously reported for screen printed gold electrodes, suitable for pol-
lution monitoring in water samples, as it was demonstrated by testing certified reference ma-
terial and waste water sample with good recoveries. Potential applicability to rain water and
river water has been demonstrated, with accurate results obtained for fortified samples.
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3.4. Articulo IV.

High-throughput Mercury Monitoring in Indoor Dust Microsamples by
Bath Ultrasoic Extraction and Anodic Stripping Voltammetry on Gold
Nanoparticles-modified Screen-printed Electrodes
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Abstract

A simple strategy based on the combination of a high-throughput bath ultrasonic extraction
with portable electrochemical determination was developed for fast Hg(ll) monitoring in dust
samples, with potential applicability to decentralized atmospheric pollution assessment.
Square-wave anodic stripping voltammetry (SWASV) on gold nanoparticles-modified screen-
printed carbon electrodes (AuNPs-SPCEs) coupled to the extraction procedure resulted in a
convenient method for sensitive, reliable, and reproducible mercury detection. The proposed
combination of techniques was evaluated with good agreement by using NIST Standard Refer-
ence Material® 2583 Trace Elements in Indoor Dust. The method was successfully applied for
Hg monitoring in complex and heterogeneous indoor dust samples collected at different in-
door ambients. ICP-MS was used to contrast the voltammetric measurements.

Keywords: Hg(ll); SWASV; Screen-printed electrodes; Gold nanoparticles; Ultrasound.
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1. Introduction

Mercury is an important global pollutant due to its accumulative and persistent nature in
the environment [1]. The concentration of this pollutant in environmental samples like soils,
sediments, plants, fly ash, street and indoor dust, natural waters, snow or animal tissues (es-
pecially fish) can give information about the mercury pollution degree of the different envi-
ronments in terms of its availability, mobility, and chemical behaviour [1-6].

Particularly, indoor dust is a heterogeneous and complex environmental indicator, its com-
position being dependent on numerous factors i.e. season, ventilation, or owner activities.
Because of the indoor dust is spontaneously deposited on the surfaces, a simple sampling
methodology (brushing or swiping) can be used for collecting. Contaminants associated with
indoor dust particles have the potential to persist and accumulate in the matrix and conse-
quently, interact with the human body causing adverse health effects. Mercury has been espe-
cially tested as a relevant air pollutant in indoor dust samples at workplaces. So, these facts
support the interest of indoor dust as a matrix for environmental analysis aimed to estimate
exposure of the general population and workers.

The general knowledge of the implications of mercury in the environment has encouraged
the development of very sensitive methods for its determination, mainly based on cold vapour
atomic absorption spectrometry (CVAAS) [7], cold vapour atomic fluorescence spectrometry
(CVAFS) [8], inductively coupled plasma optical emission spectrometry (ICP-OES) [9] or induc-
tively coupled plasma mass spectrometry (ICP-MS) [10], which are unsuitable for in-situ moni-
toring and require expensive instrumentation, skilled personnel, and long analysis times. Re-
cently, electroanalytical techniques are an attractive alternative in connection with low-cost,
low-powder, fast analysis, and even, sensitive field analysis since the recent trends are aimed
at using disposable bare or modified screen-printed electrodes (SPEs) coupled to portable elec-
trochemical analyzers [4, 6, 11, 12].

Despite the significant progress in the quality of mercury analysis instruments, reliable re-
sults are still remarkably dependent on sample preparation procedures [13]. As compiled by
Gao et al [14] in a current review, a number of pre-treatments are described in the literature
for total mercury and mercury speciation analysis in environmental and biological samples.
Pre-treatment methodologies are generally based on microwave assisted acid leaching or alka-
line dissolution methods [15, 16], enzymatic hydrolysis [17] and ultrasonic extraction in a bath
[13, 18-20], with a probe [21, 22] or combinations of them [1]. Also, some recent applications
about simple slurry preparation for Hg determination are reported [9, 23, 24].

Among the pre-treatment techniques mentioned above, bath or probe ultrasonic solid-
liquid extraction is emerging as an effective way of sample treatment for elemental analysis
[25] and is increasingly applied for the extraction of Hg species from different samples as a low
cost, rapid, and efficient tool [1]. The cavitational bubble implosion and the consequent in-
creasing of the temperature and pressure combined with the oxidative energy of radicals cre-
ated during sonolysis of the solvent is the ground of the high capability of extraction of this
technique [2]. The ultrasonic bath is by far the most widely available and cheapest source of
ultrasonic irradiation [25]. In comparison with the extraction with ultrasonic probe, the main
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drawbacks of the ultrasonic bath is the fact that the ultrasound wave needs to cross the vessel
sample container, which results in less powerful cavitation process and more time consuming
[1, 25]. However, ultrasonic bath instrument has a temperature control function which can
increase the extraction yields. Sample throughput is generally superior for ultrasonic bath
treatment, which permits simultaneous extraction of a large number of samples, comparing
with the sequential nature of ultrasonic probe treatment. Other advantage of ultrasonic bath
is that the indirect irradiation can be applied to closed vessels, avoiding the pollution of the
samples and reducing the risks of analyte loss [1] which is a critical factor during the extraction
of volatile trace elements like mercury.

Only one work combining bath ultrasonic extraction with potentiometric stripping determi-
nation of mercury on a conventional gold film electrode has been described in the literature
[20], and our research group has recently published the successful combination of ultrasonic
probe extraction and anodic stripping on screen printed electrodes [22]. We report in the pre-
sent work a simplified high sample throughput strategy for mercury determination in indoor
dust samples, based on a standard ultrasonic bath extraction procedure of multiple sets of
microsamples (15 mg), combined with square-wave anodic stripping voltammetry at new
commercial gold nanoparticles-modified screen-printed carbon electrodes (AuNPs-SPCEs). The
method is validated by the analysis of standard reference material and successfully applied for
mercury analysis in real samples collected in different indoor environments.

2. Experimental

2.1. Chemicals and solutions

10 mg/L ICP quality stock solution of Hg(Il) was supplied by PerkinElmer (Spain). Diluted
standards for calibration were prepared directly into the voltammetric cell. Hiperpur grade HCI
purchased from Panreac (Spain) was used for the preparation of supporting electrolyte for
SWASV measurements. Bath ultrasonic extractions of the samples were carried out in solu-
tions of analytical grade HCI (Scharlab, Spain). Ultrapure water (18.2 MQ-cm, 25 2C) obtained
from an Ultramatic system (Wasserlab, Spain) was used throughout. Samples and diluted stan-
dard solutions were adjusted to desired pH with subboiled HNO; obtained from a quartz dis-
tiller (Kirner, Germany) before analyzed by ICP-MS. Glassware and polyethylene containers
were thoroughly conditioned for trace analysis i.e. soaked in hot nitric acid at 10% (v/v) for 48
h, rinsed with ultrapure water, dried in stove and kept in hermetic plastic bags. Methacrylate
voltammetric cell was similarly immersed in nitric acid at 10% (v/v) for 24 h, rinsed in ultrapure
water, and air dried before use.

2.2. Reference material and real samples

NIST Standard Reference Material® 2583 Trace Elements in Indoor Dust was used for the
validation of the methodology and for accuracy check.

Dust samples were collected in indoor ambient, specifically in our research laboratory and
in a private garage, into polyethylene auto sealable bags by sweeping with a small brush. The
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samples presented a cottony aspect so they had to be manually homogenized (grinding with a
stainless steel scraper and sieved trough 2 mm). They were kept in a fridge (42 C) until analysis.

2.3. Instrumentation and software

An ultrasonic bath Branson 2510 (Danbury, USA) that works at a frequency of 40 kHz was
employed for mercury extraction process. The instrument was adapted for ultrasonic extrac-
tion in safe-lock conical tubes of 1.5 mL (Eppendorf ibérica, Spain), allowing the simultaneous
treatment of 30 samples. A centrifuge equipped with a hermetic closure rotor and a 24 micro
tubes sample holder (Ortoalresa Digicen 21, Madrid, Spain) was used for separation of solid
residues after ultrasonic extractions.

Stripping voltammetric measurements were performed on a computerized hand-held, bat-
tery-powered PalmSens potentiostat/galvanostat (Palm Instruments BV, The Netherlands)
interfaced with a laptop and controlled by the PSTrace 1.1 software. Gold nanoparticles-
modified screen-printed electrode strips (AuNPs-SPCEs) were purchased from DropSens
(Oviedo, Spain). They were designed in three electrode configuration printed on the same plat-
form. Working electrode (@ 4 mm), counter electrode, and pseudo-reference electrode were
made of gold nanoparticles-on-carbon, carbon, and silver, respectively. An insulating layer
serves to delimit the working area and silver electrical contact (which are situated in the oppo-
site extremity). Ink formulation and production characteristics of commercial AuUNPs-SPCEs are
regarded by the manufacturers as proprietary information. A specific connector was used to
connect the electrochemical strip to the potentiostat. A methacrylate voltammetric cell (Drop-
Sens, Spain) was used to perform the analysis. It was especially suitable for SPEs and it was
designed to perform batch analysis with volume of solution between 5 to 10 mL allowing op-
tional stirring by means of a magnetic stirrer. The screen-printed strip was immersed in the
solution trough a cut on the top lid and was placed in perpendicular direction to the bottom of
the cell, leaving the electrical connections outside.

A PerkinElmer ELAN 9000 (Massachusetts, USA) quadrupole ICP-MS equipped with a cross
flow nebulizer, a demountable quartz torch, a nickel skimmer and sampler cones, and a Ryton
Scott spray chamber was used for mercury determination by a standard methodology, to test
the electroanalytical results.

2.4. Analytical procedures

2.4.1. Bath ultrasonic extraction method

An appropriate amount of about 15 mg sample was accurately weighed in 1.5 mL safe-lock
conical bottom Eppendorf micro centrifuge tubes. 1 mL of 5 M HCI [13] was added to the micro
tubes and their caps were sealed with Teflon tape. The tubes were placed in the ultrasonic
bath and extracted for 60 min. After application of the extraction method, the samples were
centrifuged for 15 min at 5000 r.p.m. For the determination of Hg(ll) on AuNPs-SPCEs by
SWASYV, the appropriate volume of supernatant was transferred to a 10 mL flask and the pH
was adjusted to 1 with concentrated NaOH. For the analysis of Hg(ll) by ICP-MS, the desired
amount of supernatant liquid was transferred to a flask and the final volume was made up to

[153]



10 mL with 5 % HNO; and 5 ng/mL In(lll) was added as internal standard. Blanks were treated
in the same ways.
2.4.2. SWASV determination of mercury at AuNPs-SPCEs

Square-wave Anodic Stripping Voltammetry was applied for mercury determination in
treated samples (10 mL) at disposable gold nanoparticles-modified screen-printed carbon elec-
trodes. The applied voltammetric parameters are summarized in Table 1.

Table 1. SWASV parameters for the electrochemical measurements of mercury on AuNPs-SPCE

Electrochemical parameters SWASV
Conditioning potential (V) +0.7
Conditioning time (s) 15
Deposition potential (V) +0.2
Deposition time (s) 120
Equilibration time (s) 5
Amplitude (mV) 40
Step potential (mV) 6
Frequency (Hz) 25
Potential interval (V) +0.1to +0.7

As described in previous studies [6], no electrochemical activation procedure of the work-
ing electrode and no deaireation of the solution were needed before the voltammetric deter-
mination. Also, it was possible to carry out the deposition step without stirring due to the en-
hanced accumulation efficiency of the analyte on the nanostructured AuNPs-SPCEs. This is a
significant practical benefit in terms of equipment simplification (no magnetic stirrer needed)
and protection of the working electrode against degradation by convective forces [6]. Bulk
stripping voltammetric signals were used for peak current measurement. Hg(ll) quantification
in the real samples and standard reference material was performed by the standard additions
method. All experiments were performed in duplicate.

2.4.3. ICP-MS determination of mercury

The sample extracts were analyzed by a standard ICP-MS protocol for the determination of
total mercury as follows: RF power 1000 W, Ar plasma flow rate 1 L/min, washing time 35 sec-
onds (s) and 3 replicates per sample. The most abundant mercury isotope *Hg was used for
data evaluation. Quantification was performed by internal standard method using In(ll1).

3. Results and discussion

3.1. Bath ultrasonic extraction of Hg(II)

Sample preparation is a key step for the accurate determination of mercury in different
sample matrix and consequently, the reagents involve in the extraction process [14]. A variety
of acid media is reported in the literature for Hg(ll) extraction from biological, environmental,
and food samples using ultrasonic bath [26], as is summarized in Table 2.
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Table 2. Acid media reported in the literature for Hg(ll) extraction from biological, environmental, and food samples using ultrasonic bath

Hg species Samples Extraction procedure Analysis References
Hg Seafood 0.5M HNO3+2.2-2.4M HCI, 10 min CV-AAS [28]
Hg Sediments and soil 30% (v/v)HNO3+20% (v/v)KCl, 180 min CV-AAS [2]
Hg Milk Aqua regia, 10 min ICPMS [18]

Biological, sediments,
Hg sludge Aqua regia, 30 min CV-ICPOES [9]
Hg Sediment Agua regia, 30 min CVG-ICPOES [23]
Hg Urine 1M HCI+1M H,0,, 15 min PSA, CV-AAS [20]
Hg(l1), MeHg  Soil 7.6% (v/v)HCI+10%(v/v)mercaptoethanol, 45 min HPLC-ICPMS [10]
' ' (HPLC) ICP-
Hg(ll), MeHg Tuna fish 5M HCI, 5 min MS [13]
Hg Cotton 1M HNOs+1MHCl+water, 10 min ICP-OES [29]
(HPLC) ICP-
Hg(ll), MeHg Human hair 2% (v/v)HCI+10% (v/v)Ethanol, 7 min MS [19]
Hg Fluorescent lamp 50% (v/v)HNO3+10% (v/v)H,0,, 60 min ICP-OES [24]
0.10% (v/v)HCI+0.05% (m/v)L-cysteine+0.10% (v/v) 2-mercaptoethanol, 15
Hg(ll), MeHg Seafood min LC-ICPMS [27]
Hg Seafood '6M HNO3, 1min x 2 |CV-AFS [1]
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Nitric and chloride acid, and also aqua regia are the most extended reagents used for Hg ex-
traction in ultrasonic bath but others are also described. Collaisol et al [2] demonstrated the
efficiency of a mixture 30% (v/v) HNO; — 0.15% KCl (m/m) from the extraction of Hg from soil
and sediment. Munoz et al, [20] reported the bath ultrasonic extraction of Hg from urine sam-
ples using 1M HCl and 1M H,0, and dos Santos et al [24] used the 50% (v/v) HNOz; and 10%
(v/v) H,0, for the extraction of Hg from fluorescent lamps. Rahman et al [19] established a
method for Hg extraction from human hair samples using 2% (v/v) HCl and 10% (v/v) ethanol.
A mixture of HCl with mercaptoethanol and L-cysteine are described also as an optimal me-
dium for bath ultrasonic extraction of mercury from soil and seafood respectively [10, 27]. In
the present work, the ultrasonic bath extractions of mercury from dust samples were carried
out in 5M HCl for 60 min. This acid medium was selected for efficient extraction and suitability
for Hg(ll) determination by anodic stripping voltammetric at AuNPs-SPCE, as previously de-
scribed by our research group [6, 22].

To evaluate the accuracy of the bath ultrasonic extraction method, two blank samples and
four sub-samples (15 mg) of the certified standard reference material (NIST SRM 2583, Trace
Elements in Indoor Dust) were extracted simultaneously and Hg(ll) were quantified by a stan-
dardized ICP-MS methodology. A relatively good agreement between certified concentration
of Hg (1.56 + 0.19 pg/g) and measured concentration (1.39 + 0.08 pg/g) was found.

3.2. Determination of Hg(II) in indoor dust standard reference material by ASV

In order to achieve a high-throughput methodology for Hg(ll) analysis in the indoor dust
samples, the bath ultrasonic extraction procedure was coupled to square wave anodic strip-
ping voltammetric method on commercial AuNPs-SPCEs [6]. The methodology was first tested
on the NIST SRM 2583, Trace Elements in Indoor Dust standard reference material. This way,
two samples of 15 mg were simultaneously extracted and Hg(ll) was sequentially analyzed by
ASV. Standard additions of 3, 6, 9, and 12 ng/mL of Hg(ll) were used for calibration. A set of
voltammetric curves for the extraction protocol is represented in Figure 1.
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Figure 1. Voltammetric curves obtained by the standard addition method for the determination of Hg(ll)
in indoor dust standard reference material extracted in ultrasonic bath at AuNPs-SPCE. Square-wave
voltammetric stripping measurements performed in 0.1 M HCl and in a convective cell with a frequency
of 25 Hz, step potential 6 mV, amplitude 40 mV, deposition potential +0.1 V and deposition time 120 s.

The goodness of fit of the experimental results to the calibration curve is demonstrated in
the value of R? = 0.9902. So, the experimental value obtained for the reference material by
SWASV (1.71 £ 0.71 pg/g) was in agreement with the certified value (1.56 £ 0.19 pg/g). The
relatively high confidence interval measured by the proposed method can be assigned to prox-
imity to the detection limit.

3.3. Determination of Hg(II) in indoor dust samples

The proposed analytical procedure was finally applied to mercury monitoring in dust sam-
ples collected at different indoor ambients, specifically in a private garage and a research labo-
ratory. The samples were homogenized and stored as previously described in section 2.2.

To quantify mercury in the lab dust samples (15 mg), bath ultrasound-assisted extraction
was carried out using the experimental conditions described in the previous sections and the
extracts were analyzed by SWASV on AuNPs-SPCE. Standard addition method of 3, 6 and 9
ng/mL Hg(ll) was used for calibration. The regression curve presented a coefficient R* = 0.9893
and a linearity of 95.8 % (Figure 2).

[157]



y =0.0743x + 0.1679
R’ =0.9893

C,. (ng/mlL)

Figure 2. Regression curve obtained for standard addition determination of Hg(ll) in lab dust samples
extracted using an ultrasonic bath and analyzed by SWASV on AuNPs-SPCE. Experimental conditions as
in Figure 1.

Experimental concentration obtained for Hg(ll) in the laboratory dust samples is summa-
rized in Table 3. In the same way, the concentration of Hg(ll) in the garage dust samples was
also determined by coupling the bath ultrasonic method with voltammetric determination on
AuNPs-SPCE and ICP-MS. Sub-samples of 50 mg were needed to achieve measurable voltam-
metric signals. Quantification of Hg(ll) in the garage dust sample were carried out also by stan-
dard addition method of 3, 6 and 9 ng/mL Hg(ll). The regression curve obtained for Hg(ll) pre-
sented a coefficient R? = 0.9916 and a linearity of 96.2 % (Figure 3).
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Figure 3. Regression curve obtained for standard addition determination of Hg(ll) in garage dust samples

extracted using an ultrasonic bath and analyzed by SWASV on AuNPs-SPCE. Experimental conditions as
in Figure 1.
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Stripping voltammetric analysis of Hg(ll) in garage dust gave the concentration summarized
in Table 3 which shows also the results of ICP-MS assay of the extracts. As seen in Table 3, a
good agreement between experimental data obtained by stripping voltammetry and the de-
termined by ICP-MS was found.

Table 3. Hg(ll) concentration in real indoor dust samples extracted using the proposed ultrasonic bath
method and measurement by SWASV and ICP-MS

Sample Conc. Hg SWASV (ug/g) Conc. Hg ICP-MS (pg/g)
Lab dust 144 £ 50 132+£31
Garage dust 0.77 £0.27 0.68 +0.15

Concentrations of dust mercury taken from the laboratory and the garage were considera-
bly different, and correspondingly the measured confidence intervals. The somewhat high
mercury concentration value determined in the laboratory dust sample was probably related
to its long term use for polarography research. Concentration of dust mercury found in the
garage is in the range of previously reported data for similar samples [5].

These results demonstrate the applicability of the simple and fast bath ultrasonic method-
ology proposed and the stripping voltammetry on recently commercialized nano-gold modified
SPEs for Hg(ll) detection and quantification in crude extracts from a complex dust samples
from different environments, with potential application for decentralized analysis.

4. Conclusions

Electrochemical detection, based on SWASV with disposable gold nanoparticles-modified
screen-printed electrodes, coupled to portable instrumentation has been successfully com-
bined with high-throughput bath ultrasonic extraction for Hg(ll) determination in indoor dust
samples, allowing the simultaneous treatment of 30 samples. The combination of stripping
analysis with bath ultrasonic extraction results in a fast, reliable, simple, inexpensive, repro-
ducible, and selective methodology for Hg(ll) analysis in complex dust samples. The effective-
ness of the proposed methodology has been demonstrated by assaying a certified indoor dust
standard reference material (NIST 2583) and real dust samples collected in different indoor
ambients. The portability of the miniaturized electroanalytical instrumentation together with
simple ultrasonic bath sample pre-treatment shows the potential of this approach as a moni-
toring tool in decentralized pollution assessment applications.
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Abstract

A miniaturized, fast, and efficient ultrasonic probe assisted method for Hg(ll) extraction from
indoor dust samples, in hydrochloric acid medium, was developed. The combination of the
extraction method with the electrochemical determination of mercury by square-wave anodic
stripping voltammetry (SWASV) on gold nanoparticles-modified screen-printed carbon elec-
trodes (AuNPs-SPCEs) resulted in a convenient method for rapid, sensitive, and reliable mer-
cury monitoring. Parameters involved in the extraction such as acid concentration, sonication
amplitude, and sonication time were optimized using a Face-centred cube Central Composite
Design. ICP-MS was also used to contrast the methodology and good agreement with electro-
chemical results was verified. Optimization and validation of the procedure were carried out
by using NIST Standard Reference Material® 2583 Trace Elements in Indoor Dust. Finally, the
proposed methodology was successfully applied for Hg(ll) determination in dust samples col-
lected at different indoor ambients.

Keywords: Hg(ll); SWASV; Screen-printed electrodes; Gold nanoparticles; Ultrasound; ICP-MS;
Response surface methodology; Indoor dust samples
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1. Introduction

Indoor dust is a heterogeneous and complex mixture including fibres from clothing and fur-
nishings, mites, hair, chemical contaminants (e.g., pesticides, PAHs, heavy metals, plasticizers
and flame retardants), combustion products (e.g., carbon monoxide, environmental tobacco
smoke, nitrogen dioxide) and others. The composition of indoor dust samples is a function of
numerous factors including environmental and seasonal factors, ventilation and air filtration,
owner activities, and indoor and outdoor sources. These contaminants have the potential to
persist and accumulate in indoor dust as they are not subjected to the same degradation proc-
esses that occur outdoors. Compounds associated with indoor dust particles are protected
from sunlight, fluctuations in temperature and humidity and the overall effects of weathering

[1].

Routes of human exposure to indoor dust consist mainly of inhalation, non-dietary inges-
tion, and dermal adsorption [2]. Allergenic and immune system effects, respiratory, cardiovas-
cular, nervous effects, and irritating effects of the skin and mucous membrane or cancer, are
described as possible adverse health impacts [1]. These facts support the interest of indoor
dust as a matrix for environmental analysis aimed at estimate exposure of the general popula-
tion (homes) and workers (labour places). Trace element profiles in indoor dust are valuable
tools for risk assessment and source apportionment [3]. Within this pollutant class, mercury
has been specifically tested as a relevant air pollutant in indoor dust samples at workplaces [4].

About sampling of indoor dust, the optimal collection method will depend on the surface to
be sampled and the goal of study. Nevertheless, simple active sampling of passively deposited
material like surface wiping or brushing, press sampling or sweeping can be used, thus avoid-
ing the need of sophisticated active samplers [5].

About sample pre-treatment for analyte solubilization, ultrasonic irradiation has been ex-
plored as an alternative for solid-liquid extraction since ultrasound facilitates an auxiliary en-
ergy and it accelerates some steps [6]. As described by Capelo et al [7], when an ultrasonic
wave passes through a liquid sample, the wave’s oscillating pressure can cause a cavitation
phenomenon which involves the generation and implosions of gas bubbles. Extreme tempera-
ture and pressure are generated at the centred of each collapsed bubble as well as radicals
during sonolysis of the solvent. Therefore, ultrasonic techniques can also overcome the disad-
vantages of conventional extraction procedures in terms of time, efficiency, and solvent con-
sumption [8, 9]. Optimization of the extraction methods involves the selection of several vari-
ables. If the optimization is carried out by monitoring the influence of one factor at a time on
the analytical signal, the interactive effects of the variables on the response is ignored, and the
number of experiments increase. Trying to solve these drawbacks, the more recent trend is
performing the optimization of pre-treatments by using multivariate statistic techniques. Re-
sponse Surface Methodology (RSM) is one of the most relevant multivariate technique used
[10]. It allows generation of an adequately fitting second order polynomial equation that con-
tains the significant factors affecting the responses as well as the interactions between the
parameters to obtain the best system performance [11].
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Many applications about the ultrasonic extraction of trace metals from biological and envi-
ronmental matrixes have been reviewed [7, 12]. The ultrasonic approach is especially attrac-
tive for mercury extraction by allowing a simple and cheap but highly effective room tempera-
ture and ambient pressure treatment, capable of preventing the well documented problem of
mercury volatilization during sample treatment. In this sense, ultrasonic treatment can be an
appropriate alternative compared with more sophisticated procedures based on high pressure
and elevated temperature digestion in closed vessels to minimize volatilization, e.g. microwave
assisted extraction. Specifically, for inorganic Hg methods based on bath ultrasonic extraction
from urine [13] and tuna fish samples [12] have been published. Also, different research pa-
pers have been described the development of methods based on ultrasound probe assisted
extraction of Hg from mussel tissues [8], soil and sediments [14], human urine [15], several
kinds of fish [16], and street dust samples [17] employing different acid media for the ultra-
sonic extraction which several spectrometric techniques for Hg detection have been used (CV-
AAS, AFS or ICP-MS). Also, a number of research works have been published on the electro-
chemical determination of Hg (usually, by Anodic Stripping Voltammetry, ASV) at different gold
electrodes (micro, film, rotating disk) [18-22] and gold nanoparticles-modified carbon elec-
trodes [23-24]. Moreover, the applicability of the recent technology based on gold screen-
printed sensors [25-28] and gold nanoparticles-modified screen-printed carbon sensors [29-30]
has been demonstrated successfully for this purpose. Surprisingly, a single reference which
combines the ultrasonic extraction method with electrochemical determination of mercury
was found in the literature. Munoz et al [13] describe in that work an efficient, fast, and reli-
able bath ultrasonic-assisted treatment of urine samples for chronopotentiometric stripping
determination of mercury at gold film electrodes. No reference has been found about the
combination of ultrasonic probe for extraction and screen-printed electrodes for mercury de-
termination by ASV.

In the present work, we have aimed at explore a simplified strategy for mercury determina-
tion in indoor dust samples, based on the development of miniaturized, fast, and efficient ul-
trasound probe assisted extraction method and electrochemical detection by a previously op-
timized Square-Wave Anodic Stripping Voltammetry (SWASV) methodology [29] on commer-
cial gold nanoparticles-modified screen-printed carbon electrodes (AuNPs-SPCEs). A Face-
Centred Central Composite Design (FCCD), which comes under RSM approach, was employed
for the optimization of the parameters involved in the probe ultrasonic extraction of mercury,
such as extraction media, sonication amplitude, and sonication time. Optimization and valida-
tion of the procedures were carried out by using standard reference material. The proposed
combination of methods was applied to Hg(ll) measurement in dust samples collected at dif-
ferent indoor ambients.

2. Experimental

2.1. Chemicals and solutions

All chemicals for the preparation of stock and standard solutions were used of analytical
grade. 10 mg/L stock solution of Hg(Il) (ICP quality) was supplied by PerkinElmer (Spain). Dilute
standards for calibration were prepared directly into the voltammetric cell. Hiperpur grade HCI
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purchased from Panreac (Spain) was used for the preparation of supporting electrolyte and
also, for ultrasonic extraction of the samples. The ultrapure water (18.2 MQ-cm at 25 2C) was
obtained from an Ultramatic system (Wasserlab, Spain). Samples and dilute standard solutions
were adjusted to desirable pH with subboiled HNO; obtained from a quartz distiller (Kurner,
Germany) before ICP-MS analysis. NaOH (Scharlau, Spain) was used to adjust the pH when
needed for electrochemical determinations. Glassware and polyethylene containers were
thoroughly conditioned for trace analysis i.e. soaked in hot nitric acid at 10% (v/v) for 48 h,
rinsed with ultrapure water, dried in stove, and kept in hermetic plastic bags. The methacrylate
voltammetric cell was similarly immersed in nitric acid at 10% (v/v) for 24 h, rinsed in ultrapure
water, and air dried before use.

2.2. Reference material and real samples

NIST Standard Reference Material® 2583 Trace Elements in Indoor Dust was used for the
optimization of the probe ultrasonic extraction procedure through the surface response meth-
odology.

Dust samples were collected in indoor ambient, specifically, in a research laboratory and in
a private garage by brush sweeping into polyethylene auto sealable bags. The samples pre-
sented a cottony aspect so they had to be manually homogenized (grinding with a stainless
steel scraper and sieved trough 2 mm). They were kept in a fridge (42 C) until analysis.

2.3. Instrumentation and software

Ultrasound probe assisted extraction experiments were carried out with a Hielscher (Tel-
tow, Germany) UP200S stand mounted ultrasonic device, fitted with a 200 W, 24 kHz high-
frequency generator and equipped with a S1 1 mm diameter titanium probe suitable for vol-
umes from 0.1 to 5 mL. An Ortoalresa Digicen 21 (Madrid, Spain) centrifuge equipped with a
hermetic closure rotor and a 24 microtubes sample holder was used for separation of solid
residues after ultrasonic extractions.

Square wave voltammetric measurements were performed on a computerized hand-held,
battery-powered PalmSens potentiostat/galvanostat (Palm Instruments BV, The Netherlands)
interfaced with a laptop and controlled by the PSTrace 1.1 software. Gold nanoparticles-
modified screen-printed electrode strips were purchased from DropSens (Oviedo, Spain). They
were designed in three electrode configuration printed on the same platform. Working elec-
trode (@ 4 mm), counter electrode, and pseudo-reference electrode were made of gold
nanoparticles-on-carbon, carbon, and silver, respectively. An insulating layer serves to delimit
the working area and silver electric contacts. Ink formulation and production characteristics of
commercial AuNPs-SPCEs are regarded by the manufacturers as proprietary information. A
specific connector was used to connect the electrochemical strip to the potentiostat. A
methacrylate voltammetric cell (DropSens, Spain) was used to perform the analysis. It was
especially suitable for SPEs and it was designed to perform batch analysis with volume of solu-
tion between 5 to 10 mL allowing optional stirring by means of a magnetic stirrer. The screen-
printed strip was immersed in the solution trough a cut on the top lid and was placed in paral-
lel direction to the sides of the cell, leaving the electrical connections outside.
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A Perkin Elmer ELAN 9000 (Massachusetts, USA) quadrupole ICP-MS equipped with a cross
flow nebulizer, a demountable quartz torch, a niquel skimmer and sampler cones, and a ryton
scott spray chamber was used for mercury determination. It was also used for accuracy check
of the electrochemical results.

The images of the dust samples were obtained by scanning electron microscopy (SEM) us-
ing a Hitachi FE-SEM S-4800Il instrument (Tokyo, Japan) which was also used for registering
EDX spectra.

The software package The Unscrambler® v9.7 CAMO Software AS (Trondheim, Norway) was
used for the application of chemometrics.

2.4. Procedures

2.4.1. Ultrasonic probe-assisted extraction method

Ultrasound probe assisted extractions was carried out for the extraction of Hg(ll) from the
dust samples and reference materials, before determination of mercury by ASV and ICP-MS.

An appropriate amount of sample was weighed in a 1.5 mL conical bottom Eppendorf micro
centrifuge tube with snap cap. 1 mL of extraction reagent (HCl) was added and the titanium
ultrasonic probe was immersed. Then, the sonication of the samples was started at room tem-
perature. Optimal conditions of the extraction with ultrasonic probe were achieved through
the surface response methodology derived of the application of a face-centred cube central
composite design of experiments (FCCD). After application of the extraction method, the sam-
ples were centrifuged for 15 min at 5000 r.p.m. For the determination of Hg(ll) on AuNPs-
SPCEs by SWASV, the appropriate volume of supernatant was transferred to 10 mL flask and
the pH was adjusted to 1 with concentrated NaOH as previously described [29]. Although for
the analysis of Hg(Il) by ICP-MS, the desired amount of supernatant liquid was transferred to a
flask and the final volume was made up to 10 mL with 5 % HNOs and 5 ng/mL In(lll) as internal
standard. Blanks were treated in the same ways.

2.4.2. Determination of mercury by ICP-MS

The sample extracts were analyzed by a standard ICP-MS protocol for the determination of
total mercury as follows: RF power 1000 W, Ar plasma flow rate 1 L/min, washing time 35 sec-
onds (s) and 3 replicates per sample. The most abundant mercury isotope *Hg was used for
data evaluation. Quantification was performed by internal standard method using In(ll1).

2.4.3. Determination of mercury by anodic stripping voltammetry on AuNPs-SPCEs

The sample extracts were placed in the voltammetric cell (10 mL) and the SWASV determi-
nation was started. No electrochemical activation procedure and no deaireation before volt-
ammetric determination were needed. The applied voltammetric parameters were as de-
scribed previously [29]: conditioning potential +0.7 V for 15 s, deposition potential +0.2 V for
120 s (without stirring), equilibration time 5 s, amplitude 40 mV, step potential 6 mV, and fre-
quency 25 Hz. Initial and final potentials were +0.15 V and +0.7V. Bulk stripping voltammetric
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signals were used for peak current measurement. Hg(ll) quantification in the real samples and
standard reference material was performed by the standard additions method. All experi-
ments were performed in duplicate.

3. Results and discussion

3.1. Optimization of ultrasonic probe-assisted extraction by the Response Surface
Methodology

The optimization of the probe ultrasonic extraction procedure of Hg was performed by ana-
lyzing the NIST Standard Reference Material® 2583 Trace Elements in Indoor Dust by ICP-MS.
Different acid media have been reported in the literature for the ultrasonic extraction of mer-
cury. Rio-Segade and Bendicho [8] and Ldpez et al [16] demonstrated the efficiency of HCI, in
concentration of 5 and 7 M respectively, for the extraction of Hg (ll) from mussel tissue sam-
ples, swordfish, and zebra fish using an ultrasonic probe. Reyes et al [12] established a com-
parison of methods including an ultrasonic bath assisted extraction of Hg from tuna fish using
5M HCI as acid medium. About solid environmental samples, Collasiol et al [14] used the mix-
ture 30 % (v/v) HNO3-0.15 % KCI for the extraction of Hg from soil and sediment by ultrasonic
bath treatment. Recently, Marin et al [17] reported an ultrasonic probe assisted leaching of Hg,
among other elements from street dust samples using concentrated aqua regia (HNOs-HCI 1:3,
v/v). In the present work, the previous experiments of probe ultrasonic extraction were per-
formed in HNO; and HCl media. In both cases, quantitative recoveries of Hg(ll) were obtained,
but HCl was finally selected because the determination of Hg by anodic stripping voltammetry
on AuNPs-SPCE was optimal in this medium [28, 29].Anyway, several authors have investigated
which parameters are involved directly in the extraction of heavy metals from several kinds of
matrices with a microtip ultrasonic probe [8, 14, 16, 17]. Taking these in account the variables
included in the experimental design carried out in the present work were the acid concentra-
tion, the sonication time, and the sonication amplitude.

In order to reach the optimum values for the three factors mentioned before, a face-
centred cube central composite design, 2°, with three central points was used [11, 28]. This
design included 17 experiments performed in random order and it was used with the aim of
calculating simultaneously the effect of the change in each one of the variables and also their
possible interactions. The assayed levels for each one of the variables were: 1, 5 and 10 M for
[HCI]; 1, 3 and 5 min for sonication time; and 20, 50 and 80 % for sonication amplitude. Table 1
shows the regression coefficients (also named, B-coefficients) of the proposed accuracy model
and their p-values, which are used to determine the significant parameters (p-value < 0.05). An
empirical relationship between the selected variables and the response function (percentage
of recovery) was obtained that can be represented by the following regression equation:

% Recovery = 87.11 + 0.179 A + 7.427 C—3.719 BC - 17.74 C’
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Table 1. Estimate regression coefficients and their significance (p-values) obtained
of the proposed method

Coefficients Estimated values p-values
A (Sonication amplitude) 0.179 0.028
B (Sonication time) 2.170 0.061
C ([HCN) 7.427 0.000
AB 2.047 0.176
AC -1.359 0.350
BC -3.719 0.029
A? 0.352 0.885
B’ -2.305 0.359
c -17.74 0.000

The correlation’s plot between experimental and predicted data obtained from the applica-
tion of the model equation is represented in Figure 1. In the corresponding analysis of variance
(ANOVA) a second-grade quadratic model is assumed (p-value of model (95%) = 0.000). A mul-
tiple correlation value (R) of 0.992 and coefficient of determination (R?) of 0.984 is obtained.
They is closer to +1 which is in accordance with good predictive ability of the model; specifi-
cally, the value of R? indicates that the model could explain 98.4 % of the variability in the re-
sponse. Furthermore, the p-value (95%) calculated for lack of fit is 0.179 which means that the
model described the true shape of the response surface.

100 -

Predicted data

o T T T T T T T T T 1
0 20 40 60 80 100

Experimental data
Figure 1. Correlation of experimental and predicted values of Hg peak intensity

Figure 2, shows the response surfaces (contour plots) estimated by the model for each pair
of variables. The information extracted of these plots indicates that the optimum values of the
variables correspond to 55 % sonication amplitude, 3.2 min sonication time, and 8.13 M hy-
drochloric acid concentration. It is noticeable that the saddle point observed in the contour
plot of time vs. sonication amplitude indicates that the optimal value of the variable is not in
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the chosen range and also it does not correspond to the maximum value. In spite of this, the
selection of the sonication amplitude optimal value is not affected because very good recover-
ies are observed when the variable is different to the maximum selected in the established

range. Moderate amplitude is beneficial for long term protection of the titanium tip of the US
probe also.
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Figure 2. Contour plots estimated for each pair of variables after model fit (A: Time vs. Amplitude; B:
[HCI vs. Amplitude; C: Time vs. [HCI])
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To evaluate the accuracy of the response surface model, four experiments were carried out
using the optimal conditions. Two blank samples and four sub-samples (15 mg) of the Trace
Elements in Indoor Dust standard reference material were extracted consecutively by the ul-
trasound probe treatment and analyzed by a standardized ICP-MS methodology. A very good
agreement between certified concentration of Hg (1.56 * 0.19 pg/g) and measured concentra-
tion (1.47 £ 0.67 pg/g) was found. In terms of percentage of recovery, the values obtained
were in the range of 90 to 99 %.

3.2. SWASYV determination of Hg(II) in the ultrasonic extracts. Indoor dust standard
reference material.

In order to achieve a reliable, fast, reproducible, and miniaturized methodology for the
analysis of Hg(ll) in the indoor dust samples, the optimized ultrasonic probe microextraction
was coupled to square wave anodic stripping voltammetric determination on AuNPs-SPCE [29].
This way, a sample (15 mg) of the indoor dust standard reference material was extracted and
Hg(ll) was sub sequentially analyzed by SWASV on AuNPs-SPCE. A set of voltammetric curves
for the extraction protocol are represented in Figure 3. The experimental value obtained by
SWASV (1.68 * 1.03 ug/g) was in good agreement with the certified value (1.56 * 0.19 ug/g).
The relatively high confidence interval measured by the proposed method can be assigned to
proximity to the detection limit.

E(V)

Figure 3. Voltammetric curves obtained by the standard addition method for the determination of Hg(ll)

in indoor dust standard reference material using an ultrasonic probe on AuNPs-SPCE. Square-wave volt-

ammetric stripping measurements performed in 0.1 M HCl and in a convective cell with a frequency of
25 Hz, step potential 6mV, amplitude 40 mV, deposition potential +0.1 V and deposition time 120 s.

3.3. SWASV determination of Hg(II) in real indoor dust samples

Indoor dust samples collected in a private garage and a research laboratory were previously
characterized using SEM and EDX techniques (Figure 4). After drying, reduction of particle size
and sieving, an appropriate portion of each dust sample was placed on an adhesive tape for
surface analysis. The SEM images showed in both cases random distribution of microparticles
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but significantly different morphological structures. The physical appearance of lab dust (Fig-
ure 4a) was like cotton, so, the SEM analysis highlighted the most elongated aspect of the par-
ticles. On the other hand, finer particles, spherical, and fibrous structures predominate in the
SEM image of the garage dust (Figure 4b). EDX analysis showed several metal and metalloid
peaks. Cu, Pb, and Zn were observed only in the EDX spectrum of the garage dust probably,
derived from vehicle exhaust. Sensitivity of x-ray spectroscopy was not enough to detect mer-
cury on the dust samples.

Figure 4. SEM and EDX analysis of indoor dusts in samples taken from a research laboratory (a) and a
private garage (b)

To quantify mercury in the indoor dust samples, probe ultrasound-assisted extraction was
carried out using the optimal experimental conditions described in the previous sections and
the extracts were analyzed by SWASV on AuNPs-SPCE. Standard addition method of 3, 6, and 9
ng/mL Hg(ll) was used for calibration. Sample regressions are shown in Figure 5 and 6 for the
lab dust and the garage dust, respectively.
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Figure 5. Regression curve obtained for standard addition determination of Hg(ll) in lab dust samples

extracted using an ultrasonic probe and analyzed by SWASV on AuNPs-SPCE
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Figure 6. Regression curve obtained for standard addition determination of Hg(ll) in garage dust samples

extracted using an ultrasonic probe and analyzed by SWASV on AuNPs-SPCE

Measured concentrations of Hg(ll) in the real dust samples are summarized in Table 2,

which shows also the results of ICP-MS assay of the extracts.

Table 2. Hg(Il) concentration in real indoor dust samples extracted using ultrasonic probe

Conc. Hg SWASV Conc. Hg ICP-MS

Sample
(1g/g) (ne/g)
Lab dust 131 +55 134 £ 32
Garage dust 0.78 £ 0.50 0.69+0.15
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As seen in Table 2, the proposed method gave results in good agreement with ICP-MS de-
terminations. Concentrations of dust mercury taken from the laboratory and the garage were
considerably different, and also the measured confidence intervals. The somewhat high value
determined in the laboratory dust sample was probably related to the long term use for pola-
rography research. Concentration of dust mercury found in the garage is in the range of previ-
ously reported data for similar samples [17]. Both values are lower than others reported by Y.
Liu et al [4] in indoor dust collected at incineration plants from the district of Taiyuan city
(China). These authors measured concentrations of dust mercury from 547 to 866 ug/g in the
municipal solid waste incineration plant and over 1100 pg/g in the workplace of the hospital
waste incineration plant, respectively.

These results demonstrate the potential applicability of the proposed ultrasonic methodol-
ogy combined with stripping voltammetry for the determination of Hg(ll) in complex dust
samples from different environments.

4. Conclusions

Ultrasonic probe assisted extraction optimized by response surface methodology offers a
fast, easy, efficient, and miniaturized sample preparation for the determination of Hg(ll) in
dust samples. The combination of the probe ultrasonic extraction with SWASV determination
of Hg(ll) on Au nanoparticles modified screen-printed electrodes results in a reliable, simple,
inexpensive, reproducible, and selective methodology for Hg(ll) analysis in complex dust sam-
ples. The effectiveness of the proposed methodology has been demonstrated by assaying a
certified indoor dust standard reference material and real dust samples collected in different
indoor ambients.
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Abstract

A combination of probe ultrasonic extraction, optimized by surface response methodology,
and ICP-MS detection is described in this work as an effective methodology for mercury moni-
toring in soils affected by industrial emissions. Minute amounts of samples (typically 20 mg)
can be extracted in 3 min by 1 mL of HCl based extracting solution, without risk of mercury
losses, and sub sequentially assayed by ICP-MS. The method was successfully tested on soil
standard reference materials, and then applied to mercury monitoring in a large set of real soil
samples collected during a long term monitoring survey (2007-2011) around the industrial area
of Puchuncavi, Chile. The method proved to be useful for investigation of spatial and temporal
mercury variability in the area, showing and intermediate to high mercury contamination with
potential impact on the surrounding ecosystem.

Keywords: Mercury; Soil; Ultrasonic extraction; ICP-MS; HCA; Contamination Indexes
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1. Introduction

Mercury is regarded as one of the major hazardous trace metal impacting on the environ-
ment and public health because of its high volatility, toxicity, mobility, and great ability of bio-
accumulation. It is released into the different environmental compartments from both natural
and anthropogenic sources, where mercury in several chemical forms undergo many biologi-
cal, chemical, and photochemical reactions [1-3]. Natural sources include volcanoes [4], geo-
thermal activities [5], wild fires [6], soil erosion, and oceans [7], whereas fossil fuel combustion
[7], waste incineration, metal mining, refining and manufacturing [8], electronic, paper, phar-
maceutical industries [9], and chlor-alkali plants [10] are identified as the major sources of
anthropogenic emission of Hg in the industrialized world. Currently, mercury pollution is rec-
ognized as a geographically widespread and persistent environmental problem [11].

Soil is the primary terrestrial reservoir of persistent contaminants, playing an important role
in the biogeochemical cycle of mercury, and acting both as a sink and a source of this metal to
biota, atmosphere, and hydrological compartments [12]. These facts make soil a useful matrix
for the evaluation of the environmental impact of this element.

The need of accurate determination of mercury at the typically low levels found in envi-
ronmental samples has prompted the development of a variety of highly sensitive and reliable
analytical methodologies [11]. Cold vapour atomic absorption spectrometry (CV-AAS) has been
most widely used because of its speed, simplicity, relative freedom from interferences, low
operations costs, and high sensitivity, especially when mercury vapour is pre-concentrated on
gold by amalgamation [13]. Other sensitive spectrometric techniques as cold vapour atomic
fluorescence spectrometry (CV-AFS) [14] or inductively coupled plasma optical emission spec-
trometry (ICP-OES) [15] are frequently used for Hg determination. Also, many published meth-
ods are based on inductively coupled plasma mass spectrometry (ICP-MS), because of its excel-
lent detection limits [16]. On the other hand, stripping electroanalytical techniques are re-
cently re-emerging as an attractive alternative for Hg determination in connection with low-
cost, short analysis time, miniaturization, and even, suitability for field analysis [17-19]. Other
techniques that enable direct analyses without sample pretreatment, as instrumental neutron
activation analysis (INAA) [20], X-ray absorption spectroscopy (XAS) or X-ray fluorescence (XRF)
[21] are also cited in the literature for Hg determination.

Special attention is currently paid to the analytical sample preparation procedures in order
to reduce solvent amounts, overall time employed, and cost [22]. As a consequence, ultrasonic
probe assisted extraction has emerged as an effective way of sample treatment for elemental
analysis in the environmental samples and is increasingly applied for the efficient, fast, and
economic extraction of metal species. The focused cavitation reached by the ultrasonic energy
around the probe increases the temperature, the pressure, and the oxidative energy of solvent
radicals producing favorable extraction conditions when comparing with microwave assisted
extraction [22], enzymatic hydrolysis [23], slurry preparation [24] or bath ultrasonic extraction
[25]. The ultrasonic probe has been scarcely studied as a pretreatment tool for mercury extrac-
tion from environmental samples, with some published results about applicability to dust [16,
19] and biological samples [26]. A single application to soil and sediment samples, with final
detection by CV-AAS, has been reported [27].
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In the present work, we have aimed to explore a simplified strategy based on the applica-
tion of a miniaturized, fast, and efficient ultrasound probe assisted extraction method coupled
to ICP-MS for the determination of total mercury in large sets of soil samples. Applicability is
demonstrated by the use of the method for mercury monitoring in soil samples collected at
different locations around the industrial area of Puchuncavi-Ventanas (Chile) from 2007 to
2011. Previously unreported temporal and spatial variabilities of mercury content in these
polluted areas, relevant for health and environmental risk assessment, are described.

2. Materials and methods

2.1. Chemicals and materials

All chemicals used for the preparation of stock and standard solutions were of analytical
grade. 10 mg/L stock solution of Hg(Il) (ICP quality) was supplied by PerkinElmer (Spain). Work-
ing solutions were prepared by dilution with ultrapure water (18.2 MQ-cm at 25 2C) obtained
from an Ultramatic system (Wasserlab, Spain). Samples and dilute standard solutions were
adjusted to desired pH with subboiled HNO; obtained from a quartz distiller (Kiirner, Germany)
before ICP-MS analysis. Glassware was thoroughly conditioned for trace analysis by cleaning
with hot nitric acid (10%), rinsing with ultrapure water, drying and keeping in hermetic plastic
bags before use.

A Fritsch Pulverisette 6 planetary balls mill (Germany) equipped with zirconium dioxide ves-
sels and balls was used for soil samples milling.

Ultrasound assisted extraction experiments were carried out with a Hielscher (Teltow,
Germany) UP200S stand mounted ultrasonic device, fitted with a 200 W, 24 kHz high-
frequency generator and equipped with a S1 1 mm diameter titanium sonotrode suitable for
volumes between 0.1 and 5 mL. The amplitude control of the ultrasonic processor allowed the
vibrations at the probe to be set any desired level in the range of the nominal power from 10
to 100 %.

An Ortoalresa Digicen 21 (Madrid, Spain) centrifuge equipped with a hermetic closure rotor
and a 24 microtubes sample holder was used for separation of solid residues after ultrasonic
extractions.

A Perkin Elmer ELAN 9000 (Massachusetts, USA) quadrupole ICP-MS equipped with a cross
flow nebulizer (resistant to HF and particle clogging), a ryton scott spray chamber, a demount-
able quartz torch, a nickel skimmer and sampler cones, and a gold plated ceramic quadrupole
mass analyzer was used for mercury determination.

NIST Standard Reference Material® 2710a Montana Soil | was used for accuracy check.

The software package XLSTAT 2009.1.02 was used for performing the hierarchical cluster
analysis.

2.2. Study site description
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The study area was located around the industrial complex of Puchuncavi-Ventanas. The
Puchuncavi valley, a Mediterranean climate region placed in the coastal area of central Chile
(71°24’S, 32°40’N), is characterized by marked pollution due to the historical discharge of
gaseous pollutants and atmospheric particulates, and deposition of metal-rich particles from
diverse industrial facilities including coal-fired power plants, a copper refinery and smelter,
natural gas terminals, and cement companies [28, 29]. Apart from the industrial activity, the
study area is mainly agricultural, with scarce rural population living in small villages. Five sam-
pling areas were selected to evaluate the impact of mercury in soils surrounding the industrial
complex. As depicted in Figure 1, La Greda (LG), Los Maitenes (LM), Puchuncavi (PU), and Valle
Alegre (VA) sampling sites are located around the industrial complex at different distances and
different degrees of influence from the prevalent SW winds in the zone. The sampling points
were located in the vicinity of small villages. A reference rural area was selected north to the
study site (RF).

Figure 1. Soil sampling locations at the Puchuncavi Valley, Chile: 1, La Greda; 2, Los Maitenes;
3, Valle Alegre; 4, Puchuncavi; 5, Reference area

2.3. Sample collection and preparation

A total of 125 surface soil samples were collected in the study area (LG, LM, PU, VA, RF)
during five monitoring campaigns carried out in summer 2007, 2008, 2009, 2010 and 2011. 5
samples were taken around each sampling zone for each sampling campaign. These activities
are in the frame of a large scale and long term ongoing environmental monitoring program in
the area. For sampling, 1 m?® surface was delimited and the extraneous matter (stones, leafs,
seeds or roots) was eliminated. Soil samples were collected to a depth of 5-10 cm by using a
hand polypropylene drill. Approximately 3 kg of sample was extracted with a plastic spade,
placed into a conditioned plastic cube. The cube was closed and transferred to the lab.
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In the laboratory, soil samples were appropriately dried in stove by heating at 50 2C for 72 h
and then sieved through a polypropylene 2 mm mesh. Soil sub-samples were mechanically
homogenized in a planetary mill at 500 r.p.m for 15 min, and manually sieved to 0.2 mm using
a stainless steel mesh. The samples were then stored in the fridge (4 2C) until analysis.

For the ultrasonic extraction, an appropriate amount of soil sample (20 mg) was accurately
weighed in a 1.5 mL conical bottom Eppendorf micro centrifuge tube with snap cap. 1 mL of
extraction reagent (HCl) was added and the titanium ultrasonic probe was immersed. Then,
the sonication of the samples was started at room temperature. The focused ultrasonic extrac-
tion of Hg was carried out under the experimental conditions developed in a previous pub-
lished work [19]. Briefly, the optimization of the sonication parameters was achieved through
the application of a Face-Centred Cube Central Composite design of experiments (FCCD), and
the optimum values were as follows: 55% sonication amplitude, 3.2 min sonication time, and
8.13 M hydrochloric acid concentration. After sonication, the samples were centrifuged for 15
min at 5000 r.p.m. For the final determination of Hg by ICP-MS, 0.5 mL of the supernatant was
transferred to a volumetric flask and the final volume was made up to 10 mL with 5 % HNOs.
Certified Reference Material and blank samples were treated in the same way.

2.4. Determination of mercury by ICP-MS

The sample extracts were assayed by a standard ICP-MS protocol for the determination of
total mercury as follows: RF power 1000 W, Ar plasma flow rate 1 L/min, washing time 35 sec-
onds (s) and 3 replicates per sample. The most abundant mercury isotope *°’Hg was used for
data evaluation. Quantification was performed by calibration with mercury standard solutions.
Blank samples were placed among the extracts of the soil samples throughout the analysis by
ICP-MS to check the possible memory effect described for routine analysis of mercury [13],
and no significant concentrations of mercury were finally quantified in blank samples. Mercury
concentrations in soil samples are expressed in dry soil weight terms.

2.5. Contamination indexes

The index of geoaccumulation (lge,), the enrichment factor (EF), and the contamination fac-
tor (C;) were calculated according to the definition given by Loska et al [30]. The index of
geoaccumulation was computed from Eq. (1):

Igeo = IOgZ(Cn/l5 Bn) (1)

where C, is the measured concentration of the element in the soil sampled and B, is the geo-
chemical background value in the Earth's crust. Reference background values used were aver-
age mercury levels in the upper crustal crust as described by Wedepohl [31]. The I, classifies
the sampling locations into seven classes, as follows: (lg,<0) practically uncontaminated;
(0<lge0<1), uncontaminated to moderately contaminated; (1<l,,<2) moderately contaminated;
(2<lgeo<3) moderately to heavily contaminated; (3<lge,<4) heavily contaminated; (4<lge<5)
heavily to extremely contaminated, and (5<lge,) extremely contaminated.

The enrichment factor (EF) was based on the standardization of a tested element against a
reference element, characterized by low occurrence variability. In this study, soil concentration
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of Sr, measured in all samples during a multielemental soil monitoring campaign carried out in
the study area, was used. The value of the enrichment factor was calculated according to Eq.

(2):

Cn (sample)
Cref (sample)
Bn (background)
Bref (background)

EF =

()

Where C, (sample) is the content of the examined element in the examined environment,
Cief (sample) is the content of the reference element in the examined environment, B, (back-
ground) is the content of the examined element in the reference environment and B, (back-
ground) is the content of the reference element in the reference environment.

Five contamination categories are recognized on the basis of the enrichment factor: EF<2
(deficiency to minimal enrichment), EF = 2-5 (moderate enrichment), EF = 5-20 (significant
enrichment), EF = 20-40 (very high enrichment) and EF>40 (extremely high enrichment).

The contamination factor (C;) was calculated by Eq. (3):

Cf = Cn (sample)

"~ Bn (background) ®

Four contamination categories are defined for C;: C<1 (low contamination factor indicating
low contamination); 1<C<3 (moderate contamination factor); 3<Ci<6 (considerable contami-
nation factor) and C>6 (very high contamination factor).

Human risk assessment with attention to metal contaminated soil by ingestion was per-
formed calculating the non-cancer toxic risk. Average daily dose (ADD) was calculated as
USEPA’s suggested [32] by Eq. (4):

ADD = [C * IngR = EF = ED]/ [BW * AT] 4)

Where C is the contaminant content in soil (mg kg), conservative estimates of ingestion
rates (IngR) were chosen for children (200 mg day™) and adults (100 mg day™). Average body
weight (BW) was chosen 60 kg for adults and 16 kg for children. Exposure frequency (EF) was
350 days year, exposure duration (ED) was 6 years, and average time (AT) was 2190 days.

So, non-cancer toxic risk was calculated by calculating the hazard quotient (HQ) by Eq. (5):

ADD

HQ = RFD 5)

Where RFD is the toxicity value for estimating non-cancer effects from oral exposure, which
is an estimate of the highest dose that adverse non-cancer effect. In this study, considering the
chloride mercury oral RFD was used 0.0003 mg kg-1 d-1, as standard value. Therefore, HQ<1
suggests unlikely adverse health effects, HQ>1 suggests the probability of adverse health ef-
fects, and HQ>10 is considered to be high chronic risk [33].

3. Results and discussion
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3.1. Validation of the methodology

As mentioned above, the ultrasonic probe extraction method used in this work was previ-
ously optimized by response surface methodology and successfully applied for the determina-
tion of Hg in indoor dust samples [19]. To ensure the reliability of the methodology for the
extraction of the analyte from soil samples, a certified reference material was selected to test
the extraction protocol. Therefore, a set of 9 subsamples of the standard reference material
NIST 2710a Montana Soil was extracted and analyzed by using a standardized ICP-MS method-
ology for accuracy check. A very good agreement between certified concentration of Hg (9.88
+ 0.21 mg/kg) and measured concentration (10.62 + 0.31 mg/kg) was found. In terms of per-
centage of recovery, the results obtained were in the range of 88 to 118 %.

The limit of detection (LOD) of the method was calculated according to the IUPAC definition
by processing a set of 10 blank samples in the same way as the standard reference material,
and a value of 0.25 ng/mL was obtained. This value is similar to previously reported detection
limits for the determination of mercury in soil and sediments by ultrasonic probe extraction
followed by CV-AAS, 0.2 ng/mL [27], and low enough for measuring the expected concentra-
tions in polluted and unpolluted soils.

3.2. Application to soil samples.

The optimized probe ultrasonic-assisted extraction was applied to the 125 soil samples col-
lected within the Puchuncavi industrial zone and reference areas, and soil extracts were ana-
lyzed by ICP-MS as previously described. The results obtained from the samples collected
around the industrial zone are summarized in Table 1. The 25 samples collected at the refer-
ence area gave values of mercury concentration below the LOD.
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Table 1. Concentration of mercury in soils from the study areas. LG: La Greda; LM: Los Maitenes; PU:

Puchuncavi; VA: Valle Alegre. 5 samples per sampling campaign in each location.

Hg Whole study
Year LG LM PU VA
(mg/kg) area
2007 Range |<LOD-0.332 | <LOD-0.851 | <LOD-0.125 | <LOD-0.329 | <LOD-0.851
Mean 0.217 0.488 0.178 0.193 0.269
2008 Range |<LOD-0.722|0.122-0.696 | <LOD-0.301 | 0.089-0.125 | <LOD-0.722
Mean 0.321 0.285 0.199 0.109 0.228
2009 Range |0.714-3.458|0.287-1.450 | 0.338-1.410 | 0.163-0.563 | 0.163-3.458
Mean 1.810 0.597 0.638 0.301 0.836
Range |0.308-3.777|0.141-0.337 | <LOD-0.159 <LOD <LOD-3.777
2010 Mean 1.496 0.246 0.138 <LOD 0.627
2011 Range |0.124-0.153|0.080-0.125 <LOD <LOD <LOD-0.153
Mean 0.129 0.117 <LOD <LOD 0.123
Whole Range |<LOD-3.777 | <LOD-1.450 | <LOD-1.410 | <LOD-0.563 | <LOD-3.777
period Mean 0.795 0.346 0.288 0.201 0.408

Considering the whole sampling period and the four locations around the industrial com-
plex (LG, LM, PU and VA), the mean Hg concentration in the sampled soils was 0.408 mg/kg
(range from <LOD to 3.777 mg/kg). Highest values of Hg were measured in La Greda soils
(mean of all samples 0.795 mg/kg), probably due to its geographical situation in the vicinity to
the emission sources from the industrial area and under the influence of the dominant SW
winds. Relatively high concentrations of Hg were also found in the soil samples collected from
Los Maitenes (mean 0.346 mg/kg) and Puchuncavi (mean 0.288 mg/kg) locations. Los Maitenes
is closer to the industrial complex than Puchuncavi (Figure 1), but the last is more affected by
pollutant transport by the dominant winds. The lowest Hg values found in the soils around the
industrial complex were measured in Valle Alegre samples (mean 0.201 mg/kg), located 8 km
south to the industrial complex.

The distribution of mercury in the selected sampling points along the study period 2007-
2011 is presented in Figure 2. A significant temporal variability in soil mercury concentration is
observed in each sampling location during the period studied (2007-2011), with maximum
values observed in 2009 and 2010 at the most polluted place (La Greda). Mercury concentra-
tion at Los Maitenes, Puchuncavi and Valle Alegre also shows a maximum in 2009. The decay
of mercury concentrations in all locations during the 2010-2011 sampling campaigns could be
assigned to contamination prevention policies that are progressively being implemented in the
industrial area.
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Figure 2. Mercury concentration in soils at the Puchuncavi industrial area

In order to explore spatial and temporal correlations of the soil samples attending to the
mercury content, hierarchical cluster analysis (HCA) of the yearly mean of mercury concentra-
tion in each location was performed by using Euclidean distance and the Ward agglomerative
algorithm. For this statistical analysis, the concentration of mercury in samples below the LOD
limit was assumed to be one-half of the calculated LOD.

As shown in Table 2 and Figure 3, the HCA test classified the sampling campaigns in five
groups. Groups C4 and C5 are formed by the 2009 and 2010 sampling campaigns in La Greda
(LGO9 and LG10), which provided the highest mercury levels. Group C2 aggregate sampling
campaigns where intermediate mercury levels were measured, including the 2009 sampling
campaigns at Los Maitenes (LM09) and Puchuncavi (PU09), and also the 2007 sampling cam-
paign at Los Maitenes (LMO07). Groups C1 and C3 include the samples with the lower mercury
levels, including all the Valle Alegre and reference area sampling campaigns.
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Table 2. Classification of sampling campaigns by hierarchical cluster analysis of mercury concentrations
(yearly mean on each location)

Groups
Cc1 Cc2 Cc3 C4 C5
LGO7 LMO7 RFO7 LGO9 LG10
PUO7 LMO9 VAO08
VAO7 PUO9 RFO8
LGO8 RFO9
LMO08 PU10
PUO8 VA10
VAO09 RF10
LM10 LG11
LM11
PU11
VA1l
RF11
C1
>
C3 a N
Cc2 <
L
c5 ¢
c4 o
33217 1033217 2033217 3033217 4033217
Dissimilarity

Figure 3. Dendogram depicting the hierarchical clustering of yearly average of mercury concentration at
the sampling locations. See Table 2 for explanation of categories.

3.3. Mercury pollution assessment

A significant degree of heavy metal pollution around the Puchuncavi industrial area has
been demonstrated by different authors along a wide set of experimental studies on rainwater
[34], soils [35, 36] and biomonitors [29, 37]. Typical heavy metal pollutants have been investi-
gated including lead, cadmium, copper, zinc, selenium, arsenic and antimony, but no results
have been published to date about mercury pollution in the area. Our experimental results
were compared with mercury levels in topsoils from rural, industrial and mercury related in-
dustrial locations around the world, as measured in recent studies by different authors (Table

[193]



3). The Puchuncavi Valley soils mercury contents are higher than the levels measured in rural
areas [38-41], but roughly similar to recently measured values in comparable industrial areas
from China and Turkey [42-45]. The soil mercury contents measured in the study area are
however lower than those found at locations with industrial activities implying mercury use,
like chlor-alkali plants [46, 47] or artisanal gold mining [48]. The mercury concentrations found
at Puchuncavi Valley soils don’t exceed threshold levels established for soil pollution assess-
ment, e.g. by The Netherlands (intervention value, 36 mg/kg) [49], US EPA (screening value for
residential soils, 23 mg/kg) [50] or Canada (guideline value for residential soils, 6.6 mg/kg) [51].

Table 3. Mercury concentrations in topsoils from some rural, industrial and mercury related industrial
activities around the world

Location Activity Mean Range (mg/kg) | Refs.
(mg/kg)
Rural areas
South Carolina (USA) Farmland 0.04 0-0.19 [37]
Europe Random 0.061 0.005-1.35 [38]
Zhengding County (China) Farmland 0.08 0.02-0.37 [39]
World Background 0.01-0.03 [40]
Industrial areas
Guangdom (China) Petrochemical complex 0.61 0.028-2.4 [41]
Beijing (China) Chemical industries 4.85 0.22-76.27 [42]
Gebze (Turkey) Industrial complex 0.102 0.009 - 2.721 [43]
Shenyang (China) Industrial complex 0.39 0.06-1.34 [44]
Hg related industrial areas
Grenoble (France) Chlor-alkali plant 0.05-10 [45]
Estarreja (Portugal) Chlor-alkali plant 0.010-91 [46]
Apolobamba (Bolivia) Small scale gold mining 0.5-48.6 [47]
This study
Whole study area 0.408 <LOD -3.777
La Greda 0.795 <LOD - 3.777
Los Maitenes 0.346 <LOD - 1.450
Puchuncavi 0.288 <LOD-1.410
Valle Alegre 0.201 <LOD -0.563

Mercury pollution in the study area soils was futher explored by using common contamina-
tion indexes: the index of geoaccumulation (lz,), the enrichment factor (EF), and the contami-
nation factor (C;). The calculated indexes and corresponding contamination categories are
summarized in Table 4. lg, values range from heavy contamination in La Greda sampling loca-
tion to moderate in Puchuncavi and Valle Alegre locations, and a moderate to heavy contami-
nation is assigned to Los Maitenes and to the whole study area. The mercury EF values are
significant in all locations. The C; values indicate very high contamination in La Greda and Los
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Maitenes, and also for the whole study area, whereas Puchuncavi and Valle Alegre are classi-
fied as moderately contaminated. Due to the potential risk of mercury pollution in the soils of
Puchuncavi Valley, with potential impact to the whole ecosystem, pollution prevention and
remediation measurements seem essential, especially in the areas close to the industrial facili-
ties.

Table 4. Indexes of Geoaccumulation (lge,), Enrichment Factors (EF) and Contamination Factors (Cy) for
mercury in soils at the Puchuncavi Valley

Sampling locations
Whole study
Index LG LM PU VA
area
Value 3.30 2.06 1.70 1.06 2.03
lgeo L. Moderate Moderate to
Contamination Heavy Moderate Moderate
to heavy heavy
EF Value 17.05 9.01 8.76 6.17 10.25
Enrichment | Significant | Significant | Significant Significant Significant
C Value 14.76 6.24 4.88 3.12 7.25
" | Contamination Very high | Very high | Considerable | Considerable Very high

Assessment of non-cancer risk carried out by using the HQ parameter determines that in the
whole study area there are no health effects for children and adults because of the results
obtained for HQ were less than 1. HQ parameter calculated for evaluating the children expo-
sure of Hg in La Greda (0.03) was substantially higher comparing with the other locations
(0.01), in spite of the result shows also unlikely health affects in the area.

4. Conclusions

Ultrasonic probe assisted extraction optimized by response surface methodology offers a
fast, easy, efficient, and miniaturized sample preparation for the determination of mercury in
soil samples. The combination of the probe ultrasonic extraction with ICP-MS determination
results in a reliable and effective methodology for mercury monitoring in soils. The effective-
ness of the proposed methodology has been demonstrated by the analysis of standard refer-
ence materials and by application to mercury pollution assessment in a long term industrial
soil monitoring campaign in the Puchuncavi Valley, Chile. Intermediate to high levels of mer-
cury contamination have been detected, indicating an ecological risk of mercury pollution in
the area.
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Abstract

Gold-based screen-printed electrodes have been characterised by electrochemical impedance
spectroscopy (EIS) to better understanding of their behaviour in the electroanalytical applica-
tions, particularly in anodic stripping voltammetry of Hg(ll). After a first exploration by cyclic
voltammetry, impedance spectra of screen-printed sensors were recorded in 0.1 M HCI elec-
trolyte solution with the presence of dissolved oxygen, and with no electrochemical pretreat-
ment of the surface. Fitting of spectra by using the equivalent circuits demonstrated the dif-
ferences in the interfacial characteristics of each sensor. Structural changes in the surface of
SPGE caused by the amalgam formation in the presence of Hg(ll) have been investigated by
EIS. The results obtained have been used to elucidate the implications for using the sensor in
the stripping voltammetric determination of Hg(ll) in environmental samples.

Keywords: Gold-based screen-printed electrodes; EIS; Hg
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1. Introduction

In the field of electroanalysis, the increasing availability of low-price homemade and com-
mercial screen-printed electrochemical platforms has open new exciting opportunity to apply
electrochemical techniques outside a centralised laboratory [1-3]. Miniaturisation is today an
unquestionable trend of Analytical Chemistry [4]. In this context, the great utility and versatil-
ity presented by screen-printed electrodes (SPEs) lies in the wide range of ways in which the
disposable strips may be employed [5].

Despite the great practical use of SPEs, little is known about the nature of electrode reac-
tions at their complex surface [6]. Since differences in the composition of commercial printing
inks, the pre-treatment procedures and the temperature conditions during the curing of the
printing layer can affect their electrochemical behaviour, several studies have been performed
with the aim of their characterisation [4, 6-8]. In these papers, cyclic voltammetry (CV) and
scanning electron microscopy (SEM) techniques have been used for this purpose. However,
changes in the interfacial region of sensing electrodes which may not be seen by CV or by
pulse techniques, such as square wave voltammetry, are seen by electrochemical impedance
spectroscopy (EIS), owing to the wide range of timescales which is probed [9]. Thus, EIS can
represent a powerful tool in the electrochemical scope [10-14].

In previous works, we have successfully demonstrated the applicability of screen printed
gold electrodes (SPGE) and gold nanoparticles modified screen-printed carbon electrodes
(GNP) for monitoring Hg(ll) in different environmental samples [2, 15-17]. As properly de-
scribed, gold is the best electrode material used for the electroanalytical determination of
mercury but it presents an important drawback that is the well-known phenomenon of struc-
tural changes of their surface, caused by amalgam formation with mercury [15].

Therefore, the first purpose of the present work was to characterise by cyclic voltammetry
and electrochemical impedance spectroscopy, three types of commercial screen-printed elec-
trodes: high and low temperature cured screen-printed gold electrodes (SPGE-AT, SPGE-BT)
and gold nanoparticles-modified screen-printed carbon electrodes (GNP). Also, the characteri-
sation of the surface of SPGE-AT were also characterised by EIS in presence of Hg(ll) to evalu-
ate the influence of the amalgam formation. Finally, the observation and characterisation of
the gold working electrodes surfaces were carried out also by scanning electron microscopy
(SEM).

2. Experimental

2.1. Reagents and solutions

All stock and standard solutions were made from analytical grade reagents. 10 mg/L stock
solution of Hg(Il) was supplied by PerkinElmer (Spain) and working solutions were prepared
before measurements by dilution with ultrapure water (resistivity > 18.2 MQ-cm at 25 2C) ob-
tained from an Ultramatic system (Wasserlab, Spain). The supporting electrolyte was 0.1 M HCI
(Panreac, Spain) that was demonstrated suitable for ASV measurements of mercury [2, 15-17].
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Glassware and electrochemical cell was thoroughly conditioned by cleaning with hot nitric acid
(10%), rinsing with ultrapure water, drying, and keeping in hermetic plastic bags before use.

Experiments were conducted at room temperature (25 + 1 °C) without deoxygenation.

2.2. Electrodes and electrochemical cell

Screen-printed electrodes (models DRP-110, 220AT, 220BT, and 110GNP) were purchased
from DropSens (Oviedo, Spain). They were designed in a three electrode configuration con-
structed on the same ceramic platform. They were received in a plastic box with 70 units per-
fectly isolated from the outside. Working electrodes (Ageom = 0.126 cm?) were composed of
carbon, high and low temperature curing gold inks, and gold nanoparticles-on-carbon, respec-
tively. Ink formulation and production characteristics of commercial SPEs are regarded by the
manufacturers as proprietary information. In all of them counter and pseudo-reference
printed electrodes were made of carbon or gold, and silver, respectively. An insulating layer
served to delimit the working area and silver electric contacts, and a specific connector al-
lowed the direct connection of the electrochemical strips to the potentiostat. A methacrylate
voltammetric cell (DropSens, Spain) was used to perform voltammetric and EIS measurements.
It is especially suitable for SPEs and is designed to perform batch analysis with volume of solu-
tion between 5 to 10 mL, allowing optional stirring by means of a magnetic stirrer. The screen-
printed strips were immersed in the solution trough a cut on the top lid and were placed in
parallel direction to the sides of the cell, leaving the electrical connections outside.

2.3. Instrumentation and methods

Voltammetric experiments were performed on a computerized hand-held, battery-powered
PalmSens potentiostat/galvanostat (Palm Instruments BV, The Netherlands) interfaced with a
laptop and controlled by the PalmSens PC software (PS Trace 2.5.2.0). For square-wave anodic
stripping voltammetry (SWASV) the conditioning potential was +0.7 V for 15 s, deposition po-
tential +0.2 V for 60 s, amplitude 40 mV, step potential 6 mV, frequency 20 Hz, equilibration
time 10 s, and stirring rate 600 rpm [15].

Electrochemical impedance spectra were recorded using a CH Instruments 660D equipment
controlled by the software provided by the supplier (CH Instruments,Inc.,USA) and a Solartron
1250 Frequency Response Analyser coupled to a Solartron 1286 Electrochemical Interface (So-
lartron Analytical, UK), controlled by ZPlot software. The frequency range from 65 kHz to 0.1
Hz was scanned logarithmically with an applied sinusoidal perturbation of 10 mV rms ampli-
tude in 12 steps per frequency decade, superimposed on the chosen applied potential. Data
fitting to equivalent circuits was performed also with CHI analyzer program and ZView soft-
ware, respectively. Four replicates per potential applied were done to ensure the reproducibil-
ity of the responses.

SEM images of the working electrode surfaces were obtained by using a Hitachi FE-SEM S-
4800II field emission scanning electron microscope (Tokyo, Japan). A K-alpha X-ray photoelec-
tron spectrometer (XPS) system (Thermo Scientific, USA) was used to obtain the X ray spectra
of the SPEs.
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3. Results and discussion

The electrochemical characterisation of the high and low temperature cured screen-printed
gold electrodes (SPGE-AT, SPGE-BT) and gold nanoparticles-modified screen-printed carbon
electrodes (GNP) were done by cyclic voltammetry and electrochemical impedance spectros-
copy. The observation and characterisation of the working electrodes surfaces were carried
out by scanning electron microscopy (SEM) that provided morphological and microstructural
information. The principal results will be discussed below.

3.1. Electrochemical characterisation of the SPEs

3.1.1. Cyclic voltammetry

The behaviour of bare screen-printed electrodes was firstly investigated by cyclic voltam-
metry (CV) in order to examine their potential window and the magnitude of the background
currents. The information obtained was also used to establish the potentials applied in the
subsequent impedance experiments, considering the demonstrated applicability of gold-based
SPEs for the SWASV determination of mercury [2, 15].

Cyclic voltammograms were recorded in 0.1 M chloride acid solution and no pretreatment
of the surface of working electrodes were carried out before. As expected, changes in the po-
tential windows were significant between SPEs (Figure 1). A wide potential window was ob-
served in this order: GNP (1.9 V)>SPGE-BT (1.4 V)>SPGE-AT (1.2 V) that is attributed to the
metal modifications of the electrode surface and therefore it is related to the higher percent-
age of carbon presents in the composition of the surface of working electrodes (GNP (69.9
%C)>SPGE-BT (68.04 %C)>SPGE-AT (27.5 %C)), as studied by XPS. In all SPEs, the positive po-
tential limit remains stable around 0.8 V but the negative potential shifts to more positive po-
tentials when increases the percentage of gold in the printing ink composition of the working
electrode. Additionally, the background current was significantly higher for SPGE-AT.
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Figure 1. Cyclic voltammograms in 0.1 M HCl at A) SPGE-AT, B) SPGE-BT, and C) GNP.
Scan rate 100 mVs . Inset square-wave anodic stripping voltammograms of blanks samples (0.1 M HCI).
SWASV conditions: frequency 20 Hz, step potential 6 mV, amplitude 40 mV, deposition potential +0.2 V
and deposition time 60 s.

As shown in Figure 1, cyclic voltammograms of GNP remind to typical behaviour of carbon
electrodes. However, voltammograms of SPGE-BT and SPGE-AT show unusual quantifiable
peaks around 0.0 V, maybe attributed to interference species that could be part of the gold ink
formulation. So, square wave anodic stripping voltammograms of 0.1 M HCl blank samples
were recorded and the results are also shown in Figure 1. As can be observed, the same peak
appeared at 0.1 V in the three SPEs. In the voltammogram of GNP other significant signal at 0.0
V was detected, with lower current for SPGE-BT, probably due to oxidative process of the car-
bon-based film. However, a very high signal was measured in SPGE-AT at -0.1 V that could be
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attributed, at first, to the presence of an unknown analyte involved in the manufacturing of
SPGE. Also, only anodic potentials can be sweep using screen printed gold electrodes because
irreversible changes were produced on the surface of the working electrode, as reported [15].

Finally, based on these considerations the applied potential for recording impedance spec-
tra were 0.0 V (initial potential without interference signals), 0.2 V (deposition potential for Hg
by SWASV), 0.4 V(stripping potential for Hg by SWASV) and 0.7 V (final potential).

3.1.2. Electrochemical impedance spectroscopy

For EIS experiments, solutions were no deoxygenated in order to be closer to the situation
in the electroanalytical experiments focused on Hg determination. Experimental and simulated
complex plane plots obtained for the bare SPGE-AT, SPGE-BT, and GNP are shown in Figure 2.
The low relative errors assigned to each parameter indicate that a good fits were obtained. As
seen in Figure 2, the shape of impedance spectra depends on the applied potential. So, the
lineal response of impedance spectra at 0.2 V and 0.4 V indicates a predominance of the ca-
pacitive component in contrast to the semicircular complex plane plots obtained at 0.0 V and
0.7 V that means the resistive component dominates the behaviour of gold-based SPEs. There-
fore, the differences between the SPEs are more clearly observed in the complex plane plots
obtained at 0.0 Vand 0.7 V.
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Figure 2. Complex plane impedance plots at 0.0, 0.2, 0.4, and 0.7 V (vs. pseudo Ag/AgCl) for SPGE-AT,
SPGE-BT, and GNP in 0.1 M HCI. Inset plots: “High” frequency complex plane plots (meaning of the sym-
bols as in the order spectra and lines represent fitting to the equivalent circuit described).

Fitting of spectra was done using an equivalent electrical circuit which comprised the three
configurations showed in Figure 3. R; represents the cell resistance, R, and Rs, represent the
charge transfer resistances, and CPE; and CPE, are the constant phase elements assumed to be
a non-ideal capacitors of capacity C;., with a roughness factor a, varying from 0.5 to 1, where
an a value of 1 represents a perfectly smooth surface [11]. The CPEs were necessary due to the
depressed semi-circle character of the responses. The results obtained are shown in Table 1.

CPE1
Ri CPE1
R1
CPE1 CPE2
R1
R2 R3

Figure 3. Equivalent circuits for fitting impedance spectra at different applied potentials
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Table 1. Data obtained from analysis of the impedance spectra for SPGE-AT, SPGE-BT, and GNP in 0.1 M HCl and in the absence of oxygen

Electrode E (V) (vs. pseudoAg/AgCl) R;(Qcm?) CPE,(puS cm?s?) a R;(kQcm?) CPE,(uScm?s®) a,  Rs;(kQcm?)
0.0 2.8 1032.9 0.8428 4.1 210.9 0.8931 1.93
0.2 2.9 118.2 0.9541

SPGE-AT
0.4 2.9 136.3 0.9481
0.7 2.7 3434 0.9571 16.4 4133.3 0.7130 0.002
0.0 3.0 12.58 0.9130 22.3
0.2 2.9 18.41 0.8627

SPGE-BT
0.4 3.3 32.94 0.8683
0.7 3.0 30.32 0.8720 4.0 91.01 0.8686 10.73
0.0 55.8 23.72 0.9022 140.3

GNP 0.2 56.6 19.81 0.9252 678.0

0.4 56.5 19.63 0.9186 439.5
0.7 55.8 43.45 0.9165 26.4 34.83 0.9529 5.44
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Similar values of the cell resistance, Ry, were observed for SPGE-AT and SPGE-BT at all ap-
plied potentials, in contrast to the higher values obtained for GNP that demonstrated a notice-
able influence of the electrolyte medium (0.1 M HCI). As seen in Table 1, the values of the
charge transfer resistance, R,, were also significantly higher for GNP in comparison with the
other SPGEs. Because of the immobilisation of gold nanoparticles on the surface of screen-
printed carbon electrode, the charge transfer resistance (R,) increased by a factor of a hun-
dred, and the capacitance (CPE,) decreased. The increase in R, can indicate a partially blocked
surface with gold nanoparticles adsorbed, which hinder the electron transfer between the
electroactive species present in the solution and the SPE surface. This observation is similar to
the behaviour of the protein-modified electrodes described in the literature (Moulton et al.,
2004; Ferreira et al., 2009) since access of the redox species to the electrodes is impeded by
the SAM, increasing the value of the cell resistance. On the other hand, the effects of the
modification of the SPE surface with gold nanoparticles can be explained from the equivalent
circuit are adjusted to GNP data at 0.7 V. Therefore, a cell resistance in series with two parallel
RCPE, demonstrates the existence of a double layer on the surface of SPE corresponding with
the gold nanoparticles deposited on carbon-based electrode (Table 1).

Also, the equivalent circuit that explains the behaviour of SPGE-AT at 0.0 V consists of a cell
resistance in series with two parallel RCPE. A priori, this fitting is unexpected for solid gold
screen-printed electrodes. However, in agree with the results obtained from the cyclic volt-
ammetry and anodic striping voltammetry, this behaviour of SPGE-AT could be due to the
presence of some interference involved in the printing ink manufacturing process that is re-
garded as proprietary information.

The values of a obtained for SPGE-AT and GNP were around 0.9, suggesting that the current
distribution on the electrode surface is not very different to that for an ideal capacitor. On the
other hand, the lower values of factor a were obtained for SPGE-BT probably because of the
curing process of gold at low temperature influences the structural characteristics of the elec-
trode. In the Figure 4 are shown the SEM images obtained for SPGE-AT and SPGE-BT for com-
paring the differences in the structure of the gold working electrode caused by the curing ink
process. As seen, the microscopic images of SPGE-BT show a clear roughness aspect that can
explain the results obtained from the impedance experiments.

Figure 4. SEM images obtained for SPGE-AT (A) and SPGE-BT (B)
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3.2. Impedance in the presence of Hg(II)

As widely described in the literature, the principal inconvenient of the electrochemical de-
termination of Hg(ll) by using gold solid electrodes is the well-known structural change of the
surface due to the amalgam formation with mercury. Consequently, after stripping voltammet-
ric determination of this analyte, the memory effect caused by amalgamation brings to hard
electrochemical cleaning to get back the low background currents in blank samples. Therefore,
electrochemical impedance spectroscopy was used as a tool to elucidate the reversible or irre-
versible alterations in SPGE-AT behaviour after the application of SWASV in the presence of

Hg(Il).

The experiments were performed as follows: 10 repetitions of SWASV method, without
cleaning step from one another, in the presence of 10, 20, and 50 ng/mL of Hg(ll) were carried
out successively. After that, EIS experiments (4 replicates) were done at 0.0V, 0.2V, 0.4V, and
0.7 V, and impedance spectra were recorded in 0.1 M HCI.

Spectra obtained are shown in Figure 5 and the analysis of the results is given in Table 2 us-
ing a Randles circuit consist of a cell resistance in series with a parallel RCPE. In a general point
of view, no significant changes in the impedance values were observed after SWASV of Hg(ll)
on SPGE (compare Tables 1 and 2). It suggests that the amalgamation of Hg with the gold
working electrode doesn’t caused important structural disorders in the surface of SPGE. How-
ever, some alterations carried out in the presence of metal ion, because of the equivalent cir-
cuit obtained has just one RCPE in series, in contrast to the 2 parallel RCPEs that described the
fitting of data without mercury. On the other hand, an increase of charge transfer resistance
and a decrease of CPE were observed for 50 ng/mL of Hg in comparison with other concentra-
tions. Despite of irreversible changes doesn’t take place in the surface of SPGE in the presence
of Hg, is remarkably that high concentration of this analyte can modify the surface of the elec-
trode since access to the electrode is partially blocked by the amalgam of Hg with gold, as
shown in Table 2. This observations suggests also that excessive metal deposition may lead to
wear down the gold surface and loss of accurately and reproducibility of the responses.
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Figure 5. Complex plane impedance plots at 0.0, 0.2, 0.4, and 0.7 V (vs. pseudo Ag/AgCl) for SPGE-AT in
0.1 M HCl after SW measurements in the presence of 10, 20, and 50 n/mL Hg(ll)
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Table 2. Data obtained from analysis of the impedance spectra for SPGE-AT in 0.1 M after SW measure-
ments in the presence of 10, 20, and 50 ng/mL of Hg(ll)

[He] EWV) d 'Z; CPE, R,

0.0 2.58 167.5 0.93 4.4
10 0.2 2.59 145.2 0.98

0.4 2.57 152.4 0.98

0.7 2.53 369.8 0.97 10.6

0.0 2.48 232.5 0.92 4.3
20 0.2 2.53 157.1 0.98

0.4 2.51 164.3 0.98

0.7 2.48 384.9 0.97 9.1

0.0 2.62 169.8 0.94 4.4
50 0.2 2.63 147.6 0.98

0.4 2.62 156.3 0.98

0.7 2.59 337.3 0.97 13.8

4. Conclusions

Screen-printed electrodes based on gold cured at high and low temperature and carbon-
modified with gold nanoparticles, used for stripping voltammetry of Hg(ll), were characterised
by EIS. Cyclic voltammetry were successfully applied for establishing the optimal potential
windows for performing EIS experiments.

EIS data show evidence of the differences in the behaviour of the screen-printed sensors at
different potentials monitored. GNP shows an increase in magnitude of charge transfer resis-
tance and a decrease of capacitance indicating a partially block of the surface with gold
nanoparticles which hinder the electron transfer. Unexpected EIS results, in agree with the
observations from CV, were obtained for SPGE-AT that can be related to the manufacturing
process of printing ink.

No significant changes to the surface of SPGE-AT caused by Hg(ll) deposition by SWASV
were demonstrated by EIS. Also, the disorder observed in the surface of the electrode by
deposition of a high concentration of Hg(ll) were explained by EIS.

This approach based on the application of impedance spectroscopy is very useful for study-
ing the behaviour and the properties of the gold-based screen-printed electrodes employed
for in situ monitoring of mercury in the environment.
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Capitulo 4. Conclusiones






Del presente trabajo se obtienen las siguientes conclusiones:

1. Se ha optimizado y validado una metodologia analitica basada en la extraccion a reflujo con
tolueno y analisis por GC-MS/MS, para la determinacion de los 16 PAH propuestos por la EPA,
en muestras de material en suspensién atmosférico. Se han obtenido buenos limites de detec-
cion, suficientes para la cuantificacion de los PAH a muy bajas concentraciones.

2. La metodologia se ha aplicado a muestras de PMy, recogidas en zonas urbanas y rurales de
Extremadura con bajo indice de contaminacion, para llevar a cabo una primera evaluacion del
perfil de estos contaminantes en el aire de la region. Se ha encontrado una influencia espacial
y los resultados han puesto de manifiesto una mayor contaminacion en las zonas urbanas que
en las rurales. La ciudad de Badajoz es la que presenta mayores niveles de estos analitos.

3. En concordancia con lo descrito en la bibliografia, se ha observado una clara estacionalidad
de la concentracion de PAH en el aire ambiente, siendo los valores mas elevados los corres-
pondientes a las estaciones mas frias, hecho que concuerda con las buenas correlaciones ne-
gativas obtenidas con pardmetros tales como la temperatura y la radiacién solar. En conse-
cuencia, se ha observado también una correlacién negativa directa con el Oz y una correlacion
positiva con otros contaminantes atmosféricos como NO, yPMy,.

4. Se ha llevado a cabo la asignacion de fuentes de emision de los PAH a la atmdsfera utilizan-
do como herramienta las ratios de diagndstico descritas en la bibliografia. Se ha determinado
que, tanto en las dreas urbanas como en las rurales, el trafico rodado es la fuente de emisién
de PAH mas importante, encontrandose también una contribucidn significativa de la quema de
biomasa en las dreas rurales muestreadas.

5. Se ha desarrollado un método electroanalitico para la determinacion de Hg(ll) mediante
SWASYV sobre electrodos impresos de oro. Se ha demostrado la necesidad de activacién de los
electrodos antes de su utilizacion mediante la aplicacidon de CV y utilizando como electrolito
soporte HCl 0.1 M. El numero de ciclos y el potencial aplicado han demostrado ser parametros
importantes en el proceso de acondicionamiento del electrodo. Por otro lado, se han observa-
do cambios determinantes en la superficie de los electrodos impresos de oro cuando se apli-
can potenciales de deposicién inferiores a -0.1 V y se ha demostrado la ausencia de respuesta
lineal del electrodo a partir de un tiempo de deposicion de 60 s, debido a la saturacién del
electrodo impreso cuyas propiedades son informacion del fabricante. Se ha obtenido un buen
valor del limite de deteccion (1.1 ng/mL), comparable con los descritos en la bibliografia.

6. Se ha demostrado la utilidad de la combinacién de dichos electrodos con un nuevo disefio
de celda electroquimica para la monitorizacion de Hg(ll) en muestras de agua de lluvia y agua
residual, sin necesidad de llevar a cabo pretratamiento de las muestras. La eficacia del método
se ha contrastado mediante el analisis de materiales de referencia certificados y mediante el
analisis comparativo de las muestras reales con ICP-MS.

7. Se ha desarrollado un nuevo método electroanalitico para la determinacion de Hg(ll) me-
diante SWASYV, utilizando electrodos impresos de carbono modificados con nanoparticulas de
oro. Se ha demostrado que para estos electrodos no es necesaria ninguna etapa previa de
activacion y que, para asegurar la estabilidad de las nanoparticulas de oro en el electrodo, es
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imprescindible llevar a cabo los experimentos sin agitacion. A diferencia de lo observado con
los electrodos impresos de oro, no se han detectado cambios superficiales cuando se aplican
potenciales inferiores a -0.1 V, pero si la aparicion de una sefial intensa que interfiere en la
cuantificacion del Hg. Como era predecible por la propia naturaleza del electrodo, se ha conse-
guido un valor del limite de deteccién mas bajo (0.8 ng/mL) que el del método mencionado en
la conclusién 5.

8. Este método se ha aplicado con éxito para el analisis de Hg(ll) en muestras de aguas ambien-
tales (lluvia y rio) que no fueron sometidas a ningun tratamiento previo. El contraste con ma-
teriales de referencia certificados y la utilizacion de la técnica ICP-MS, demostré el potencial y
la idoneidad de este método para la determinacién de bajas concentraciones de Hg en matri-
ces ambientales acuosas.

9. Se ha disefiado una nueva metodologia de pretratamiento de polvo atmosférico recogido en
ambientes interiores, basado en el empleo del bafio de ultrasonidos para la extraccion sencilla
y eficaz de Hg(ll). Se ha acoplado con éxito a la deteccién mediante SWASV utilizando electro-
dos impresos de oro modificados con nanoparticulas de oro, obteniéndose buena concordan-
cia con los valores contrastados por ICP-MS para las muestras reales. Los resultados obtenidos
del analisis del material de referencia certificado, han demostrado la validez y utilidad de este
método.

10. Se ha desarrollado una novedosa metodologia de pretratamiento asistida por sonda de
ultrasonidos para la extraccién rapida y cuantitativa de Hg(ll) presente en muestras de polvo
en suspension de interiores. Las variables instrumentales involucradas en el proceso de extrac-
cion fueron optimizadas mediante un disefio de experimentos, al cual se le aplicé la metodo-
logia de la superficie de respuesta. La validez del método se ha verificado a partir de los bue-
nos porcentajes de recuperacién obtenidos de su aplicacién para la extraccidon de Hg del mate-
rial de referencia certificado.

11. Se ha llevado a cabo el acoplamiento de la metodologia basada en la extraccion con sonda
de ultrasonidos y la deteccién mediante SWASV, utilizando electrodos serigrafiados de carbo-
no modificados con nanoparticulas de oro, y se ha demostrado su eficacia contrastando las
concentraciones de Hg(ll) obtenidas por voltamperometria con las determinadas paralelamen-
te por ICP-MS, tanto para el material de referencia certificado como para las muestras reales.

12. Se ha demostrado que la combinacion de la extracciéon con sonda de ultrasonidos y la de-
terminacion por ICP-MS es una metodologia fiable y eficaz para la monitorizacidon de Hg(ll) en
suelos, lo que se ha justificado a partir de los resultados obtenidos para el material de referen-
cia certificado.

13. La metodologia descrita en la conclusion 12 se ha aplicado con éxito en la evaluacion de la
contaminacion por Hg en suelos del area industrial de Puchuncavi (Chile), durante una dilatada
campana de vigilancia de 5 afios consecutivos de duracién. Se ha estudiado la variabilidad es-
pacial y temporal del mercurio monitorizado en dichos suelos, utilizando la clasificacién ascen-
dente jeraquica o cluster.
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14. Se han seleccionado y evaluado diferentes indices de evaluacion de la contaminacion por
mercurio de los suelos muestreados (lgeo, EF, C¢), y de los resultados obtenidos se ha deducido
que existe riesgo de contaminacion del area industrial por mercurio, siendo La Greda la zona
mas impactada, muy probablemente debido a su proximidad al complejo industrial y a la in-
fluencia de los vientos dominantes. Asimismo, se ha evaluado el riesgo humano (adultos y
nifios) por exposicion al suelo contaminado por mercurio y el parametro HQ ha determinado
gue no existe riesgo alguno para ninguna de las poblaciones.

15. Se ha llevado a cabo la caracterizacion de los electrodos impresos de oro y de carbono
modificados con nanoparticulas de oro descritos en las conclusiones 5, 7, 9 y 11, mediante la
aplicacién de la espectroscopia de impedancia electroquimica. Las experiencias se han llevado
en HCl 0.1 M y se han monitorizado los potenciales 0.0, 0.2, 0.4 y 0.7 V, observando concor-
dancias con los resultados previamente obtenidos por voltamperometria ciclica (CV).

16. Se ha estudiado el cambio en la superficie de los electrodos impresos de oro como conse-
cuencia de la formacién de amalgama involucrada en la determinacién de Hg(ll), mediante la
aplicacién de EIS, después de la acumulacién y redisolucién de diferentes concentraciones de
este analito, utilizando el método voltamperométrico descrito en la conclusion 5. Se ha de-
mostrado que la formacidn de amalgama no implica unos cambios superficiales significativos
en la superficie de los electrodos impresos, aunque se han detectado cambios apreciables
cuando se depositan concentraciones elevadas (50 ng/mL).
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