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“Hay una fuerza motriz mads poderosa que el vapor,
la electricidad y la energia atomica: la voluntad”
Albert Einstein.
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1. INTRODUCCION GENERAL

1.1. Retardantes de llama

Los incendios son una fuente importante de dafios a la propiedad, de pérdida de vidas y de gasto de
dineros tanto publicos como privados. Por ello, desde tiempos remotos el ser humano ha buscado la
forma de disminuir la flamabilidad de ciertos materiales, por ejemplo los egipcios (450 AC.) para
utilizaban una mezcla de alumbre para reducir la flamabilidad de la madera, mientras que los
romanos (200 AC.) lo hacian con una mezcla de alumbre y vinagre (Alaee et al., 2003).

Hoy en dia, con el fin de prevenir la generacion de incendios y cumplir con las normas de seguridad
establecidas, se utilizan sustancias quimicas que se agregan o reaccionan con materiales
combustibles para aumentar su resistencia al fuego (Darnerud 2003). Asi, los retardantes de llama
(FR, del inglés flame retardant) se aplican a materiales tales como plasticos, maderas, papel y
textiles.

Los recientes avances en la tecnologia han dado lugar a un aumento en el uso de polimeros
sintéticos en productos para el hogar y la oficina, como computadoras y equipos electronicos,
contribuyendo al aumento del riesgo de incendios en edificios comerciales y residenciales. Este
hecho ha llevado al desarrollo de varios tipos de FR, producidos a partir de compuestos inorganicos,
tales como los hidroxidos de aluminio y magnesio, o utilizando derivados organicos como
ingredientes activos (nitrogeno, cloro, fosforo, y bromo), para aplicar en estos productos
poliméricos.

En el proceso de combustion tiene lugar una reaccion entre un combustible y el oxigeno. Hay cuatro
pasos involucrados en el proceso de combustion: el precalentamiento, la volatilizacion /
descomposicion, combustion y propagacion (Troitzch 1990). El FR debe inhibir o reprimir una
etapa particular de este proceso. Dependiendo de su modo de accion, los FR pueden actuar quimica
y/o fisicamente tanto en la fase solida, liquida o gaseosa. Durante el proceso de combustion se
producen radicales libres, elementos esenciales para la propagacion de la llama y es sobre los que
actuan los retardantes de llama halogenados (HFR, del inglés halogenated flame retardants), ya que
los haldgenos son muy eficaces en la captura de radicales libres, ayudando a evitar la propagacion
de las llamas. La eficiencia de captura de radicales libres por parte de los haldgenos es [> Br> CI> F
(Wilkie y Morgan 2010). Sin embargo, no todos los compuestos organicos halogenados son

adecuados para ser utilizados en la produccion de FR. En consecuencia, sélo los compuestos
organoclorados y organobromados son adecuados para utilizar en los FR. Sin embargo, debido a

que los compuestos organobromados tienen una eficiencia de captura mas alta y la temperatura de
descomposicion mas baja, los BFRs (BFR, del inglés brominated flame retardants) son mas

utilizados que sus homologos organoclorados. Actualmente, la demanda del mercado por FR se
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estima en alrededor de 2,3 millones de délares correspondientes a mas de 1,2 millones de toneladas,
de las cuales alrededor del 36% son BFR.

De todos los posibles FR, al comenzar la presente tesis nos centramos en el analisis de BFR aunque
a medida que se desarrollaba se vio la necesidad de estudiar algunos FR clorados, por lo tanto a lo
largo de este manuscrito cuando sea necesario incluir tanto a compuestos organobromados como

organoclorados, los generalizaremos como HFR.

1.2. Compuestos analizados
En este apartado se explicaran las propiedades fisicoquimicas y aplicaciones de los FR a los cuales
nos hemos dedicado en esta tesis. También se sefialara la legislacion existente que regula el uso de

los FR en estudio.

Polibromodifenil éteres. Los polibromodifenil éteres (PBDEs, del inglés polybrominated diphenyl
ether) contienen 10 4tomos de hidrégeno, cualquiera de los cuales pueden ser intercambiados por
bromo, pudiendo existir un total de 209 posibles congéneres (de Boer et al., 2000) (Figura 1-1). La
nomenclatura que se ha adoptado es la misma que introdujeron Ballschmiter y Zell (1980) para los

diferentes congéneres de los bifenilos policlorados (PCBs, del inglés polychlorinated biphenyls).

X X

LA

Brx Br

Figura 1-1. Estructura general de los PBDEs.

Los PBDEs se producen comercialmente mediante la bromacion directa de difenil éter en presencia
de tribromuro de aluminio o hierro como catalizadores, resultando en una mezcla de PBDEs con
diversos grados de bromacion.

Los tres principales productos comerciales son las formulaciones PentaBDE, OctaBDE y DecaBDE.
Usualmente la mezcla de PentaBDE se compone de 24-37% de tetra-BDE, 50-60% de penta-BDE y
4-8% de hexa-BDE. En el caso de la formulacién de OctaBDE consiste en una mezcla de 10-12%
de hexa-BDE, 44% de hepta-BDE, 31-35% de octa-BDE, 10-11% de nona-BDE, y menos del 1% de
deca-BDE; y el DecaBDE contiene més de un 97% de BDE-209 con el resto principalmente nona-

BDE y una cantidad muy pequefia de octa-BDE (Esch 1994).
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A pesar de que la aparicion de estos compuestos en el medio ambiente tuvo lugar a finales de 1970,
no se comenzoé el estudio en profundidad de su impacto en el medio ambiente y la salud humana
1998, cuando Norén et al. (Norén y Meironyté 2000) encontraron que la concentraciéon de PBDEs
analizados en leche materna humana fue en aumento, duplicandose cada cinco afios entre 1972 y
1997, mientras que los niveles de otros contaminantes organicos persistentes disminuyeron en las
mismas muestras. Posteriormente, se han realizado multiples estudios con el objetivo de analizar
estos compuestos en diversas matrices ambientales.

En el afio 2001 la Unién Europea anunci6 la prohibicion del uso de las formulaciones PentaBDE y
OctaBDE a partir de 2003. Sin embargo, el uso y los efectos ambientales de DecaBDE son
controvertidos. La inclusiéon de una sentencia reciente del Tribunal Europeo de Justicia, revoco la
exencion de DecaBDE concedida por la Comision Europea (Bureau 2010). Por otro lado, en los
EE.UU., ha sido prohibida la produccion de PentaBDE y OctaBDE (Schecter et al., 2010) y, a partir
del afio 2013 la industria ha acordado el cese de la produccién de DecaBDE (Hess 2009) .

Hexabromociclododecano. El hexabromociclododecano (HBCD) se utiliza principalmente como FR
en espumas de poliestireno, textiles y equipamiento electronico doméstico (Covaci et al., 2006; Law
et al., 2006c). En los ultimos ailos el uso de HBCD (C,,H;sBrs) ha aumentado pues se utiliza en el
reemplazo de otras formulaciones de BFRs, principalmente PBDEs que han sido prohibidos en
Europa.

Industrialmente el HBCD se produce por la adicion de bromo al cis-trans-trans-1,5,9,
ciclododecatrieno. Este proceso lleva tedricamente a la obtencidbn de una mezcla de 16
estereoisdmeros, seis pares de enantidmeros y cuatro mesoformas (Figura 1-2) (Heeb et al., 2007).
Usualmente la mezcla técnica contiene tres isomeros: a-, f- y y-HBCD donde normalmente, el
isomero y- es el mas abundante (75-89%), seguido del a- (10-13%) y luego el B- (1-12%) (Covaci et
al., 2006; Law et al., 2005), aunque también se han encontrado el 8- y el e&-HBCD en proporciones
menores al 0,5% (Heeb et al., 2007). Se debe tener en cuenta que las diferencias estructurales de los
estereoisdmeros individuales de HBCD pueden ser las responsables de sus diferentes propiedades
como polaridad, momento dipolar y solubilidad en agua. Por ejemplo, la solubilidad en agua del a-,
B- y y-HBCD es 48,8; 14,7 y 2,1 pg/L, respectivamente (Tomy et al., 2004). Estas caracteristicas
podrian ser las responsables de las desiguales velocidades de absorcion bioldgica y metabodlica que
presentan los diastereoisdomeros de HBCD, pudiendo explicar las variaciones observadas en el
comportamiento del HBCD en el medio ambiente.

Al igual que los PBDEs, el HBCD puede ser incorporado al medio ambiente por diferentes vias,

como son la emision durante la produccion de BFRs o la manufactura de productos que contengan
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FR, ademas de poder ser liberados durante el uso de productos de consumo que lo contengan o
durante su disposicion final y/o eliminacion (Tomy et al., 2005). Por otro lado, es importante
considerar que el HBCD al ser un FR del tipo aditivo, no forma enlaces covalentes con el material
sobre el que actua, por ello existe el riesgo de que migre desde el producto durante su uso o

eliminacion hacia el medio ambiente (Covaci et al., 2006).

Br.

b

Bram. 5, Br Bra.,.| 5. Br

Br bBr Br Br

Figura 1-2. Representacion esquematica de los 16 posibles estereoisomeros del 1,2,5,6,9,10-
hexabromociclododecano. Configuraciones absolutas de seis pares de enantidmeros (la/b, 2a/b,
Sa/b,6a/b, 7a/b, 8a/b) y cuatro mesoformas (3, 4, 9 y 10) (Heeb et al., 2007).

Las propiedades fisicoquimicas del HBCD son similares a algunos PBDEs y otros compuestos
organicos persistentes. De hecho, HBCD es lipofilico y potencialmente bioacumulable; ha sido
detectado en distintas matrices ambientales ademas de animales acudticos y/o terrestres (Law et al.,
2008; Morris et al., 2006; Tomy et al., 2004; Tomy et al., 2005; Tomy et al., 2008b; Yu et al.,
2008a; Yu et al., 2008b; Zegers et al., 2005). Segun la mayoria de estudios realizados, se ha podido
establecer que el perfil diastereoisomérico de HBCD en sedimentos es semejante al de la
formulacion comercial, donde el isomero mas abundante es el y-HBCD, mientras que en muestras
de biota, el a-HBCD domina el perfil (Covaci et al., 2006; Law et al., 2006c; Law et al., 2006b;

Tomy et al., 2004). Hay que tener en cuenta que a temperaturas superiores a 160 °C se puede
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producir un reordenamiento de los estereoisdmeros, resultando en una mezcla de 78% de a-, 13% de
B- y 9% de y-HBCD (Barontini et al., 2001). Este fendmeno puede ocurrir durante la produccion y
eliminacion de materiales que contienen HBCD vy, de esta forma la abundancia relativa de los

estereoisdmeros puede diferir de la presente en la mezcla comercial.

Tetrabromobisfenol A. El Tetrabromobisfenol A (TBBPA, del inglés tetrabromobisphenol A) se
produce industrialmente mediante la bromacion de bisfenol A (BPA, del inglés bisphenol A) en
presencia de un solvente, como por ejemplo metanol. Durante los afios 1999 y 2004 el consumo a
nivel mundial de TBBPA (C;sH;,Br4O,) (Figura 1-3) fue de 120 a 170 mil toneladas, lo que lo
convierte en el BFR mas utilizado (Covaci et al.,, 2009). El TBBPA se utiliza como FR
principalmente en las resinas del tipo epoxi y acrilonitrilo-butadieno-estireno (ABS, del inglés
Acrylonitrile butadiene styrene), polimeros de uso comun en aparatos electronicos y de
entretenimiento (televisores, ordenadores y equipos de automatizacién de oficinas), ademas de

laminados de circuitos impresos (BSEF 2009).

H3C,
CHj
Br

HO

Br
Br OH

Figura 1-3. Estructura molecular del TBBPA.

Cerca de un 90% del TBBPA se emplea como BFR del tipo reactivo (~ 90%) en la fabricacion de
resinas epoxi, fendlicas y policarbonato, mientras que el resto se utiliza como un BFR del tipo
aditivo (Nakajima et al., 2009). E1 TBBPA se produce solo en EE.UU., Israel y Japon (Covaci et al.,
2009); sin embargo, el TBBPA puede ser importado como un producto primario o en productos que
lo contienen.

El TBBPA difiere de los anteriores BFR debido a la presencia de dos grupos hidroxilo, que le
confieren caracteristicas de acido débil. Los valores estimados de pKa; y pKa, son 7,5 y 8,5,
respectivamente; esto indica que en un medio neutro, una parte importante del TBBPA se encuentra
en su forma disociada (Covaci et al., 2009; Esch 1995). Debido a su baja solubilidad en agua (0,72
mg/1) y valor de log del coeficiente de particion octanol-agua (K, del inglés octanol-water partition

coefficient) (4,5), se espera que el TBBPA en el medio ambiente se encuentre asociado al material
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particulado en suspension asi como en los sedimentos (Chu et al., 2005; Saint-Louis y Pelletier
2004).

Es importante tener en cuenta que el TBBPA también se utiliza como intermediario para la
produccion de diferentes derivados del TBBPA (Esch 1995). Los grupos fendlicos pueden ser
facilmente utilizados para la derivatizacion y subsecuente modificacion para formar éteres, como
son TBBPA dialiléter, diglicidiléter y 2,3-dibromopropiléter.

Aunque el TBBPA se produce en volimenes mucho mas altos que otros BFR, no hay legislacion

que restrinja el uso de TBBPA en EE.UU. ni en Europa.

Declorane Plus. El Declorane Plus (DP) es un FR clorado (CigH;,Cl;,) que ha sido fabricado por
Oxychem (Niagara Falls, NY) durante mas de 40 afos (Figura 1-4). Solo recientemente se ha
detectado en el medio ambiente, asi como en matrices biologicas. El DP es una sustancia quimica
con una produccion estimada que oscila entre 500-5.000 toneladas por afio desde 1986 y se vende en
todo el mundo (Gauthier y Letcher 2009). Este compuesto sustituye al Declorane (C,oCl;,), o Mirex,
que fue prohibido en la década de los 70 debido a sus efectos ambientales y toxicoldgicos. El DP
también aparece en la lista nacional de sustancias de Canada (DSL, del inglés domestic substances
list), pero no esta clasificado como de alto riesgo en términos de bioacumulacion, debido a su

clevada masa molecular (648Da) y alto log Kow (9,3) (Ren et al., 2008).

Cl
a o}
Cl Cl
Cl cl
c a

Figura 1-4. Estructura molecular del Declorane Plus.

En la formulacion comercial, el DP se encuentra como dos isémeros Opticos: el syn-y el anti-DP, los
cuales se producen industrialmente en una proporcion aproximada de 1:2 respectivamente. Estos
estereoisomeros son los productos de la reaccion de Diels-Alder de 2 moles de
hexaclorociclopentadieno con 1 mol de 1,5-ciclooctadieno (Tomy et al., 2007). Hay que tener en
cuenta que el material a proteger puede contener hasta un 35% en peso de DP (Tomy et al., 2008a).
El DP se utiliza principalmente en productos tales como recubrimientos de cables, materiales de
plastico para techos, ademés de conectores de ordenadores y televisores. Recientemente se ha

detectado la presencia de los isomeros de DP en muestras bioticas y abidticas de los Grandes Lagos
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de América del Norte, que son una zona de impacto al encontrarse cerca de la industria que produce

DP industrialmente (Gauthier y Letcher 2009; Hoh et al., 2006; Tomy et al., 2007).

1.3. Dinamica y distribucion en el medio ambiente

El estudio intensivo de la presencia e impacto ambiental de los HFRs comenzé durante la década de
los 90, con los PBDEs y se ha ido incrementando a lo largo de los afos el nimero de
investigaciones y compuestos en estudio. El objetivo de este apartado es dar ejemplos de la
literatura reciente sobre niveles y tendencias de HFRs en matrices ambientales bidticas y abidticas.
En la literatura es posible encontrar distintos trabajos que han revisado los niveles de PBDEs en el
medio ambiente y humanos (Covaci et al., 2006; Covaci et al., 2009; 2010; Hale et al., 2006; Law et
al., 2006b; Law et al., 2008), por ello se ha decidido utilizar literatura mas reciente, publicada entre

los afios 2008 y 2010, haciendo énfasis en el estudio de HBCD, TBBPA y DP.

1.3.1. Matrices abioticas

Existen numerosos trabajos que analizan PBDEs en matrices abioticas con el objetivo de evaluar el
comportamiento, distribucion y destino de estos compuestos. En los tltimos afios la informacion
generada respecto a otros HFRs ha ido en aumento y algunos de estos estudios se citan a
continuacion. En la Tabla 1-1 se resumen algunos trabajos posteriores al aflo 2008 donde se analizan
HBCD, TBBPA y DP en distintas matrices ambientales del tipo abidtico: aire, agua, suelos,
sedimentos y lodos de depuradora. Los niveles encontrados se proporcionan como promedio y, entre
paréntesis las concentraciones minimas y maximas observadas. Como antecedente adicional, se
mostraran también ejemplos de niveles de PBDEs encontrados en cada una de las matrices

estudiadas.

Aire. En este apartado se trata la distribucion de los HFR en el aire exterior, mientras que el
comportamiento de los HFRs en el aire interior sera tratado posteriormente en el apartado 1.4. de
este capitulo que hace referencia a la exposicion humana.

Los niveles de HFRs hallados en aire se encuentran en el intervalo de los pg/m’. Se han realizado
diversos estudios en Norteamérica con el objetivo de estudiar el comportamiento de los PBDEs en el
aire. En Point Petre, un area rural ubicada en la zona de los Grandes Lagos (Canadd) se obtuvo una
concentracion promedio de PBDEs de 7.0+13 pg/m® (excluyendo al BDE-209) y 1,8+1,5 pg/m® en
el caso de BDE-209 (Su et al., 2009), mientras que en el aire de areas urbanas como Chicago y
Cleveland (EE.UU.) la concentracion de PBDEs fue de 654 y 87+8 pg/m’, respectivamente
(Venier y Hites 2008).
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También se han estudiado los niveles de PBDEs en el aire de dos zonas ubicadas al oeste de
Canada: una zona remota en la Isla de Vancouver y una zona cercana a un centro urbano en el
Estrecho de Georgia (Vancouver) (Noel et al., 2009). Las concentraciones detectadas fueron de 12,2
pg/m’ y 13,7 pg/m®, respectivamente. Se sugiere que el rapido movimiento de las masas de aire
desde el oeste a través del Océano Pacifico, proporcionan un mecanismo que ayuda a la descarga de
los PBDEs procedentes de Asia en Norteamérica. Es importante sefialar que esas fuentes pueden
aumentar como resultado de la produccion de productos electronicos y el reciclaje de sus residuos.
Concentraciones mas altas de PBDEs se encontraron en aire procedente del Delta del Rio Pearl
(China) (Shi et al., 2009a), con valores que van desde 240 a 9.440 pg/m’, donde el BDE-209 es el
congéner dominante.

Tacovidou et al. (2009) estudiaron la presencia y variacion diurna de PBDEs en la atmosfera en la
zona este del mar Mediterraneo, donde la concentracion promedio de PBDEs encontrada en el aire
fue de 3,9+2,1 pg/m”. El perfil seguido por los PBDEs no mostré variacién dia/noche.

Para estudiar el HBCD en el aire, es necesario tener en cuenta las dificultades analiticas inherentes a
esta clase de compuestos y las bajas concentraciones ambientales en que el HBCD se encuentra en
el aire. Por esta razon los estudios existentes son escasos.

Yu et al (2008b) estudiaron los perfiles diastereoisomérico y enantioméricos de HBCD en el aire
procedentes de una ciudad industrial al sur de China, encontrando niveles de HBCD entre 0,69 y
3,09 pg/m’. El analisis diastereoisomérico indica que el a-HBCD fue el isomero dominante (59-
68%) y el B-HBCD fue el isdmero con menos concentracion en todas las muestras. La evaluacion
enantiomérica muestra que - y y-HBCD forman mezclas racémicas en las muestras de aire
estudiadas, mientras que se observo un leve enriquecimiento del enantiémero (-) a-HBCD.
Recientemente el DP ha sido analizado en el aire de la capa del limite marino del mar de
Groenlandia, continuando por el Atlantico norte y sur. Los niveles encontrados en la atmosfera van
entre los 0,05 y 4,2 pg/m3. La presencia del DP, incluso en zonas remotas como el artico y la
antartica sugieren que el DP es susceptible al transporte atmosférico a largo alcance (Moller et al.,

2010).
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Agua. Debido a sus caracteristicas fisicoquimicas los HFRs no se analizan rutinariamente en agua.
Sin embargo, Harrad et al. (2009) determinaron HBCD y TBBPA en el agua de 9 lagos ingleses
entre 2008 y 2009, determinando concentraciones entre 80-270 pg/L y 10-3.200 pg/L
respectivamente. Por otro lado, se analizO TBBPA y PBDEs en la fase disuelta (FD) y en la fase
particulada (FP) de agua del Rio Prédecelle (Francia) (Labadie et al., 2010). El TBBPA fue
detectado solo en la FP con concentraciones que oscilaron entre <35 y 64 pg/L, probablemente
debido a que su solubilidad en agua puede variar dependiendo del pH y temperatura.
Contrariamente, los PBDEs fueron detectados en las dos fases con el BDE-209 como el congéner
principal, seguido del BDE-99 y del BDE-47 con concentraciones totales de 2.100-3.810 pg/L, 46-
181 pg/L y 46-205 pg/L, respectivamente.

El DP ha sido analizado en la capa superficial de agua de mar procedente del mar de Groenlandia y
a lo largo del océano Atlantico, encontrandose principalmente asociado a la FP, con porcentajes
promedio de 97+9% y 58+33% para syn-DP y 80+40% y 75+26% para anti-DP, en el mar de
Groenlandia y en el transecto estudiado del Atlantico con concentraciones inferiores a 1,3 pg/L

(Moller et al., 2010).

Suelos y sedimentos. Los niveles de HFRs en suelos y sedimentos suelen ser del orden de ng/g peso
seco (dw, del inglés dry weight), aunque en areas contaminadas puede llegar hasta los pg/g dw.

Al analizar PBDEs en suelos y sedimentos, generalmente se encuentra una mayor proporcion de
BDE-209, seguido de -47, -99 y -100. Este perfil fue encontrado por Yun et al (2008) al evaluar la
concentracion de PBDEs en sedimentos y suelos procedentes del Rio Saginaw (EE.UU.),
encontrando valores promedio de 3,5 y 5,90 ng/g dw, respectivamente (Yun et al., 2008). Valores
mas altos tanto en suelos (63,3 ng/g dw) como en sedimentos (1.263 ng/g dw) fueron encontrados
en el sur de China, donde también el BDE-209 fue el congéner principal (Shi et al., 2009a).

Debido a su caracter hidrofobico, el HBCD se encuentra fuertemente unido a particulas sélidas
como por ejemplo suelos, sedimentos y lodos de depuradora (Covaci et al., 2006). Es por ello que el
HBCD se puede detectar en la mayoria de los estudios realizados.

Los PBDEs y HBCD fueron analizados en sedimentos recogidos en 24 areas costeras de Corea
(Ramu et al., 2010). Las concentraciones de PBDEs y BDE-209 varian entre 0,05-32 ng/g dw y
0,40-98 ng/g dw, respectivamente. En el caso del HBCD los valores van desde 0,39 a 59 ng/g dw.
En general la distribucion y frecuencia del HBCD en los sedimentos costeros de Corea se
corresponden con las zonas urbanizadas e industrializadas. Respecto a la concentracion individual
de los diastereoisomeros del HBCD, en la mayoria de los sedimentos el patron fue similar, siendo y-

HBCD el isdmero més abundante.



Capitulo 1: Introduccion general y objetivos 31

En sedimentos de un fiordo contaminado de Noruega se determinaron las concentraciones de HBCD
a lo largo de un transecto, partiendo de una fuente puntual conocida (Haukas et al., 2010). Asi, se
observa que el valor promedio de HBCD disminuye a medida que aumenta la distancia rio abajo.
Por otro lado, los niveles totales de HBCD encontrados en suelos de areas urbanas del sur de China
varian entre 1,7 y 5,6 ng/g dw (Yu et al.,, 2008a). En cuanto al patrén diastereoisomérico, se
observaron diferentes distribuciones ya que en dos muestras predomina el y-HBCD, mientras que en
la otra muestra el a-HBCD es el isdmero principal.

Se determinan PBDEs y TBBPA en sedimentos de rio de una region fuertemente industrializada en
China. Las concentraciones de TBBPA van desde 3,8 a 230 ng/g dw, mientras que los niveles de tri-
a hepta-BDE y nona- a deca-BDE varian desde 0,7 a 7,6 ng/g dw y de 30 a 5.700 ng/g dw (Zhang et
al., 2009b). En los sedimentos mas recientes se observa un aumento en la concentracion de TBBPA,
reflejando el incremento en su utilizacion comercial.

Al analizar muestras de sedimentos del rio Prédecelle (Francia), se observaron valores de PBDEs
desde 3,0 a 15,1 ng/g dw siendo el BDE-209 el congéner mas abundante, seguido del -47 y el -100.
También se encontraron concentraciones de TBBPA que oscilan entre 70 y 280 pg/g dw. Debido a
que los niveles de concentracion correlacionan positivamente, Labadie et al. (2010) sugieren que
tanto los PBDEs como el TBBPA tienen fuentes similares.

También se analizaron HBCD y TBBPA en sedimentos de nueve lagos procedentes de Inglaterra
recogidos en 2008-2009, con niveles que van desde 0,88 a 4,8 ng/g dw y de 0,33 a 3,8 ng/g dw,
respectivamente. Al mismo tiempo, se detectaron tetrabromociclododecadienos en todos los
sedimentos y pentabromociclododecadienos en algunos de ellos, sugiriendo la degradacion del
HBCD mediante la pérdida de HBr (Harrad et al., 2009).

En cuanto a DP, en suelos de la ciudad china Huai’an, las concentraciones varian entre 0,83 y
1,2x10° ng/g (Wang et al., 2010a), siguiendo una distribucién logaritmica. Se calculé el fanti para
cada una de las muestras, obteniéndose valores con una gran variacion espacial que va desde 0,67 a
0,85, con un valor promedio de 0,79 que se aproxima al valor observado de fanti para el DP
comercial.

Por otro lado, los niveles de DP encontrados en sedimentos de los lagos Erie y Ontario (Canada)
fueron de 0,061-8,62 ng/g y 2,23-586 ng/g respectivamente, donde la concentracion media de DP en
el Lago Ontario fue mas de 50 veces mayor que en el Lago Erie (Sverko et al., 2008). En este caso
se calculd la fsyn para el DP técnico (0,355+0,004) y para las distintas muestras de sedimento,
obteniéndose valores entre 0,069 y 0,287. Estos datos muestran un enriquecimiento estereoselectivo

del isdmero anti-DP en comparacion con la mezcla técnica.
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Lodos de depuradora. Los contaminantes organicos lipofilicos son incorporados al flujo de aguas
residuales luego de su uso doméstico e industrial o via deposicion aérea en las superficies
impermeables y su posterior escurrimiento en el drenaje de aguas residuales.

Kupper et al. (2008) analizaron PBDEs y HBCD en lodos de 16 estaciones depuradoras de aguas
residuales (EDARs) suizas, encontrando valores entre 7,9-617 ng/g dw y 39-597 ng/g dw,
respectivamente. E1 BDE-209 fue el congéner principal, seguido por BDE-47 y -99, ambos con
concentraciones semejantes. De hecho, este es el perfil que generalmente se halla en los lodos de
depuradora. Por otro lado, se determinan residuos de PBDEs, HBCD y TBBPA en los lodos
procedentes de siecte EDARs municipales de Italia, con valores promedios de 490, 139 y 0,18 ng/g
dw, respectivamente (Mascolo et al., 2010). Los resultados muestran que el BDE-209 fue el
congéner mas abundante en todas las muestras analizadas, con valores entre 4,6 y 24,5 veces mayor
que la suma de todos los demas BFRs analizados en este trabajo. Respecto a los otros BFRs en
estudio, el a-HBCD fue el compuesto mas abundante en todas las muestras analizadas y, TBBPA se
determina con un valor significativo (1,8-31,1 ng/g dw) en los lodos de dos de las depuradoras
estudiadas.

Los niveles de HBCD y DP en lodos de depuradora de la costa atlantica de EE.UU. (La Guardia et
al., 2010) fueron elevados, con valores entre 518-647.500 ng/g dw y 11-44 ng/g dw,
respectivamente. Respecto al DP, la muestra correspondiente al afio 2007 fue la que present6 el
valor mayor (44 ng/g dw). Ademas el isdmero anti- contribuye solo con un 39-54%, aunque en la

literatura se informa una contribucion de entre el 65 y 80% de isomero anti- en la formula industrial.

1.3.2. Matrices bidticas

Existe gran cantidad de estudios sobre los PBDEs en la fauna silvestre, lo que se ha traducido en la
generacion de una importante base de datos de las concentraciones de PBDEs en todo tipo de
organismos. Similares estudios se han comenzado a desarrollar involucrando FRs emergentes.

A continuacidn se proporcionara una vision general de los estudios mas importantes en que figuran
HBCD, TBBPA y DP, realizados entre los afios 2008 y 2010 tanto en muestras procedentes del
medio acuatico como terrestre. En la Tabla 1-2 se encuentran resumidos los datos encontrados en la
revision bibliografica.

Medio acudtico. Como se observa en la Tabla 1-2, se han realizado diversos estudios con el objetivo
de analizar los niveles de HBCD en biota del medio acuatico. Lo contrario sucede con el TBBPA y
el DP, posiblemente debido a sus propiedades fisicoquimicas en el caso del primero y a que ha sido

hallado recientemente en el medio ambiente, en el caso del segundo.
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En aves marinas los tres compuestos han sido estudiados: el HBCD en Noruega, China y Sudafrica,
el TBBPA en China y el DP en la zona de los Grandes Lagos (Canadd). El estudio realizado en
Noruega analiza los niveles y las tendencias temporales (1983-2003) del HBCD en huevos de tres
especies de aves marinas del norte de Noruega: gaviota argénterea (Larus argentarus), gaviota de
patas negras (Rissa tridactyla) y frailecillos atlanticos (Fratercula arctica) (Helgason et al., 2009).
Todos los huevos estudiados presentaron niveles detectables de a-HBCD, siendo mayor la
concentracion en gaviota de patas negras, y luego disminuyendo en el siguiente orden: gaviota
argénterea > frailecillos atlanticos. Respecto a las tendencias temporales, se observo un aumento
estadisticamente significativo de a-HBCD en los huevos de las tres especies estudiadas a lo largo
del periodo de tiempo investigado. Asi, este estudio muestra que HBCD se encuentra presente en el
medio ambiente de Noruega y que sus niveles en huevos de aves marinas han ido en aumento.

E1 HBCD y el TBBPA fueron estudiados en diferentes especies de aves originarias de una region en
donde se realiza el reciclaje de desechos electronicos en China (He et al, 2010). Las
concentraciones de HBCD se encuentran entre nd y 5.058 ng/g peso lipidico (Iw, del inglés lipid
weight). Estos valores se encuentran en el extremo superior de los niveles sefialados anteriormente.
En cuanto al patréon isomérico, a-HBCD fue el isomero principal y los valores de la fraccion
enantiomérica (EF, del inglés enantiomeric fraction) tienen un valor promedio de 0,43, sugiriendo
que estas aves pueden acumular mayor cantidad de (+) a-HBCD que de (-) a-HBCD.

El TBBPA fue detectado en todas las muestras de tejido muscular con concentraciones entre 9,0 y
243 ng/g lw (He et al., 2010). Estos valores son superiores a los encontrados en otros estudios
(Morris et al., 2004; Vorkamp et al., 2005), indicando que el reciclado de residuos y las actividades
de manufactura electronica son importantes fuentes de TBBPA en el sur de China.

Gauthier y Letcher (2009) estudiaron los cambios temporales y la distribucion espacial del DP entre
1982 y 2006 en huevos de gaviota argentérea (Larus argentatus) de la zona de los Grandes Lagos
canadienses (Gauthier y Letcher 2009). Las concentraciones de DP en las siete areas estudiadas,
fueron menores a 15 ng/g peso himedo (ww, del inglés wet weight)), indicando que este HFR se
acumuld en las gaviotas a través de la dieta y fue transferido durante la ovogénesis a sus huevos. Es
importante sefialar que los niveles de DP en los huevos de gaviota disminuyen a medida que
aumenta la distancia del area de las Cataratas del Niagara, area ubicada muy cerca de la planta
industrial de Oxychem donde se fabrica el DP. El valor de la fraccién fanti promedio fue de
0,69+0,08 que es muy similar al del producto comercial (0,75-0,77), indicando que no hay
enriquecimiento estereoselectivo de syn- o anti- DP en los huevos de gaviota estudiados.

Solo el HBCD ha sido estudiado en mamiferos, concretamente en delfines, marsopas y osos polares,
procedentes de China, EE.UU. y Groenlandia. Lam et al., (2009) estudiaron la tendencia temporal
de HBCD en el tejido adiposo del delfin jorobado (Sousa chinensis) del Indo-pacifico y marsopas
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(Neophocaena phocaenoides) de la region de Hong Kong entre los afios 2002-2007 y 2003-2008,
respectivamente.

E1 HBCD fue detectado en todas las muestras con niveles entre 32-519 y 4,1-501 ng/g lw para delfin
y marsopas, respectivamente (Lam et al., 2009). El a-HBCD fue detectado en todas las muestras
analizadas, mientras que el - en el 54% y y-HBCD en el 60% de los casos. La concentracion de
HBCD mostré una tendencia temporal positiva en las muestras de delfines, lo contrario se observo
en las marsopas. Esta diferencia se puede atribuir a la distribucion geografica especifica de HBCD
creada por las diferencias regionales en su produccion y aplicacion. Los niveles de HBCD en
delfines de EE.UU. (Peck et al., 2008) fueron de 19 a 380 ng/g Iw, con un promedio de 130 ng/g lw.
Estos valores son similares a los observados por Lam et al. (2009).

En osos polares, el a-HBCD solo fue detectado en el tejido adiposo, lo que se podria deber a que en
sangre ¢ higado hay un menor contenido lipidico que permita retener al a-HBCD (Gebbink et al.,
2008).

En peces, el HBCD fue detectado en muestras de Canada, Bélgica, Inglaterra, China y Japon. Al
comparar las concentraciones promedio obtenidas, los niveles mas altos fueron sefialados en
anguilas de Bélgica (394 ng/g lw), siendo en la mayoria de los peces, el a-HBCD el isémero
principal (Roosens et al., 2010). Respecto al TBBPA, los niveles hallados son considerablemente
mas bajos, por ejemplo Harrad et al. (2009) lo detectaron en 2 de 8 grupos de peces de distintas
especies (0,32-1,12 ng/g lw), mientras que en muestras de China (He et al., 2010) los niveles de
TBBPA son 100 veces menos concentrados que los del HBCD.

Respecto al DP, éste fue analizado en truchas del lago Ontario (Canadd) presentando
concentraciones entre 2,3+0,6 y 7,2+1,3 ng/g Iw. Los niveles de DP disminuyeron
significativamente entre 1979 y 2004, con una vida media de 14 afios (Ismail et al., 2009).
Finalmente, se observaron altas concentraciones de HBCD en gusanos marinos (Arenicola marina)
de Noruega (2.380 ng/g Iw promedio), donde el isomero dominante fue el y-HBCD (Haukas et al.,
2010).

Medio terrestre. En la Tabla 1-2 también se resumen los estudios recientes sobre residuos de HFRs
en muestras biodticas pertenecientes al medio terrestre. Se observa que en este medio se han
realizado menos trabajos (5) en comparacion al medio acuatico (9) y, nuevamente el HBCD es el
compuesto mas analizado (86% de los trabajos).

La mayoria de los estudios estan referidos a aves con dieta terrestre: aguila calva (Haliacetus
leucocephalus), halcon peregrino (Falco peregrinus), paloma moteada (Streptopelia chinensis),
gallineta pechiblanca (Admaurornis phoenicurus) y francolin chino (Francolinus pintadeanus),

procedentes de distintos paises como EE.UU., Canad4, Suecia y China. Hay que destacar la
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importancia de realizar estudios con aves ubicadas en la parte superior de la cadena tréfica, como es
el caso del aguila calva y del halcon peregrino ya que son capaces de bioacumular y bioconcentrar
compuestos persistentes.

Los niveles de HBCD observados van desde 0,02 hasta 1.900 ng/g lw, siendo las concentraciones en
los huevos de halcon peregrino de Suecia las mas altas (Johansson et al., 2009). Solo en el caso de
las muestras de tejido muscular de aves originarias de China se realiz6 el analisis diastereoisomérico
y se encontrd que el y-HBCD es el isomero dominante en las muestras de paloma y francolin, con
un porcentaje promedio de 72% y 63%, respectivamente (He et al., 2010).

En las muestras de China, también se analizd el TBBPA, donde las medianas encontradas son
superiores a los valores de HBCD. Por ejemplo, la gallineta tenia una concentraciéon promedio de
TBBPA de 170 ng/g mientras que la del HBCD era de 73,4 ng/g. Hay que tener en cuenta que
normalmente la concentracion de HBCD es mayor que la de TBBPA (Tabla 1-2).

Venier et al. (2010) analizaron el DP en el plasma de 4guilas de la region de los Grandes Lagos
(EE.UU.), detectandolo en el 40% de las muestras con una concentracion promedio de 0,19+0,10
ng/g ww.

Finalmente, solo fue posible encontrar un estudio realizado en mamiferos utilizando muestras de
higado (n=39) y tejido adiposo (n=8) de perro mapache (Nyctereutes procyonoides) de tres regiones
de Japon (Kunisue et al.,, 2008). Se calculd la relacion entre la concentracion de HBCD en
higado/tejido adiposo de los perros mapaches, observandose que el a-HBCD es lipido-dependiente
presentando una relacion promedio de 0,9 con un rango entre 0,3 y 2,5 mientras que el y-HBCD
tiene una relacion de 5,9 en un rango de 0,6 a 29. Por lo tanto, el estudio propone que el y-HBCD se
podria acumular en 6rganos ricos en sangre como el higado y dificilmente puede ser acumulado en

el tejido adiposo, debido a la posible unidon con proteinas y/o rapida biotransformacion.

1.3.3. Biodisponibilidad y bioacumulacién

Biodisponibilidad y bioacumulacion estan intrinsecamente conectados entre si y directamente
relacionados con la interaccion de las sustancias quimicas con el medio ambiente abiotico y biodtico.
La biodisponibilidad de los contaminantes quimicos en el medio ambiente depende de varios
factores, incluyendo estructura y propiedades fisico-quimicas, presencia en el medio, capacidad de
ser transportados a diferentes ambientes y la naturaleza del medio en el que estas sustancias
quimicas se encuentran.

Como regla general, cuanto mas lipofilica es una sustancia, mayor es su capacidad de ser
bioacumulada por los organismos. Las sustancias lipofilicas tienen menos probabilidades de ser

diluidas o ser excretadas en la orina, por lo que se pueden acumular en los tejidos grasos.
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La dehalogenacién bioldgica por parte de los organismos, explica la razén por la cual la
composicion de los congéneres de PBDEs encontrada en la biota no se asemeja a la composicion de
las mezclas comerciales: congéneres que no han sido observados en ninguna mezcla comercial han
sido encontrados en muestras biologicas (Hites 2005). Si la razoén de estos cambios es debido al
metabolismo o evacuacion, o si son el resultado de la debromacion de otros congéneres, aun esta por
determinar.

Como consecuencia de la persistencia y bioacumulacion de los compuestos quimicos, y debido a la
interaccion entre los diferentes niveles troficos en un ecosistema seleccionado, una sustancia
quimica puede ser biomagnificada en la cadena alimentaria. Cuando un compuesto quimico se
bioacumula en un organismo de un nivel trofico bajo, tales como especies de invertebrados, puede
dar lugar a una acumulacion en el tejido adiposo de los sucesivos niveles troficos, tales como peces,
aves o mamiferos marinos. Cuando un depredador se alimenta de otro organismo, las grasas que
llevan los contaminantes son absorbidos en el intestino, acumulando el compuesto en su grasa.
Respecto a la evaluacion de la biodisponibilidad y bioacumulacion de HBCD, la informacion
disponible es escasa. Recientemente Tomy et al. (2008b) estudiaron la bioacumulacion del HBCD
en una cadena alimentaria marina del artico canadiense (Figura 1-5). En general, el orden de
importancia de las concentraciones de HBCD fue: narval (Monodon Monoceros)> gallineta
(Sebastes mentella) ~ almejas (Mya truncate y Serripes groenlandica)> camarones (Pandalus
borealis 'y Hymenodora glaciales)> beluga (Delphinapterus leucas)> zooplancton> morsa
(Odobenus rosmarus)> bacalao (Boreogadus saida), solo se detectaron a- y y-HBCD en las
muestras. No se observo ninguna tendencia clara en el perfil diastereoisomérico de HBCD en los
animales analizados. a-HBCD contribuyé con mas del 70% del total de HBCD en las muestras de
camarones, gallineta, bacalao, narval y beluga, mientras que zooplancton, almejas y morsa,
contienen mas de un 60% del y-HBCD. El patrén diastereoisomérico observado puede ser en parte
explicado debido a que y-HBCD es el isomero menos soluble en agua de los tres isdmeros de
HBCD. Asi, la difusion pasiva del y-HBCD desde la columna de agua hacia el zooplancton podria
suceder de forma mas facil que para los otros dos isdmeros. En el caso de las almejas, al ser
organismos bentonicos filtradores es probable que se expongan al HBCD procedente de los
sedimentos en donde se sabe que el y-HBCD es el isdmero dominante. Ademas, las almejas también
constituyen la mayor parte de la dieta de la morsa, que se cree que tiene una baja capacidad
metabolica del y-HBCD. La predominancia de a-HBCD en los organismos superiores de la cadena

trofica, como beluga y narval es consistente con la mayor capacidad metabolica de estos animales.
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Figura 1-5. Diagrama de una cadena alimentaria del artico canadiense (Tomy et al., 2008b).

En este trabajo también se estudiaron las EF y posible bioacumulacion enantioselectiva del HBCD.
Para el a-HBCD, las muestras de narval, beluga y morsa presentan valores de EF que son
estadisticamente superiores a los valores del patron analizado, sugiriendo el enriquecimiento
selectivo del (-) a-HBCD por parte de estos animales. En el caso de las muestras de bacalao, almejas
y camarones, todos tuvieron valores de EF para a-HBCD menores a 0,48 aunque solo las almejas
tienen un valor de EF estadisticamente diferente al patron. Finalmente narval, morsa, almejas y
camarones muestran EF mayores que 0,51 para y-HBCD pero no fueron significativamente
diferentes a los valores de EF encontrado para los patrones.

Un estudio similar fue desarrollado en China (Wu et al., 2010b) evaluando una cadena tréfica de
agua dulce. Se incluyen dos especies de invertebrados (caracol chino (Cipangopaludina chilensis) y
camarones (Macrobrachium nipponense)), tres especies de peces (carpa de barro (Cirrhinus
molitorella), carpa dorada (Carassius auratus) y pez cabeza de serpiente (Ophicephalus argus)) y
un reptil (serpiente de agua (Enhydris chinensis)). En las muestras de biota se obtuvieron resultados
analogos, donde se observa un cambio en la composicion de HBCD, con el a-HBCD como el
isomero principal y aumentando su presencia a medida que se asciende en la cadena trofica.

También se realizé el analisis enantiomérico, observandose residuos no racémicos de a-HBCD en
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carpa de barro y dorada, y de y-HBCD en la serpiente acuatica, con preferencias para (+) a- y (+) v-
HBCD, respectivamente.

En la misma cadena trofica se evalud la bioacumulacion isomero-especifica y transferencia trofica
del DP, detectandolo en todas las especies acudticas con concentraciones entre 19,1-9.630 ng/g 1w
(Wu et al., 2010a). Se observo una disminucion de anti-DP en los organismos en comparacion con
las muestras abidticas. Ademas la fraccion de anti-DP se redujo aiin mas al moverse a niveles
tréficos superiores sugiriendo que en estos organismos sucede un metabolismo estereoselectivo del
anti-DP y/o captacion isdmero-selectiva del syn-DP.

Finalmente hay que seflalar que no se encontraron estudios respecto a la bioacumulacién y/o

biomagnificacion del TBBPA.

1.4. Exposicion humana

La exposicion humana a los FR ocurre a través de diversas vias: ingestion de polvo, inhalacion de
aire y/o material particulado e ingestion a través de los alimentos, principalmente pescados grasos,
carne, productos lacteos, ademas de la leche materna y la transferencia placentaria.

Sin embargo, estas vias de exposicion parecen tener una contribucion diferente dependiendo del tipo
de compuestos considerados. En el caso de los HFRs, su presencia en el polvo doméstico y su
contribucion a la exposicion total humana a través de la ingestion de polvo sigue siendo una
cuestion critica. Por otro lado, los HFRs pueden ser incorporados por el ser humano a través de la
ingesta de alimentos, permitiendo su biomagnificacion a través de la cadena alimentaria. Este es el

caso del BDE-47 en los seres humanos que consumen peces del mar Baltico (Sjodin et al., 2003).

1.4.1. Ingestion de polvo

Una caracteristica de la vida moderna es que los seres humanos pasamos mayor tiempo en el
interior, tanto en el ambiente de trabajo como en casa. Como resultado, la infraestructura al interior
ha cambiado significativamente, prestando mds atencion al ocio (por ejemplo, TV, computadores y
electrodomésticos) y la seguridad. Asi el desarrollo industrial ha dado lugar a una gran cantidad de
productos quimicos para dar cabida a este estilo de vida, donde los HFRs tienen un papel esencial.
Un punto importante sobre la ingestion de polvo y su contribucion a la exposicion humana a BFRs
es que en el caso de los estadounidenses, es considerada como la via de exposicion principal (Lorber
2008), mientras que en el caso de los europeos la dieta parece mas importante (Harrad et al., 2004).
Por otra parte, hay que tener en cuenta que la importancia de la ingestion de polvo disminuye con la

edad, debido a las tasas de ingestion mas altas por parte de los nifios pequefios.
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En distintos estudios se han sefialado niveles relativamente altos de PBDEs en polvo doméstico
(Harrad et al., 2008; Huang et al., 2010; Toms et al., 2009) y en menor medida, en el polvo de
oficinas (Huang et al., 2010) y, en microambientes como coches (Cunha et al., 2010) y aviones
(Christiansson et al., 2008).

Debido al contenido de PBDEs en el polvo, algunos estudios consideran su ingestion como la
principal via de exposicion a los PBDEs para la poblacion en general (Johnson-Restrepo y Kannan
2009; Lorber 2008). La presencia de PBDEs en el polvo se ha atribuido a los productos de consumo
que los contienen. Sin embargo, el mecanismo de transferencia sigue siendo poco conocido.

Se han comparado las concentraciones de PBDE en el polvo del hogar de diversos estudios
realizados en distintos paises, indicando que las muestras procedentes de EE.UU. y el Reino Unido
contienen las cantidades mas altas de PBDE totales, mientras que las muestras de Alemania y Nueva
Zelandia son las que presentan una menor concentracion (Harrad et al., 2008; Sjodin et al., 2008)

(Figura 1-6).
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Figura 1-6. Concentracion mediana de la suma de PBDEs y BDE-209 en polvo doméstico,
por paises.

Se han analizados distintos congéneres de PBDEs en las muestras de polvo (BDE-47, -99, -100, -
153, -154, -183 y -209) y se observa una similitud con el patrén seguido por la mezcla industrial
PentaBDE, donde los niveles de BDE-99 y BDE-47 son similares. En cuanto al BDE-209, se
observa que fue el congéner dominante en todos los paises. La mayor presencia de BDE- 209 en el
Reino Unido se puede deber a que en el 95% de los materiales de tapiceria se utilizan FR pues éste

es el unico pais dentro de la Unidon Europea que tiene un reglamento que determina el nivel de
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resistencia al fuego de la tapiceria doméstica, de esta forma entre 1000-1200 toneladas/afio de BDE-
209 son utilizadas en aplicaciones textiles (Sjodin et al., 2008).

Varios estudios han estimado la ingesta de los PBDEs por parte de la poblaciéon general y han
evaluado la ingestion de polvo doméstico como una via importante de aporte al total de la carga
corporal de PBDEs (Johnson-Restrepo y Kannan 2009; Lorber 2008; Sjodin et al., 2008). Las
estimaciones de la ingesta varian segtn la edad con diferentes cantidades de polvo ingeridos por los
lactantes, niflos y adultos (D'Hollander et al., 2010; Sjodin et al., 2008). Por ejemplo, D’Hollander et
al. (D'Hollander et al., 2010) calcularon que la ingesta media diaria de polvo por parte de la
poblacion de Flandes es de 7 mg/dia y 50 mg/dia para adultos y nifios, respectivamente.

Respecto a la concentracion de HBCD en polvo doméstico existen pocos estudios. Recientemente
los diastereoisomeros a-, - y y-HBCD fueron medidos en muestras de polvo doméstico del Reino
Unido, EE.UU. y Canada (Abdallah et al., 2008b). Las abundancias relativas de a-, f- y y-HBCD
varian respecto a las que se encuentran presentes en la formulacion comercial, observandose una
mayor presencia de a-HBCD, constituyendo mas del 50% de la concentracion total de HBCD en 11
de las 58 muestras analizadas. Un estudio similar se realizd en polvo interior procedente de casas y
oficinas de Flandes (Bélgica) (D'Hollander et al., 2010), obteniéndose concentraciones de HBCD
entre 5-42.692 ng/g dw y 256-1.153 ng/g dw, respectivamente. En este estudio, el a-HBCD
predomina el perfil de HBCD (59%), seguido por y-HBCD (29%) y B-HBCD (12%). En la Figura 1-
7 se resumen las medianas de las concentraciones (ng/g dw) de HBCD obtenidas en los dos

estudios.
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Figura 1-7. Concentraciéon mediana de HBCD en muestras de polvo interior por paises.



42 Capitulo 1: Introduccion general y objetivos

Stapleton et al. (2008a) realizaron un estudio sobre la presencia de HBCD en el polvo doméstico de
EE.UU. La concentracion maxima fue de 130.220 ng/g, siendo este dato similar al valor maximo de
HBCD detectado en polvo doméstico del Reino Unido (Abdallah et al., 2008a). Las muestras fueron
agrupadas segun su procedencia: sala principal, dormitorio y bolsa de la aspiradora, con rangos de
concentracion entre <4,5 y 130.200 ng/g, <4,5 y 9.710 ng/g y 21 y 35.100 ng/g, respectivamente. El
polvo del salon principal es el que presentd una mayor concentracion promedio de HBCD.

El HBCD y el TBBPA fueron analizados en el polvo procedente de diferentes tipos de
microambientes interiores: casas, oficinas, coches y microambientes publicos como restaurantes y
bares de Birmingham (Reino Unido) (Figura 1-8).
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Figura 1-8. Concentracién promedio de a) HBCD y b) TBBPA en distintos ambientes
interiores.
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La concentracion de HBCD en los coches excede la encontrada en el polvo de casas, oficinas y
microambientes publicos (Figura 1-8a), mientras que para TBBPA la menor concentracion fue
encontrada en coches (Figura 1-8b). Respecto al TBBPA, hubo resultados similares en el polvo de
18 casas y 2 oficinas ubicadas en Bélgica, observandose un promedio de 146 ng/g y 73 ng/g,
respectivamente (Geens et al., 2009). Los niveles de TBBPA encontrados en muestras de polvo
interior son substancialmente menores a los niveles de HBCD. Esto es consistente con el hecho que
el TBBPA se utiliza mayoritariamente como un BFR reactivo por lo tanto, es probable que su
liberacion desde los productos tratados sea mas dificil que en el caso de los BFRs aditivos tales
como el HBCD. Respecto al patron diastereoisomérico de HBCD, en promedio la composicion del
polvo es de 33% de a-HBCD, 11% de B-HBCD y 56% de y-HBCD, el cual difiere del patron
diastereoisomérico que habitualmente presenta la mezcla técnica.

En base a los resultados obtenidos se ha podido estimar la exposicion humana a HBCD (Abdallah et
al., 2008a; Abdallah et al., 2008b; D'Hollander et al., 2010) y a TBBPA (Abdallah et al., 2008a;
D'Hollander et al., 2010) en adultos y nifios pequefios. En la Figura 1-9 se compara la exposicion
diaria (ng/dia) de a) adultos y b) nifios pequefios a HBCD via ingestion de polvo en Canada, Reino
Unido, EEUU y Rumania. Para realizar esta estimacion es necesario asumir que hay un 100% de
absorcion de la ingesta. Ademas se aplican dos valores de ingestion de polvo para adultos y nifios
pequenos: medio (20 y 50 mg/dia, respectivamente) y alto (50 y 200 mg/dia, respectivamente).

En los cuatro paises estudiados se observan resultados similares de exposicion a HBCD. En el caso
de los valores obtenidos para Reino Unido es posible comparar con la ingesta de HBCD por medio
de la dieta total en 2004 (413 ng/dia de HBCD para un adulto de 70 kg y 240 ng/dia HBCD para un
nifio de 10 kg). De esta forma es evidente que la ingestiéon de polvo doméstico representa una via
importante de exposiciéon humana al HBCD en el Reino Unido.

Asi, se concluye que la ingestion de polvo es una importante via de exposicion a HBCD y TBBPA
para los nifios del Reino Unido, incluso en un escenario de ingesta de polvo media (Abdallah et al.,
2008a). Similarmente, Geen et al. (2009) evaluaron la exposicion humana a TBBPA por medio de la
ingestion de polvo doméstico por parte de adultos y nifios pequefios. Los valores de consumo
(mediana) por parte de un adulto con una ingesta media fue de 0,2 ng/dia y de 0,5 para una ingesta

alta de polvo. En el caso de los nifios los valores fueron 14 y 34 ng/g, respectivamente.
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Figura 1-9. Comparacion de la exposicion diaria de a) adultos y b) nifios a HBCD a
través de la ingestion de polvo por paises.

1.4.2. Inhalacion de aire

Los PBDEs se distribuyen a nivel mundial a través del transporte atmosférico, por ello se
encuentran por toda la atmosfera, observandose niveles en zonas remotas, incluyendo el Artico y el
Tibet (Bossi et al., 2008; Su et al., 2009; Wang et al., 2010c). Esto pone en evidencia que la
inhalacion es una posible via de exposicion humana a los PBDEs.

Se han detectado diferentes gradientes de concentracion de PBDEs en el aire de las zonas urbanas y
rurales en distintos paises (Harrad y Hunter 2006; Hoh y Hites 2005). Otros estudios han sefialado

de la variacion del aire ambiental dentro de una misma ciudad, identificando las regiones
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industrializadas como puntos de concentracion de PBDEs (Cetin y Odabasi 2008; Chen et al.,
2006a).

Los niveles de PBDEs en el aire varian entre paises. En el caso del aire interior, se encontraron altas
concentraciones en Canada (Butt et al., 2004), como también en lugares de trabajo del Reino Unido
(Harrad et al., 2004). Ademas las concentraciones de PBDE son superiores en el aire interior en
comparacion con el aire exterior (Butt et al., 2004; Harrad et al., 2004; Toms et al., 2009), por ello
la exposicion a través del aire interior ha sido objeto de varias investigaciones. La concentracion
relativamente alta de los PBDEs en el interior en comparacion con el exterior es probable que sea
relacionado con el uso y la lenta liberacion de estas sustancias quimicas por parte de productos de
consumo y materiales de construccion que los contengan (Kemmlein et al., 2003). Como es de
esperar, los congéneres con menor peso molecular son los que tienen mas posibilidades de
encontrarse en el aire. Esto se ve reflejado en las concentraciones encontradas en aire interior de
Ottawa, donde en mas del 70% de las muestras los BDE-17, -28, -47, -99 y -100 estaban presentes,
con concentraciones entre nd y 1.600 pg/m’ (Wilford et al., 2004).

Se ha encontrado poca informacion en la literatura respecto al analisis de HBCD y TBBPA en aire
interior, solo un estudio realizado en el Reino Unido analiza ambos compuestos en aire al interior de
casas, oficinas y microambientes publicos (restaurantes, pubs) (Abdallah et al., 2008a). En la Figura
1-10a se muestran los valores de concentracion promedio de HBCD isomérico y total, donde el y-
HBCD es el isdbmero que se encuentra en mayor proporcion y se encontré una mayor concentracion
de HBCD en los microambientes publicos. Si comparamos las concentraciones de HBCD
encontradas en aire con los niveles observados en polvo doméstico (Figuras 1-8a), los resultados
revelan que la contribucion del a-HBCD a HBCD es significativamente superior en el polvo que en
el aire, con una tendencia opuesta en el caso del y-HBCD.

Si comparamos las concentraciones de HBCD encontradas en aire con los niveles observados en
polvo doméstico (Figuras 1-8a), los resultados revelan que la contribucion del a-HBCD a HBCD es
significativamente superior en el polvo que en el aire, con una tendencia opuesta en el caso del y-
HBCD. En promedio la composicion del polvo es 33% a-HBCD, 56% y-HBCD, mientras que en las
muestras de aire es 22% o-HBCD y 65% y-HBCD (Abdallah et al., 2008a). Al igual que ocurre con

el HBCD, el TBBPA se encuentra en mayor concentracion en el polvo de interior (Figura 1-10b).
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Figura 1-10. Concentracion promedio de a) HBCD y b) TBBPA en aire interior del Reino
Unido.

1.4.3. Ingestion de alimentos

La capacidad de los PBDEs de ser bioacumulados significa que tanto los alimentos acuaticos como
los terrestres son una fuente potencial de exposicion. Para los contaminantes organicos persistentes
que presentan propiedades fisico-quimicas similares a los PBDEs, los alimentos también son una
fuente de exposicion importante.

Los PBDE:s se han detectado en diversos productos alimenticios y de consumo. Las concentraciones
mas altas se han encontrado en aceites y grasas, productos del mar principalmente pescados grasos,

carnes y derivados, huevos y productos lacteos en comparacion con verduras, frutas y tubérculos
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(Darnerud et al., 2006; Domingo et al., 2008; Gomara et al., 2006; Schecter et al., 2008). En la
Figura 1-11 se resume el contenido de PBDEs en distintas muestras de alimentos originarios de
Espafia, Suecia y EE.UU. Como era de esperar, en los tres paises las mayores concentraciones se
encuentran en pescados y mariscos, donde destaca el mayor contenido de PBDEs en las muestras de
EE.UU. mientras que lacteos y huevos presentan las menores concentraciones promedio. El medio
acuatico parece tener una mayor capacidad de concentrar y biomagnificar la mayoria de los
compuestos organicos persistentes en biota, siendo mucho mas eficaz que el compartimento terrestre
(Darnerud et al., 2006).
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Figura 1-11. Concentracién de PBDEs en alimentos de distintos paises.

Respecto al patron de comportamiento seguido por los congéneres de PBDEs (BDE-47, -99, -100, -
153, -154 y -183) estos fueron estudiados en diferentes alimentos procedentes del mercado de
Espafia y EE.UU. En la Figura 1-12a podemos ver el porcentaje (%) de cada uno de los congéneres
estudiados en Espaifia, donde se observa una mayor proporciéon de BDE-47 en todas las muestras,
particularmente en las de pescados y mariscos, seguidos por el BDE-99 en las muestras de carnes y
subproductos, lacteos y huevos, mientras que en el caso de las muestras de pescado hay un mayor
aporte de BDE-100. Similares resultados se observan en muestras de alimentos procedentes de
Rumania (Dirtu y Covaci 2010).

El patron de PBDEs también fue analizado en muestras de EE.UU. donde aparte de los congéneres
nombrados anteriormente, se incluyé el BDE-209 (Figura 1-12b). En las muestras de pescado se
observa un mayor aporte de BDE-47, mientras que en las muestras de carnes, lacteos y huevos, el
BDE-99 es el que presenta un contenido mayor (Schecter et al., 2008). En los cuatro grupos de
alimentos analizados hay un menor contenido de BDE-183 (0% a 3%) en comparacién con las

muestras de Espafia. Al mismo tiempo se observa que el aporte de BDE-209 es de mayor
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importancia en las muestras de lacteos (35%), seguido por las muestras de carne (14%), huevos

(12%) y pescados (8.2%). En las muestras procedentes de Rumania, el BDE-209 no pudo ser

medido ya que en todas las muestras los valores fueron inferiores a los limites de deteccion (Dirtu y

Covaci 2010).
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Como observamos anteriormente, el estudio de la cesta de la compra de EE.UU. (Schecter et al.,

2008) mostrd una alta presencia de PBDEs en pescado, luego en carnes y finalmente en lacteos,



Capitulo 1: Introduccion general y objetivos 49

pero se debe tener en cuenta que el estadounidense promedio tiene una ingesta dietética de PBDE
procedente mayoritariamente de la carne, a continuacion pescado y finalmente lacteos.

Existe poca informacion respecto a las concentraciones de HBCD y TBBPA en alimentos. La
concentracion de HBCD en alimentos ha sido evaluada en diferentes paises, principalmente en
pescado y sus derivados. El analisis diastereoisomérico de HBCD fue realizado en muestras de
mariscos procedentes de Escocia (Fernandes et al., 2008), encontrando concentraciones totales entre
0,046 y 12,1 ng/kg ww donde el valor mayor corresponde a muestras de mejillones y el mas bajo a
muestras de ostion. El a-HBCD fue el isomero predominante, seguido por el y- y el B-HBCD, tal
como generalmente ocurre en muestras bioticas (Tomy et al., 2004). También se analiz6 la presencia
de HBCD en muestras de pescado y mariscos de Holanda (Van Leeuwen y De Boer 2008),
agrupandolas seglin su procedencia: marinas (<0,1-7,3 ng/g ww), de agua dulce (<0,1-230 ng/g ww)
y cultivadas (<0,8-4,1 ng/g ww).

Dirtu y Covaci (2010) estudiaron el HBCD en muestras de carne (0,04-0,25 ng/g ww), lacteos (0,25
ng/g ww), aceite vegetal (0,25 ng/g ww) y huevos (0,04 ng/g ww) originarios de Rumania. Con
estos datos se estimo el valor de ingesta diaria (EDI, del inglés estimated daily intake) de HBCD por
parte de un adulto (77 ng/dia) y un nifio pequefio (47 ng/dia) a través del consumo de alimentos en
Rumania. Ademas, en muestras de EE.UU. las mayores concentraciones de HBCD se encontraron
en muestras de sardinas enlatadas (593 pg/g), seguido por salmén fresco (352 pg/g) y mantequilla de
cacahuetes (300 pg/g). Por otro lado la concentracion de HBCD estuvo por debajo el limite de
deteccion (LOD, del inglés limit of detection) en carne picada, atin enlatado, bacalao, aceite de
oliva, aceite de canola, margarina, cereales, huevos, vegetales y lacteos. Este estudio estimo el
consumo total de HBCD a través de la dieta en 15,4 ng/dia. La mayor contribucién al consumo fue a
través de la carne de vacuno (12,5 ng/dia), seguido por el cerdo (4,2 ng/dia) y pollo (4,2 ng/dia). El
consumo de HBCD por medio de pescado, productos vegetales, ademas de lacteos y huevos fue 0,9
ng/dia, 2,0 ng/dia y 0 ng/dia, respectivamente (Schecter et al., 2010).

Por otro lado, Van Leeuwen y de Boer (2008) realizaron la estimacion del valor de EDI de HBCD a
través del consumo de pescado por parte de un holandés promedio, la cual varia entre 0,06 y 0,17
ng/kg de peso corporal (bw, del inglés body weight) /dia para un individuo de 70 kg. En la Figura 1-
13 se muestran las distintas contribuciones a la exposicion por parte de diferentes especies de peces,
donde se observa que un 65% se debe al consumo de arenque, seguido del bacalao y del salmén de

piscifactoria.
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Figura 1-13. Contribucion relativa (%) de varias especies marinas a la exposicion de
consumidores holandeses a HBCD.

También se ha calculado el valor de EDI de HBCD aportado por el consumo de mariscos en Escocia
(Fernandes et al., 2008), proporcionando un valor de 5,9-7,9 ng/kg bw/dia. Ademés se ha
encontrado un estudio que evalta el mismo parametro en un grupo de noruegos con un amplio
consumo de mariscos (entre 4-455 g/dia) encontrandose un promedio de 0,3 ng/kg bw/dia (Knutsen
et al., 2008). Otro valor de EDI de HBCD es en mujeres de Suecia entre 17 y 74 afios, con un
promedio de exposicion de 166 ng/dia (2,5 ng/kg bw/dia) (Lind et al., 2002). De esta forma se
observa que el consumo de pescados y mariscos puede influir en la exposicion dietética a HBCD.
Ademas depende de la especie consumida donde los pescados con alto contenido lipidico son los
que tienen una mayor contribucioén (Knutsen et al., 2008; Van Leeuwen y De Boer 2008), siendo un
aporte importante a la ingesta total de HBCD.

Los bajos niveles encontrados de TBBPA pueden ser explicados por el valor de su log Kow (4,5-
5,3), ademas que en la mayoria de sus aplicaciones se utiliza como BFR reactivo (Fernandes et al.,
2008; Van Leeuwen y De Boer 2008). En la Figura 1-14 se muestra los resultados obtenidos para la
exposicion humana al TBBPA en el Reino Unido, tanto en adultos como en nifios de entre 6 y 24

meses por ingestion de polvo, aire y alimentacion.
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Figura 1-14. Comparacion de la exposicion diaria a TBBPA en el Reino Unido.

1.4.4. Grupos de Riesgo

Se debe tener en cuenta que algunos seres humanos se encuentran mas expuestos a los
contaminantes debido a la alimentacion que reciben o por el ambiente en que residen o trabajan. Por
ello tienen un mayor riesgo de incorporar estos compuestos, que pueden resultar dafiinos para la
salud. Este es el caso de los lactantes, que se alimentan exclusivamente de la leche materna, la cual
puede tener un alto contenido de compuestos lipofilicos y, de los trabajadores expuestos a diversos

contaminantes que se encuentran en su lugar de trabajo.

Lactantes. Los compuestos organohalogenados lipofilicos persistentes que se encuentran en el
medio ambiente son acumulados por el cuerpo humano, siendo la eliminacion de estos compuestos y
sus metabolitos lipofilicos muy lenta. Debido al relativo alto contenido de grasa de la leche materna,
los compuestos lipofilicos son transferidos a la leche. Asi los niveles encontrados en la leche
correlacionan con el contenido de grasa que tiene la matriz siendo un reflejo de la concentracion
acumulada en el tejido adiposo (Norén y Meironyté 2000). De esta forma, la leche materna
constituye una matriz adecuada para estudios de exposicién a contaminantes organohalogenados y
para estudios de la contaminacioén ambiental a lo largo del tiempo. Se debe tener en cuenta que los
lactantes se alimentan de forma casi exclusiva de leche materna, ademdas que su peso corporal es
reducido y por ello los valores de EDI suelen ser mayores en los lactantes que en los adultos.

El analisis de la leche humana es a menudo utilizado para evaluar la carga corporal por parte de los

seres humanos de contaminantes organicos lipofilicos persistentes, tales como los PBDEs, debido a
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su contenido lipidico relativamente alto (~ 3,5 a 4%) y que los métodos de recolecciéon no son
invasivos.

Una revision de la literatura disponible revela que las concentraciones de PBDEs en la leche
materna son inferiores a 4,0 ng/g lw en paises asiaticos como Indonesia (Sudaryanto et al., 2008),
Japon (Eslami et al., 2006; Inoue et al., 2006; Ohta et al., 2002) y China (Li et al., 2008), mientras
que en paises europeos como Suecia (Lind et al., 2003; Meironyté et al., 1999), Alemania (Furst
2006), Italia (Ingelido et al., 2007) y Las Islas Faroe (Fangstrom et al., 2005) se encuentran en el
mismo rango de concentracion. Niveles mayores se encontraron en Australia con una concentracion
aproximada de 10 ng/g Iw (Toms et al., 2007) y por encima de 30 ng/g Iw en las muestras recogidas
en EE.UU. (Johnson-Restrepo et al., 2007; Ryan et al., 2006; Schecter et al., 2003) y Canada (Ryan
y B. 2002; Ryan et al., 2006).

Hasta ahora existen pocos estudios que informen sobre la presencia de HBCD y TBBPA en leche
materna. En la Figura 1-15 se sefialan los intervalos de concentracion encontrados en leche
procedente de diferentes paises. Los niveles mas bajos de HBCD se obtuvieron en Suecia (0,09-0,64
ng/g lw) (Fangstrom et al., 2008) y EE.UU. (0,2-0,9 ng/g 1w) (Ryan et al., 2006) mientras que los
mas altos se registraron en Noruega (0,58-31 ng/g Iw) (Thomsen et al., 2010) y Canada (0,4-19 ng/g
Iw) (Ryan et al., 2006). Llaman la atencion los niveles de HBCD en muestras de EE.UU. pues, si
bien los niveles de PBDE encontrados en diferentes estudios en leche materna son bastante altos en
relacion a los niveles de Europa, en el caso del HBCD los niveles son similares entre ambos
continentes. El a-HBCD es el isomero predominante en las muestras de leche materna de los

diferentes paises (Kakimoto et al., 2008; Ryan et al., 2006; Shi et al., 2009b).

B HBCD O TBBPA

40

35

30

25

20

S B B = B _

1980-2004 | 2003-2009| 1988-2006| 2007-2009 | 2002-2003 2002 2004 -2006| 2007-2009

Suecia Noruega Japon China Canadd EE.UU. Francia China

Figura 1-15. Intervalos de concentracion (ng/g lw) de HBCD y TBBPA en leche materna
de distintos paises.
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Respecto al TBBPA en leche materna, existen atin menos datos que para el HBCD. Esto se deberia a
que el TBBPA se une quimicamente con la estructura polimérica, por lo tanto su liberacion al medio
ambiente es limitada. Otro punto a tener en cuenta es que el TBBPA es rapidamente metabolizado
por el higado de los mamiferos y eliminado en la bilis (Shi et al., 2009b). Se encontraron dos
estudios que analizan TBBPA en leche materna procedente de Francia (Cariou et al., 2008) y China
(Shi et al., 2009b) (Figura 1-15). En el primer estudio, el TBBPA fue detectado y cuantificado en 34
de las 77 muestras analizadas, con niveles que varian entre 0,062 y 37,34 ng/g lw, con un valor de
mediana de 0,477 ng/g lw. En el segundo estudio, fueron analizadas 24 mezclas de leche obteniendo
valores de TBBPA desde 0,11 a 5,12 ng/g Iw. Ademas, en el 75% de las muestras la concentracion

de TBBPA fue inferior a 1 ng/g Iw.

Exposicion ocupacional. Es sabido que las personas que trabajan en ciertas industrias estan
predispuestas a una carga corporal potencialmente mas alta de ciertos contaminantes, debido a la
exposicion a aire y polvo contaminado en el lugar de trabajo. Este es el caso de los PBDEs (Sjodin
et al., 2003). La liberacion de los PBDEs se puede acelerar en entornos industriales durante la
fabricacién de PBDEs, adicion de PBDEs a otros productos y su posterior reciclaje, y la eliminacion
de productos de consumo que los contienen. Consecuentemente, en las proximidades de estas
instalaciones se han observado elevados niveles de PBDEs en aire (Cahill et al., 2007; Zhao et al.,
2009) y polvo (Julander et al., 2005a).

También se han encontrado elevados niveles de PBDEs en muestras de sangre de personas que
trabajan en el desmantelamiento de residuos electronicos (Sjodin et al., 1999), técnicos de una
planta de reciclaje de espuma y de instalacion de alfombras (Stapleton et al., 2008b), ademas de
técnicos de informatica (Jakobsson et al., 2002).

A pesar de que el HBCD y el TBBPA son FR altamente consumidos y que en general los niveles de
exposicion ocupacional a las sustancias quimicas son mucho mas altos en comparaciéon con la
exposicion de fondo (Thomsen et al., 2007), el control y seguimiento de la exposiciéon a HBCD y
TBBPA en el ambiente laboral han sido escasamente estudiados.

Se ha evaluado la exposicion ocupacional a HBCD por parte de los trabajadores de una planta
industrial de produccion de poliestireno expandible en que se utiliza HBCD como FR (Thomsen et
al., 2007). Se analiz6 HBCD en muestras de polvo aéreo que se ha recogido cerca de la zona de
respiracion de 10 trabajadores, obteniendo valores de HBCD entre 0,2 y 150 pg/m3. También se
evalué6 HBCD en el suero sanguineo de los trabajadores encontrandose concentraciones que varian
desde 6 a 856 ng/g Iw. Por otro lado, al evaluar un grupo de referencia sin exposicion laboral a
HBCD, el compuesto nunca fue detectado sobre 1 ng/g. Respecto al patron diastereoisomérico, en

las muestras de polvo aéreo y-HBCD fue el isomero con una mayor contribuciéon promedio (81%
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+6.9%). Este valor es similar al presentado por la mezcla comercial de HBCD (78% +4,6%). En las
muestras de suero sanguineo, a- y y-HBCD se encontraron en todas las muestras con una
contribucion promedio de 60 y 39% respectivamente. El valor de y-HBCD es bastante alto en
relacion con otros valores observados en muestras bioldgicas, esto se puede deber a la exposicion
directa y reciente de los trabajadores a elevados niveles de la mezcla técnica de HBCD.

Finalmente, la exposicion de trabajadores al TBBPA por via respiratoria y dérmica fue evaluada en
5 entornos de trabajo: taller de muebles, instalaciones de desmantelamiento electrénico, aula de
informatica, oficinas y locales sociales (Makinen et al., 2009). De este estudio se desprende que el
TBBPA se puede encontrar principalmente en el aire de las instalaciones de desmantelamiento
electrénico (<4-14.600 ng/m®) y en el taller de muebles (<6 ng/m’), con una frecuencia de deteccion
de 96% y 7%, respectivamente. La exposicion dérmica a TBBPA se evalué analizando parches
adsorbentes que llevaron en su ropa los trabajadores. Solo en las instalaciones de desmantelamiento

electrénico se obtuvieron niveles de TBBPA (<0,09-63 ng/m®) en un 92% de las muestras.

1.5. Toxicidad

La informacion existente acerca de la frecuencia con que son encontrados ciertos compuestos
emergentes en el medio ambiente, como es el caso de los PBDEs, ha causado preocupacion
principalmente por el posible efecto toxico que estos compuestos puedan tener.

En el caso de los PBDEs, la mayoria de los estudios toxicoldgicos se han centrado en los efectos de
la exposicion en los componentes del sistema endocrino (Darnerud et al., 2007; Kodavanti et al.,
2010; Riu et al., 2008; Song et al., 2008; Vos et al., 2003), un sistema que juega un papel critico en
la regulacion de los procesos del cuerpo humano, el desarrollo del cerebro y los tejidos nerviosos, la
funciéon y maduracion sexual, el metabolismo y la homeostasis en general.

Muchos compuestos quimicos sintéticos tienen la habilidad de imitar, bloquear o potenciar la
respuesta de las hormonas naturales presentes en el cuerpo humano. Estos compuestos suelen ser
llamados disruptores endocrinos. Uno de los 6rganos mas importantes del sistema endocrino es la
glandula tiroidea, que produce hormonas que juegan un rol esencial en el crecimiento y desarrollo
(Saegusa et al., 2009). Es sabido que distintos compuestos organohalogenados pueden causar
trastornos en la funcién normal y alteraciones en la funcién tiroidea, produciendo cambios en las
tasas metabdlicas basales, sintesis de proteinas y desarrollo celular (Palace et al., 2008; Tomy et al.,
2008b).

Todas las mezclas comerciales de PBDEs, incluido el DecaBDE han mostrado tener propiedades
disruptoras del sistema endocrino (Vonderheide et al., 2008). La uniéon competitiva de los PBDEs a

los receptores de la hormona tiroidea probablemente se debe a las similitudes estructurales entre los
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FR y las hormonas enddgenas (Palace et al., 2008). Los PBDEs también pueden interferir alterando
la funcion del higado y en la homeostasis de la vitamina A, a menudo dando por resultado la
eliminacion de la hormona tiroidea (Zhang et al., 2009a).

Experimentos /n vivo han demostrado que los PBDEs pueden causar diversos efectos adversos, los
que dependen del tipo de producto utilizado y su dosis. Generalmente, el PentaBDE parece causar
efectos con una dosis menor, mientras que son necesarias dosis mayores para obtener efectos del
DecaBDE (Darnerud 2003). De esta forma, se considera que el DecaBDE tiene la menor toxicidad
de las tres mezclas técnicas de PBDEs disponibles. Los efectos criticos de PentaBDE se relacionan
con el desarrollo neuroldgico y de la hormona tiroidea en crias (Lilienthal et al., 2006; Zhou et al.,
2001). Mientras que el OctaBDE principalmente origina toxicidad fetal/teratogénesis en ratas y
congjos, el DecaBDE causa ciertos efectos morfologicos en la tiroides, higado y riflones de animales
adultos (Darnerud 2003).

En organismos expuestos, el metabolismo es un factor importante para determinar bioacumulacion,
destino, toxicocinética y toxicidad de los contaminantes. Poco se sabe acerca de la toxicocinética de
PBDEs en humanos, mientras un limitado nimero de trabajos ha sido llevado a cabo con ratones y
ratas (Chen et al., 2006b; Hakk et al., 2002; Hakk y Letcher 2003) y en peces (Stapleton et al.,
2004c; Stapleton et al., 2004b; Stapleton et al., 2004a).

Los PBDEs pueden ser metabolizados parcialmente, produciendo metabolitos con caracteristicas
mas polares para facilitar su excrecion (Lupton et al., 2010), este es el caso de los PBDEs
hidroxilados (OH-PBDEs), los que son estructuralmente similares a la hormona tiroxina. Debido a
esta similitud, son sospechosos de causar disrupcion endocrina (Chang et al., 2010; Lupton et al.,
2010; Mas et al., 2007; Verreault et al., 2005). Hay que destacar que los OH-PBDEs muchas veces
son mas toxicos que sus analogos PBDEs (Lupton et al., 2010), de forma similar a lo que sucede con
PCBs y sus compuestos hidroxilados (OH-PCBs).

Por otro lado, algunos congéneres de PBDEs pueden tener un efecto sobre el receptor AhR del
citoplasma, este es el caso de BDE-47, -77, -99, -100, -126 y -153 (Eljarrat y Barcelo 2003). Similar
comportamiento tienen las dioxinas, aunque cabe destacar que la potencia toxica de los PBDEs es
muy inferior a la de las dioxinas.

Hasta la fecha, el conocimiento de los mecanismos subyacentes a la toxicidad inducida del HBCD y
el TBBPA es escaso. Estructuralmente el HBCD es diferente a los PBDEs y hormonas tiroideas
(Figura 1-16). Por esta razon es de esperar que el HBCD tenga un menor potencial para alterar a las
enzimas de biotransformacion y al eje tiroideo (Palace et al., 2008). Sin embargo, recientes estudios
sugieren que al igual que algunos PBDEs, el HBCD tiene un alto potencial de bioacumulacion (Law
et al,, 2006a) y en organismos expuestos podria afectar la biotransformacion enzimatica y la

homeostasis tiroidea (Germer et al., 2006; Hamers et al., 2006). En estudios realizados con ratas se
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ha observado que el HBCD inhibe la absorcién de neurotransmisores en sinaptosomas y la
absorcion de la dopamina en las vesiculas sinapticas. Ademas, en ratas expuestas a HBCD durante
el desarrollo cerebral se ven afectados el comportamiento espontaneo, el aprendizaje y la memoria
(Saegusa et al., 2009). Existe evidencia experimental que muestra que el a- y el y-HBCD tienen
mayor capacidad agonista frente a la hormona triyodotironina que el B-HBCD, por esto se evalud la
actividad tiroidal de truchas alimentadas con una de tres dietas enriquecidas con a-, f- o y-HBCD,
observandose que los tres diastereoisdmeros tienen el potencial de alterar la homeostasis de la
tiroides(Palace et al., 2008). Es importante sefialar que es vital realizar estudios toxicoldgicos para
cada uno de los isomeros de HBCD y no solo de la mezcla comercial.

Respecto a la toxicidad del TBBPA se ha sugerido que en animales de experimentacion es baja,
aunque se sabe que la estructura del TBBPA, al igual que los PBDEs es similar a la hormona
tiroxina (Figura 1-16). En un estudio de toxicidad reproductiva en dos generaciones de ratas, el
TBBPA no indujo efectos sobre la fertilidad o reproductividad y tampoco tuvo efectos convincentes
sobre los puntos finales del desarrollo neurolégico. Por otro lado, en estudios in vitro del TBBPA se
han demostrado los efectos inmunologicos, las actividades antagonicas sobre los receptores de la
hormona tiroidea y la inhibiciéon de la captaciéon de neurotransmisores sinapticos (Mariussen y
Fonnum 2003). Estudios recientes han demostrado efectos neuroconductuales de TBBPA en las

crias de ratas en un estudio de la reproduccion de una generacion (Lilienthal et al., 2006; van der

Ven et al., 2009).
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Figura 1-16. Férmula estructural de hormonas tiroideas.
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Por lo tanto, observamos que el conocimiento existente respecto a posibles efectos de los HFRs en
humanos atn es muy limitado, principalmente debido a que la evaluacion del riesgo se encuentra
basada en modelos hechos con animales haciendo necesario mayores estudios acerca de sus posibles

efectos toxicos en humanos.

1.6. Analisis quimico de retardantes de llama

El desarrollo de métodos analiticos para analizar HFRs es una tarea dificil debido a la complejidad
de las matrices y las bajas concentraciones en que se suelen encontrar los compuestos de interés.
Los HFRs son compuestos con una amplia variedad de propiedades fisicas y quimicas, y algunos de
ellos, como el BDE-209, HBCD y TBBPA requieren tratamientos especificos. Basicamente, los
HFRs son extraidos de la muestra, luego el extracto se purifica, fracciona y concentra antes de la

separacion cromatografica y deteccion final mediante espectrometria de masas.

1.6.1. Preparacion de muestra

La preparacion de la muestra es por lo general un procedimiento en etapas independientes, por lo
que es tedioso y lento, susceptible a la pérdida de analitos y a la contaminacion (Mitra 2003). Por
ello, atin es considerada como el punto mas débil de todo el procedimiento analitico, consumiendo
cerca de dos tercios del tiempo total de andlisis. Ademas se estima que es la principal fuente de
errores y discrepancias entre laboratorios. Asi, la calidad de este paso es un factor clave en el éxito
final del analisis (Fidalgo-Used et al., 2007; Vonderheide 2009).

Es importante sefialar que en el caso del HBCD y del TBBPA, los procedimientos de tratamiento de
muestras tipicamente se han basado en protocolos previamente elaborados y utilizados para la
determinacion de los PBDEs. Por otra parte, debido a las propiedades fisico-quimicas particulares,
la determinacion de los diastereisomeros de HBCD y TBBPA pueden requerir enfoques especificos

de andlisis, incluyendo un fraccionamiento adicional.

Preservacion y pretratamiento. Teniendo en cuenta que suele haber una demora entre la toma de
muestras y el andlisis, la preservacion de muestras es un paso importante. Con la preservacion se
asegura que la muestra mantenga sus caracteristicas fisicas y quimicas para el analisis posterior
(Mitra 2003).

El almacenamiento y transporte de muestra solida deben ser llevados a cabo en la oscuridad, muy
importante para los compuestos sensibles a la luz, como es el caso del BDE-209 y a 4°C de
temperatura. El pretratamiento de la muestra debe ser realizado inmediatamente en el laboratorio

incluyendo congelacion, liofilizacién y homogenizacion (Eljarrat y Barcelo 2004).
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Si durante la preparacion de la muestra se utilizan solventes no polares, la matriz tiene que estar
libre de agua para permitir la extraccion de los analitos. Las muestras bioldgicas, tales como
alimentos y tejidos, se mezclan con sulfato de sodio o liofilizan para eliminar las trazas de agua.

Las muestras de suelo, sedimentos, lodo y polvo se deben secar antes de la extraccion. Ademas,
pueden ser tamizadas para asegurar la homogeneidad del tamafio de particulas y para facilitar la

manipulacion posterior de las muestras (Covaci et al., 2007b).

Extraccion. En aplicaciones ambientales, la desorcion de los compuestos desde el sitio activo de la
matriz es un paso limitante, teniendo en cuenta que las interacciones entre el soluto y la matriz son
muy dificiles de superar y predecir (Camel 2001; Camel 2003). Se debe hacer énfasis en la
posibilidad de mejorar la exactitud del método al utilizar técnicas de extraccion, obteniendo
recuperaciones cuantitativas y reproducibles de un soluto desde una matriz sélida, controlando
cuidadosamente la recoleccion del extracto (Martens et al., 2002).

La seleccion del método de extraccion, tanto para muestras bidticas como abidticas, depende de la
naturaleza de la matriz que se desea analizar (Covaci et al., 2007b; Mitra 2003). Otro punto a tener
en cuenta es la cantidad de muestra requerida para la extraccion, que varia dependiendo del nivel de
contaminacion previsto en la muestra y de la sensibilidad de la técnica de deteccion.

Hay algunas particularidades que se deben tener en cuenta a la hora de extraer los HFRs desde las
muestras para su posterior analisis y requieren atencion adicional. En primer lugar esta la amplia
gama de pesos moleculares de los compuestos, es el caso de los congéneres de PBDEs (entre 250 y
960 Da), y las consecuentes diferencias en sus comportamientos fisicos (Vonderheide 2009). En
segundo lugar, la necesidad de obtener limites de deteccion mas bajos requiere la adaptacion de los
métodos de extraccion y de los procedimientos de purificacion existentes.

La extraccion por Soxhlet es aceptada como una técnica de extraccion sélido-liquido robusta. Los
solventes mas utilizados para la extraccion de HFRs desde muestras solidas son: tolueno, hexano y
mezclas de hexano/acetona. En general se obtienen buenos resultados pero es necesario utilizar un
gran volumen de solvente organico (200-250 ml) ademas de consumir bastante tiempo (entre 12 y
24 horas) (Covaci et al., 2003; Covaci et al., 2007b; Kierkegaard et al., 2009; Vonderheide 2009).
También hay que incluir el uso de extraccion asistida por ultrasonidos (UAE, del inglés ultrasonic-
assisted extraction) y agitacion, aunque estas técnicas presentan también desventajas de tiempo de
extraccion y consumo de solventes (Bjorklund et al., 2000; Camel 2001).

Otras técnicas de extraccion, como la extracciéon con liquidos presurizados (PLE, del inglés
pressurissed liquid extraction), la extraccion asistida por microondas (MAE, del inglés microwave

assisted extraction) y la extraccion con fluido supercritico (SFE, del inglés supercritical fluid
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extraction), se han introducido con el objetivo de reducir el tiempo de extraccion y consumo de

solventes.

-Extraccion por Soxhlet. Esta técnica se basa en la extraccion exhaustiva de compuestos
organicos en un sistema Soxhlet utilizando un solvente organico que refluye continuamente a través
de la muestra contenida en un dedal poroso. Los analitos extraidos se acumulan en un matraz
caliente, por lo que deben ser estables en el disolvente que se mantiene en ebulliciéon para mantener
el reflujo (Mitra 2003).

Las principales ventajas de la extraccion por Soxhlet son: permite el uso de gran cantidad de
muestra (1-100 g), no se necesita filtracién luego de la extraccion y muchos extractores Soxhlet
pueden ser configurados para trabajar al mismo tiempo (Fidalgo-Used et al., 2007). Por otro lado,
las desventajas se basan en las grandes cantidades de solvente que se necesitan, ademas que el
solvente debe ser posteriormente evaporado para concentrar los analitos antes de la siguiente etapa
de purificacion. Por lo tanto, el proceso se prolonga por varias horas o incluso dias para completar la
extraccion, generando extractos sucios que requieren un posterior tratamiento de limpieza.

Es necesario sefialar que la extraccion por Soxhlet es ampliamente utilizada como técnica estandar y
de referencia para evaluar el desempefio de nuevos métodos de extraccion propuestos (de Boer et

al., 2001; de Boer y Cofino 2002).

- Extraccién con liquidos presurizados (PLE). Este método es frecuentemente utilizado en
la extraccion de los PBDEs desde matrices solidas, como sedimentos, peces o alimentos. Se
obtienen altos rendimientos de extraccion debido a la combinacion de altas temperaturas y presiones
(Camel 2003). Las principales ventajas de esta técnica son la reduccion del tiempo de extraccion y
consumo de disolventes, en comparacion con Soxhlet o UAE, y la posibilidad de llevar a cabo un
gran nimero de extracciones sin supervision, proporcionando una mayor eficiencia y mejor
reproducibilidad. Sin embargo, el tipo de disolvente y los pardmetros especificos del sistema, tales
como presion, temperatura, tiempo de calentamiento, tiempo estatico, volumen de descarga, tiempo
de purga y los ciclos de estatica, tienen que ser optimizados para una Optima recuperacion del
analito (Bjorklund et al., 2000).

A fin de reducir atin mas el tiempo de preparacion de muestra, algunos autores proponen realizar la
purificacion en la misma celda de extraccion, rellenando la celda con la muestra dispersada en un
adsorbente como silica, Florisil o alumina para la determinaciéon de PCBs (Gomez-Ariza et al.,
2002) y PBDEs (de La Cal et al., 2003), proporcionando un método con mayor selectividad. Es

importante sefialar que la mayor desventaja de este tipo de técnica es el coste del aparato.
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- Extraccion asistida por microondas (MAE). Se basa en la aplicacion de la energia de
microondas para calentar la extraccién con solventes, mientras que se controla la temperatura,
presion y energia de microondas (Fidalgo-Used et al., 2007). La ventaja principal de la MAE es la
reduccion del consumo de solvente. El control de temperatura y presion permiten el calentamiento
del solvente a una presion por encima de su punto de ebullicion, asi el disolvente permanece en
estado liquido promoviendo la difusion del analito (Mitra 2003; Wang et al., 2010b). El tiempo de
extraccion es reducido en comparacion con la extraccion por Soxhlet. Sin embargo es necesaria la
optimizacion de factores como la temperatura de extraccion, tamafio de particula, tiempo de espera y
el solvente empleado. La adiciéon de solventes polares, como el metanol, es necesario para la
absorcion de microondas y por lo tanto para la calefaccion de la extraccion por solvente. Las
mezclas de solventes polares con solventes no polares se emplean cominmente en el MAE (por
ejemplo, acetona: n-hexano, isopropanol: hexano, xileno: diclorometano o metanol: tolueno)
(Fidalgo-Used et al., 2007; Shin et al., 2007; Wang et al., 2010b).

Algunos inconvenientes de esta metodologia incluyen la necesidad de filtrar los extractos tras la
extraccion, se utilizan solventes polares y el instrumento es moderadamente costoso (Fidalgo-Used

etal., 2007).
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Figura 1-17. Comparacion del a) consumo de disolvente y el b) tiempo de extraccion utilizando
distintas técnicas de extraccion.
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Finalmente, en la Figura 1-17 se comparan los distintos volimenes de solvente (1-17a) y tiempo (1-

17b) que se utilizan entre las diferentes técnicas de extraccion mas utilizadas en el estudio de HFRs.

Purificacion. La naturaleza no selectiva de los procedimientos de extraccion exhaustivos y la
complejidad de las matrices lleva a obtener extractos complejos (Covaci et al., 2007b) que pueden
contener lipidos, carotenoides, pigmentos y resinas. Estas impurezas deben ser eliminadas para
permitir una identificacién y cuantificacion definitiva de los niveles mas bajos de analito, ademas de
minimizar el deterioro de los resultados cromatograficos. Por lo tanto, se han desarrollado diferentes
procedimientos de purificacion para reducir al minimo los efectos negativos de la matriz (Mitra
2003). Ademas, la etapa de purificacion es necesaria para eliminar no solo la mayor parte del
material co-extraido, sino también a los compuestos estrechamente relacionados con los analitos que
podrian interferir en la determinacion definitiva (Fidalgo-Used et al., 2007).

En el caso de matrices ambientales, como son los sedimentos y lodos de depuradora, pueden
contener cantidades relativamente importantes de azufre elemental, que podria perturbar el posterior
analisis, como por ejemplo la cromatografia de gases (GC, del inglés gas chromatography), y debe
ser eliminado (Eljarrat y Barcelo 2004). Los métodos tipicos para la eliminaciéon de azufre son el
tratamiento con polvo de cobre en el Soxhlet o dentro de la celda de PLE, silice modificada con
AgNO; en una columna de silice de multiples capas, o desulfuracién con mercurio.

Respecto a la extraccion de muestras bidticas es necesario recuperar toda la materia grasa pues es en
ella donde quedan acumulados los analitos. Sin embargo, dicha materia grasa debe ser
posteriormente eliminada del extracto. Existen diversos métodos en la literatura, los que se dividen
en destructivos y no destructivos. Los primeros se basan en que los HFRs son estables bajo
condiciones fuertemente acidas (Covaci et al., 2007b), es por ello que uno de los métodos mas
utilizados es el ataque con acido sulfurico concentrado. La forma mas simple es adicionando el
acido directamente al extracto disuelto en hexano, aunque este tratamiento requiere varias etapas de
extraccion liquido-liquido (LLE, del inglés liquid-liquid extraction) y centrifugacion secuenciales lo
que resulta en un procedimiento de multiples pasos y consumidor de tiempo. Por otro lado, el uso de
silica acidificada elimina los problemas de emulsion que tiene el LLE, reduce la manipulaciéon de la
muestra y consumo de solvente, ademés de aumentar el rendimiento de la muestra. Sin embargo, es
solo ttil para pequeas cantidades de grasa.

La cromatografia de permeacion en gel (GPC, del inglés gel permeation chromatography) y la
cromatografia de adsorcion sobre diferentes sorbentes son tratamientos no destructivos aplicados
para la eliminacion de lipidos. GPC se realiza principalmente utilizando columnas de poliestireno
divinilbenceno y diclorometano como eluente. En el caso de muestras que contienen una cantidad

limitada de lipidos, como en lodos de depuradora y peces, se utiliza solo una columna de GPC ya
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que es suficiente para eliminar los lipidos del extracto. Por el contrario, en muestras mas complejas
es necesario utilizar dos columnas de GPC conectadas en serie o realizar una limpieza adicional por
cromatografia de adsorcion para la eliminacion completa de los lipidos.

Silica gel, alimina y Florisil con diferentes grados de activacion han sido ampliamente utilizados
para la eliminacion de lipidos por cromatografia de adsorcion en condiciones atmosféricas. Debido a
su limitada capacidad para retener lipidos, la silica ha sido utilizada en combinacion con alumina y
Florisil. Para PBDE:s la utilizacion de alumina y Florisil es recomendada, salvo en el caso de BDE-

209 ya que queda retenido en el Florisil, por lo tanto es preferible el uso de alumina.

1.6.2. Analisis instrumental

Cromatografia de gases acoplada a espectrometria de masas (GC-MS). La GC es una herramienta
de analisis popular y potente, ademas de econdmica y facil de usar. Es por ello que GC se ha
convertido en una técnica de rutina para el analisis de los PBDEs. Sin embargo, debido a sus
propiedades fisico-quimicas (como presion de vapor y polaridad) y su inestabilidad térmica, algunos
congéneres especificos de PBDEs tienen necesidad de precauciones especiales durante el analisis
por GC. Por lo tanto, antes de seleccionar una metodologia de analisis para los HFRs, las
caracteristicas del sistema de GC deben ser optimizadas de acuerdo con las propiedades de estos
analitos. Estas caracteristicas incluyen el programa de temperaturas, el tipo de columna, la fase
estacionaria como también la longitud de la columna y el diametro interno, ademas de la técnica de
inyeccion. Finalmente, la deteccion completa el conjunto de parametros que deben ser optimizados
para una determinacion precisa de los PBDEs.

Los PBDEs pueden ser determinados de una forma relativamente facil utilizando columnas no
polares o semi-polares como las de 100% metilpolisiloxano (DB-1) y las de 5% dimetil-fenil-
polisiloxanos (DB-5, CP-Sil 8 o AT-5). La longitud de columna que se utiliza mas frecuentemente
esta entre los 25 y 60 m. Todas estas columnas presentan una buena resolucion para la mayoria de
los compuestos, aunque cada una de las columnas debe ser probada para evaluar posibles
coeluciones de los compuestos de interés. El impacto de las posibles coeluciones depende de la
limpieza de la muestra, concentracion del contaminante en la muestra, sistema cromatografico y
método de deteccion (Covaci et al.,, 2003). En resumen, la columna cromatografica optima es
aquella que combina buena resolucion y discriminacion de congéneres con la mayor sensibilidad en
la menor cantidad de tiempo (Stapleton 2006).

Hay que prestar atencion con el BDE-209 pues es sensible a las altas temperaturas, ademas de
susceptible a la degradacion en el sistema de GC. Por ello, para analizarlo la columna GC deberia

ser relativamente corta (10-15 m) para reducir al maximo el tiempo de residencia del BDE-209
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ademas de cambiar el tamafio de poro de 0,25 um a 0,1 pum, siendo muchas veces necesario
analizarlo por separado del resto de PBDEs (Eljarrat et al., 2007).

Para la determinacion de HFRs se ha utilizado la espectrometria de masas (MS, del inglés mass
spectrometry), tanto en modo de baja resolucion (LR, del inglés low resolution) como de alta
resolucion (HR, del inglés Aigh resolution).

La determinacion de los PBDEs en muestras ambientales utilizando instrumentos de LR se realiza
principalmente con instrumentos que operan tanto en ionizacion electronica (EI, del inglés
electronic ionization)-MS como en ionizacion por captura electronica en modo negativo (ECNI, del
inglés electron capture negative ionization)-MS. La detecciéon por LRMS ha sido utilizada en
diversos estudios por su sensibilidad, selectividad y debido a que es un instrumento que se encuentra
disponible en los laboratorios de medio ambiente, ademas de ser facil de utilizar y optimizar (Van
Leeuwen y De Boer 2008). En general, para el analisis de PBDEs se ha demostrado que la EI-
LRMS es mas selectiva que los métodos de ECNI-LRMS pues los fragmentos moleculares
(tipicamente [M-Br,]") son adquiridos para cada uno de los grupos homologos. En contraste, los
métodos ECNI-LRMS adquieren los iones bromo ([Br]”, m/z 79 y 81) para todos los grupos
homologos, excepto el BDE-209 que da lugar a fragmentos especificos a partir de [C4BrsO]" con
m/z 484,6 y 486,6, ademas de la posibilidad de utilizar el patron marcado '*C-BDE-209 con m/z
494.6 y 496,6 para [*C¢BrsO]" (Bjorklund et al., 2003). Por lo tanto, utilizando ECNI-MS no es
posible cuantificar con dilucion isotopica, salvo en el caso de BDE-209. Sin embargo, ECNI-LRMS
es mas sensible que EI-LRMS presentando un LOD con un orden de magnitud inferior (Covaci et
al., 2003).

En contraste, los instrumentos HR son utilizados casi exclusivamente en modo EI (Alace et al.,
2001). La espectrometria de masas de alta resolucion (HRMS, del inglés high resolution mass
spectrometry) ofrece la mejor selectividad para medir PBDEs, con un poder de resolucién (m/Am)
de aproximadamente 10.000. Sin embargo, hay que tener en cuenta que los instrumentos de HR son
mas caros que los instrumentos LR y se necesita personal entrenado para su mantenimiento
(Stapleton 2006). En todo caso, si comparamos EI-HRMS con EI-LRMS, la primera tiene una
sensibilidad mucho mayor. Recientemente se ha mostrado el uso de GC acoplada a la trampa de
iones (IT, del inglés ion trap) en tdndem como una excelente alternativa a GC-HRMS para la
determinacion de PBDEs en muestras ambientales y biologicas proporcionando una alta sensibilidad
y excelente selectividad (Losada et al., 2010). En la Tabla 1-2 se resumen las ventajas e

inconvenientes de utilizar diferentes técnicas de deteccion para el analisis de BFRs.
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Tabla 1-3. Comparacion de diferentes técnicas de deteccion para BFRs

Técnica Ventajas Inconvenientes

Se puede cuantificar por dilucion isotopica, ) o
EI-LRMS Baja sensibilidad
buena selectividad

o No se puede cuantificar por
ECNI-LRMS Buena sensibilidad dilucién isotpica, baja
selectividad

o o Poco disponible en
IT-LRMS/MS Buena sensibilidad, buena selectividad )
laboratorios analiticos

Muy buena sensibilidad, muy buena Elevado coste de adquisicion y
EI-HRMS
selectividad mantenimiento

Durante los ultimos afios, el interés cientifico por los FR tales como HBCD, TBBPA y DP ha
aumentado, siendo necesario el desarrollo de nuevos métodos de analisis. Al principio, se utilizaron
enfoques similares a los utilizados para el analisis de PBDEs para la deteccion de HBCD y TBBPA.
Es por ello que los primeros métodos se basan en GC-MS. Asi, HBCD inicialmente fue determinado
mediante GC-ECNI-MS. Sin embargo, esta técnica tiene algunas limitaciones: interconversion de
diastereoisomeros de HBCD por encima de 160 ° C, la descomposicion del HBCD a temperaturas
superiores a 240 ° C y la ruptura parcial del HBCD en los sistemas de GC sucios. Por otro lado la
acidificacion y los pasos de derivatizacion son obligatorios en el analisis por GC-MS de BFR mas
polares tales como el TBBPA. Respecto al DP, se han desarrollado diferentes metodologias para su
analisis en muestras ambientales, todas ellas basadas en el uso de GC-MS principalmente acoplada a

ECNI-LRMS (Hoh et al., 2006; Sverko et al., 2010) o EI-HRMS (Kolic et al., 2009).

Cromatografia de liquidos acoplada a espectrometria de masas (LC-MS). Las dificultades
encontradas para el andlisis de HBCD y TBBPA mediante GC han creado la necesidad de
desarrollar métodos alternativos. A pesar del relativamente limitado poder de resolucion
cromatografico de la cromatografia de liquidos (LC, del inglés liguid chromatography), 1os métodos
que emplean LC-MS ofrecen una buena alternativa para analizar HBCD y TBBPA, permitiendo la
determinacion diastereoisomérica del HBCD. La identificacion y cuantificacion de los tres isomeros
de HBCD es importante pues los patrones de isomeros difieren en condiciones de produccion
diferentes y entre las matrices (de Boer y Wells 2006).

Sin embargo, se sabe que la GC-MS tiene la ventaja de tener una mayor sensibilidad en
comparacion con los métodos LC-MS (Petersen et al., 2004). Para mejorar la sensibilidad y la

especificidad de los métodos LC-MS en el campo de analisis ambiental se han desarrollado
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enfoques basados en el acoplamiento de LC a la espectrometria de masas en tandem (MS/MS). Los
primeros estudios se centraron en el uso de instrumentos triple cuadrupolo (QqQ), aunque mas
recientemente se han desarrollado otras configuraciones instrumentales para la determinacion de
BFRs. Nuevos trabajos han aplicado técnicas de LC-MS/MS a partir de instrumentos hibridos, como
son el cuadrupolo-tiempo de vuelo (QqTOF, del inglés quadrupole time of flight) y el cuadrupolo-
trampa de iones lineal (QqLIT, del inglés quadrupole lineal ion trap) (Petrovic y Barcelo 2006). Se
han evaluado diferentes técnicas de ionizaciéon para las metodologias de LC-MS/MS, pero la
ionizacion mas utilizada es por electrospray (ESI). Es bien sabido que al utilizar ESI, la respuesta de
los analitos puede verse modificada por efecto de la matriz de la muestra que pueden causar tanto el
aumento como la supresion de la sefial de los analitos de interés (Dodder et al., 2006; Marvin et al.,
2007). Por esta razén, la posibilidad de utilizar estdndares isotopicamente marcados como “C- o
ds-0, By y-HBCD y *C-TBBPA, es muy util para compensar dichos efectos de la matriz.
Recientemente se han desarrollado metodologias LC-MS/MS multianalitos con el objetivo de
estudiar una serie de HFRs con diferentes propiedades fisicoquimicas, por ejemplo HBCD, TBBPA,
DP y PBDEs. Ejemplo de esto son los analisis utilizando LC-fotoionizacion a presion atmosférica
(APPI, del inglés atmospheric pressure photoionization)-MS/MS (Zhou et al., 2010b) y LC-
ionizacion quimica a presion atmosférica (APCI, del inglés atmospheric pressure Chemicals
ionization)-MS/MS (Zhou et al., 2010a).

También es importante tener en cuenta que los métodos de LC pueden ser utiles en el analisis de los
metabolitos de BFR y productos de transformacion. Por ejemplo, el caracter no polar de la
estructura del éter difenilo en los PBDEs se ve afectado por la introduccion de grupos hidroxilo
durante su metabolizacion obteniéndose una nueva molécula con propiedades diferentes como
caracteristicas no volatiles que no permite el analisis directo de los metabolitos de los PBDEs por
GC-MS. Recientes trabajos se centran en el desarrollo de metodologias LC-MS/MS para este
propésito (Lupton et al., 2010; Mas et al., 2007).

El desarrollo de métodos analiticos para BFRs es dificil debido a la complejidad de las matrices
ambientales y las concentraciones generalmente bajas de los compuestos de interés. Las técnicas de
preparacion de las muestras también deben ser desarrolladas y optimizadas para obtener métodos
sensibles y selectivos. En el articulo cientifico #1: “New approaches for halogenated flame
retardant determinations by means of LC-MS” se revisan los procedimientos analiticos recientes
que se basan en la utilizacion de la cromatografia liquida acoplada a la espectrometria de masas para

el analisis de HFRs.
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1.7. Validaciéon de los métodos analiticos

Un requisito para caracterizar la eficacia de los métodos analiticos y asegurar la calidad de los
resultados es disponer de métodos validados convenientemente. Diferentes organismos
internacionales como la Agencia de Proteccion del Medio Ambiente de EE.UU. (EPA, del inglés
environmental protection agency), el foro para la quimica analitica europea (EURACHEM, del
inglés european analytical chemistry) y la union para la quimica pura y aplicada (IUPAC del inglés,
union of pure and applied chemistry), han desarrollado criterios y directrices generales para la
validacion de métodos, proporcionando la base para asegurar su fiabilidad.

Se pueden utilizar diferentes enfoques para validar un método de analisis. Sin embargo, es
importante tener en cuenta que el objetivo de la validacion es demostrar que un procedimiento es
adecuado para los fines previstos. Es aconsejable que en el disefio del trabajo experimental se
consideren simultaneamente las caracteristicas de la validacion adecuada para obtener el
conocimiento general de las capacidades del procedimiento analitico desarrollado, reduciendo al
minimo el numero de experimentos que se deben realizar (Chan et al., 2004).

La validacion de un método de analisis debe incluir la siguiente informacion:

Linealidad. Es la capacidad de mantener invariable la pendiente de la funcion de calibracion por un
intervalo de concentraciones de trabajo. Esto se determina inyectando concentraciones crecientes de
estandares analiticos al sistema instrumental, midiendo la correspondiente respuesta del
instrumento. La linealidad del método se evalua mediante el coeficiente de regresion (R?) de las
rectas de calibrado utilizadas para la cuantificacion de los compuestos.

Exactitud. Evalta el grado de concordancia entre el resultado y un valor de referencia certificado.
La exactitud de un resultado se expresa mediante el error absoluto, el cual es la diferencia entre el
valor experimental y el valor considerado como verdadero.

Precision. Grado de concordancia entre los datos obtenidos de una serie, reflejando el efecto de los
errores aleatorios producidos durante el proceso analitico. La precision cuantifica la variabilidad de
los resultados analiticos en funcion del operador, de las manipulaciones inherentes al método y al
medio ambiente del laboratorio, entre otras. Dependiendo de las posibles fuentes de variabilidad, la
repetitividad se acepta como una medida de la dispersion interna utilizando una misma muestra, el
mismo laboratorio con el mismo equipo y el mismo operador en un intervalo corto de tiempo. Por
otro lado, la reproducibilidad evaltia las posibles fuentes de variacion aleatoria de los datos,
registrando los resultados de experimentos independientes, realizados con el mismo método y
aplicado a la muestra en diferentes condiciones. La precision se expresa como la desviacion

estandar relativa (RSD, del inglés relative standard deviation).
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Robustez. Capacidad de un método analitico para permanecer invariable a variaciones pequefias
pero deliberadas de los parametros del procedimiento de analisis, indicando su fiabilidad durante el
uso normal.

Especificidad. Capacidad de evaluar de forma inequivoca un analito en la presencia de componentes
que se espera que estén presentes, como por ejemplo impurezas y/o productos de degradacion.

El analisis de HFRs es laborioso, complejo e incluye diversos pasos, en los que se puede cometer
multiples errores, como por ejemplo durante la extraccion, purificacion y determinacion por GC-MS
o LC-MS. El analisis preciso de HFRs es importante para los responsables cientificos y politicos
que se basan en los datos obtenidos en los laboratorios de medio ambiente. Para reducir al minimo
las posibilidades de errores, se deben tomar medidas para mejorar el analisis, por lo tanto los
sistemas de control de calidad deben establecerse y aplicarse de manera rutinaria. Esto incluye el
uso de estandares de elevada calidad y uso de estandares internos, el analisis de blancos, analisis de
replicados, estudios de recuperaciones, participacion en ensayos interlaboratorios y el analisis de
materiales de referencia certificados (CRM, del inglés certificated reference materials) y materiales
de laboratorio de referencia (LRM, del inglés laboratory reference materials) (de Boer y Cofino
2002; Van Leeuwen y De Boer 2008). La participacion de ensayos interlaboratorios facilita la
evaluacion y valoracion del desempefio del método completo. Es por ello que desde 1999 se han
llevado a cabo estudios internacionales de interlaboratorios para el analisis de PBDEs en diferentes
matrices (de Boer y Cofino 2002; de Boer y Wells 2006). Ademas existen CRMs de peces y
sedimento disponibles para la evaluacion de PBDEs.

Un punto importante es la falta de métodos armonizados para la determinacion de HBCD y TBBPA
en matrices ambientales. Los estudios regulares de intercalibracion y la participacion en estudios de
aptitud de laboratorio (si estan disponibles) son importantes para mantener la alta calidad de los
datos analiticos. Hasta ahora, solo un namero limitado de estudios de interlaboratorios se han
llevado a cabo con un numero bastante limitado de los laboratorios participantes. Por otra parte,
estos estudios han proporcionado datos sobre el HBCD, pero en ninguno de ellos se realizé la
determinacion del TBBPA.

Con el fin de evaluar la calidad de las determinaciones de HBCD, el Instituto Noruego de Salud
Publica organiz6 estudios de comparacion en 2005 y 2007. Los objetivos de estos estudios fueron:
(a) evaluar la comparabilidad de los resultados obtenidos utilizando diferentes técnicas de analisis,
(b) proporcionar un instrumento que garantice la calidad de los laboratorios participantes, y (c)
evaluar la disposicion de los laboratorios especializados para determinar HBCD en muestras
bioldgicas (Haug et al., 2008). Trece laboratorios analizaron la concentracion total de HBCD o
diastereoisomérica de HBCD en aceite de higado de bacalao, filete de arenque, filete de salmoén,

mantequilla y carne de pollo. Los laboratorios fueron capaces de determinar las concentraciones
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totales de HBCD en muestras marinas con una calidad satisfactoria (RSD <35%). Sin embargo, el
analisis de muestras con baja contaminacion de HBCD (<de 2 ng / g de peso en lipidos) debe ser
mejorado. No se observaron diferencias estadisticamente significativas entre las concentraciones
totales de HBCD obtenidos por LC-MS y GC-MS.

Un factor adicional a tener en cuenta, es que actualmente no existen CRM para HBCD ni TBBPA

que se puedan utilizar para la validaciéon de un método.
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Abbreviations and Symbols

APCI;, Atmospheric pressure chemical ionization; APPI: Atmospheric pressure photoionization; ECNI:
Electron capture negative ionization; EF: Enantiomeric fraction; EI: Electron ionization; EPI: Enhanced
product ion; ESI: Electrospray ionization; GC: Gas chromatography, HBCD: Hexabromocyclododecane;
HRMS: High resolution mass spectrometry; ISP: Ion spray; NCI: Negative chemical ionization; QqLIT:
Quadrupole linear ion trap; QqQ: Triple quadrupole; QqTOF: Quadrupole time of flight.

ABSTRACT

In this paper, an overview of current analytical methods for selected halogenated flame retardants
(HFRs), focused on instrumental determination using LC-MS approaches, is presented. The strategy
literature search for the preparation of this review was based on the recent articles published in peer-
reviewed scientific journals or in conference proceedings. Selected HFRs includes TBBPA, HBCD,
TBECH and DP, as well as some metabolites and transformation products of PBDEs and HBCD.
Analytical performances of the different approaches (ESI, APCI and APPI as ionization modes) are
reported, with emphasis on selectivity and sensitivity. Moreover, these parameters were compared with

those obtained by gas chromatographic techniques. Conclusions and future perspectives are outlined.

Keywords: Dechlorane Plus, Hexabromocyclododecane, LC-MS-MS, Polybrominated diphenyl ethers,
Tetrabromobisphenol A, Tetrabromoethylcyclohexane.
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1. INTRODUCTION

Flame retardant (FR) compounds are a structurally diverse group of chemicals that are added to or
reacted with polymers which are used in plastics, textiles, electronic circuitry and other materials to
reduce the risk of fire. One of these groups of compounds is the brominated flame retardants (BFRs).
Some of them are ubiquitous, and many have been detected in biota, sediments, air, water, marine
mammals and even in human milk [1-3].

It is important to note that the bulk of research done has been focused in the study of polybrominated
diphenyl ethers (PBDEs) due to their persistence and hydrophobicity, two characteristics that make them
amenable to bioaccumulation and biomagnification [4]. Due to their toxicological effects, the production
and use of PBDE formulations are banned in Europe and, Penta- and Octa-BDE formulations have been
banned in North America. Despite these bans, PRDEs continue to leach from existing products that are
in service or have been disposed of in landfills. Furthermore, industry has introduced several new
halogenated flame retardants (HFRs) in response to fire safety regulations. Some of these compounds are
hexabromocyclododecane (HBCD), tetrabromobisphencl A (TBBPA), hexachlorocyclopentenyl-
dibromocyclooctane (HCDBCQO), 1,2-bis (2,4,6-tribromophenoxy)ethane (BTBPE), bis(2-ethyl-1-
hexyltetrabromophthalate (BEHTBP), octabromotrimethylphenylindane (OBIND),
tetrabromoethyleyclohexane (TBECH) and decabromodiphenylethane (DPDPE).

On the other hand, while policy makers consider further restrictions on these currently used HFRs,
Dechlorane Plus (DP), a chlorinated flame retardant (CsH;,Cl,,) manufactured for over 40 years, has
only recently been reported in the environment and biota. DP is only produced by Oxychem (Niagara
Falls, NY) however, DP is sold worldwide including Europe and Asia [5]. DP is unregulated for use
even the United States Environmental Protection Agency (USEPA) categorized DP as a High Production
Volume (HPV) substance. It is also listed on Canada’s Domestic Substances List (DSL) but not listed
high in terms of risk for bioaccumulation because of its high molecular mass (648Da) and high log Kow
(9.3) [6]. In commercial DP products, there are two stereoisomers, syn- and anti-DP at aratio of
approximately 1:2 respectively, and plastic formulations can contain as high as 35% (weight basis) of DP
[6].

Traditionally, the analysis of HFR has been developed using gas chromatography (GC) as the principal
separation technique, due to the volatility of these compounds. In the case of the analysis of PBDES, it
has been focused almost exclusively on GC - mass spectrometry (MS). The determination using low
resolution instruments is typically made operating in ¢lectron capture negative ionization (ECNI) or
clectron ionization (EI) modes [7]. On the other hand, high resolution (HR) instruments are almost
exclusively used in EI mode coupled with mass spectrometry (EI-HRMS). HRMS offers the best
selectivity for PBDEs measurements but HR. instruments are more expensive relative to low resolution
(LR).

In the last years the analysis of other BFR compounds has been necessary, this is the case of HBCD and
TBBPA. Generally, the GC-MS analysis of HBCD has been performed using ECNI-mode obtaining a
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higher sensitivity. However, this technique has some limitations due to the interconversion of HBCD
diastereoisomers above 160°C, decomposition of HBCDs at temperatures above 240°C and partial
breakdown in dirty GC systems [8]. The analysis of more polar BFRs by GC-MS such as TBBPA would
require the use of a derivatizing reagent. In the case of TBBPA, acidification and derivatization are
compulsory before analysis by GC can be carried out [9].

Despite the limited chromatographic resolving power of liquid chromatography (L.C), methods
employing LC-MS and LC-MS-MS offer very good results for the analysis of HBCDs and TBBPA. The
identification and quantification of the three HBCD isomers is important because the isomeric patterns
differ under different production conditions and also differ among analyzed matrices. Besides with the
use of LC-MS methods, the HBCD enantiomers can be separated and determined using L C with chiral
chromatographic columns [10].

TBBPA, mainly due to its lower bioaccumulation potential, presented concentration levels lower than
those of PBDEs or HBCD in the environment [11]. However, TBBPA being a phenolic compound may
have a greater adverse effect on humans and wildlife, thus the determination of TBBPA by LC, together
with the HBCD diastereoisomers seems to be the simplest, most attractive option [10].

The main advantage of GC-MS technique is its higher sensitivity compared with LC-MS methods. Thus,
in order to improve sensitivity and specificity of LC-MS methods, in the field of environmental analysis,
the main advantages are related to tandem MS (MS-MS), using triple quadrupole instruments (QqQ), and
more recently, using LC-hybrid MS techniques such as quadrupole time of flight (QqTOF) and
quadrupole linear ion trap (QqLIT) instruments [12].

Finally, it is important to note that LC methods may be useful in the analysis of BFR metabolites and
transformation products. For example, the non polar nature of the diphenyl ether structure in PBDEs and
the introduction of polar hydroxyl functional groups upon their metabolization provide a new molecule
with different properties such as non-volatile nature does not allows the direct analysis of PBDEs
metabolites by GC-MS, the second challenge is due to these metabolites are not easily detected at low
levels by LC-MS [13].

This review summarizes current analytical methods based on the use of LC-MS-MS for selected HFRs,
such as TBBPA, HBCD, TBECH and DP, as well as for some metabolites and transformation products
of PBDEs and HBCD. Analytical performances of the different developed approaches are reported, with
emphasis on selectivity and sensitivity. Moreover, these parameters are compared with those obtained by

GC techniques.

2. PHYSICO-CHEMICAL PROPERTIES

Dissimilar physicochemical properties present the different HFR studied. The main physicochemical
properties of PBDEs, HBCD, TBBPA, TBECH and DP are summarized in Table 1. It is important to
note that some of them are now in use, banned or in revision; this is the case of TBBPA, PBDEs and

HBCD, respectively.



Introduccién general y objetivos

Capitulo 1

74

l61] £6 0ST 0S¢ L'€S9 O da
[81°9] Ts T69 L670L 8'LTh HETHED HOH€.L
L1l gs-s+ 0zL 8LI 6'cHs TOREEHED VdeeL
€9°¢ 959 S61-SL1 n s | 2mXIW [eLISNPU]
[o1°¢1] Lt'S 1T 602-L0T L'1t9 AHHED |, AdHH-* andH
zle LF] TLI-0LL " addgH-¢
LOS 88t 181-6L1 i angH-»
L6'6 0€-0T 90£-06T 656 0oge) qC1g-v29p
gy )
06'8-S¢'8 5 00T <108 OMEHY D _ A€-2190
[t1] e saadd
L6'9-t99 ¥ 018 L't9¢ OMEHY D Aag-rwad
919-L8°C Ltl €78 8'¢8¥ ONE°H D qag-ena
N — (DeST 1/8M) (Do) ssew B[nuLIo ] punodwo)
E OFH Aupgnios | wiog Sunppp | denoasjopy AIMONNS IeN2ajo N MAH

SW-01 Aq pazA[eue ¥ 11 Jo sanaadoad [earwayaoaisLyd

‘2geL



Capitulo 1: Introduccion general y objetivos

75

Due to its low solubility in water and high log K. [20], TBBPA is likely to be associated with
suspended particulate matter once released in the water column and ultimately buried in sediment
[21,22]. This compound is not frequently analyzed in environmental laboratories, may be due to its lower
bicaccumulation potential, with concentrations lower than PBDEs and HBCD in the environment.
However, TBBPA has been found in abiotic matrices as air, soil, sediment and sewage sludge [21,23,24].
PBDEs are highly hydrophobic compounds with log K, between 5.87 and 8.97 for mono-BDE to deca-
BDE-209. The physical-chemical properties differ greatly among the BDE congeners, which leads to
differences in their environmental behavior.

The physical-chemical properties of HBCD are similar to some PBDEs and other persistent organic
pollutants (POPs). HBCD is not covalently bonded to the material leading to the risk of migration out of
the product during use or disposal [16]. The dissimilarities in the structure of o-, - and y- isomer might
raise differences in polarity, dipole moment and in solubility in water. As an example, the solubility of c-
, p- and v-HBCD in water was 48.8, 14.7 and 2.1 pg/L respectively. Therefore these different properties
may explain the differences observed in their environmental behavior [25]. Covaci er ol [26] and Morris
et al. [27] found that in sediments, the distribution of HBCD isomers was the same of commercial
mixture: ¥-HBCD is the most abundant isomer. However, in biota ¢- isomer predominates over the -
isomer, and little or no presence of B-isomer exists [2,26]. a-, B- and y- HBCD diastercoisomers are
chiral, thus HBCD has three pairs of enantiomers (+)o, (-)ct, (1), (-)B. (+)v and (-)y.The enantiomers
have identical physicochemical properties and abiotic degradation rates, but may have different
biological and toxicological properties and therefore different biotransformation rates. These
transformations may result in nonracemic mixtures of the enantiomers that were industrially synthesized
as racemates [7,25].

TBECH is a polybrominated cycloaliphatic flame retardant and can exist as four pairs of enantiomers. At
temperatures above 120°C, thermal conversion of o~ and p-isomers occurs, resulting in the formation of
v- and &-isomers [6]. Little is known about this compound although it has been detected in Canadian
Arctic beluga [28], and its bioaccumulation potential is expected by the authors due to its estimated log
Kow

In commercial DP products, there are two stereoisomers, syn-DP and enti-DP resulting from the Diels-
Alder reaction of 2 mol of hexachloropentadiene with 1 mol of 1,5-cyclooctadiene [29]. Although DP
has not been measured in the environment until recently, DP has been shown to be present in air,
sediment and biota [6,19,29]. Even when its log K, (9.3) is high the detection of DP in biota suggests
that the isomers are bioavailable and bicaccumulative [6].

4. INSTRUMENTAL ANALYSIS BY LIQUID CHROMATOGRAFPHY

The need for increased capabilities in the environmental analysis of HFR is now driving to new
strategies and instrument advances. One of these advances is the use of LC-MS instruments in order to
improve the existing methodologies mainly using GC-MS. Table 2 summarized different LC-MS
methods found in the literature for the analysis of different HFRs.
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4.1 L.C-MS for TBBPA

LC-MS technique appears to be the method of choice for TBBPA analysis because no derivatization of
the phenolic group is required [11,21,26]. TBBPA is covalently bonded with the fire protected material
and is considered as the most polar molecule among major BFRs. Another advantage of the LC-MS
determination of TBBPA is the possibility to use the *C-labelled TBBP A as surrogate standard. This
greatly enhances the quality of the analytical data obtained by compensating for any matrix-related
cffects that can affect analyte ion intensity [11]. In order to obtain a good chromatographic separation of
TBBPA it is important to have into account its greatly dependence with the used mobile phase. Chu et af.
(2005) found that using methanol as mobile phase the response of target compounds was about one third
greater than when using acetonitrile. Using methanol as mobile phase, better limit of quantification
(LOQ) was obtained due to the more stable detector baseline obtained. In general, using methanol and
water as mobile phase a more advantageous analysis was obtained [3,11].

The most suitable LC-MS interface for TBBPA analysis is electrospray ionization (ESI) operating in
negative ionization mode. Tollbéck ef @l [24] reported limits of detection (L-ODs) 30 to 40 times lower
compared to atmospheric pressure chemical ionization (APCT). In addition, it permits the monitoring of
the intact TBBPA molecule through the soft ionization of ESI resulting in improved method selectivity
and accuracy. Similar results were found by Morris ef al. [27]. In terms of sensitivity, LC-ESI-MS can be
competitive with published GC-EI-MS techniques with LODs in the ppt range [32].

Another proposed method is based on the use of LC- atmospheric pressure photochemical ionization
(APPI)-MS [30] in order to analyze TBBPA and its related degradation products working with a 100-C8
column. In the case of LC-APCI-MS [31], TBBPA was analyzed simultaneously with some other BPA
halogenated derivatives using a SunFire C18 column with methanol/water as mobile phase. This method
has been applied to the analysis of water from a recycling plant.

LC-QqLIT-MS was proposed to analyze TBBPA and related compounds (bisphenol A (BPA),
monobromobisphenol A (MonoBBP A), dibromobisphenol A (DIBBP A), and tribromobisphenol A
(TriBBPA)) in sewage sludge and sediment samples [23].

On the other hand, ultra performance liquid chromatography (UPLC)-ESI-MS-MS has been reported to
analyze TBBPA in soil and food samples [50,51]. This technique combines all the advantages of LC-
MS-MS in addition to shorter residence time of the analyte on-column, minimizing the potential for
losses on-column due to adsorption and degradation. The short analysis time (4 min.) can double the
efficiency of the analytical method [11].

Some derivatives of TBBPA are also used as BFRs. This is the case of tetrabromobisphenol- A-
bis(2,3dibromopylether) (TBBP-A-dbpe), tetrabromobisphenol- A-bis(allyl ether) (TBBP-A-ac) and
tetrabromobisphenol-S-bis(2,3-dibromopropyl ether) (TBBP-S-dbpe). Recently, the mass spectra
characterization of TBBP-A-dbpe, TBBP-A-ae¢ and TBBP-S-dbpe was obtained [52]. In order to obtain
higher sensitivity for the quantification of these analytes, a LC-APPI-QTOF-MS method was performed
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achieving LODs of the method (mLODs) of 0.07, 0.03 and 1.28 ng/g wet weight (ww) for TBBP- A-
dbpe, TBBP-A-ae and TBBP-S-dbpe, respectively.

4.2. LC-MS for HBCD

4.2.1. LC-MS for HBCD diastereoisomers

To obtain HBCD diastereoisomer-specific data it is mandatory to use LC since using GC the
diastercoisomers interconvert at temperatures above 160°C. Among different MS analysers, the QqQ is
the most used [3,25]. However the increasing robustness and widespread use of ion trap instruments, due
to their high versatility and relatively low cost, led to the development of methodologies based on this
technique for HBCD detection and quantification [3,16,23,41,53,54].

There has been some concern regarding the apparent differences in the stability of HBCD
diastereoisomers in different solvents. This was explained by the relatively lower solubility of v-HBCD
in acetonitrile compared to methanol. Therefore, Tomy ef al. (2005) [16] suggested the use of methanol
for final extracts to inject in LC-MS analysis.

Regarding diastercoisomers separation, using any ratio of methanol/acetonitrile as mobile phase the
separation of all three diastercoisomers is obtained. However, an increase in the percentage of
acetonitrile in the mobile phase resulted in a slightly better separation of HBCD diastereoisomers, mainly
between p- and v-HBCD with instrumental L.OD (iL.OD) between 0.5 and 50 pg on-column [25]. In
order to enhance the signal or sensitivity, mobile phase modifiers have been used, commonly ammonium
acetate [10,55] and acetic acid [38]. It is well documented and experimentally confirmed that HBCD
tends to associate with several anions forming different adducts that can affect the sensitivity and the
accuracy of the determinations [41,42,54]. The addition of different ammonium salts to the mobile
phase, i.e. ammonium chloride or ammonium acetate, in order to encourage (chloride (Cl) method) or try
to inhibit (ammonium acetate (Ac) method), respectively, the formation of the chlorine adducts of the
molecular ion was tested. For the Cl method, the most intense ion in the adduct cluster corresponds to
m/z 676.6 that was chosen as the precursor ion, while #/z 640.6 was monitored for quantification and m/z
638.6 for confirmation purposes. In the case of Acmethod, as usual m/z 640.6 was the precursor ion, m/'z
78.9 and m/z 80.9 being the quantification and confirmation ions, respectively. The Cl method showed
higher sensitivity and LODs ¢0.23-0.41 pg on column) and LOQs (0.77-1.35 pg on column) were up to
14 times lower than those obtained applying the Ac method [41,42].

For the determination of HBCD diastereoisomers in sea lions a C30 analytical column [37] was coupled
with LC-ESI-MS-MS although the majority of published works used C18 column. A different elution
order is obtained using a C30 column: ¢-, - and B-isomer.

In order to evaluate HBCD pattern in fish and marine oil supplements a method involving the use of
UPLC-ESI-MS-MS was developed [39]. The limits of quantification for -, - and y-HBCD were
calculated obtaining values of 20, 20 and 40 pg on-column, respectively. Using UPLC less time is

required for the elution of the compounds, in this case less than 8 min were necessary.
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LC-MS or LC-M8-MS using ESI or APCI are versatile tools for the isomeric specific determination of
HBCDs trace levels monitoring the specific transitions m/z 640.6— m/z 78.9 and 80.9. Budakowsky and
Tomy (2003) [36] has shown that APCT have lower intensities compared with a similar experiment with
ESI. Consequently, ESI mode is the preferred one for determining diastereoisomers by several studies
[3,23,36]. However, Suzuki and Hasegawa [10] reported signal to noise (S/N) ratio values 2-5 times
higher compared to ESI when APCI was applied to the analysis of HBCDs in a leachate.

Different methods for the analysis of diastereoisomeric HBCD using LC-ESI-MS-MS and the selective
reaction monitoring (SRM) for the transition [M-H] (m/z 640.6) — [Br] (m/z 79 and 81) have been
developed obtaining LODs between 0.5 and 6 pg on-column [25,36]. Morris ef al. (2006) observed
differences in the sensitivity of different HBCDs between two MS instruments; ¢-HBCD proved to be
the most sensitive of the three diastereoisomers with the single quadrupole instrument, whilst y-HBCD
was the most sensitive on the ion-trap [54].

A LC-ESI-ion trap (IT)-MS method has been developed [34] to determine HBCD diastereoisomers in
marine sediment samples obtaining good precision and a wide range of linearity with LOD of the method
(mLOD) between 5 and 10 pg/g. The distribution of HBCD in Detroit River suspended sediments was
analyzed by Marvin er af (2006) [35] using PLE-L.C-ESI-MS-MS and a detection limit of 10 pg on-
column was estimated for individual HBCD diastereoisomers.

It is important to note that some other L.C-ESI-MS-MS methods have been developed for the
simultaneous analysis of diasterecisomeric HBCDs and TBBPA [3,10]. Two different LC-QqLIT-MS
methods were developed by Guerra et al. (2008) [3] comparing a SRM experiment with an enhanced
product ion (EPI) experiment to analyze o-, - and v-HBCD together with TBBPA and related
compounds (BPA, MonoBBPA, DiBBP A and TriBBPA). The developed methods display excellent
LODs in SRM mode (0.1-1.8 pg) (Figure 1), but even better results are obtained in EPT mode (0.01-0.5
pg) [3]. In order to analyze sewage sludge and sediments, the previous optimized experiment involving
SRM was used [23]. The sample extraction was based on the use of sonication-SPE obtaining mLODs
between 1.4 and 12 ng/g.

A comparison between the use of LC-ESI-MS-MS and LC-APCI-MS-MS was performed by Suzuki in
2006 [10] in order to analyze water and sediments, obtaining S/N ratios for HBCDs by APCI
approximately two to five times higher than those for ESI[10]. In the case of TBBPA the S/N for APCI
was almost half that for ESI.

Recent studies involving the use of UPL C-ESI-MS-MS for the analysis of HBCD and TBBPA through a
C18-BEH column found iL.ODs from 0.03 to 0.06 pg on-column and mLODs between 0.080 and 0.082
ng/e for sewage sludge samples [46].

It is also important to note that matrix-related effects, either signal enhancement or more commonly
signal suppression, can have a pronounced effect on quantitative measurements. Based on these

observations, the use of isotopic labelled standards are helpful to achieve accurate analytical
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measurement data on the diastereoisomers. Several methods found in the open literature includes the use

of both °C- and d,-labelled surrogates as recovery and/or instrument standards [16,25,56].

4.22. LC-MS for HBCD enantiomers

o, [i- and yv- HBCD diasterecisomers are chiral; thug HRCD has three pairs of enantiomers
(Ho, (o, (DR, B, (Hy and (-)y. The enantiomers have identical physicochemical properties
and abiotic degradation rates, but may have different biological and toxicological properties and
therefore different biotransformation rates. These transformations may result in nonracemic
mixtures of the enantiomers that were, industrially synthesized as racemates [7,40,53]. The rates
of metabolization process of the enantiomers of chiral environmental pollutants may be
significantly different, for example, there are some cases where only one enantiomer is being
decomposed, while the second is being accumulated in the environment, thig is the case of
hexachlorohexane (HCH). Because of that, an understanding of the environmental and
biological fate of the HBCD enantiomers is required.

In order to separate the enantiomers (+/~)a-, (+/-)f- and (+/-)y-HBCD, permethylated [-
cyclodextrin  ¢olumng have been successfully used [2,25,41,42,53,56]. Other chiral
chromatographic columns such as ChiraDex and ChiraSep (LiChroCART 250-4, 5um) from
Merck, did not resolved the enantiomeric separation [33]. On the other hand, good separation
was achieved using Nucleodex -PM (200 mm x 4.0 mm, 5 pm) in a single analysis with LODs
between 10 and 20 pg injected on-column. However, it is well known that ESI is subjected to
sample matrix effects that can cause enhancement or suppression of the target analytes signal
and can adversely affect their quantification [7,16]. Matrix effects are caused by coeluting
compounds that interfere with the ionization of the analyte. In order to avoid this effect that can
affect in enantiomeric fraction (EF) calculations, Marvin ef @/ [7] introduced the corrected EF
values. This correction is baged on the use of isotopic labelled standards (diz-HBCDs) since
they behave in an identical manner to their native counterparts. Two other factors influencing
the obtained EF values were observed by Marvin ef @/ (2007) [7]. The first one is the organic
solvent content in the mobile phase: a decrease of EF value with increasing organic fraction
content in the mobile phase was obgerved. The second factor is the column bleed that would
compete with the enantiomers during the ion charge process in the ion spray source.

Different enantiomeric behavior studies were done by Janak et af. [25,40] and Guerra et af. [2,53]. The
first author [25] studied the EF in different fish species from the Western Scheldt estuary, where a strong
enrichment of (+)-c-HBCD was observed for bib and whiting liver. In the case of sole, the EFs were

similar for liver and muscle, with a slight enrichment of (-)-c-HBCD. In 2008, the same author [40]
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found clear differences about o-HBCD enantiomeric fractions among the different species analyzed,
indicating species-specific stereoselective mechanism for uptake and metabolism of o-HBCD
enantiomers. In Spanish sediment samples [S3] EF obtained suggested a higher presence of (+)-c-:HBCD
and (+)-y-HBCD as compared to technical mixtures which implies that are not racemic mixtures. Finally,
EFs values in human breast milk samples from Spain have been analyzed [2]. Figure 2a shows the
chromatographic separation obtained in a standard solution, and Figure 2b presents the separation of a
human milk sample. As can be seen, low EF value was obtained for the human milk sample (around 0.3),

indicating an enrichment of the (-)-0-HBCD enantiomer in human body.

4.3. LC-MS for PBDEs and emerging BFRs

ESI, APCI and APPI are the atmospheric pressure ionization techniques commonly used in LC-MS
analyses. These techniques are suitable for the ionization of polar, less polar and slightly polar to non-
polar compounds, respectively. Although ESI efficiently ionizes the HBCD isomers and TRBPA
[3,16,22,57], the use of this ionization method for others HFRs has failed. APPI is the most used
ionization method for the analysis of PBDEs but the limited availability of APPI in most analytical
laboratories has made this mode of ionization less appealing [30,38,43,45,49]. Abdallah et af [44]
performed a '*C-labeled isotope dilution LC-APPI-MS-MS method to analyze 14 different PBDES,
between tetra- to deca-BDESs in house hold dust. Different C18-RP columns were tested and columns
with 3um particle size were preferred, because BDE-207 and BDE-208 could not be well-separated on
Sum particle size columns of different dimensions.

UPLC-APCI-MS-MS and UPLC-APPI-MS-MS were both tested for the analysis of eleven BDE
congeners through a C18-BEH column [46]. iLOD and mLOD were reported with values between 0.10
to 0.72 pg and 3 to 198 pg/g and, 0.11 to 6.3 pg and 4-380 pg/g for APCI and APPI, respectively.
Therefore, depending on the congener it seems that the APCT mode is between 2 and 8 times more
sensitive than the APPI mode for the analysis of BDE congeners.

Another method was developed to analyze 36 HFRs in fish by LC-(-) APPI-MS-MS using a C18 column
with ~2pm particle size which produced narrower peaks that improved both sensitivity and resolution
[49]. Some of the quantified HFR were 2-ethylhexyl-2,3.4,5-tetrabromobenzoate (EHTeBB), BEHTBP,
isomeric HBCD and 14 BDE congeners (BDE-17, -47, -66, -71, -77, -100, -99, -126, -138, -154, -153, -
183, -197, -205, -206 and -209) with iL.OD values from 0.5 to 40 pg on-column. Moreover, LC-APCI-
MS-MS method was also performed for the analysis of 38 HFRs in wastewater finding EHTeBB,
DBDPE, BEHTBP and TBBPA at pg/mL levels. In this method, the optimized mobile phase consisted
on amixture of water and methanol [48]. The eluent containing only methanol generated the highest
sensitivity compared to acetonitrile, acetonitrile-modified or methanol-modified mobile phases.
Methanol has a lowest boiling point (64.7°C), thus consumes less desolvation energy in the APCI source.

Consequently the analytes are more easily evaporated and ionized. As regards the use of APCI or APPL,
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the main advantage associated with using APCI over APPI is the simplicity for the analysis of these
HFRs, because APCI does not require 2 UV lamp and a dopant reagent to assist APPL

The two methods above described include DP as one of the selected HFR, although this compound
usually is detected using GC-HRMS. In LC-APCI-MS-MS and LC-APPI-MS-MS, displacement
reactions were the most dominant pathways observed. The main precursor ion observed for DP is [M-
CI+OT with chlorine loss and oxygen capture. Both proton elimination and combination reactions were
also observed during the ionization of DP isomers obtaining [M-H] and [M+O;]; [M-3Cl-2H+0] and
[M-H-4Cl] were also generated in the APCI source [48,49].

A new emerging BFR recently included in some environmental studies is the TBECH. This compound
can exist as four diastereoisomers thermally sensitive, and they can interconvert at temperatures of 123°C
or higher. Due to that, the development of a LC-MS method may be useful in order to obtain the
separation of the four isomers. Arsenault et af. (2008) [18] developed a LC-ESI-MS method for the
analysis of the four TBECH isomers. They could not detect the molecular ion, however analytes were
detected monitoring the bromide (Br') ion using SIM mode. They also observed that, using APCI

conditions, a very wealk molecular ion was generated.

4.4. BFR metabolites and transformation products

Organic compounds can enter to the environment in different manner, mainly depending on their pattern
of usage and mode of application. When they are into the environment could be widely distributed and
subjected to different processes that contribute to their elimination and/or transformation [58].
Depending on the compartment in which the transformation occurs the products could be a metabolite,
when the organism metabolism is involved or, a transformation product if it reacts in the environment.

In order to analyze metabolites and transformation products of BFRs, LC-MS is a useful technique due

to the higher polarity of these compounds compared with the parent compound.

4.4.1. HBCD metabolites and transformation products

Abdallah et ai. [33] found HBCD transformation products in dust samples via L C-MS-MS using a C18
analytical column and water/methanol as mobile phase in presence of ammonium acetate. These
products were identified as four pentabromocyclododecene (PBCDe) isomers. Moreover, two additional
peaks were observed in chromatograms, and corresponded to two congeners of
tetrabromocyclododecadienes (TBCDe). The monitoring of m/z 560.8—79.0 and 480.4—79.0 was done
for PBCDes and TBCDes, respectively. The elution of all compounds is obtained in less than 15
minutes. Different results were observed by Davis et al. [59] when analyzed wastewater sludge and
freshwater sediments by LC-APPI-MS. In this study, only one TBCDe isomer as a degradation product
of HBCD was detected. It was proposed that TBCDe is the result of a dihaloelimination reaction of
HBCD resulting in the loss of two bromines from vicinal carbons with the further formation of a double

bond between the adjacent carbon atoms.
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A small number of studies have been carried out in order to determine HBCD metabolism. In dolphins,
three HBCD metabolites were detected using a LC-ESI-MS instrument [60]: two metabolites were
identified as monohydroxy-HBCD and, the third metabolite could not be identified. Hydroxylated
metabolites of - and y-HBCD were found, however no significant decrease in o-HBCD concentration
was observed during the incubation with rat and harbour seal microsomes. However, in vitro
experiments with microsomes of dab and flounder showed that o-HBCD was also biotransformed
resulting in two monohydroxy-HBCD metabolites. Huhtala er al. [61] confirmed this result by finding a
monohydroxy-HBCD after an in vitro study in rainbow trout liver microsomes.

Brandsma et al. [62] studied the presence of hydroxylated metabolites of HBCD in three wildlife species
(tern egg, seal and flounder) as well as Wistar rats exposed to HBCD for 28 days. A total of four
different types of metabolites were found using LC-MS-MS: the monohydroxy metabolites of TBCDe,
PBCDe, and HBCD, and a dihydroxy-HBCD (Figure 3). Another metabolic pathway in the rat is
debromination of HBCD to PBCDe and TBCDe. In this study, all the hydroxylated metabolites found
with LC-MS-MS were confirmed by GC-MS, but an additional metabolite was found with GC-MS, the
dihydroxy-PBCDe [62].

4.4.2. PBDE metabolites

The nonpolar nature of the diphenyl ether structure in PBDEs and the introduction of polar hydroxyl
functional groups in the molecule upon its metabolism provide a special challenge in the analysis of
PBDEs metabolites. Due to the structural similarity of some hydroxilated (OH) PBDE compounds to
thyroid hormones such as thyroxin (T4), these metabolites are suspected to mimic hormones in the body
making them more deleterious than the parent compounds [8].

Direct analysis of OH-PBDEs by GC-MS is not amenable due to their non-volatile nature. All analytical
methods applying GC-MS for the analysis of OH-PBDE metabolites must include a derivatization step
with diazomethane. This compound needs to be handled with extreme care due to its explosive
characteristics. On the other hand, the efficiency of the derivatization varies from sample to sample since
the reaction may give less than 100% yield. Finally, additional sample preparation/cleanup steps could
introduce errors and long analysis time. For all these reasons the analysis of OH-PBDE metabolites by
LC-MS scems interesting. However, these metabolites are poorly ionized by LC-ESI-MS, and
consequently are not easily detected at low levels [9].

In 2007, Mas et al [63] proposed the analysis of eight underivatized OH-di- to OH-tetra-BDEs by
negative ion spray ionization (ISP) MS-MS in soil fish, sludge and particular matter. This method was
shown to be efficient, robust, sensitive and selective with LOQ at the high picogram per gram dry weight
level. Another LC-APCI-MS-MS method was developed for the separation and detection of nine OH-
PBDEs, ranging from tri- to hexa-brominated as well as MS-MS fragmentation information [8]. As

mobile phase, water and acetonitrile were used and the reversed-phased separation was completed on a
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C18 analytical column, resulting in a 35 min separation of the nine congeners followed by a 10 min re-
equilibration.

Methoxylated (MeO) PBDEs have been reported in a few studies and the current knowledge indicates
that the MeO-PBDEs found in wildlife are mostly a consequence of accumulation via natural sources in
marine environments such as in sponges and green algae [64]. A study was done by Kato et af. [65] for
the analysis of OH- and MeO-tetra-BDEs and of hydroxylated and methoxylated analogs of
tetrabromobiphenyl (diOH-tetra-BB and diMeO-tetra-BB) using LC-APCI-MS-MS in marine biota. A
good advantage of the proposed APCI method is that the simultaneous determination of OH- and MeO-
brominated analogs could be completed within 22 min after a single cleanup GPC procedure.

A selective and sensitive method using negative LC-APCI-MS-MS [66] was also developed to enable
analysis of selected natural persistent organohalogens accumulated in marine biota. Selected analytes
were three MeO-tetra-BDEs, a diMeO-tetra-BDE and two halogenated methyl bipyrroles (Cl-MBP and
Br,C1;-DBP). The method only required 10 min to allow the separation of selected analytes. In this
method, the fragmentation pathways of MeO-BDESs produced characteristic SRM transitions needed to
resolve isomeric compounds, [M-Br+0] and Br' ions for MeO-BDE analogues and [M-Cl+O] and Br
or degradation product ions for 1,1”-dimethyl-3,3",4,4"-tetrabromo-5,5-dichloro-2,2’-bipyrrole (BryCls-
DBP) and 2,3,3°,4,4°,5,5"-heptachloro-1"-methyl-1,2"-bipyrrole (Cl;-MBP), respectively.

Finally, a LC-ESI-MS-MS method with greater sensitivity and better separation efficiency [67] was
established for the simultaneous analysis of four estrogens, BPA, 10 OH-PBDESs, and 15 brominated
phenols (BRPs) in blood plasma sample, using dansyl chloride as derivatization agent that reacts which
provides a new method to derivatize phenolic compounds prior to LC-MS analysis (Figure 4). The
ionization and fragmentation of the isolated dansyl derivatives ESI-MS-MS resulted in protonated
molecular ions [MH]" or [MH]"-2 of their dansyl derivatives, producing the same major product ions at
m/z 171 and 156. Thus, 30 analytes belonging to four classes of phenolic compounds could be analyzed
within 22 min after sample treatment. However, the sample preparation is longer due to the use of dansyl

chloride.

5. Conclusions and luture perspectives

PBDESs have typically been analyzed using GC-MS but the high injection port temperatures required to
transfer these analytes to the GC column can result in degradation of the desired compounds. These
could oceur in the case of highly PBDEs and other BFRs such as HBCDs. In the case of TBBPA or
PBDE metabolites a derivatization step is needed, given more possibilities for errors because it is not
always reproducible and quantitative.

The LC-MS and LC-MS-MS methods appear to be methodologies of choice to analyze TBBPA, HBCD
diastereoisomers and HBCD enantiomers because no derivatization is needed, and the isomeric
separation is obtained. The ESI, APCI and APPI are the atmospheric pressure ionization modes
commonly used in LC-MS analyses. However, the use of LC-MS-MS allows the necessary sensitivity in
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order to analyze environmental samples with values in the range of low ng/g. On the other hand, the use
of PC-TBBPA, ©*C- and d;-HBCD-isomer labelled standards as internal standards enhances the quality
of the analytical data through compensation for matrix related effects that can affect analyte ion
intensity, reproducibility and trueness.

Also important is the recent development of methods for the identification of metabolites of PBDEs and
HBCD by LC-MS-MS, thereby avoiding the problems of derivatization with diazomethane.

The future challenge is to adapt these LC-MS techniques for the analysis of emerging flame retardants
such as DP, TBRECH, HCDBCO, BTBPE and DBDPE in different sample matrices, as well as their

potential metabolites and transformation products.
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FIGURE CAPTIONS

Figure 1. SRM chromatogram of HBCD, TBBP A andrelated compounds in a standard solution (500
pg/ul) by LC-ESI-MS-MS

Figure 2. Enantiomeric HBCD analysis by LC-ESI-MS-MS for: (a) standard solution at 500 pg/LL, and

(b) human breast milk sample.

Figure 3. (A) Selected ion LC-MS chromatogram of o-, B- and v-HBCD standard extract. Selected ion
LC-MS chromatograms in adipose tissue of a male rat sample: (B) PBCDe in fraction 6,
monohydroxy-HBCD in fraction 12, (C) monohydroxy-HBCD in fraction 12, (D) monohydroxy-
PBCDe in fraction 15, (E) monohydroxy-TBCDe fraction 15, (F) dihydroxy-HBCD in fraction 16.
Reproduced from reference [62].

Figure 4. LC-MS-MS MRM chromatographic profiles of 30 analytes in a standard mixture of 10 ng/mL:
E1 (1), BE2 (2), cE2 (3), EE (4), BPA (5), 2-OH-6"-Cl-BDE-7 (6), 6'-OH-BDE-17 (7), 3-OH-
BDE-47 (8), 5-OH-BDE-47 (9), 6-OH-BDE-47 (10), 4-OH-BDE-49% (11), 2-OH-6"-C|-BDE-68
(12).), 6-OH-BDE-90 (13),), 2-OH-BDE-123 (14),), 6-OH-BDE-137 (15), 3-BRP (16), 2/4-BRP
(17/18), 2,6-diBRP (19), 2,3-diBRP (20), 2,5-diBRP (21), 2.4-diBRP (22), 3.4-diBRP (23), 3,5-
diBRP (24), 2.3,6-triBRP (25), 2,3,4-triBRP (26), 2.4,6-triBRP (27), 2,3,5/2,4,5-triBRP (28/29),
3,4, 5-triBRP (30), analyzed on a 100 mm = 2.1 mm, i.d; Waters XBridge column. E1: estrone;
BE2: 17B-estradiol; oE2: 17c-estradiol; EE2: Ethinyl estradiol. Reproduced from reference [67].



90

Capitulo 1: Introduccion general y objetivos

Figure 1.
-1
- N'SBP"‘ 241142
. ﬁ BPA 227=133
» ) - [ - e [ - [ [} [} - -
o MonoBBPA 305579
. DIBBPA w10
5' » . . [ - - - " [} ] - -
! TriBBPA 46179 e
i p uC-TBBPA 55479
- TeBPA 542579
= 40, - and dyg y-HBCD oo o
o @-, B- and y-HBCD 640579

20



Capitulo 1: Introduccion general y objetivos

Figure 2.

Ha

a) - O

(-)a

b) Lhea

2res.

™y




92 Capitulo 1: Introduccion general y objetivos

Figure 3.
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1.8. Justificacion de la tesis

La investigacion de la contaminacion quimica en los ultimos afios se ha centrado en el estudio de
contaminantes que representan un riesgo para la salud humana debido a su toxicidad y a su
capacidad para producir efectos cancerigenos y/o mutagénicos, asi como por su elevada persistencia
en el medio ambiente.

La principal problematica que presentan estas sustancias, entre ellas los HFRs, es que son
introducidos continuamente al medio ambiente procedentes de su produccion industrial y utilizacion
en diversos materiales. Ademas se debe considerar su liberacion durante el periodo de vida util del
material como también en su almacenamiento para el reciclaje y/o disposicion final.

En las ultimas décadas los estudios sobre FR particularmente de PBDEs, han aumentado en todo el
mundo, debido principalmente a su persistencia y presencia en diversas matrices. Actualmente, dos
de los productos técnicos de PBDEs (PentaBDE y OctaBDE) estan siendo eliminados o han sido
prohibidos en Norteamérica y Europa, mientras que el DecaBDE ha sido prohibido en Europa y, en
EE.UU. su produccion, importacion y venta sera discontinuada a fines de 2013.

Al comienzo de la presente tesis, en el aflo 2006, grupos de investigacion involucrados en el campo
de los BFRs comenzaban con la optimizacion de métodos que permitieran el analisis de HBCD en
matrices ambientales. Por otro lado, segun datos del Foro Ambiental de la Ciencia del Bromo
(BSEF, del inglés bromine science of environment forum) del 2001 se indicaba que el uso de BFR
era liderado por TBBPA (59%), ademas de mostrar un incremento en el uso de HBCD a nivel
mundial.

Se espera que tras la disminucién del consumo y produccién de PBDEs, otros FR sean utilizados de
forma creciente para sustituirlos. Este es el caso de HBCD y TBBPA, ademas de otros FR
emergentes. Por ello, es de vital importancia realizar estudios de evaluacion de su riesgo ambiental.
Para esto es necesario obtener informacion sobre su presencia, destino y transformacion en el medio
ambiente, ademas de evaluar la posible exposicion de los seres humanos a estos compuestos.

Para lograr obtener esta informacion, el primer paso imprescindible es disponer de metodologias
analiticas fiables y suficientemente sensibles para lograr determinar los niveles ambientales.

Una vez la comunidad cientifica logre aportar datos suficientes sobre presencia, destino,
comportamiento y toxicidad, se podra evaluar si es o no aconsejable continuar utilizando estos
HFRs o, si por el contrario, estos nuevos HFRs emergentes deben ser también prohibidos, al igual

que sus antecesores los PBDEs.
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1.9. Objetivos generales
Teniendo en cuenta todo lo expuesto anteriormente y basandonos en la necesidad de establecer
nuevas metodologias de analisis y a fin de analizar el riesgo ambiental de los FR halogenados en

una variedad de muestras, se establecieron los siguientes objetivos para la presente Tesis Doctoral:

1. Desarrollar y validar metodologias de analisis sensibles y selectivas utilizando la
técnica de LC-MS/MS, que permitan la determinacion de BFR en diversas matrices

ambientales y bioldgicas.

2. Aplicar los métodos desarrollados para la determinacion del impacto ambiental de los
FR en el medio acuatico. Para ello, se estudiaran los sedimentos y biota de diferentes

cuencas hidrograficas espaiiolas, asi como los lodos de diferentes EDARs.

3. Estudiar también el impacto ambiental en el medio terrestre. Para ello, estudiar la
biodisponibilidad de FR emergentes en huevos de aves ubicadas en la parte superior de la

cadena trofica, tales como el halcon peregrino (Falco peregrinus).

4. Evaluar el grado de exposicion humana a diversos HFRs mediante el estudio de leche

materna, asi como de complementos de la dieta espafiola.
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2. DESARROLLO DE METODOS ANALITICOS

2.1. Introducciéon

En el Capitulo 1 hemos sefialado que en los tltimos afios el consumo de HBCD ha ido en aumento,
por lo tanto es de preveer que cada vez tenga un mayor impacto en matrices medioambientales
como sedimentos, suelos y biota, como también en muestras humanas. Los primeros métodos de
analisis de HBCD se basaron en el uso de la GC, pero esta técnica tiene limitaciones, dado que solo
puede proporcionar informacion acerca de la concentracion total de HBCD. En la Figura 2-1 se
observa la coelucion de los diastereoisdémeros de HBCD en un tnico pico de mayor amplitud. Es por
ello que al comienzo de esta tesis el primer paso fue el desarrollo de un método sensible, selectivo y
reproducible utilizando LC-MS/MS que permitiera determinar los isémeros de HBCD de una forma
fiable. También se sabe que otros HFRs tienen problemas para ser analizados por GC-MS, como es
el caso de TBBPA. Por lo tanto, era de nuestro interés lograr un método de analisis por LC-MS/MS

capaz de llevar a cabo el analisis simultaneo de dos FR, HBCD y TBBPA.

Abundance BDE-153
1500000
BDE-154
1000000
BDE-47
500000 HBCD
BDE-183
BDE-100 bE
M. AL
55 min.

30 35 40 45 50

Figura 2-1. Ejemplo de la separacion cromatografica de HBCD por GC-MS utilizando una
columna DB5-MS.

Para una mejor comprension del comportamiento de HBCD en el medio ambiente es vital contar
con la informacion adecuada respecto a la presencia de a-, - y y-HBCD. Consecuentemente, hemos
desarrollado un método que permite no solo la determinacién del HBCD, sino que también y de
forma simultanea, el analisis de otro BFR, el TBBPA y sus derivados mediante el uso de LC-ESI-
MS/MS el cual se encuentra detallado en el articulo #2: Identification and trace level determination
of brominated flame retardants by LC-quadrupole linear ion trap (QqLIT) mass spectrometry.
Posteriormente el método analitico lo aplicamos al analisis de dichos BFRs en muestras de lodos de

depuradora y sedimentos, desarrollando un método de extraccion y purificacion. Este trabajo se
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resume en el articulo #3: Simultaneous determination of hexabromocyclododecane,
tetrabromobisphenol A, and related compounds in sewage sludge and sediment samples from Ebro
River basin (Spain).

Por otro lado, los isémeros del HBCD son quirales y por lo tanto pueden presentarse como parejas
de enantiomeros, los cuales tienen propiedades fisico-quimicas idénticas, excepto en dos aspectos:

- Rotan el plano de la luz linealmente polarizada en direcciones opuestas, aunque en cantidades
iguales.

- Reaccionan a diferentes velocidades con otros compuestos quirales, pero lo hacen a la misma
velocidad con compuestos aquirales.

De esta forma, los enantidmeros tienen propiedades idénticas en un medio simétrico, pero sus
propiedades pueden ser diferentes en un medio asimétrico. Este es el principio basico para la
cromatografia enantioselectiva, donde la fase estacionaria quiral que se utiliza conforma el entorno
asimétrico, segun sea necesario. Por lo tanto, la formaciéon de complejos diastereoisoméricos entre
los enantidmeros respectivos y la fase estacionaria quiral dan lugar a diferentes tiempos de
retencion, permitiendo una separacion enantioselectiva. Por el contrario, diasterecoisomeros que
poseen propiedades fisicas diferentes, también se pueden separar en fases estacionarias aquirales
(Huhnerfuss y Shah 2009).

Los procesos bioldgicos generalmente proceden con enantioselectividad. Por ello los resultados de
investigaciones enantioselectivas de compuestos quirales pueden aportar informacion valiosa sobre
la biodisponibilidad y la acumulaciéon de contaminantes antropogénicos a lo largo de la cadena
trofica.

En los estudios sobre enantidmeros es importante calcular su composicion enantiomérica, la cual
usualmente se presenta como EF y se calcula a partir de las areas de los picos cromatograficos de

los enantiomeros (A, y A.), utilizando la siguiente formula:

EF=A./(A.+A)

Los contaminantes quirales originalmente son producidos industrialmente como racematos
(EF=0,5). Sin embargo al entrar en contacto con un sistema bioldgico se puede producir el
agotamiento o acumulacion de uno de los enantiomeros. Al comparar los EF de un patron o del
producto industrial con muestras del medio ambiente, puede observarse una desviacion del valor
racémico, indicando la bioactividad del compuesto quiral (Eljarrat et al., 2008).

Dada la importancia de poder determinar el comportamiento enantiomérico de HBCD,
desarrollamos un método analitico para la determinacion de las parejas de enantidomeros (+/-) o-,

(+/-) B-y (+/-) y-HBCD vy sus respectivas EFs. Este estudio permitid la publicacion del articulo #4:
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Enantiomeric specific determination of hexabromocyclododecane by LC-quadrupole linear ion trap

(QqLIT) mass spectrometry in sediment samples.

2.2. Desarrollo de metodologia

Los tres articulos que se presentan a continuacion tienen en comun el desarrollo de metodologias
para la deteccion de BFRs en muestras ambientales utilizando LC-MS/MS. En el articulo #2 se
obtiene una nueva metodologia para la determinacion de a-, f- y y-HBCD, ademés de TBBPA y los
compuestos formados por su debromacion. En el articulo #3 se presenta el desarrollo de un método
de extraccion y purificacion de los compuestos en estudio en sedimentos y en lodos de depuradora
que provienen de aguas residuales con diferente procedencia y tratamiento. Finalmente, en el
articulo #4 encontramos el desarrollo de un método analitico que permite la determinacion
enantiomérica de HBCD por LC-MS/MS.

Separacion cromatogrdfica

Para el analisis de los diatereoisdmeros de HBCD se utilizé la cromatografia de liquidos en fase
invertida con una columna C;g3 Symmetry, siendo el orden de elucion: a-, f- y y-HBCD, tal como se
muestra en la Figura 2 del articulo # 2. El tiempo de elucion obtenido en nuestro trabajo, que
incluye la separacion de a-, §- y y-HBCD, TBBPA, BPA, monobromobisfenol A (MonoBPA, del
inglés monobromobisphenol A), dibromobisfenol A (DiBBPA, del inglés dibromobisphenol A),
tribromobisfenol A (TriBBPA, tribromobisphenol A) ademas de 4 estandares marcados
isotopicamente (d;-BPA, *C-TBBPA, dga- y d;5y-HBCD) fue de menos de 17 min., utilizando
una mezcla de agua y metanol como fase movil.

Finalmente, hay que destacar que también intentamos optimizar el analisis de los mismos
compuestos anteriores utilizando la cromatografia liquida de ultra eficacia (UPLC, del inglés ultra
performance liquid cromatography)-MS/MS con una columna UPLC Cg, para disminuir los
tiempos de andlisis. Sin embargo, la separacion de TBBPA y compuestos similares no fue posible.
Ademas la separacion cromatografica de los diastereoisomeros de HBCD obtenida fue de inferior

calidad, tal como se observa en la Figura 2-2.
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Figura 2-2. Separacion cromatografica de a-, - y y-HBCD (100 pg/uL) utilizando UPLC-
QqQ-MS.

Por otro lado, en el caso de la separacion cromatografica de los enantiomeros de HBCD, utilizamos
una columna quiral Nucleodex beta-PM, la cual fue seleccionada luego de probar otras dos
columnas enantioméricas, tal como se comenta en el articulo #4. Al optimizar la fase moévil para la
separacion enantiomérica primero se utilizd agua y metanol, de forma similar al método
diastereoisomérico pero la separacion no fue satisfactoria, tal como se observa en la Figura 2-3a.
Una vez que incorporamos acetonitrilo a la fase movil obtuvimos la separacion de los seis
enantiomeros. Los tiempos de elucion son en torno a los 5 min., siguiendo el siguiente orden: (-) a-,

() B-, (+) a-, (+) B, (+) y-y (-) y-HBCD, tal como en la Figura 2-3b.
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Figura 2-3. Cromatograma obtenido para una mezcla de estandares de a-, -y y-HBCD con a) agua
y metanol, b) agua, metanol y acetonitrilo en la fase movil.
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Deteccion por MS

Para los tres trabajos que se revisan en este capitulo, el andlisis por espectrometria de masas se basa
en el uso de un instrumento hibrido del tipo Qg/trampa lineal de iones (LIT, del inglés lineal ion
trap) (MSD Sciex 4000QTrap), equipado con ESI. La deteccion de los isomeros de HBCD y de
TBBPA se basa en la monitorizacion de la transicion [M-H]" — [Br]”, donde para HBCD nativo la
transicion de cuantificacion es m/z 639 — m/z 79, mientras que la confirmacioén se hace con la
transicion m/z 639 — m/z 81. En el caso de los isdmeros marcados d;g-HBCD, se monitorizan las
transiciones m/z [dig-M-H]" m/z 656— m/z 79 y 81. Mientras que para TBBPA las transiciones son
m/z 543— m/z 79 y 81.

Hay que seflalar que una de las caracteristicas importantes del instrumento con que hemos trabajado

(QTrap) es la capacidad de trabajar con el tercer cuadrupolo (Q3) configurado como cuadrupolo o
como una LIT. Por ello, nos parecié interesante poder comparar las caracteristicas de
funcionamiento de ambas configuraciones. Es sabido que la LIT ofrece algunas posibilidades
adicionales de exploracién, porque los iones pueden ser almacenados durante un tiempo
determinado, dando como resultado una mayor sensibilidad. De esta forma, el QTrap fue operado en
modo IDA mediante la combinacion de SRM con el modo enhanced product ion (del inglés EPI) a
tres energias de colision diferentes (CE, del inglés collision energy). Esto permite maximizar la
cantidad de informacion que puede ser aprovechada en una sola pinchada al combinar dos o mas
modos de analisis diferentes de una manera secuencial, ademas de poder obtener una confirmacion

adicional en la identificacion de los analitos que se analizan.
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We describe the development of instrumental methodology for the simultaneous determination of
hexabromocyclododecane (HBCD) diastereoisomers and tetrabromobisphenol A (TBBPA) and its
derivatives by liquid chromatography/quadrupole linear ion trap mass spectrometry (LC-QqLIT-MS).
Two different experiments were developed, optimized and compared. The first is based on a selected
reaction monitoring (SRM) method in which the two most abundant transitions were selected for each
analyte, as well as for the internal standards. In the second, the ion trap was used for the storage and
subsequent fragmentation of precursor ions, obtaining an enhanced product ion (EPI) experiment.
Both methods were validated by ring quality par ters such as linearity, sensitivity, repro-
ducibility and repeatability. Limits of detection (LODs) were in the range of 0.1-1.8 pg and 0.01-0.5 pg
for SRM and EPI experiments, respectively, being lower than those published for the LC/QqQ-MS
methods. Thus, LC-QqLIT-MS, used for quantification and confirmation, proved to be a powerful and

very sensitive analytical tool. Copyright () 2008 John Wiley & Sons, Ltd.

Brominated flame retardants (BFRs) are a structurally
diverse group of chemicals that are used in a variety of
commercial applications to prevent fires, by reducing the
flammability of combustible materials such as plastics and
synthetics polymers.’ BFRs include polybrominated diphe-
nyl ethers (PBDEs), polybrominated biphenyls (PBBs),
hexabromocyclododecane (HBCD) and tetrabromobisphe-
nol A (TBBPA). The Bromine Science Enviromental Forum
(BSEF) estimated the usage of selected BFRs in different areas
of the world in 2001, with TBBFA being the most used (59%)
and showing an increased use of HBCD.?
Tetrabromobisphenol A is the primary flame retardant
used in electronics circuits and is preferred over other BFRs
because it can be covalently bound to the polymer in the
manufacturing procr:ss." It is not, however, frequently
analyzed in environmental laboratories, perhaps because
of its lower bioaccumulation potential, with concentrations
lower than PBDEs and HBCD in the environment. However,
TBBPA, being a phenolic compound, may have a greater
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adverse effect on humans and wildlife.! Due to its low
solubility in water (0.72mg/L) and high log K. (4.5),
TBBPA is likely to be associated with suspended particulate
matter once released in the water column and ultimately
buried in sediments.™ There are indications of the potential
toxicity of TBBPA as an endocrine disruptor and immuno-
toxic compound”® and other studies showed that is toxic to
aquatic life.”"" Biodegradation studies have shown that
TBBPA can be partly degraded to less brominated analogues
under both aerobic and anaerobic conditions in soil and
river sediment.”'" This degradation is dependent on type,
temperature, humidity and composition of the environmen-
tal matrix;” for example, Ronen and Abeliovich™ reported a
half life of 5 days for TBBPA in anaerobic sediment.
Hexabromocyclododecane, a brominated cyclic hydro-
carbon, is the principal flame retardant in polystyrene foams
and is used as thermal insulation in the building im:luslry.]'1
Technical 1,2,56,9,10-HBCD is produced industrially by
addition of bromine to cis-trans-trans-1,59-cyclododeca-
triene. This process leads theoretically to a mixture of 16
stereoisomers, six pairs of enantiomers and four mesoforms.
The product is usually a mixture of the three diastereoi-
somers u-, f- and -, but some authors have also found &- and
s-diastereoisomers.”> Normally, the y-isomer is the most
abundant in commercial mixtures (ranging between 75 and
8949%), followed by the a- and then the f-isomer (10-13% and
1-12%, rl:spel:tivel)f}." The physicochemical properties of
HBCD are similar to those of PBDEs and other persistent
organic pollutants; in fact the log K., of HBCD is 5.6 and that

Copyright © 2008 John Wilev & Sons, Ltd,
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places it in the optimum range for bioaccumulation.”> HBCD
is not covalently bonded to the material into which it is
impregnated, leading to the risk of migration out of the
product during use or disposal.'” The dissimilarities in the
structures of the w-, f- and p-isomers might lead to
differences in polarity, dipole moment and in solubility in
water; for example, the solubilities of -, - and y-HBCD in
water are 48.8, 14.7 and 2.1 pg/L, respectively. Therefore,
these different properties may explain the differences
observed in their environmental behavior.'®

The first methods for the analysis of HECD were mainly
based on gas chromatography (GC), but GC has limitations
because it only provides information about the total HBCD

Determination of BFRs by LC/QqTOF-MS 917

isomers due to coelution of the diasterecisomers and
interconversion at temperatures over 160 C.1517 Liquid
chromatography /mass spectrometry (LC/MS) and tandem
mass spectrometry (LC/MS/MS) are currently the best
methods for measuring HBCD diasterecisomers separately
in environmental samples."™" However, GC/MS has the
advantage of higher sensitivity.” In the case of TBBPA, the
advantage of LC/MS over GC/MS is that the derivatization
step is not necessary.”’ In order to improve sensitivity and
specificity of LC/MS methods, in the field of environmental
analysis, use has been made of MS/MS, with triple
quadrupole instruments (QqQ), and, more recently, with
LC/hybrid MS techniques such as are provided by

Table 1. Structure and physicochemical properties of the selected analytes

Compound Acronym Chemical structure log Ko MW
Hexabromocyclododecane HBCD Br 5.6 641.7
Br
Br
Br Br
Br
Tetrabromobisphenol A TBBPA CHy 45 5439
cHy
Br. I Br
HO OH
Br Br
Tribromobisphenol A Tri-BBPA CH, ar 465.0
Br I T
HO OH
Br Br
Dibromobisphenol A Di-BBPA CHy 21 386.1
CHy
Br. O
HO “ “OH
Br
Monobromobisphenol A Mono-BBPA CHy ar 3072
CHy
] ‘
HO “OH
Bisphenol A BPA CHy 33 2283
‘k‘:ﬂ;‘.\
HO OH
“Estimated, not experimental (IALOG P).
Copyright ) 2008 John Wiley & Sons, Ltd. Rapid Commrun. Mass Spectrom. 2008; 22: 916-924



Capitulo 2: Desarrollo de métodos analiticos

109

918 P. Guerra ef al.

quadrupole time-of-flight (QqTOF) and quadrupole linear
ion trap (QqLIT) instruments.®

The objective of the present study was to develop a
simultaneous method for the analysis of HBCD diastereoi-
somers (v, fand p) and TBBPA and its derivatives (bisphenol
A, monobromobisphenol A, dibromobisphenol A and
tribromobisphenol A} (Table 1), based on an LC/QqLIT-MS
method. The main advantage of QqLIT over QqQ is that the
final quadrupole (Q3) can be operated in two different
modes. The first mode is based on selected reaction
monitoring (SRM), where the trap operates like a third
quadrupole, similar to QqQ instruments; and the second
uses the enhanced product ion (EFI) mode, where the ion
trap is used for storage and subsequent fragmentation of
precursor ions. ™" In this work, both modes were tested and
compared.

EXPERIMENTAL

SA A A and g e

w-, f- and y-HBCD were obtained from Cambridge Isotope
Laboratories Inc. (Andover, MA, USA) and were of
minimum 97% purity; TBBPA, IJC'TBBPA, dygw- and
dyg=y-HBCD were obtained from Wellington Laboratories
Inc. (Guelph, Ontario, Canada) and were of minimum 98%
purity; BPA and dys-BPA were from Aldrich (Milwaukee,
WI, USA) and were of 99% purity. Mono-BBPA, di-BBPA and
tri-BBPA were a kind gift from Dr Giran Marsh (Department
of Environmental Chemistry, Stockholm University,
Sweden).” Ammonium acetate was of minimum 98% purity
from Aldrich. Solvents for organic trace analysis were
purchased from Merck (Darmstadt, Germany). All solvents
and other reagents were of analytical grade.

Individual stock standard solutions were prepared on a
weight basis in methanol and stored at —20°C. A mixture of
all selected analyte standards was prepared by appropriate
dilution of individual stock solutions. Further dilutions of
this mixture were prepared in methanol before each
analytical run and were used as working standard solutions.
Stock solutions of internal standards were also prepared in
methanol and were stored at —20°C. A mixture of these
standards, used for internal standard calibration, was also
prepared by diluting the individual stock solutions in
methanol,

LC/QqLIT-MS analysis
The LC system used was an Agilent HP 1100 binary pump
(Agilent Technologies, Palo Alto, CA, USA) with a
Symmetry Cig column (2.1 % 150mm, 5pm) preceded by
a Cyg guard column (2.1x 10mm) supplied by Waters
(Milford, MA, USA). Experiments were carried out in
negative ion (NI) mode using H,O/methanol (3:1 v/v) as
eluent A and methanol as eluent B, at a flow rate of 0.25mL/
min. The injection volume was set at 4 pL. The elution
program started at an initial composition of 100% A and was
ramped to 10% A in 17 min and the initial conditions were
reached again in 3min and maintaned for an additional
15min.

Mass spectrometric analysis was performed with an
hybrid triple quadrupole/linear ion trap Applied Biosystem

Copyright @ 2008 John Wiley & Sons, Ltd.

MSD Sciex 4000QTRAP™ (Applied Biosystems, Foster City,
CA, USA) instrument equipped with an electrospray
ionization (ESI) Turbospray interface. All data were acquired
and processed using Analyst 14.2. software (Applied
Biosystems). For target quantitative analyses, data acqui-
sition was performed in SRM mode, recording the transitions
between the precursor ion and the two most abundant
product ions. The M5/MS conditions were optimized to
afford the highest relative signal intensity. Some parameters
were set at default values: curtain gas pressure (CUR) at
50psi, collision gas pressure (CAD) at 4.5 10" Torr,
temperature of the turbo gas in the TurbolonSpray source
(TEM) at 700°C, and the ion source gas 1(GS1) and ion source
gas 2 (GS2) pressures both at 50 psi.

Other parameters such as the declustering potential (DP),
collision energy (CE), collision cell exit potential (CXP), ion
spray voltage (I5) and entrance potential (EF) were
optimized. The DP was modified between 55 and 130V
for TBBPA and related compounds, and between 50 and
80eV for HBCD diastercoisomers. The CE, CXP, 1S and EP
optimization was carried out by modifying their values
between 10 and 110eV, 1 and 40V, 4500 and 5500V, and 5
and 30V, respectively.

For the enhanced product ion scan (EPI) method the same
detection conditions as used in the SRM method were
applied. This experiment was performed in information-
dependent acquisition (IDA) mode which combines a survey
scan with an EPI carried out at three different collision
energies, 10, 20 and 40eV, at a scan rate of 4000 m/z units/s
and a linear ion trap fill time of 20 ms.

Method characterization

The method characterization was carried out for the above
two experiments, the first one working in SRM mode and
the second in EPI mode. Quality control was carried out by
repeated injections of solvent blanks (methanol) and
standards. Identification of selected analytes was based
on the following restrictive criteria: (i) the retention time for
all monitored transitions for a given analyte should
maximize simultaneously £1s, with a signal-to-noise ratio
>3 for each; and (ii) the ratio between the two monitored
transitions should be within 15% of the theoretical value
(calculated upon standards). Quantification was carried
out by an isotopic dilution technique, based on the addition
of labeled standards: dqg-«-HBCD for w- and g-HBCD
quantification, ds-y-HBCD for y-HBCD, d;,-BPA for BPA
and “C-TBBPA for TBBPA, ti-BBPA, di-BBPA and
mono-BBPA. The linearity of the method was checked
using calibration curves made from standard solutions at
six concentration levels (5, 50, 100, 500, 1000, 2500 and
5000 pg/uL), and by triplicate injections. The precision of
the method was determined by repeated intra-day and
inter-day analysis with five successive injections of a
standard solution in one day and on five successive days,
respectively. The instrumental limit of detection (LOD),
defined as 3 times the noise level, and the limit of
quantification (LOQ), defined as 10 times the noise level,
were calculated with the first SRM transition for both
experiments.

Rapid Commun. Mass Spectrom. 2008; 22: 916-924
DOI: 10,1002/ rem
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Figure 1. Total ion chromatogram (TIC) cbtained for a stan-
dard mixture of 2500 pg/pL.

RESULTS AND DISCUSSION

Two different LC/QqLIT-MS assays were developed for the
selective identification and confirmation of HBCD diaster-
eoisomers, TBBPA and related compounds. The first is based
on a SEM experiment, and the second used an EPI
experiment.

Chromatographic separation

Various mobile phase compositions have been reported for
BPA, TBBPA or HBCD analysis by LC/MS. A series of
preliminary experiments was performed, testing different
mobile phases consisting of methanol, water and acetonitrile,
and using or not additives such as ammonium acetate, We

Determination of BFRs by LC/QqTOF-MS 919

found that the optimal separation of selected compounds
was achieved using methanol as the mobile phase, with
higher responses of target compounds than were obtained
using acetonitrile. It was also observed that the use of
additives gives a similar response for HBCD diastereoi-
somers, but that the sensitivity of TBBFA and related
compounds decreased considerably. Therefore, using metha-
nol and water as the mobile phase was concluded to be more
advantageous for this quantitative analysis. A representative
chromatogram of a 2500 pg/pL standard mixture of selected
analytes and internal standards is illustrated in Fig. 1 (see
also Table 2).

SRM experiment optimization

SRM transitions and other compound-dependent parameters
(DP, CE and CXF) were optimized by infusing via a syringe
pump a standard mixture, containing all of the compounds at
500 pg/pL. The optimum values are summarized in Table 2.
An example of the analysis of a mixture of selected analytes
using the developed SRM method is shown in Fig, 2. In all
cases the [M-H]™ ions were selected as the precursor ions in
the NI mode. The product ions observed for each target
compound were in good agreement with those previously
reported. For example, the detection of HBCD isomers was
based on the signal from the mfz 639 — 79 transition, with the
[M-H]" to m/z 81 being used as the confirmation transition.
The same transitions were selected by Budakowsky and
Tomy." For TBBPA, Saint-Louis and Pelletier” found an
abundant [M-H] ™ ion at m/z 543 with two product ions at
mfz 528 and 448 corresponding to [M-H-methyl] and
[M-H-methyl-Br] . Chu ef al.® found that the sensitivity
using the mjz 543 — 81 [Br]  transition was about 10 times
higher than that using mi/z 543 - 528. The mfz 543 — 79 and
nifz 543 — 81 transitions were selected in our study.

The MS/MS conditions were optimized to afford the
highest relative intensity (Table 2). The optimized DP values
were the same for the precursor and product ions, with
values between 65 and 120V for TBBPA and related
compounds, and between 60 and 80V for the HBCD
diasterecisomers (Fig. 3(a)). Values between 30 and 98¢V,

Table 2. MS/MS p ters for the lysis of selected compounds by SRM in negative ion mode

Precursor DP-CE-CXP DP-CE-CXP Ratio
Compound Rt (min) ion (mjz) (V-eV-V) SRM1 (mjz) (V-eV-V) SRM2 (myz) (Mean +5D)°
BPA 83 227 IM-HI~ 27>133 80-24-29 27211 0.36 +0.01
dye-BPA 84 241 [M-H] 241 =142 95-28-19 241 >223
Mono-BBPA 8.8 305 [M-H] 30579 65-M-5 305133 137 +85
Di-BBPA 9.4 385 [M=H] 38579 75-44-7 385> 81 114004
Tri-BBPA 10.0 461 [M-HI] 120-74-1 461 >79 120-52-15 461 > 338 4.1+020
YC-TBBPA 105 555 [M-H] 120-98-3 55579 120-98-5 555 81
TBBPA 10.9 543 [M-H] 105-84-1 54379 105-92-1 54381 0.96 +0.05
a-HBCD 133 639 [M-H]| 60-46-1 639 > 79 60-38-3 639 > 81 204020
f-HBCD 144 639 [M-H]~ 60-46-1 639> 79 60-38-3 639 = 81 2.1:+0.20
y-HBCD 149 639 [M-HI~ 60-46-1 639> 79 60-38-3 639 = 81 1.9+0.21
dyge-HBCD 13.1 656 [M-H]" 80-46-1 656 =79 80-50-1 636 = 81
dygy-HBCD 14.7 656 [M-H]| 80-46-1 656> 79 80-50-1 656 > 81

Rt: retention time; DP: declustering potential; CE: collision energy; CXP: collision cell exit potential; SRM1: first transition, used as quantitative
transition; SRM2: second transition, used as confirmative transition; Ratio =5RM 1 abundance/SRM 2 abundance; 5D standard deviation;

“calculated upon the standard calibration curves.

Copyright © 2008 John Wiley & Sons, Ltd.
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Figure 2. SRM chromatogram obtained with the LC/ESI(-)-MS/MS method for a

standard solution (100 pg/pL).

and between 1 and 29V, were found for CE and CXP
optimization, respectively (Fig. 3(b)). Finally, the IS and EP
were set at, respectively, 4500V and 10V for all the selected
analytes.

EPI experiment optimization

In addition to all the capabilities of a triple quadrupole, the
fact that the apparatus can be operated with Q2 configured as
the final analysis quadrupole in a conventional tandem triple
quadrupole mass spectrometer or as a linear ion trap mass
spectrometer allows comparison of the performance charac-
teristics of the two operational modes. The linear ion trap
(LIT) offers some extra scan possibilities, because it can be

Copyright () 2008 John Wiley & Sons, Ltd.

filled with ions during a specified time, resulting in more
sensitive scan modes: enhanced MS (EMS), enhanced
product ion (EPI) and MS/MS/MS. Using the QqLIT
configuration and with the EP] mode, the selection of the
precursor ion is performed in Q1 using radio-frequency
(RF)/direct current (DC) isolation at any resolution.
Collision-induced dissociation (CID) occurs in collision cell
q2, and product ions are trapped in Q3 operated in the LIT
mode. RF/DC isolation has a significant advantage over
isolation waveform where, for the isolation of fragile ions,
elimination of the precursor ion can be observed.

In addition, the QTRAP™ instrument allows us to use
IDA, a procedure for maximizing the amount of information

Rapid Commiin. Mass Spectrom. 2008; 22: 916-924
DO 10,1002/ rem
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Figure 4. IDA experiment for the determination of monobromobisphenol A in a standard solution

(100 pg/pL): (a) SRM transition and (b) EPI at a CE of 40eV.

Copyright i 2008 John Wiley & Sons, Ltd.
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Table 3. Quality parameters for SRM and EPI methods (RSD: relative standard deviation)

SRM EPI

LOD LOQ Repeatability Reproducibility LoD LOQ Repeatability
Compound R* (pg)  (pg) (% RSD,n=5 (% RSD,n=5) R* (pg)  (pg) (% RSD,n=5)
Bisphenol A 0999 18 6.0 50 19 0995 05 16 20
Monobromobisphenol A 0.998 0.3 i) 47 44 0.999 0.1 0.2 7.0
Dibromobisphenol A 0.999 02 0.7 53 89 0998 003 0.1 56
Tribromobisphenol A 0998 04 13 48 16 0992 01 0.2 41
Tetrabromobisphenol A 0.998 01 0.2 31 81 0.996 0.01 0.03 35
a-Hexabromocyclododecane (0,995 0.5 17 57 12 0.992 0.2 L6 58
f-Hexabromocyclododecane 0,991 0.5 18 5.6 1 0.995 01 0.3 55
y-Hexabromocyclododecane 0,998 12 4.0 53 6.5 0.991 0.3 1.1 49

that can be exploited in a single LC/MS/MS run because it
combines two or more different scans modes in a sequential
fashion with an EPL

In our QqLIT experiment, the same parameter values that
were optimized for the SRM method were applied (Table 2).
Moreover, the fill time of the LIT was optimized, showing the
best result at 20 ms. Finally, the collision energy was set at 10,
20and 40 eV. As an example, a representative chromatogram
obtained for the deter tion of mona-BBPA at 100 pg/pL
by the EPI method is shown in Fig. 4. The same precursor ion
product transition selected for the SRM experiment was also
used for the EPl method, corresponding to formation of the
[Br]™ ion from the [M-H] ion.

Method characterization

Quality assurance of the developed methods was evaluated
by measuring its linearity, sensitivity, reproducibility and
repeatability. Characterization data for the two proposed
methods are presented in Table 3. Calibration curves were
generated using linear regression analysis over the estab-
lished concentration range (5-5000 pg/pL). Both methods
{SRM and EPI) gave good fits, with R? always higher than
0.99. The variability (n=>5) of the SRM experiment was
acceptable, with values below 6% and below 12% for
run-to-run and day-to-day, respectively. For the EPI
experiment, similar values were obtained,

For the SRM experiment, the LOD and LOQ were between
0.05 and 1.8 pg and between 0.2 and 6.0 pg, respectively. For
the EF1 experiment, the LODs were between 0.01 and 0.5 pg.
Very little published information could be found on
validation data for HBCD and TBBPA determination. Morris
etal,” whoused a single quadrupole, found that the LOQ for
HBCD was 150 pg on-column. Gémara et al.,” who used LC/
ion trap MS/MS for HBCD determinations, obtained LODs
between 30 and 86 pg. On the other hand, Budakowsky and
Tomy'” obtained, using a triple quadrupole mass spec-
trometer, LODs of between 4 and 6 pg injected for HBCD; this
was also higher than our results. For TBBPA and related
compounds, there is no information about the quality control
of the published methods although all the published values
were higher than our results, It should be pointed out that a
more realistic comparison would be with LOD values
obtained using the new generation of QqQ instruments,
but unfortunately these data are not available.

Copyright © 2008 John Wiley & Sons, Ltd.

If we compare our LODs for the SRM and EPI modes, we
observe that the EPl method gives slightly better sensitivity.
The same situation was observed for other applications such
as the analysis of rc‘serpinc” and the characterization of drug
metabolites.*®

The applicability of the LC/QqLIT-MS method working in
the EPl mode was tested with extracts of real samples
including different matrices such as sediment and biota.
Sample preparation of extracts was carried out using a
selective pressurized liquid extraction (SPLE) method in
which the extraction and purification steps were carried out
simultaneously.”™ As an example, Fig. 5 shows the determi-
nation of BPA in a sediment sample working with the
developed IDA experiment. We can observe the BPA
transition from the [M-H]™ ion at m/z 227 to 133. Moreover,
the full scans obtained at different CEs gave useful
information, because the fragmentation varies with the
energy applied. In the case of BPA, working at low CE (10
and 20eV) basically only the [M-H]  ion was detected.
However, when the CE was increased to 40eV, more
fragmentation was observed with product ions at m/z 133
and 211,

CONCLUSIONS

A simultaneous method for the analysis of HBCD diaster-
eoisomers, TBBPA and related compounds was developed
and characterized. Through the use of a methanol /water LC
gradient, it is possible to completely separate TBBPA,
tri-BBPA, di-BBPA, mono-BBPA, BPA, «-, fi- and y-HBCD
diasterecisomers in a short time (less than 15min).

Two different M5/MS methods were developed. The first
was based on a SRM experiment and the second on an EFI
experiment. Both methods are more sensitive than other
published studies with LODs below 1pg. The developed
methods display excellent detection limits in SRM mode
(0.1-1.8 pg), but slightly better results are obtained in EPI
maode (0.01-0.5 pg). Moreover, the selectivity was enhanced
by working with 1DA, because we can obtain the complete
spectrum for the fragmentation of the [M=H] ™ ion, opening
the possibility for the identification of potential product ions
of selected precursor ions. Thus, we propose for the
unequivocal analysis and quantification of brominated flame
retardants in environmental samples at the ultratrace level
the use of the IDA experiment working in the EPI mode.

Rapid Commmn. Mass Spectrom. 2008; 22: 916-924
DOI: 10,1002 frem
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Figure 5. Determination of BPA in a sediment sample by IDA experiment, showing the selected transition and
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Abstract This paper describes the development of a
methodology for the simultancous determination and
quantification of hexabromocyclododecane (HBCD), tetra-
bromobisphenol A (TBBPA), and related compounds
(bisphenol A, monobromobisphenol A, dibromobisphenol
A, and tribromobisphenol A) in sludge and sediment
samples. The selected method is based on an extraction
with dichloromethane: methanol followed by purification
via SPE C,s carridges. Instrumental determination was
carried out by liquid chromatography—quadrupole linear ion
trap mass spectrometry (LC-QgLIT-MS), with quantifica-
tion based on isotopic dilution method. Analyte recoveries
were in the range of 39-120% and 88-126% for spiked
sewage and sediment, respectively. Repeatability of repli-
cate extractions was better than 13% relative standard
deviation. Linearity was checked in the range of 0.05 and
25 injected nanograms. Limits of detection (LODs) and
limits of quantification (LOQs) were in the range of 0.6
and 2.7 ng/g and 1.4 and 66 ng/g for sediment and sludge
samples, respectively. The developed method was applied
to sewage sludge and sediment samples collected along the
Ebro River and Cinca River, one of its tributaries (northeast
of Spain). TBBPA levels in sewage sludge ranged from not
quantified to 1,329 ng/g dw, whereas levels in sediment
samples were lower, between not detected and 15 ng/g dw.
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As regards HBCD, concentrations were between not
detected and 375 ng/g for sludge samples and 0.8 and
1850 ng/g for sediments.

Keywords Waste/sludge - HPLC - Organic
compounds/trace organic compounds

Introduction

Brominated flame retardants (BFRs) are a structurally diverse
group of chemicals that are used in a varety of commercial
applications to prevent fires by reducing the flammability of
combustible materials such as plastics and synthetics polymers
[1]. BFRs include polybrominated diphenyl ethers (PBDEs),
polybrominated biphenyls (PBBs), hexabromocyelododecane
(HBCDY}, and tetrabromobisphenol A (TBBPA). The Bromine
Secience Environmental Forum (BSEF) estimated the usage of
selected brominated flame retardants in different areas of the
world in 2001. TBBPA was the most used (59%) showing a
usage increase for HBCD in replacement of the baned
PBDEs [2].

TBBPA is employed both as a chemical bound flame
retardant (~90%) in the manufacturing of epoxy, phenolic,
and polycarbonate resins, and as an additive flame retardant
[3]. The annual global market of this compound was over
170,000 tonnes in 2004 [4], being produced just in the
USA, Israel, and Japan [5]. However, TBBPA could be
imported into a eountry as a primary product or in finished
or partially finished products.

Due to its low solubility in water (0.72 mg/l) and high
log K., (4.5), TBBPA is likely to be associated with
suspended particulate matter once released in the water
column and ultimately buried in sediments [6, 7]. Although
it is not frequently analyzed in environmental laboratories,

4) springer
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may be due to its lower bioaccumulation potential, with
concentrations lower than PBDEs and HBCD in the
environment. Although, TBEBPA has been found in abiotic
matrices as air, soil, sediment, and sewage sludge [6, 8-10].

There are indications about the potentially toxicity of
TBBPA as an endocrine disruptor, immunotoxic, and
neurotoxic compound [3, 11, 12]. Other studies showed
that it is toxic to aquatic life [13]. TBBPA could be
dehalogenated under anaerobie [4] and aerobic [14] con-
ditions to yield bisphenol A, a widely used compound with
reported disrupt endocrine function [15].

HBCD is the principal flame retardant in polystyrene
foams and is used as thermal insulation in the building
industry [16]. The commercial product usually is a mixture
of the three diastereoisomers -, -, and y-. Normally, the
Yy-isomer is the most dominant in the commercial mixtures
(ranging between 75% and 89%), followed by - and then
B-isomer (10-13% and 1-12%, respectively) [17]. The
physical-chemical properties of HBCD are similar to
PBDEs and other persistent organic pollutants; in fact, the
log K, of HBCD is 56 and that valor places in the
optimum range for bioaceumulation [16]. HBCD is not
covalently bonded to the material leading to the risk of
migration out of the product during use or disposal [18].

Some studies indicate a possible role of HBCD as endocrine
disruptor [19, 20]. In other works, reproduction-related effects
[21] and neurotoxic effects in mice were found [22],

First methods for the analysis of HBCD were bhased on
gas chromatography (GC), but it has limitations because
only provided information about the total of HBCD isomers
due to the diastereoisomers coelution and interconvertion at
temperatures over 160 °C [18, 23]. Liguid chromatography
mass spectrometry (LC-MS) and tandem mass spectrometry
(LC-MS-MS) are currently the best methods for measuring
HBCD diastereoisomers scpm'atc'ly in environmental sam-
ples. On the other hand, TBBPA is also detected by LC-MS
and LC-MS-MS [7, 24-26]. The main reason is that using
gas chromatography mass spectometry (GC-MS), a deriv-
atization step is necessary for its detection [27].

The development of analytical methods to analyze BFRs
is a hard task because of the complexity of the environ-
mental matrices and of the usually low concentrations of
target compounds [28]. Liquid-solid extraction, using
Soxhlet apparatus, is a widely used standard technique.
Typical solvents used for the extraction of BFRs are
toluene, dichloromethane (DCM), acetone, and hexane:
acetone or hexane:DCM mixtures, However, new extrac-
tion techniques such as pressurized liquid extraction (PLE)
have also been evaluated [29]. Although higher costs are
mvolved compared with Soxhlet extraction, these techni-
ques have the advantage of lower solvent consumption,
which makes the long-term cost lower and the procedures
more environmentally friendly. Use of PLE has been

€ springer

reported in some recent BFR studies with heptane and
hexane:DCM mixture applied as solvents extractors [30].

The objective of this work was to develop a sample
preparation methodology followed by LC-MS-MS determi-
nation that allows a sensitive, precise, and simultaneous
analysis of HBCD, TBBPA, and related compounds
(bisphenol A (BPA), monobromobisphenol A (MonoBBPA),
dibromobisphenol A (DIBBPA), and tribromobisphenol A
(TriBBPA)) in sewage sludge and sediments samples. The
developed methodology will be then applied to study the
concentration levels in sediment and sludge samples from
Ebro River basin.

Materials and methods
Standards and reagents

TBBPA, “C-TBBPA, dg-c-, dyg-p-, and dyg-y-HBCD
were obtained from Wellington Laboratories Inc. (Guelph,
Canada) and were of minimum 98% purity; BPA and o, ,-BPA
were from Aldrich Chemical Co. (WI, USA) and were a
99% of purity. &-, -, and y-HBCD were obtained from
Cambridge [sotope Laboratories Inc. (WL, USA) and were of
minimum 97% purity. MonoBBPA, DIBBPA, and TriBBPA
were a kind of gift from Dr. Goran Marsh (department of
Environmental Chemistry, Stockholm University, Sweden).
All solvents and other reagents were of analytical grade.

Individual stock standard solutions were prepared on a
weight basis in methanol and stored at —20 °C. A mixture
of all selected standards was prepared by appropriate
dilution of individual stock solutions. Further dilutions of
this mixture were prepared in methanol, before each
analytical nm and were used as working standard solutions.
Stock solutions of internal standards were also prepared in
methanol and were stored at =20 °C. A mixture of these
standards, used for internal standard calibration, was also
prepared by diluting the individual stock solutions n
methanol.

Sample collection

The study area is located in the northeast of Spain, along
the Ebro River. Previous studies showed high BFR
contamination in this area [31, 32]. In 2008, seven samples
of sewage sludge were obtained from different waste water
treatment plants (WWTPs): Miranda de Ebro (W1),
Logrofio (W2), Pamplona (W3), Tudela (W4), Zaragoza
(W35), Lleida (W6), and Tortosa (W7). Table | summarizes
the characteristics of the studied WWTPs. In the case of
sediments samples, three sites were selected: Logrono (S1),
Tudela (82), and Zaragoza (83), belonging to the same
sampling campaign.
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Table 1 Characteristics of the waste water treatment plants (WWTP) investigated
Waste water Sample Influent flow Population Type of waste  Hydraulic Solids Primary Secondary
treatment plant  code rate (m’/day) served water treated time (h) time (days) treatment
Miranda de Ebre W1 10,090 42,000  Urban/industrial 32 N/A Activated
sludge
Logrofio W2 60,000 171,024 Urban/industrial & 6-7 Primary setlling  Activated
sludge
Pamplona Wi 126,748 355688  Urban/industrial 21 N/A Primary setiling  Activated
sludge
Tudela W4 24,680 37,300 Urban 18 - Primary setiling  Biologic
filters
Zaragoza W3 194,600 650,000 Urban 10 i4 Primary seitling  Activated
sludge
Lleida W6 54,175 137,631 Urban Tw 10 4-6 Primary setling  Activated
sludge
Tortosa w7 6,571 40937 Urban 46 19 Primary setiling  Activated
shidge

N4 not available

“Effluent flow rate (influent data were not available)

Four other sediment samples, collected in 2006 were
also selected in this study: Puente de Las Pilas (S4), 20 km
upstream from Monzon (35), a heavily industrialized town
with a very important chemical industry; Alcolea de Cinca
(56) and Fraga (87), 27 and 67 km downstream of 835,
respectively. All these sampling points are located along the
Cinea River, a tibutary of the Ebro River.

Sample preparation optimization

Sewage sludge and sediment samples were freeze dried,
and lyophilized material was ground, homogenized, and
stored in sealed containers at —20 °C until analysis.

A dry weight (dw) of 0.5 g of sample was spiked with
50 uL of a mixture of dyg-a-HBCD and d,5-y-HBCD, and
50 uL of '!C—TBBPA, hoth solutions at concentrations of
5 ng/uL. Spiked samples were kept overnight to equilibrate.

Different experiments were carried out in order to
optimize the extraction procedure. First of all, and in order
to reduce time of analysis, a pressurized liquid exwaction
(PLE) was tested [33], using a fully automated ASE 200
system (Dionex, Sunnyvale, CA, USA). Previous work was
done in order to select the most appropriate extraction
solvent, resulting in a selection of DCM:methanol (MeOH:
1:9, v/v; data unpublished). The aim to use non-polar DCM
is to allow solvatization of target analytes whereas MeOH
is dedicated to allow rupture of analyte-matrix interactions
[34]. Four tests were carried out applying PLE (M] to M4).
The temperature of cell extraction was optimized, modify-
ing its value between 50 and 100 °C (M1 and M3 were
carried out at 100 °C, whereas M2 and M4 at 50 °C).

Moreover, selective PLE was tested in M1 and M2 using
aluminum oxide neutral into the extraction cell to perfor-
mance an in-cell cleanup. Results were compared with the
same extraction without adsorbent (M3 and M4). More-
over, ultrasound-assisted extraction (UAE) was also
checked (M3 1o M7). Extraction was based in the use of
10 mL of DCM:MeOH (1:9, vwv). Samples were sonicated
for 60 min at 30 °C and then agitated for 3 hat 25 °Cina
rotary shaker (Selecta, Spain). Samples were centrifuged
and filtered through a 0.2 pm filter (Waters Corporation,
Massachusetts, USA).

Finally, different test were performed in order to
optimize the clean up procedure by solid-phase extraction
(SPE). Three different cartridges were evaluated: SPE Ci
(3 mL, Isolute, Uppsala, Sweden: test MS5), SEP PAK
(Waters, Massachusetis, USA: test M6) and Oasis HLB
(Waters, Massachusetts, USA; test M7). The clean up was
performed as follows: each cartridge was conditioned
eluting 2 mL of DCM followed by 2 mL of MeOH. The
extract was charged and eluted with 1 ml of MeOH. To one
volume of cleaned and filtered extract two volumes of HCI
(1%) and two volumes of DCM were added. Afier agitation
and centrifugation, the organic phase was recovered and
washed with deionized water. Under a gentle nitrogen
stream, organic phase was reduced and re-dissolved with
50 uL of dys-p-HBCD and 50 uL of d1s-BPA at 5 ng/ulL
and 150 uL of methanol prior to analysis by LC-MS-MS.
In the case of sediment samples, the acid clean up was not
Necessary.

For each method, three blanks and four repetitions were
prepared.
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Chromatographic separation

The LC system used was an Symbiosis Pico (Spark
Holland, Emmen, The Netherlands) with a Symmetry Cg
column (2.1 mm* 150 mm, 5 wm) preceded by a Cy5 guard
column (2,110 mm) supplied by Waters (Massachuseus,
USA). Experiments were carried out in negative ionization
mode using H-O: methanol (3:1 vv) as eluent A and
methanol as eluent B, at a flow rate of (.25 mL/min. The
injection volume was set at 10 pL. The elution program
started at an initial composition of 100% A and was ramped
to 0% eluent A in 8 min, then eluent A increased to 10% in
17 min and initial conditions were reached again in 3 min
and returned to the starting conditions in 15 min [25].

Quadrupole linear ion trap mass spectrometry analysis

Mass spectrometric analysis was performed with a hybrid
triple quadrupole/linear ion trap Applied Biosystem MSD
Sciex 4000QTRAP™ (Applied Biosystems, Foster City,
CA, USA) instrument equipped with an electrospray (ESI)
Turbo spray interface. All data were acquired and processed
using Analyst 1.4.2 Software. For target quantitative
analyses, data acquisition was performed in selected
reaction monitoring (SRM).

The MS-MS detection conditions were optimized previ-
ously to afford the highest relative intensity: curtain gas
(CUR) at 50 psi, collision gas (CAD) at 45210 * tomr ,
temperature of the turbo gas in the TurbolonSpray™ source
(TEM) at 350 °C, ion source gas 1 (GS1) and jon source
gas 2 (GS2) at 50 psi.

Method characterization

After obtaining the optimum conditions, the whole method
consisted of: 0.5 g dw of sample was spiked with 50 pL of
amixture of dis-c-HBCD, ds-y-HBCD and 50 uL of "C-
TBBPA, both solutions at concentration of 5 ng/uL. Spiked
samples were kept overnight to equilibrate and extracted by
sonication with 10 mL of DCM:MeOH (1:9, vv). The
obtained extracts were cleaned with SPE Cp5 carridges.
Finally, extracts were concentrated to incipient dryness and
re-dissolved with 50 pL of dyg-3-HBCD and 50 uL of d\s-
BPA at 5 ng/pL and 150 uL of methanol prior 1o analysis
by LC-MS-MS.

Quality assurance of the developed method was evalu-
ated by measuring parameters as linearity, recoveries, and
reproducibility.

Identification of selected analytes was based on the
following restrictive criteria: (1) retention time for all
monitored transitions for a given analyte should maximize
simultaneously £1 s, with signal-to-noise ratio =3 for each;
and (2) the ratio between the two monitored transitions
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should be within 13% of the theoretical value (ealculated
upon standards).

Quantification was canied out by an isotopic dilution
technique, based on the addition of labeled standards: o, g-
o-HBCD and dys-y-HBCD were used for «- and, j3- and -
HBCD quantification, respectively. For the quantification
of BPA, MonoBBPA, DiBBPA, TriBBPA, and TBBPA,
YBC-TBBPA was utilized. The recovery evaluation was done
by the addition of d, - 3-HBCD and d,¢-BPA. The linearity of
the method was checked using calibration curves made from
standard solutions at six concentration levels (5, 50, 100,
500, 1,000, and 2500 pg/pL) and by wriplicate injections.

Results and discussion
Sample preparation optimization

Sewage sludge is a challenging matrix because it is not
uniform in its composition. The concentrations of pollutants
present in samples vary depending on the nature of the
mputs to the WWTP [28]. The complexity of sewage
sludge matrices implies the use of extraction procedures
followed by multi-step purification methods. Generally, for
the analysis of BFRs, it is necessary to remove the high
content of organic matter in sewage sludge samples.

Series of preliminary experiments with sewage sludge
were performed, testing different extraction methods. First
of all, different solvents were checked as solvent extraction:
hexane:DCM (1:1, wv), hexane:acetone (1:1, wv), and
DCM: MeOH (1:9, vw/v). The better results were obtained
using the last one, and thus, this mixture was the solvent
solution used for all the extraction optimization tests.

In Table 2 are summarized the recoveries of the different
extraction test that were tried. The first four methods (M1-
M4) were performed using PLE with the objectives to
minimize the time of analysis and to evaluate a possible
degradation of the compounds with the temperature (M1-
M4). The recoveries were not satisfactory; the biggest
problem is the matrix effect that made difficult the quantifi-
cation of the different compounds. Thus, another extraction
experiment was performed using sonication extraction (M5
MT) but a different clean up was tried with another kind of
cartridge. In the case of M5, using SPE C g cartridges, better
quality of chromatography peaks were obtained, Therefore,
M5 was selected because gives better recoveries for all
compounds of interest, between 39% and 120%.

Method validation
Quality assurance of the developed method was evaluated

by measuring parameters as linearity, sensitivity, recoveries,
and reproducibility.
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Table 2 Recoveries sewage sludge
Compound M1 M2 M3 M4 M5 Mé M7

%R RSD %R RSD %R RSD %R RSD %R RSD %R RSD %R RSD
BPA 7.6 79 nd 26 26 182 143 115 75 26 32 136 6.3
MonoBBEPA 37 18 nd nd 350 98 42 83 35 10 46 7.6
DIBBFA 41 27 nd nd 176 63 20 6.1 75 6.5 106 4.6
TriBBPA 43 30 90 309 nd nd 120 69 160 52 157 3
TEBPA 30 17 621 127 90 14 170 58 b 95 108 86 115 81
a-HBCD 32 6.3 236 9.1 74 22 160 81 39 11 68 6.6 38 12
B-HBCD 39 28 417 17 200 18 69 212 57 13 29 24 56 13
¥-HBCD 24 32 92 239 86 15 336 77 48 31 76 2.0 52 29

nd not detected, RSD relative standard deviation, M extraction method

M1: selective PLE-100 °C; M2: selective PLE-50 °C; M3: PLE-100 "C-SPE C,z : M4 : PLE-100 °C-SPE Cyg ; M5 : UAE- SPE Cy5 ; M6 : UAE-

SEP PAK; MT7: UAE-OASIS HLB

Lingarity Calibration curves were determined for all analy-
tes by LC-MS-MS. The linear calibration range used was
from 5 to 2,500 pg/uL. Good correlations were obtained
within the interval studied. The comrelation coefficients
ranged between 0.9956 and 0.9999.

Recoveries and reproducibility The recoveries (percent of
standard added to sample recovered during the whole
process) and reproducibility (relative standard deviation
(RSD) for quadruplicate analysis) of BFRs during the
sonication-SPE and LC-MS-MS were determined by the
analysis of spiked samples. The recoveries obtained with
spiked experiments in sewage sludge ranged from 39%
to 120%. The relative standard deviation between three
values was always below 13%, indicating good repro-
ducibility (Table 2). Recoveries in sediment were also
analyzed using the same extraction method. The obtained
values were 106%, 88%, 105%, 126%, and 110% for BPA,
MonoBBPA, DIBBPA, TriBBPA, and TBBPA, respective-
ly. For -, fp-, and y-HBCD the recoveries were between
53% and 89%. The relative standard deviation between
three values was always below 11%, indicating good
reproducibility.

Sensitivity The sensitivity was evaluated by determining
the method detection limits (LODmet). The detection limit
of the method, defined as the minimum amount of analyte
that can be detected with reasonable certainty for a given
analytical procedure. The LODmet were calculated for each
compound by a signal-to-noise ratio of 3 in spiked samples.
Table 3 shows the LODmet values for the determination of
the studied compounds in sewage sludge and sediment
samples. The methodology applied to sediments produced
LODmet in the range between 0.6 and 2.7 ng/g dw and the
methodology applied to sewage sludge produced LODmet

in the range of 1.4 and 66 ng/g dw. The method
quantification limits (LOQmet) were also determined. The
LOQmet, were defined as the lowest concentration of a
residue that can be identified and quantitatively measured
in sample using a developed methodology. LOQmet were
based on the peak to peak noise of the baseline near the
analyte peak obtained by analysis of spiked samples and on
minimal value of signal-to-noise ratio of 10. The applied
methodology to sediments provided a LOQmet in the range
between 1.9 and 9.1 ng/g dw and the applied methodology
to sludge provides a LOQmet in the range between 4.6 and
220 ng/g dw.

Analysis of real samples

The developed method sonication-SPE and LC-MS-MS
was applied to the analysis of sediment and sludge samples
from the Ebro river basm. Levels of HRCD, TBBPA, and
related compounds in samples are presented in Table 4.

Table 3 Limits of detection (LOD) and quantification (LOQ) for the
determination of studied compounds in sewage and sediment samples

Compound Sewage sludge(ng/g, dw) Sediment (ng/g, dw)
LOD LOQ LOD LOO
BPA 34 113 37 9.5
MonoBRPA 1.5 5.1 0.6 1.9
DIiBBPA 47 16 20 6.7
TriBBPA 66 220
TBBPA 30 9.9 27 8.9
o-HBCD 12 38 16 53
B-HBCD 14 46 s =
v-HBCD 27 9.1 22 82
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Table 4 Concentration in
sewage sludge and sediment Sample  Concentration (ng/g, dw}
samples Code
BPA MomoBBPA DIiBBPA TriBBFA TBBPFA a-HBCD 3-HBCD +-HBCD

W1 945 103 nd nd 411 nd nd nd

w2 263 nd nd nd 1329 nd nd nq

w3 834 561 660 637 597 175 6.0 375

W4 ng 4.0 nd 550 ng ng ng ng

W5 nq 2635 nd nd 379 nd nd nd

W6 132 12 nd nd 287 nd nd 2.0

w7 173 145 nd nd 1032 nd nd nd

Sl 16 nd nd ni 31 ng nd 4.6

s2 83 20 nd nd 2.8 ] nd 1

s3 23 ng nd nd nd 1.7 nd ng

54 26 g ng nd 54 nd nd 4.0

S5 24 nq nd nd 15 24 nd 1849

s6 6.6 ng nd nd ng nd nd 91
nd not detected, ng not s7 87  ng nd nd ngq 16 nd 63
quantified

Sewage sludge The content of BFRs in sewage sludge from
WWTP gives an indication of the general exposure and use
of these compounds. The range of contaminants found in
sewage sludge samples is a reflection of what is being used
in society. TBBPA was detected in six out of seven
analyzed sewage sludge samples (86%), with wvalues
between 287 and 1,329 ng/g. Only in the sample W4 was
this compound not detected, The concentration in samples
W2 and W7 were higher than 1,000 ng/g; both values are
higher than the reviewed data by Covaci et al. with values
between <0.3 and 510 ng/g dw [5]. Other values had been
reported, for example in the North Sea, TBBPA concen-
trations from <3.9 to 600 ng/g dw were found [23]. Less
concentration values were reported by Kuch et al. [35] in
sediments from Germany with an average concentration of
16.2 ng/g and a maximum concentration of 62.2 ng/g.

BPA was present in five out of seven analyzed samples
(71%) with values from 132 to 945 ng/g. This compound is
widely used in the production of epoxy resins and
polycarbonate plastics. For that reason, the presence of this
compound may due to the use of BPA directly or the
degradation of TBBPA. It is important 10 note that Ronen
and Abeliovich [14] reported production of BPA though the
biological reductive dehalogenation of TBBPA. This
phenomenon could be a consequence of debromination of
TBBPA during the wastewater treatment, or other abiotic
debromination process [6]. Meesters and Schroders [36]
found BPA with concentrations between 25-325 ug/g in
sewage sludge samples from Germany.

Mono, Di, and TriBBPA were found at concentrations
between nd-561, nd-660, and nd-640 ng/g, respectively
{Table 4). Chu et al. [6] reported lower values of Mono, Di,
and TrBBPA from not detected to 1.0, 0.18 to 0.52, and
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0.11 to (.55, respectively, in sludge from Canada. To our
knowledge, there are no more publications that report the
multiple determinations of Mono, Di, and TriBBPA in
environmental samples,

As regards HBCD isomers, &-, p-, and y-HBCD were
detected just in sample W3, with concentrations between
6.0 and 375 ng/g. Fifteen different WWTPs from The
Netherlands, UK, and Ireland, were sampled in 2002 [23].
Total HBCD was analyzed by GC-MS and levels between
not detected and 9,120 ng/g dw were found. In some
selected samples, an isomeric analysis was carried out by
LC-MS-MS. In these samples, y-HBCD appeared to
dominate the congener profiles, whereas - and p-HBCD
were present in almost equal quantities.

The main difference between the studied WWTPs is the
hydraulic retention time (HRT; Table 1) with values
between 7 h (W6) and 46 h (W7). Other factors to be in
account are the population served and the type of sewage
treated. For example, sample W3 contains all the stadied
compounds at important concentrations. This sample comes
from a WWTP that treats urban and industrial sewage water
and the population served is high (355,688 inhabitants).

Sediments Lower concentrations for all studied compounds
were found in sediment samples from Ebro River (Table 4).
DIBBPA and TriBBPA were not detected and MonoBBPA
was found just in one sample (S2). However, TBBPA was
found at values from not detected to 15 ng/g in four out of
seven analyzed samples. Another study [6] shows concen-
trations lower than 0.51 and 0.34 ng/g for TBBPA and
TriBBPA, respectively, in sediments from Lake Erie
(Canada). Neither DIBBPA nor MonoBBPA was detectable
in any of the analyzed samples.
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In the case of BPA, higher values were observed, from
6.6 1o 26 ng/g. These concentrations are higher than the
data obtained in other studies that p d wvalues
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between 1.6 and 1,849 ng/g were obtained for HBCDs.
Similar concentrations were found in another study
performed in the same area [39]. These wvalues are
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sediment samples. HBCD was detected in all sediments
analyzed. The maximum value for total HBCD concentra-
tion was 1,700 ng/g dw in freshwater sediments from the
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concentration was 510 ng/g dw. HBCD was also detected
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values between 38 and 950 ng/g dw. In the case of
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A simple and accurate analytical method to determine
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This paper describes the determination and of hexak cyclododecane (HBCD) enan-
tiomers by liquid chromatography-quadrupole linear ion trap mass spectrometry (LC-QqLIT-MS). The
method is based on the use of a chiral chromatographic column Nucleodex [-PM (200 mm = 4.0 mm,
5 wm), which allows a good separation between HBCD enantiomers [(+)a, (£} and (+)v] in less than
15 minand the detectionis by aQ-Trapi . Linearity was checked between 0,05 and 25
injected ng. Limits of detection (LODs) were in the range of 0.3-1.5 pg. limits of quantification (LOQs ) were
between 1 and 6 pg, and both values are lower than those published in the literature applying LC-MS5-MS
methods, The method was applied to sediment samples collected along the Cinca River, a tributary of
the Ebro River (northeast of Spain. Samples were extracted and purified following a pressurized liquid
extraction method. LODs of the method were between 0.12 and 561 ng/g and LOQs, from 0.38 to 1.87 ng/g.
Total HBCD levels in these sediments ranged from not detected to 2660 ng/g dry weight. Enantiomeric
fractions (EFs) were calculated and compared with EF obtained from standard injections. It is important
to note that calculated EFs were corrected using “Hyz-labeled HBCD standards, in order 1o compensate
matrix effect. EFs obtained in sediment samples suggested a higher presence of (+ Ja-HBCD and [+ }y-HBCD

in technical mixture, this suggests that it is not a racemic mixture,

1. Intreduction

Flame retardant chemicals are a structurally diverse group of
chemicals that are used in a variety of commercial applications
to reduce the risk of fire. One of this group of compounds are
the brominated flame retardants ( BFRs) which include polybromi
nated diphenyl ethers (PBDEs), polybrominated biphenyls (FBBs ),
hexabromocyclododecane (HBECD) and tetrabromobisphenol A
[TBBPA). The Bromine Science Enviromental Forum (BSEF) esti
mated the usage of selected BFRs in different areas of the world in
2001, showing increase of usage for HBCD [1] mainly in polystyrene
foams and as thermal insulation in the building industry.

The physical-chemical properties of HBCD are similar to
some PBDEs and other persistent organic pollutants, in fact the
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octanol-water partition coefficient estimation (log Kew) of HBCD
is 5.6; this means that the compound could be bioaccumulated [2].
Thus, HBECD is not covalently bonded to the material leading to the
risk of migration out of the product during use or disposal | 3], Based
upon these properties, there is a high potential for this material to
absorb soil and sediments,

Technical 1,2,5,6,910-HBCD is produced industrially by the
addition of bromine to cds-trans-trans-1,59-cyclododecatriene,
with the resulting mixture that contains three predominant
diastereoisomers a-, B- and y-HBCD [4). Normally, the y-isomer
is most dominant in the commercial mixtures (ranging between 75
and 89%), followed by a- and B-isomer (10-13 and 1-12%, respec-
tively) [5-7].

The dissimilarities in the structures of the -, B- and y-isomers
might raise differences in polarity, dipole moment and in solubility
in water; for example the solubility of c-, B- and y-HBCD in water
was 48.8, 14.7 and 2.1 pgjL, respectively. These different proper-
ties may explain the differences observed on their environmental
behaviour [5]. In sediments, the stereoisomeric profile of HBCD is
similar to that on commercial HBCD formulations, with y-isomer
being the most abundant stereoisomer. In contrast to sediments,




130

Capitulo 2: Desarrollo de métodos analiticos

82 P Guerra et al. /] Cromatogr. A 1203 (2008) 81-87

a-isomer is the most prominent stereoisomer in the majority of
aquatic invertebrate and fish samples [8,9].

Actually, LC/MS and LC/MS/MS are currently the best methods
for measuring HBCD diasterecisomers separately in environmental
samples [7,8,10-13]. Chromatographic columns such as Cyg were
used in the majority of HBCD-isomers studies. Moreover, electro-
spray ionization shows the better sensitivity.

o, B- and y-HBCD diasterecisomers are chiral; thus HBCD has
three pairs of enantiomers (+)a, (—)oe, (+}3, (=B, (+)y and (=)v.
The enantiomers have identical physicochemical properties and
abiotic degradation rates, but may have different biological and
toxicological properties and therefore different biotransformation
rates. These transformations may result in nonracemic mixtures of
the enantiomers that were industrially synthesized as racemates
[12,14-16]. The rates of metabolisation process of the enantiomers
of chiral environmental pollutants may be significantly different,
for example, there are some cases where only one enantiomer
is being decomposed, while the second is being accumulated in
the environment, this is the case of HCH [15]. Because of that, an
understanding of the environmental and biological fate of the HBCD
enantiomers is required.

The objective of this work was to develop an analytical method
for the detection and quantitation of HBCD enantiomers and for
enantiomeric fraction (EF) calculation in environmental samples.
The developed method will be applied to evaluate EFs in sedi-
ment samples collected along the Cinca River, a tributary of Ebro
River (northwest of Spain). Previous studies showed that there is an
important HBCD contamination along this river with concentration
levels up to 514 ngfg dry weight for sediment samples, and up to
1172 ng/g dry weight for fish samples [17,18].

2. Materials and methods
21, Standards and reagents

A solution of a-, - and 4-HBCDs (50 pg/mL) in toluene was
obtained from Cambridge Isotope Labs. (Andover, MA, USA) and
was of minimum 97% purity: [ ?HygJa- and [Hyg)y-HBCD {c- HBCD-
g and y-HBCD-dyg, respectively) were purchased from Wellington
Labs.(Gelph, Canada)and were of minimum 98% purity. Solvents for
organic trace analysis and neutral aluminium oxide were obtained
from Merck (Darmstadt, Germany).

Individual stock standard solutions (5 pug/mL) were prepared on
a weight basis in methanol and stored at —20°C. A mixture of all
selected analyte standards was prepared by appropriate dilution of
individual stock solutions. Further dilutions of this mixture were
prepared in methanol before each analytical run and were used
as working standard solutions. Stock solutions of internal stan-
dards were also prepared in methanol and were stored at —20°C.
A mixture of these standards, used for internal standard calibra-
tion, was also prepared by diluting the individual stock solutions
in methanol. Stability of stock solutions was controlled through
storage at —20°C; moreover, the absence of potential degradation
products was checked by injecting stock solutions in the MS instru-
ment before their use.

2.2 Sample collection

The study area is located in the northeast of Spain, along the
Cinca River a tributary of Ebro River (northwest of Spain). Previ-
ous studies showed high HBCD contamination in this area [17,18].
Four different sampling stations were selected: Puente de Las Pilas
(site 1), 20km upstream from Monzén (site 2), a heavily industri-
alized town with a very important chemical industry, Alcolea de

Ebro River Basin

Cinca River

Site 1
{Puente de las Pilas)

Site 2
(Monzdm)

Site 3
(Alcolea de Cinea)

(Fraga)

Fig. 1. Geographical situation of the Cinca River and location of sampling stations.

Cinca (site 3) and Fraga (site 4), were 27 and 67 km downstream of
site 2, respectively (Fig. 1). One superficial sediment (0-2 cm) was
collected at each different selected site.

Selection of sampling sites was cartied out onthe basis of results
obtained in previous studies on this area [1718]. In these former
studies, two sites upstream Monzén (focal point of contamination)
as control sites, and two other sites downstream Monzdn (up to
30 km of distance from focal point)were selected. In this new mon-
itoring, one site control was also selected, as well as the focal point
of contamination [Monzén). However, in order to study the effect
of the contamination along the Cinca River, different sites down-
stream Monzén were selected, covering a great distance from the
focal point {up to 67 km).

2.3. Extraction and cleanup

Sediment samples were freeze-dried, and lyophilized material
was ground, homogenized and stored in brown glass sealed con-
tainers at —20°Cuntil analysis. 0.5 g of dry weight { dw) of sediment
sample was spiked with 200 L of dyg-cc-HBCD ar Sng/pL Spiked
samples were kept overnight to equilibrate. In order to reduce
time of analysis, a pressurized liquid extraction (PLE) method
that automatically and rapidly achieves quantitative and selec-
tive extraction of BFRs was used [19]. PLE was carried out using
a fully automated ASE 200 system (Dionex, Sunnyvale, CA, USA)
using aluminium oxide neutral and Hydromatrix (Varian, Palo Alto,
CA, USA). Extraction cell was heated to 100°C and extraction was
carried out using a mixture of hexane:CH;Cly (1:1). The volume
of the resulting extract was about 35mL. Extracts were finally
concentrated to incipient dryness and re-dissolved with 20 pL of
y-HBCD-dyg at 50 pg/pl and 180 L of methanol before analysed
by LC-M5-MS,
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24, Chromatographic separation

The LC systemn used was an Agilent HP 1100 binary pump (Agi-
lent Technologies, Palo Alto, CA, USA). Three chiral chromatographic
columns were tested: ChiraDex and ChiraSep [ LiChroCART 250-4,
5 pm ) from Merck, and Nucleodex f-PM (200 mm = 4.0mm, 5 pm}
supplied by Macherey-Nagel { Dilren, Germany). We made differ-
ent experiments for each column with different mobile phases:
Hz0, methanol, acetonitrile (ACN) and mixes, as well as different
gradients.

2.5, QqLIT-M5 analysis

Mass spectrometric analysis was performed with a hybrid
triple quadrupoleflinear ion trap Applied Biosystem MSD Sciex
4000QTRAP (Applied Biosystems, Foster City, CA, USA) instru-
ment equipped with an electrospray (ESI) Turbospray interface.
All data were acquired and processed using Analyst 1.4.2 Software.
For target quantitative analyses, data acquisition was performed
in SRM. The |[M-H|~ — Br~ transitions at mfz 6406 —78.9 and
640.6 — 80.9 were monitored for unlabeled HBCD. The labeled
HBCDs were monitored at the 652.6 — 78.9 and 652.6 — 80.9 tran-
sitions.

The MS/MS detection conditions were optimized to obtain the
highest relative intensity: curtain gas at 50psi, collision gas at
4.5 10-3Torr, temperature of the turbo gas in the TurbolonSpray
source at 350°C, ion source gas 1 at 50 psi and ion source gas 2 at
10 psi. Other parameters such as declustering potential, collision
energy, collision cell exit potential, ion spray voltage and entrance
potential were previously optimized [10].

2.6. Enantiomeric fraction

The enantiomeric composition was expressed as EF, which is
the preferred descriptor of chiral signatures in environmental sam-
ples [20] and normally is calculated from the peak areas of the
enantiomeric pairs by Eq. (1)

_ A
T As+A-
where A, and A_ are the peak area of eluting enantiomers.

It is well known that electrospray ionization is subject to sam-
ple matrix effects that can cause enhancement or suppression of
the target analytes signal and can adversely affect their quantifica-
tion [9,21]. Matrix effects are caused by coeluting compounds that
interfere with the ionization of the analyte. In order to avoid this
effect that can affect in EF calculations, Marvin et al. [12] introduced
the corrected EF values, calculated by the Eq. (2). This correction is
based on the use of isotopic labeled standards (HBCDs-dyg) since
dyg-labeled enantiomeric analogues behave in an identical manner
to their native counterparts.

N (AL 1/ 1A s 1) % PEAL, )
(AT TA a3 1) % P8y AT/ TAZg T pzfu,,)z)
(

EF (1)

EF,

Where A4, and &512 are the peak area of eluting labelled enan-
tiomers.

For aracemic mixture, EFis 0.5. IF EF value is larger than 0.5 there
is an enrichment of (+) enantiomer. In contrast, if EFis smaller than
0.5 there is an enrichment of { —) enantiomer.

2.7, Method characterization

In order to characterize the method, different quality parame-
ters such as linearity, intra- and inter-day variation and sensitivity

(a) 5004

4004

3.004

2.004

1405

Intensity (cps)
g

TR 12 13 1 15
{e)  a0es
Hy
o1
i"a l
“e
[
2065 N l j'
Ha
1.0e5
2004
U.ﬂ' J
woon 12 11 1 1
Time {min)

Fig. 2. Chromatographic separation of standard mixture (2500 pg/pl) with (a) Chi-
raDex colummn, (b) Nucleodex column using §0% Hy0:20% ACN as eluent A and 406
H30:60Me0H as eluent Band (c) Nuecleodex column optimized.
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were studied. Identification of selected analytes was based on the
following restrictive criteria: (i) retention time for all monitored
transitions for a given analyte should maximize simultane-
ously +1s, with signal-to-neise ratio =3 for each: and (ii) the ratio
between the two monitored transitions should be within 15% of the
theoretical value (calculated upon standards). Quantification was
carried out by an isotopic dilution technique, based on the addition
of labeled standards: a-HBCD-dyg was used for -, - and y-HBCD
quantification, and y-HBCD-dyefor recovery evaluation. The linear-

90e4 | (2} (+)
()
6.0e4
Z
2
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g
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E
30ed
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Time (min.)
Dled
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604
g
=
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5 &
2 (-)
3.0ed4
6 12 18
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ity of the method was checked using calibration curves made from
standard solutions at six concentration levels (5, 50, 100, 500, 1000
and 2500 pgfl), and by triplicate injections. The precision of the
method was determined by repeated intra- and inter-day analysis
with five successive injections of a standard solution in 1 day and
in four successive days, respectively. The instrumental limit of
detection (LOD), defined as 3 times the noise level, and the limit
of quantification (LOQ), defined as 10 times the noise level, were
calculated.
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Fig. 3. Chromatographic separation of ¥-HBCD standard mixture at different temperature of TurbolonSpray source: {a} 300°C, (b} 350°C, (c) 400=C and (d} 500-C.
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3. Results and discussion Table 1
Quality parameters for LC-QqUIT-MS method
3.1. Chromatographic separation Analyte name  Analyte RT  Instrumental method ‘Whole method
(min)
LOD Lo LOD (n LOQ (n
A series of preliminary experiments were performed, test- {Pe). 10O (ps) {nels) LOQ(ngis)
ing different chiral chromatographic columns and mobile phases. E:ggng% :}: ?’_‘,: :; ?"2 ?‘33
We proved three chiral chromatographic columns. However, the (5 ipep 117 08 10 024 070
use of Chiradex and Chirasep does not resolve the different  (v)g-HECD 120 05 16 - -
HBCD enantiomers (Fig. 2a); only the use of Nucleodex B-PM (#)y-HBCD 12.2 03 11 265 088
(=)y-HBCD 135 03 10 561 187

(200mm = 4.0mm, 5 pm) chiral column gives satisfactory results.

Once Nucleodex B-PM was selected as the optimal chiral chro-
matographic column, additional experiments were carried out in
order to optimize the separation using different mobile phases and
gradients. Fig. 2b shows the chromatographic separation using 80%
Hy0:20% ACN as eluent A and 40% H30:60%MeOH as eluent B. On
the other hand, Fig. 2c presented the optimized separation that was
achieved using 70% H;0:305MeOH as eluent A and 70% ACN:30%
MeOH aseluent B. The elution program started at an initial concen-
tration of A at 50% decreased to 0% along the first 8 min, and was
maintained for 17 min and initial conditions were reached again in
5min and maintained for additional 12 min. The elution order of
each enantiomer was assigned according to Jandk et al. |7]. Good
separations were obtained for { - Ja-, (~)B- and (—)y-HECD. Only in
the case of (+)}t- and (+)B-, and (+)B- and (+)}y-HBCD separations
there are some minor coelution (at 4.9 and 4.4% of the baseline,
respectively). Moreover, this is not a problem because f-HECD
enantiomers are not usually present in environmental samples.
Experiments were carried out using negative ionization mode.

The injection volume was also optimized testing different vol-
umes, The optimum value was set at 10 plL, for which good
enantiomeric resolution was obtained, and betrer sensitivity than
those obtained with less amount of compound injected. Values
upper than 10 pl showed worst chromatographic separation.

Finally, various low rates have been proved. We found that the
optimal separation was achieved using 0.5mL/min. Upper values
of flow rates lead to deterioring enantiomeric separation.

3.2, MS detection
The majority of MS/MS conditions were previously optimized

|10]. However, it was necessary to optimize the temperature of
TurbolonSpray source to obtain the maximum sensitivity and res-

olution of both enantiomers. Fig. 3 shows different chromatograms
obtained modifying the value between 300 and 500°C for a stan-
dard solution of 500 pg/pLL of y-HBECD. As can be seen, the better
sensitivity was obtained at 500°C [Fig. 3d). However, the EF was
different to 0.5, the expected value for a racemic solution, the same
occurs at 400°C (Fig. 3c). In contrast, at 300 or 350°C [Fg. 3a and
b), the EF was near 0.5. In this case, the selected temperature was
fitted at 350°C because it is slightly more sensitive,

3.3. Quality parameters

In order to evaluare the reliability and quality of the developed
method, some analytical characteristics such as linearity, LOD, LOQ
and precision were studied.

Calibration curves were obtained for all the enantiomers, in
the range of 5-2500 pg/pl for each racemate. Good linearity was
found in all cases, with correlation coefficients ranging from 0,992
to 0.996. Table 1 shows the LOD and LOQ values for HBCD enan-
tiomers. Limits of detection were between 0.3 and 1.5 pg and limits
of quantificarion were between 1.0 and 6.0 pg. Very little published
information could be found onvalidation data for HBCD enantiomer
determination. Gémara et al. [11], who used LCfion trap MS{MS for
HBCD enantiomers determinations, obtained LODs between 30 and
86 pg, which are values of at least one order of magnitude higher
than those obtained in our study.

Precision of the method was determined by repeated intra- and
inter-day analysis with five successive injections of a standard solu-
tion (100 pgfpl)in 1 day and in four successive days, respectively.
Results for EF values, uncorrected and corrected, are gathered in
Table 2. Since we have not availability of B-HBCD-dyg standard
in our laboratory, B-HBCD cannot be corrected. All RSD values

Table 2
Inter- and intra-day variation of EF values

Inter-day Intra-day

EF uncomrected EF comected EF uncorrected EF corrected

Mean 5D RSD (%) Mean 5D RSD (%) Mean sSD RSD (%) Mean 5D RSD (%)
a-HECD 0565 ooz 21 0526 0.018 34 0561 0,009 1.6 0525 0.ms 44
B-HBCD 0574 0.025 43 - - - 0574 0.016 28 - - -
¥-HECD 0.376 0.008 12 0.499 0.001 02 0.394 0010 25 0503 0.034 6.8
Table 3
EFs variation in the function of the concentration level

a-HBCD uncorrected a-HECD corrected f3-HBCD uncorrected 4-HECD uncorrected ¥-HBCD corrected

005 ng 0580 0510 0600 0.355 0480
O5ng 0551 0530 0585 0.347 0.473
10ng 0577 0545 0586 0.376 0477
Sng 0556 0529 0560 0.352 0467
10ng 0.555 0501 0538 0.377 0.481
25ng 0.526 0496 0530 0.355 D492
Mean 0558 0519 0568 0.360 0478
sD 0ozo 0.0.08 0028 0.013 0008
RSD (%) 16 37 3 36 1.7
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Tabled ) (a) 725 "y
Concentration levels and EF values for sediment samples 7005
Sample Concentration (nglg) dw EF corrected 8505
a-HBCD B-HBCD ¥-HECD Total a-HBCD ¥-HBCD B.0e5
Site 1 n.d. nd. nd. nd - -
Site 2 269 . 2389 2658 0550 0.546 5305
Site 3 127 nd. 641 768 0540 0525 5068
Sie 4 30 nd. 40.4 484 0,592 0514 .
n.d.: not detected; dw: dry weight. 4585
)y
4005
are lower than 10% and, as it was expected, RSD inter-day values S
are lower than the intra-day values. EF variation in the function
of concentration level was also been studied, Table 3 shows the 3.0e5
EF values calculated for a concentration range between 0.05 and EFy comected= 0.546
25ng. In this case, also RSD values below 10% were obtained. bl
Quality parameters of the whole method, including PLE followed 2008
by LC-QqLIT-MS, were also detected. HBCD recoveries were evalu- EFacorected= 0.550
ated using y-HBCD-dyg and their values were around 60%, revealing 1oy
a satisfactory analysis procedure, LODs and LOQs were also calcu- 1068
lated and values were summarized in Table 1. iy (o
. . " Ba l L
34. Analysis of sediment samples 00 T T " ~ oy - "
HBCD was detected in sediments collected downstream of ® 7272
Monzdn [sites 2, 3 and 4), but it was not detected in site 1, site 7000-
upstream of Monzén ( Fig. 3). The concentration levels ranged from #y
50 to 2660 ngfg dw of total HECDs, with the concentrations decreas- esg
ing as long as more away from the polluted site are the sampling 5000
site (Table 4).
Only o and v diasterecisomers were detected, whereas B was g
not detected in any sample. The characteristic isomeric distribution 5000
of HBCD in sediments was also found in these samples, with a major
contribution of y-HBCD (from 81 to 90% of total). Previous work on 4500, Gy
total HBCD in the Cinca River was realized [17,18] with the same 4000.
extraction method but analysed by gas chromatography coupled
to mass spectrometry (GC-MS), working with negative ion chemi- %0
cal ionization (NICI} in sediments and fish samples. In sediments it 3000
was found that the presence of HBCD near to a chemical industry
and downstream was 514 and 90 ng/g dw, respectively. In the case 25001 EF comected= 0.592
of fish samples, in the same sites the concentration of total HBCD 2000
was between 215-1127 nglg in muscles and 1611172 ngfg in liv- (+)a EFy corrected= 0.514
ers for Barbus agnelli. For Alburnus alburnus the concentration was 10
between n.d. and 1172 ngfg in whole fish. The greater concentration 1000
of HBCD found with LC-QqLIT-MS instrument should be due to the (Ja
industrial activities that continue and produce more pollution. S0 w ..
EF corrected values were calculated for the sediments samples 0 z 3 - = A " "

(Table 4). In the case of v-HBCD, it was observed that EF values
are between 0.55 and 0.51, with values decreasing while the site
is far from the polluted area. If we compared these values with
that obtained for standards (mean value of 0,48, Table 3) we can
observe significant differences, EF in the contaminated site (site 2)
diverts a 10.1% from the standard value, and this deviation is greater
than the standard deviation with standards, previously determined
(1.7%). EFs values decrease insofar the sites move [urther away from
the industrialized area with a deviation from the standard value of
70% and 5.3% for sites 3 and 4, respectively. These results suggested
that technical mixture of HBCD, the responsible of the contamina-
tion is not racemic, showing a higher content of { +)y-HBCD against
(—)y-HBCD. Moreover, it seems that vy enantiomers behaviour in
environment is different, with probably greater degradationrates of
(+)versus{—)yenantiomer (Fig 4 ). This data has not been described
before in the literature, However, further studies in different sedi-
ment samples are required to check this differential enantiomeric
behaviour.

Fig. 4. Sediment samples chromatograms: (a) site 3 and (b} site 4.

As regards «-HBCD, EF values ranged between 0.54 and 0.59
which are also values significantly different to EF value estab-
lished with standards (EF=0.519, Table 3). EFs in contaminated
sediments divert between 2.9 and 9.9% from the standard value,
being this deviation greater than that determined with standards
(3.7%) for sediments at sites 2 and 4. But, in this case, no rela-
tionship between EF values and distance from the contaminated
site [Monzdn ) was found. However, results also suggested a higher
presence of (+)o-HBCD in the technical mixture, for that reason
this compound should be nonracemic due to the different indus-
trial production process, Similar findings were observed by Janik
etal.[7].
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2.3. Discusion

Las metodologias de analisis desarrolladas en este capitulo, han hecho posible el analisis de BFRs
de relevancia en el mercado mundial, proporcionando un mayor conocimiento sobre el
comportamiento de estos compuestos en el medio ambiente.

Se han desarrollado y validado dos métodos para el analisis simultaneo de los diastereoisdémeros de
HBCD, ademas de TBBPA y compuestos relacionados utilizando LC-MS/MS. El primero se basa
en modo de SRM y el segundo en un experimento IDA. Previo a su optimizacion se probo otro
instrumento QqQ, donde se optimiz6 la deteccion de HBCD y sus isomeros pero los LOD obtenidos
no permitian el analisis de HBCD a los niveles detectados en el medio ambiente (Tabla 2-1). Esta es
la razén por la que se busco un equipo alternativo que permitiera una mejor sensibilidad,
coincidiendo con la adquisicion de un instrumento QqLIT por parte de nuestro laboratorio. Asi pues,
logramos los LOD necesarios para el analisis de los BFRs en estudio. En la Tabla 2-1 se resumen
los LOD obtenidos con los diferentes instrumentos utilizados. Finalmente, los métodos publicados
en el articulo #2 tienen excelentes limites de deteccion, tanto en el modo SRM como en EPI.
Ademas, con el uso de IDA se obtiene una mejora de la sensibilidad ademas del espectro completo
de la fragmentacién del ion molecular dando lugar a la posibilidad de identificar los posibles

productos de degradacion de determinados iones.

Tabla 2-1. Comparacion de los LOD (pg inyectados) obtenidos en los diferentes
instrumentos utilizados.

0- B- v- Mono Di Tri
Instrumento g ppep HBCD BYA BBPA BBPA BBPA |PBPA
QqQ 12 25 75 3 - - - -
QGLITSRM 0.5 0.5 12 18 03 02 04 0.1
QGLITEPI 02 0.1 03 05 01 003 0l 0.01

Para el caso de la optimizacion del método enantiomérico (articulo #4), el uso de un instrumento
sensible y robusto es vital, sobre todo si tenemos en cuenta que las concentraciones de HBCD
encontradas en el medio ambiente para un isémero se verdn distribuidas entre los respectivos
enantiomeros (+) y (-), disminuyendo atin mas la sefial. En la Tabla 1 del articulo #4 se presentan
los LOD del método que hemos desarrollado. De hecho, al analizar muestras reales hemos visto, que
para niveles bajos éramos capaces de detectar los diferentes isdémeros pero al pasar al analisis
enantiomérico, nos encontrabamos por debajo del LOD impidiendo asi el calculo de las EF.

Otro parametro que puede afectar los LOD obtenidos es el efecto matriz, ya que no debemos olvidar
que trabajando en ESI es probable que exista cierto aumento o supresion de la sefial de los analitos
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en estudio. Por ello, el uso de la dilucién isotopica es primordial en los métodos optimizados,
nosotros disponemos de d;go- y d;gy-HBCD, ademas de BC-TBBPA y d;6-BPA. Debido al coste de
estos estandares y al hecho que en muestras ambientales f-HBCD a menudo no se detecta, durante
el desarrollo de estos tres trabajos no disponiamos del patrén d;sf-HBCD aunque fue adquirido
posteriormente. Por otro lado, para el célculo de los EFs también utilizaremos los estandares
marcados, tal como propone Marvin et al. (2007) para obtener EFs corregidos que nos conduzcan a
resultados fiables (Ec. 2 del articulo #4).

En lo que se refiere al tratamiento de la muestra, en el articulo #3 se presenta la optimizacién para
dos matrices complejas de importancia ambiental como son los sedimentos y los lodos de
depuradora. Desde un punto de vista analitico, el analisis de lodos procedentes de EDARs es un
desafio, ya que su composicion no es uniforme y los extractos obtenidos son muy sucios. Ademas,
las concentraciones de contaminantes presentes en las muestras pueden variar en funcion de la
naturaleza del tratamiento utilizado en la EDAR.

Primero se trabajo en la extraccion de los sedimentos, por ser una matriz mas limpia. Fue necesario
seleccionar el disolvente para realizar la extracciéon y se probaron tres mezclas de disolvente:
hexano:diclorometano (1:1), hexano:acetona (1:1) y diclorometano:metanol (1:9). Esta tltima fue la
mezcla seleccionada. Al comienzo se optd por realizar la optimizacion sin purificacion, obteniendo
una separacion poco satisfactoria debido al efecto matriz (Figura 2-4a). Por lo tanto, decidimos
hacer un paso de purificacion via SPE tanto de los sedimentos como de los lodos en estudio,
obteniéndose una mejor separacion cromatografica (Figura 2-4b). En ambos cromatogramas se
observa el TIC (del inglés, total ion chromatogram), seguido por el SRM de TBBPA y HBCD,
respectivamente. Tal como se sefiala en el articulo #4 se probaron tres tipos de cartuchos de SPE,
seleccionando el que contenia C;g como adsorbente. Al comparar los LOD obtenidos en sedimentos
y lodos (Tabla 3 del articulo) observamos que son hasta 10 veces mejores para los sedimentos, lo
cual se explica por tener un menor efecto matriz. La recuperacion obtenida para cada uno de los

compuestos, también es un reflejo de este efecto ya que son mejores en sedimento.
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Figura 2-4. Cromatograma a) muestra de sedimento previo a la purificaciéon y b) muestra
de lodo de EDAR posterior al tratamiento de purificacion por SPE.

Respecto al analisis de TBBPA, es importante destacar que en otros estudios se ha demostrado que
este BFR puede degradarse hasta BPA (Ronen y Abeliovich 2000; Voordeckers et al., 2002), el cual
es descrito como un disruptor endocrino en bajas concentraciones, ademas de ser toxico para
organismos acuaticos. La presencia de BPA en el medio ambiente se debe principalmente a que es
muy utilizado en la produccion de resinas epdxicas y plasticos de policarbonato (Gallart-Ayala et
al., 2007), ademas de la degradacion de TBBPA. Esto se ve reflejado en las muestras analizadas,
principalmente en los lodos de depuradora donde fue posible analizar todos los compuestos
formados por la debromacion de TBBPA. En la Figura 2-5 se observa la distribucion de los
compuestos en una de las muestras (W3), de alli la importancia de realizar el analisis de los
compuestos formados por la debromacion de TBBPA, ya que son tanto o mas abundantes que el

propio TBBPA.
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0 T
BPA MonoBBPA DiBBPA TriBBPA TBBPA

Figura 2-5. Ejemplo de la distribucion de TBBPA y sus compuestos relacionados en una
muestra de lodo de EDAR.

Relevancia de los resultados

El inicio de esta tesis coincidid con los primeros estudios cientificos de optimizacion de
metodologias para el andalisis de HBCD diastereoisomérico y enantiomérico. Por lo tanto es un tema
novedoso que ha ido evolucionando a la par que la tesis. Esto se refleja en que durante este tiempo,
y posteriormente a nuestros trabajos, se han desarrollado estudios similares de otros autores en
diversas matrices con hallazgos en concordancia con los nuestros. Recientemente se han publicado
mas trabajos que analizan el HBCD mediante LC-MS/MS con un QqQ en modo ESI, este es el caso
de Harrad et al. (2009) analizaron HBCD isomérico y enantiomérico en sedimentos del Reino Unido
y de un estudio realizado en muestras de sedimento de Corea (Ramu et al., 2010).

En el caso de HBCD y TBBPA la técnica de ionizacion por ESI es la mas frecuentemente utilizada.
Sin embargo recientemente se han desarrollado métodos que utilizan APPI (Mascolo et al., 2010;
Zhou et al., 2010b). El interés de la APPI es la posibilidad de ionizar compuestos que no lo son
utilizando ESI o APCI, particularmente compuestos que no son polares (de Hoffman y Stroobant
2007). Asi, APPI se ha utilizado en la determinacion de PBDEs (Debrauwer et al., 2005; Lagalante
y Oswald 2008; Riu et al., 2006) y otros HFRs, incluyendo HBCD y TBBPA (Zhou et al., 2010b).
Sin embargo, la disponibilidad limitada de APPI en la mayoria de los laboratorios analiticos, hacen

que esta técnica de ionizacion sea utilizada con poca frecuencia.
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3. IMPACTO MEDIOAMBIENTAL

3.1. Introduccion

Es importante considerar que debido a la prohibicion de las mezclas PentaBDE, OctaBDE y
DecaBDE, se espera que haya cada vez mas FRs alternativos y que se utilicen para cumplir con las
normas de consumo de productos de seguridad contra incendios. Por ello es muy importante estudiar
tanto la presencia como el comportamiento de los HFR emergentes en el medio ambiente, asi como
su biodisponibilidad y bioacumulacion.

Una vez que se han obtenido métodos de andlisis sensibles, selectivos y reproducibles es posible
evaluar la dinamica y distribucion en el medio ambiente de los compuestos en estudio. Hay que
tener en cuenta que la legislacion disponible acerca de HBCD y TBBPA es minima e inexistente en
el caso de HFRs emergentes. Por lo tanto, se hace necesario el desarrollo de estudios cientificos con
el fin de facilitar la toma de decisiones acerca de su posterior prohibicion o autorizacion.

En el Capitulo 2 de esta Tesis, se han desarrollado los métodos analiticos para la determinacion de
HBCD y TBBPA utilizando LC-MS/MS. Asimismo, contamos con metodologias de analisis
previamente optimizadas que nos permitiran realizar el andlisis de diversos HFRs tanto de uso

habitual como emergentes mediante el uso de GC por HR-MS y LR-MS.

Medio Acuatico. En este apartado se describe la vigilancia ambiental de BFRs en dos cuencas
hidrograficas de Espafia: Ebro y Llobregat, como parte de dos proyectos europeos: Integrated
modeling of the river-sediment-soil-groundwater system; advanced tools for the management
of catchment areas and river basins in the context of global change (AQUATERRA, Project
number 037038) y Models for assessing and forecasting the impact of environmental key
pollutants on marine and freshwater ecosystems and biodiversity (MODELKEY, Project
N°511237) respectivamente. Ambos proyectos involucraban el andlisis de una gran cantidad de
contaminantes organicos en estas dos cuencas hidrograficas.

Respecto al rio Ebro, y mas concretamente al afluente Cinca, el HBCD fue el compuesto de interés
y se analizé en sedimentos y biota utilizando distintas técnicas analiticas. En este caso, no solo se ha
determinado la presencia y los niveles de concentracion del HBCD, sino también hemos estudiado
su comportamiento ambiental en lo que se refiere a biodisponibilidad y bioacumulacién en
organismos acuaticos. Este trabajo se resume el articulo #5: “Transfer of hexabromocyclododecane
from industrial effluents to sediments and biota: Case study in Cinca river*.

En el caso del rio Llobregat se analizaron 38 PBDEs (BDE-7, -10, -15, -17, -28, -30, -47, -49, -66, -
71,-77, -85, -99, -100, -119, -126, -138, -139, -140, -153, -154, -156, -169, -171, -180, -183, -184, -
191, -196, -197, -201, -203, -204, -205, -206, -207, -208 y -209) y tres BFRs emergentes:
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pentabromoetilbenceno (PBEB), hexabromobenceno (HBB) y decabromodifenil etano (DBDPE, del
inglés decabromodiphenyl ethane) en sedimentos mediante GC-ionizacién quimica negativa (NCI,
del inglés negative chemical ionization)-MS. Este trabajo se recoge en el articulo #6 “Analysis and
occurrence of emerging brominated flame retardants in the Llobregat River basin”. Los BFRs
seleccionados corresponden a compuestos sobre los que recientemente habia estudios que mostraban
su presencia en el medio ambiente. Otro punto importante para elegirlos fue que se disponia de
patrones comerciales para poder llevar a cabo una identificacion y cuantificacion fiables.

A continuacion se presenta una resefia de cada uno de ellos:

- Pentabromoetilbenceno (PBEB). Es un FR del tipo aditivo (Figura 3-la) que se utiliza
principalmente en resinas de poliéster termoestable, textiles, adhesivos y espumas de poliuretano
(Hoh et al., 2005). Se ha detectado PBEB en muestras de aire de Chicago (Hoh et al., 2005), del sur
de Inglaterra (Lee et al., 2002) y de Canada (Gouteux et al., 2008), asi como en material de desecho
de una planta de reciclaje de aluminio (Sinkkonen et al., 2004). Ademas, es biodisponible ya que se
ha detectado en truchas de lago (Ismail et al., 2009) y huevos de gaviotas (Gauthier et al., 2007,
Verreault et al., 2007).

- Hexabromobenceno (HBB). Pertenece a los FR aditivos (Figura 3-1b). Ha sido utilizado en
plasticos, textiles y lanas, como también en papeles y productos eléctricos (Watanabe et al., 1986;
Yamaguchi et al., 1988). E1 HBB se ha detectado en distintas matrices abidticas como en aire de
Japon y Canada (Gouteux et al., 2008; Saito et al., 2007), en material de desecho de una planta de
reciclaje de aluminio en Finlandia (Sinkkonen et al., 2004) y en sedimentos de Japén (Watanabe y
Sakai 2003).

Respecto a su presencia en biota, el HBB se ha encontrado en lenguados juveniles procedentes de la
costa atlantica francesa (Munschy et al., 2007), en aves de Norteamérica (Gauthier et al., 2007;
Gauthier et al., 2009; Park et al., 2009) y del artico (Verreault et al., 2007). También se ha detectado
en muestras humanas, como tejido adiposo (Smeds y Saukko 2003), ademas de leche materna y

placenta de mujeres de Finlandia y Dinamarca (Shen et al., 2008).

- Decabromodifeniletano (DBDPE). Es un FR aditivo (Figura 3-1c) y se utiliza como alternativa al
DecaBDE. Una importante ventaja de este BFR es que no forma ni dioxinas ni furanos bromados
bajo condiciones de pirolisis, al contrario de lo que ocurre con la mezcla DecaBDE. El DBDPE se
ha encontrado en el aire de la zona de los grandes lagos de Norteamérica (Venier y Hites 2008), asi
como también en el aire, suelo y polvo del sur de China (Shi et al., 2009a). Otros estudios han

evaluado la incidencia del DBDPE en aire y polvo de instalaciones industriales de Suecia (Julander
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et al., 2005b; Kierkegaard et al., 2004; Pettersson-Julander et al., 2004). También se ha encontrado
en muestras de lodo de depuradora de diferentes paises, incluyendo Norteamérica, Asia, Europa y
Oceania, donde el DBDPE estaba presente en todas las muestras (Ricklund et al., 2008). Ademas ha
podido ser detectado en agua y sedimentos, tanto en zonas remotas (Watanabe y Sakai 2003) como
industrializadas (Zhang et al., 2009b).

Respecto a estudios de DBDPE en biota, se ha encontrado en peces del lago Winnipeg en Canada
(Law et al., 2006a). Estudios recientes han mostrado la presencia de DBDPE en diferentes especies
de aves. En Norteamérica se ha analizado en huevos de gaviotas (1982-2006) de los Grandes Lagos
(Gauthier et al., 2009), encontrandose en las muestras posteriores a 1996 en concentraciones que
incluso superan a las del BDE-209. También ha sido analizado en higado, rifiones y musculo de
gallinetas procedentes de un area de reciclaje de material electronico en China, encontrandose la
mayor concentracion de DBDPE mayor en higado y rifiones (Shi et al., 2009a).

Respecto a su toxicidad, recientemente ensayos in vivo mostraron que DBDPE es muy tdxico para
las pulgas de agua, ademas la presencia de DBDPE redujo las tasas de eclosion de los huevos de
zebra fish expuestos y aumentd significativamente la mortalidad de las larvas (Nakari y Huhtala
2010).

a) b) ©)

Br Br Br

Br

Br

Figura 3-1. Estructura molecular del a) PBEB, b) HBB y ¢) DBDPE.

Medio terrestre. Durante la estancia realizada entre septiembre y diciembre de 2009, en el Canada
Centre for Inland Waters (CCIW) en Canada bajo la tutela del Doctor Mehran Alaee y de la Doctora
Kim Fernie, se realiz6 un estudio de los niveles de HFRs en huevos de halcon peregrino procedentes
de Canadd y de Espafa. Se estudiaron distintos HFRs como son los PBDEs, los isomeros y
enantiomeros de HBCD, el 2,2°,4,4°,5,5’-hexabromobifenilo (BB-153) y los HFRs emergentes
HBB, hexaclorociclopentenil-dibromociclooctano (HCDBCO), bis(2-etil-1-hexil)tetrabromoftalato

(BEHTBP, del inglés bis(2-ethyl-1-hexyl)tetrabromophtalate), octabromotrimetilfenilindano
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(OBIND), DBDPE y 1,2-bis-(2,4,6-tribromofenoxi)etano (BTBPE, del inglés 1,2-bis-(2,4,6-
tribromophenoxy)ethane), ademas se realizo el analisis de DP y algunos compuestos relacionados:
Mirex, hexaclorotriciclotridecadieno (DPMA), decacloropentaciclooctadecadieno (Cl;,DP),
undecacloropentaciclooctadecadieno (Cl;;DP). Ademas de Declorane (Dec) 602, Dec 603 y Dec
604. Lo mas interesante de este trabajo ha sido la posibilidad de comparar la biodisponibilidad y
bioacumulacion de una gran variedad de HFRs en una misma especie de ave.

Diferentes estudios han analizado diversas familias de contaminantes en huevos de aves, como por
ejemplo pesticidas organoclorados (Jorundsdottir et al., 2010; Lavoie et al., 2010), dioxinas (Clark
et al., 2009), PCBs (Clark et al., 2009; Vorkamp et al., 2009) y sus metabolitos (Jorundsdottir et al.,
2010), ademas de FR (Chen y Hale 2010; Gao et al., 2009). Se considera que los huevos de aves son
buenas herramientas para medir los niveles y posibles efectos de diferentes contaminantes en el
medio ambiente, debido a que los huevos de aves no solo reflejan los niveles de contaminantes en la
hembra sino también en los embriones, que es la etapa de desarrollo mas susceptible a los efectos de
los contaminantes (Gao et al., 2009). Las especies ubicadas en la parte superior de la cadena
alimentaria, pueden acumular los contaminantes, siendo particularmente sensibles a Ia
contaminacion del medio ambiente (Chen y Hale 2010) y adecuadas para estudiar la bioacumulacion
y biomagnificacion de los contaminantes a través de la cadena trofica (Gao et al., 2009).

Una especie depredadora importante y ampliamente estudiada es el halcon peregrino (Falco
peregrinus). Al comienzo de la década de 1960s, esta ave parecia haber sido erradicado de la region
oriental de los EE. UU. Hacia 1970 habia desaparecido del este de las montafias Rocosas y, en gran
parte del hemisferio occidental la poblacion habia disminuido drasticamente desde principios de
1900 (Clark et al., 2009). En junio de 1970 el halcén peregrino fue incluido en la lista federal de
fauna amenazada y en peligro de los EE.UU. Los POPs, especificamente DDTs y sus productos de
descomposicion surgieron como los posibles causantes del adelgazamiento de la céscara de los
huevos debido a que estos compuestos interfieren con el metabolismo del calcio en las aves, lo que
se asocid con la disminucién de la poblacion de halcon peregrino (Chen y Hale 2010).

Como consecuencia de la prohibicion de uso de compuestos organoclorados y de la reintroduccion
de halcones en el medio natural, la poblacion de estas aves se ha recuperado durante el pasado
medio siglo. Sin embargo, en los ultimos afios se han introducido nuevos contaminantes que podrian
tener un efecto en estos organismos. Un ejemplo son los PBDEs que tienen estructuras moleculares
similares a algunos compuestos organoclorados como DDT. Numerosos estudios se han
desarrollado con el objetivo de evaluar los niveles de estos FR en huevos de halcon peregrino,
encontrandose incluso los niveles mas altos de PBDEs en biota (Park et al., 2009).

Finalmente, con el trabajo realizado en Canada se han escrito dos articulos. El primero en relacion a

los FRs clorados (articulo #7): Dechlorane plus and related compounds in peregrine falcon (Falco
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peregrinus) eggs from Canada and Spain, y el segundo donde se recogen los BFRs incluyendo los
clasicos y una gran lista de emergentes (articulo #8): Concentrations of emerging halogenated flame
retardants, including enantiomeric fractions of HBCD, in peregrine falcon (Falco peregrinus) eggs
from Canada and Spain.

Dentro de los FR clorados, hay que recordar que el DP ha sido tratado previamente tratado en el

Capitulo 1 de esta Tesis Doctoral. Pero ademas, también se han estudiado:

- Mirex. Ha sido utilizado como plaguicida y como HFR (Figura 3-2a). Debido a su persistencia en
el medio ambiente, tiene tendencia a acumularse en la cadena alimentaria, capacidad de desplazarse
a larga distancia y toxicidad para seres humanos y organismos. Su produccion y uso se encuentran
regulados por la Convencion de Estocolmo (UNEP 2001).

Debido a sus caracteristicas fisicoquimicas, el Mirex ha sido muy estudiado tanto en muestras
bidticas como abidticas. Es importante continuar con su andlisis a fin de evaluar si las medidas de
restriccion tomadas en la Convencion de Estocolmo han ocasionado una disminucion de sus

concentraciones ambientales.

- Hexaclorotriciclotridecadieno (DPMA). E1 DPMA es el monoaducto del DP (Figura 3-2b), el cual
es un diaducto formado por una reaccion de Diels-Alder. Es sabido que al someterlo a un proceso de
retro-Diels-Alder es posible obtener el compuesto original en su forma de monoaducto (DPMA). El

DPMA (Figura 3-13a) ha sido detectado en truchas del lago Ontario (Sverko et al., 2010).

- Decacloropentaciclooctadecadieno (Cl;;DP) y undecacloropentaciclooctadecadieno (Cl;;DP).
Ambos compuestos (Figura 3-2c y d) son formados por la pérdida de cloros por parte del DP. No se

han encontrado estudios de éstos compuestos en el medio ambiente.

- Declorane 602 (Dec 602), Declorane 603 (Dec 603) y Declorane 604 (Dec 604). Estos
compuestos decloranes (Figura 3-2¢, f'y g) también han sido patentados por OxyChem en los 1970s,
esta es la misma empresa que produce el DP. Son diaductos del tipo hexaclorociclopentadienos

formados por reacciones de Diels-Alder.

- 2,2°,4,4°,5,5 -hexabromobifenilo (BB-153). Pertenece al grupo de los FR aditivos, del tipo
bifenilos polibromados (PBB, del inglés polybromo biphenyls). Estos compuestos comenzaron a ser
fabricados al principio de los 1970s para su uso comercial. Estan formados principalmente por los
congéneres hexa-, octa-, nona- y decabromodifenilo (Figura 3-2h), aunque tedricamente 209

congéneres son posibles. Se ha comprobado que estos compuestos son cancerigenos, cesando su
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produccion en EE. UU. en 1974 y posteriormente en Europa. Aunque ya no se utilizan en la

actualidad, debido a su persistencia y toxicidad contintian siendo estudiados.

En cuanto a BFRs emergentes tenemos:

- Hexaclorociclopentenil-dibromociclooctano (HCDBCO). Acerca de este FR existe muy poca
informacion. Estructuralmente pertenece a la familia de los FR norbornenos halogenados, el que es
un subgrupo de los FR halogenados aliciclicos. Como se puede observar en la Figura 3-2i,
HCDBCO contiene atomos de bromo y cloro.

Recientemente ha sido detectado en aire y polvo doméstico en Ottawa, Canada (Zhu et al., 2008).
También se ha analizado en grasa de mamiferos marinos de China, encontrandose en todas las

muestras a concentraciones por debajo del LOD (0,04 ng/g lw) (Lam et al., 2009).

- Bis(2-etil-1-hexil)tetrabromoftalato (BEHTBP). Es un FR aditivo (Figura 3-2j), se utiliza en
neopreno y PVC (Andersson et al., 2006). Ha sido detectado en el polvo de hogares de EE.UU.
(Stapleton et al., 2008a) y posteriormente han sido identificados sus potenciales productos de
fotodegradacion (Davis y Stapleton 2009). Es importante continuar con el estudio de este FR, sobre
todo después de observarse que se fotodegrada mas lentamente que los congéneres con mayor peso
molecular de los PBDEs (nona- y deca-BDE), lo que sugiere que al menos fotoliticamente BEHTBP
podria ser mas persistente en el medio ambiente que los congéneres de mayor grado de brotacion de

los PBDEs.

- Octabromotrimetilfenilindano (OBIND). Hay poca informacioén disponible acerca del OBIND
(Figura 3-2k). Ha sido analizado en huevos de gaviotas (Larus argentatus) de los Grandes Lagos
Canadienses, sin ser detectado (Gauthier et al., 2009), mientras que en huevos de cigiiefia (Ciconia
ciconia) procedente de Espafia fue detectado en una muestra a una concentracion de 10,1 pg/g

(Mufioz-Arnanz et al., 2010).

- 1,2-bis-(2,4,6-tribromofenoxi)etano (BTBPE). Es un FR del tipo aditivo, ha sido producido desde
hace 25 afios y actualmente se utiliza en sustitucion del OctaBDE. Por lo tanto se espera un
incremento en su produccion durante los proximos aflos (Karlsson et al., 2006). BTBPE (Figura 3-
21) ha sido detectado e identificado en el aire ambiental de diversos zonas de EE.UU. observandose
una mayor concentracion en las muestras procedentes del sur del pais (Hoh et al., 2005), también
fue detectado en todas las muestras de polvo del dormitorio, del salon y de la bolsa de aspiradora de

20 casas de EE.UU. (Stapleton et al., 2008a).
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Otras matrices donde se ha encontrado BTBPE son sedimentos del lago Michigan (Hoh et al., 2005)
y en hielo de Noruega (Hermanson et al., 2010).

Se ha analizado BTBPE en los distintos componentes de la cadena alimentaria de un estanque
natural ubicado en las cercanias de una planta de reciclaje de desechos electronicos en China (Wu et
al., 2010b), donde BTBPE fue detectado en todos los organismos analizados, ademas de agua y
sedimento. En diferentes estudios se ha detectado el BTBPE en huevos de aves, como son fulmar
boreal (Fulmarus glaciales) de las islas Feroe (Karlsson et al., 2006), ademas de gaviotas de los
grandes lagos canadienses (Larus argentarus) (Gauthier et al., 2007; Gauthier et al., 2009) y del

artico noruego (Larus hyperboreus) (Verreault et al., 2007).
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ARTICLE INFO SUMMARY
Keywords: This work is part of the research included in the Furopean project AQUATERRA, focused on the study
Hexabromecydododecane of different persistent organic pollutants (POPs) in different risk zones aleng the Ebro River basin.
Isomers Within monitering | a high com 1 area was detected, located along the Cinca River,
Eatrtomers a tributary of Ebro River, downstream a heavily industrialized town (Monzén) Data showed a high
Qsiygiime[hods hexabromocycdedodecane (HECD) contamination in this area. Our work induded the analysis of sedi
ments and biota, with special attention on aspects such as temporal trends, bicavailability and bioac
« ion of these cont M . an attempt of identification of source contamination was
carried out, with the analysis of industrial effluents, The industry responsible of the contamination
was identified.
@ 2009 Elsevier B.V. All rights reserved.
Introduction tent organic pollutants (POPs). In fact the logKgw of HBCD is 5.6

Brominated flame retardants {(BFRs) are a structurally diverse
group of chemicals that are used in plastics, textiles, electronic cir-
cuitry and other materials to prevent fires. BFRs include polybro-
minated diphenyl ethers (PBDEs), polybrominated biphenyls
(PBBs), hexabromecyclododecane (HBCD) and tetral bisph

and that valour places in the optimum range for bivaccumulation
{Marvin et al. 2006). Thus, HBCD is not covalently bonded to the
material leading to the risk of migration out of the product dur-
ing use or disposal {Tomy et al., 2005). Based upon these proper-
ties, there is a high potential for this material to absorb to soil
and sedi

¥
nol A {TBBPA). The Science E al Forum (BSEF)
estimated the usage of selected brominated flame retardants in dif-
ferent areas of the world in 2001, showing a usage increase for
HBECD {Law et al., 2006a,b) in replace of PEDEs.

HECD, a brominated alicyclic hydrocarbon, is the principal
flame retardant in polystyrene foams and is used as thermal
insulation in the building industry {Marvin et al, 2006). Techni-
cal 1, 2, 5, 6, 9, 10-HBCD is produced industrially by addition of
bromine to cis-trans-trans-1,5,9-cyclododecatriene. This process
leads theoretically to a mixture of 16 sterecisomers (six pairs
of enantiomers and four mesoforms) and the product usually is
a mixture of the three diasterepisomers o-, - and y-isomer {Pet-
ersen et al, 2004). However, some authors had found & and &-
isomers {(Heeb et al, 2005). Normally, the y-isomer is the most
dominant in the commercial mixtures {ranging between 75%
and 89%), followed by o- and then p-isomer {10-13% and 1-
12%, respectively) {Barontini et al., 2001). The physical-chemical
properties of HBCD are similar to some PBDEs and other persis-

* Corresponding author, Tel.: +34 834006172; fax: 34 932045004,
E-muail address: eeeqam@cid csices (E. Eljarrat).

0022-1694/$ - see front matter & 2009 Elsevier BV, All rights reserved,
doit 10.1016/j jhydrel 2008.02.024

The dissimilarities in the structure of o-, - and y-isomer might
raise differences in polarity, dipele moment and in solubility in
water. For example, the solubility of o-, - and y-HBCD in water
was 48.8, 14.7 and 2.1 pg/fL, respectively. Therefore these different
properties may explain the differences observed in their environ-
mental behaviour {Janik et al., 2005). Covaci et al. {2006) and Mor-
ris et al. {2004) found that in sediments, the distribution of HBCD
isomers was the same of commercial mixture: y-HBCD is the most
abundant isomer. However, in biota w-isomer predominates over
the +y-isomer, and little or no presence of B-isomer has been
observed.

o=, i- and y-HBCD diastereoisomers are chiral; thus HBCD have
three pairs of enantiomers (+) o, (=) o, (+) B, (=) B {(+)y and () v.
The enantiomers have identical physicochemical properties and
abiotic degradation rates, but may have different biological and
toxicological properties and therefore different biotransformation
rates. These transformations may result in non-racemic mixtures
of the enantiomers that were industrially synthesized as racemates
{Marvin et al., 2007; Jandk et al., 2005; Hithnerfuss, 2000; De Geus
et al, 2000} The rates of metabolisation process of the enantio-
mers of chiral environmental pollutants may be significantly
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different. For example, there are some cases where only one enan-
tiomer is being decomposed, while the second is being accumu-
lated in the environment {Hithnerfuss, 2000). Because of that, an
understanding of the environmental and biological fate of the
HBCD enantiomers is required.

The objective of this paper is to evaluate concentration levels,
time trends, bioavailability and identification of source pollution
of HBCD. In order to carry out these studies, a previous work on
the development of analytical methods, including diastereoiso-
meric- and enantiomeric-specific protocols, was done.

Development of analytical methods
Sample preparation

HBCD must be evaluated in different matrices: sediments, fish
{muscle, liver and whole fish) and effluents {particulated and
filtrated ).

Sediment and fish samples were freeze dried, and lyophilized
material was ground, homogenized and stored in sealed containers
at —20 °C until analysis. Five hundred milligram of dry weight {dw)
of sediment and fish sample was spiked with 200 L of d,g-a-
HEBCD- at 5ng/pl. Spiked samples were kept overnight to equili-
brate. In order to reduce time of analysis, a pressurized liquid
extraction (PLE) method that automatically and rapidly achieves
quantitative and selective extraction of BFRs was used (De la Cal
et al, 2003). PLE was carried out using a fully automated ASE
200 system {Dionex, Sunnyvale, CA, USA) using aluminium oxide
neutral and Hydromatrix {Varian Inc., Palo Alto, USA). Extraction
cell was heated to 100 °C and extraction was carried out using a
mixture of hexane:CH,Cl, {1:1). The volume of the resulting ex-
tract was about 35 mL Extracts were finally concentrated to incip-
ient dryness and re-dissolved with 20 pL of d,g--HBCD at 50 pgf
pL and 180 pL of methanol prior to analysis by MS.

Water samples {2 L) were filtered through 1 jum glass microfi-
bre filters followed by 0.45 pm Whatman nylon membrane filters
{Maidstone, England). Filtrate water was then mixed with metha-
nol {30%). Extraction of the filtrate water was performed using an
automated sample processor Aspec XL {Automated Sample Prepa-
ration with Extraction Columns) fitted with a 817 switching valve
and an external 306 liquid chromatography (LC) pump, for selec-
tion and dispensing of samples, respectively, through the solid
phase extraction {SPE} cartridges, from Gilson {Villiers-le-Bel,
France). C;g Cartridges {200 mg), from Isolute { Madrid, Spain) were
conditioned by passing 6 mL of hexane {1 mL{min) followed by
6 mlL of CHyCl; (1 mljmin), 6 mL of methanol (1 mL{min) and
6 mlL of LC-grade water {1 mLimin). 500 mL of the water sample
were percolated through the cartridge at 5 mLjmin. After sample
loading, cartridges were dried by applying vacuum and subse-
quently eluted with 3 mL of methanol {1 mL/min) followed by
3 mL of CHxClz {1 mlfmin) and 3 mL of hexane {1 mLjmin}. The
particulate matter retained on filters was extracted using PLE with-
out alumina. An additional cdeanup step was performed by SPE
with alumina cartridges {5 g, from Isolute). Cartridges were condi-
tioned with 20 mL hexane. The sample volume loaded was 1 mL,
and the elution step was performed with 30 mL hexane:CH,Cl,
{1:2).

Total HBCD determination by gas chromatography coupled to mass
spectrometry (GC-MS)

Separation of different HECD sterecisomers is not possible by
GC. A relatively broad, unresolved peak is obtained due to thermal
rearrangement of the stereoisomers, and results reflect total HBCD
concentration.

Gas chromatography working with negative ion chemical ioni-
zation mass spectrometry (GC-NCI-MS) analyses were performed
on a gas chromatograph Agilent 6890 connected to a mass spec-
trometer Agilent 5973 Network (Agilent Technologies, Madrid,
Spain). A HP-5ms (30m « 025 mm i.d, 0.25 pm film thickness)
containing 5% phenyl methyl siloxane (model HP 190915-433) cap-
illary column was used for the determination. The temperature
program was from 110<C (held for 1 min) to 180°C (held for
1 min) at 8 °C/min, then from 180 °C to 240 °C {held for 5 min) at
2°Cjmin, and then from 240 °C to 265 °C {held for 6 min) at 2 °C{
min, using the splitless injection mode during 1 min and injecting
2 pL. The operating conditions were as follow: ion source temper-
ature = 250 °C, ammonia as chemical ionization moderating gas at
an ion source pressure of 1.9 x 10~ wrr (Eljarrat et al,, 2002) and
the inlet temperature was 300 °C. HBCD determinations were car-
ried out monitoring the two most abundant isotope peaks from the
mass spectra corresponding to mjz 79 and 81 ([Br]™). Quantifica-
tion was carried out by external standard.

HBCD isomeric determination by liguid chromatography coupled to
mass spectrometry (LC-MS)

Liguid chromarography/riple quadrupele mass spectrometry {LC-
Qq2-MS) method

HBCD stereoisomers can be easily separated using reversed-
phase liquid chromatography, and determined by mass spectrom-
etry {LC-MS or LC-MS-MS]} {Covaci et al., 2006; Budakowsky and
Tomy, 2003). An isomer-specific LC-MS-MS method was devel-
oped. Separation of «, [} and y-HBCD stereoisomers was performed
on a Waters 2680 HPLC system (Milford, MA, USA) coupled to a
Waters Micromass Quattro triple quadrupole mass spectrometer,
equipped with a Z-spray ESI interface {Manchester, UK). A
2.1 « 150 mm symmetry Cyg 5 pum column and 2.1 = 10 mm guard
column supplied by Waters {Massachusetts, USA) was used with a
0.25 mL{min eluent flow. The injection volume was set at 20 pl.
Experiments were carried out using water (A}, acetonitrile (B)
and methanol {C) as mobile phases. The gradient elution started
at an initial composition of 60% A/10% B and 30% C and was ramped
to 10% Aj22.5% B and 67.5% C in 11.30 min and those conditions
were maintained for 18.70 min, then initial conditions were
reached again in 10 min and were maintained for additional ten
min. A Quattro LC Micromass Spectrometer was operated in elec-
trospray { ESI) ionization negative ion mode using selected reaction
monitoring (SRM) for [M-H|~" {m/z 640.6) - Br~ (mjz 79.0 and
81.0). Argon of 99.995% purity was used as collision gas at a pres-
sure of 3.54 « 107" mbar. All data were acquired and processed
using MassLinx 4.0 software. The quantification was carried out
by the isotopic dilution method, using dyg-o- and dg-y-HBCD
solutions as quantification and recovery standards, respectively.
Instrumental limit of detection (LOD) was between 12 and 75 pg.
whereas method LOD including PLE followed by LC-MS-MS was
from 7 to 22 ngjg dw for fish and between 9 and 30 ng/g dw for
sediment samples {Table 1).

Liquid chromatography/quadrupole linear ion trap mass spectrometry
(LC-0gLIT-MS) method

Another methodology for the analysis of HBCD diastereoiso-
mers (o, p and ), based in LC-QqLIT-MS method was developed
{Guerra et al., 2008a).

The LC system used was an Agilent HP 1100 binary pump
{Agilent Technologies, Palo Alto, CA, USA) with a symmetry Cyy
column (2.1 mm = 150 mm, 5 pm) preceded by a Cyz guard col-
umn (2.1 < 10 mm) supplied by Waters {Massachusetts, USA).
Experiments were carried out in negative ionization mode using
HaO:methanol {3:1 vfv) as eluent A and methanol as eluent B, at



Capitulo 3: Impacto medioambiental

155

362 P. Guerra et 6L/ Journal of Hydrology 368 (2009) 360-367
Table 1
LOD for different analytical methods for HECD analysis.
Infermation Chromatographic column M5 detection Quantification LoD
Instrumental  Method Method
{sediments)  (fish)
GC-MS HBCD total HP-5 ms (30 m x 0.25 mm, SIM mode: mfz 79.0 and 81.0 External standard
025 pm}
LC-MS Isomer- Symmetry C18 SRM mode: mfz 640.6 — mfz 79.0m|z Isotopic dilution 12-75pg 9-30ngfgdw 7-22ng/
Qg specific (2.1 mm % 150 mm, 5 pm) B406 — mfz 1.0 rechnigue gdw
LC-Ms Isomer- symmetry C18 SRM mode: mifz 6406 - mz 79.0mjz  Isotopic dilution 05-12pg
QqUT  specific (2.1 mm = 150mm, 5 pm) 6406 — mjz 1.0 technigue
Enantiomer-  Nucleodex -PM SEM mode: mjz 64006 + miz 79.0miz  lsotopic dilution 03-15pg 0.3-1.8 ng/ 1.2-3.5ngl
specific (4.0 = 200 mm, 5 pm) B40L6 — miz 81.0 cechnigue gdw gdw

a flow rate of 0.25 mL/min. The injection volume was set at 4 puL
The elution program started at an initial composition of 100% A
and was ramped to 105 A in 17 min and initial conditions were
reached again in three min and maintained for an additional
15 min,

Mass spectrometric analysis was performed with an hybrid tri-
ple gquadrupoleflinear ion trap Applied Biosystem MSD Sciex
4000QTRAP (Applied Biosystems, Foster City, USA) instrument
equipped with a Turbospray ESI interface. All data were acquired
and processed using Analyst 1.4.1. software. For target quantitative
analyses, data acquisition was performed in MRM, recording the
transitions between the precursor ion and the two most abundant
fragment ions.

The MS/MS detection conditions were optimized to afford the
highest relative intensity. Some parameters such as curtain gas
{CUR), collision gas (CAD), temperature of turbo gas in the Turbo-
lonSpray (TEM ) and ion source gas 1 and 2 were set at default va-
lue: 50V, high, 700 °C and 50V, respectively. Other parameters
such as declustering potential (DP}, collision energy (CE}, collision
cell exit potential {CXF), ion spray voltage (1S) and entrance poten-
tial {EP) were optimized.

The developed instrumental method display excellent LODs in
SRM mode between 0.5 and 1.2 pg (Table 1),

HBCD enantiomeric separation by LC-MS-MS method

The LC system used was an Agilent HP 1100 binary pump with a
Nucleodex 3-PM chiral chromategraphic column. The optimal sep-
aration of enantiomers was achieved using methanol, acetonitrile
and water as mobile phase using 70% H20:30% MeOH as eluent A
and 70% AcN:30% MeOH as eluent B, at a flow rate of 0.50 mL]
min. The injection volume was set at 10 pL. The elution program
started at an initial concentration of A at 50% decreased to 0% along
the first & min, and was maintained for 17 min and initial condi-
tions were reached again in 5min and maintained for additional
12 min.

Mass spectrometric analysis was performed with a hybrid triple
quadrupoleflinear ion trap Applied Biosystem MSD Sciex
4000QTRAP instrument equipped with an ESI Turbospray interface.
All data were acquired and processed using Analyst 1.4.2 Software,
For target quantitative analyses, data acquisition was performed in
SEM. The transitions for unlabelled and labelled HBCD were ex-
plained before.

The MS/MS detection conditions were optimized to obtain the
highest relative intensity: curtain gas at 50 psi, collision gas at
4.5 « 107" Torr, temperature of the turbo gas in the TurbolonSpray
source at 350 °C, ion source gas 1 at 50 psi and ion source gas 2 at
10 psi. Other parameters such as declustering potential, collision
energy, collision cell exit potential, ion spray voltage and entrance
potential were previously optimized {Guerra et al., 2008a). Instru-
mental LOD was between 0.3 and 1.5 pg, for sediments samples

from 0.3 to 1.8 ng/g dw and for fish samples the values were be-
tween 1.2 and 3.9 ngjg dw.

The enantiomeric fraction was expressed as EF, witch is the pre-
ferred descriptor of chiral signatures in environmental samples
{Harner et al., 2000) and normally is calculated from the peak areas
of the enantiomeric pairs by

_ A,
TALHA

where A. and A_ are the peak area of eluting enantiomers.

It is well know that ESI ionization is subject to sample matrix
effects that can cause enhancement or suppression of the target
analytes signal and can adversely affect their quantification {Vil-
lagrasa et al, 2007; Dodder et al., 2006). Matrix effects are caused
by coeluting compounds that interfere with the ionization of the
analytes. In order to avoid this effect that can affect in EF calcula-
tions, Marvin et al. {2007) introduced the corrected EF values, cal-
culated by the Eq. { 2. This correction is based on the use of isotopic
labelled standards {d,s-HBCDs) since dig-labelled enantiomeric
analogues behave in an identical manner to their native
counterparts.

EF (1)

EF et = el Aitns] < PErse @)
T AL A vns] % PBLans + -] A ] % PE_ars '

where A, and A, are the peak area of eluting labelled
enantiomers.

Normally, in a racemic mixture EF is 0.5, but if the value is lar-
ger means that there are an enrichment of the (+) enantiomer and
if EF is smaller than 0.5 there are an enrichment of the {-)
enantiomer.

HBCD occurrence
Area of study

The study area is located in the northeast of Spain, along the
Cinca river, in the Ebro River basin {Fig. 1). Different sampling sta-
tions were selected at the Cinca River: Puente de las Pilas {site C1)
and La Boquera (site C2), 20 and 12 Km upstream from Monzon,
respectively; just downstream from Monzdn (site C3), a heavily
industrialized town with a very important chemical industry, Alco-
lea de Cinca {site C4), Chalamera {site C5) and Fraga {site C6) were
27,30 and 67 km downstream of site C3, respectively.

Different sampling campaigns were carried out from 2002 to
2006 {Table 2). Surficial sediments {0-2 cm) were collected at each
different selected site. Attempts were made to collect several fishes
from the same locations as the sediment samples. Fish specimens
were collected by DC electric pulse. Fish were killed, weighted
and the fork length of each fish was measured. Different fish spe-
cies were sampled: barbels (Barbus graellsii), bleaks (Alburnus,
alburnus), n nases [Ch Jand carps
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Cinca River

nte las Pilas

Aleolea de Cinea
Chalamera

Fig. 1. Geographical situation of the Cinca River and location of sampling stations,

(Cyprinius carpio). Whole fish was analyzed for bleaks and south- Sediments
western nases, whereas muscle and liver tissues were analyzed

for barbels. Muscle samples were collected from below the dorsal Due to their hydrophobic character, HBCDs are strongly
fin. The body cavity of each fish was opened and the liver was re- bound to solid particles such as soil and sediments. HBCD was
moved and preserved frozen at —20 °C with the muscle sample un- not detected upstream Monzén; however it was detected in sed-
til analysis. iments collected downstream of Monzén, Highest concentration

Along the Cinca River and in the industrial area of Monzon, levels were found at site C3, with values between 514 and

industrial efMuents from two different industries were selected: 2430 ngfg dw, followed by site C4 (125 ng/g dw), site C5 (90-
the first one produced EPS (Expandable polystyrene) treated with 866 ngfg dw) and finally site C6 were HBCD was detected at lev-
flame retardants and ABS {acrylonitrile-butadiene-styrene), and els below limit of quantification (Eljarrat et al, 2004; Guerra

the second one produced Pve {polyvinyl chloride). et al, 2008b).
Tahle 2
Sampling campaigns carried out in the area of study between 2002 and 2006.

Puente las Filas (C1) La Boquera [C2) Menzdn (C3) Alcolea de Cinca  Chalamera (C5) Fraga (C6)  Industrial

(c4) effiuent (E)

October 2002 1 Sediment 1 Sediment 1 Sediment - 1 Sediment - -

4 Barbel * (M4L) & Barbel (M + L) 6 Barbel (M#L) - 5 Barbel (M + L) = B

- 12 Bleak ® (WF) 12 Bleak (WF) - & Bleak (WF) o
Nevember 2004 1 Sediment 1 Sediment 1 Sediment - 1 Sediment - -

6 Southwestern nase " (WF} 6 Southwestern nase (WF) - - & Southwestern nase (WF) - -
November 2005 - - 1 Sediment - - - -

2 Effluent

June 2006 1 Sediment - 1 Sediment 1 Sediment - 1 Sediment -
November 2006 - - - - - - 2 Effluent

M = muscle tissue; L = liver tissue; WF = whole fish.
* Barbel = Barbus groeilsi.
 Bleak = Alburnus alburmes,
L n nase = Ch
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Fig. 2. Total HBCD (ng/g dw) in sediment samples collected at site C3 during the
different sampling campaigns (from 2002 to 2006),

Comparing contamination values obtained at the industrial site
{C3) at different sampling campaigns, we can detect an increase of
the concentration levels with time {Fig. 2}, reaching the maximum
level in sediment sample collected in 2005 (2430 ngfg dw). Then,
the concentration level remain practically constant for the follow-
ing sampling {2006). It is important to note that just one sediment
sample has been analyzed. But, the time trend is also reflected in
fish samples, with increasing contamination with time.

Our HECD results were consistent with reported data for river
sediments. Sellstrom et al. { 1998) reported concentration levels be-
tween nd and 1600 ng/g dw in river sediments from a Swedish riv-
er with numerous textile industries. Morris et al. {2004)
determined HECD in river and estuarine sediment samples. HECD

P. Guerra et ol jeurnal of Hydrology 369 (2005) 360-367

total HECD concentration was 1700 pg/ke dw in freshwater sedi-
ments from the River Skerne { England). In the River Tees the mean
concentration was 510 pgfkg dw. HECD was also detected in sedi-
ments from Scheldt (The Netherlands) basin with values between
38 and 950 pglke dw.

The isomeric profile of HBCD found in contaminated sediment
samples from Monzdn was similar to that of commercial HBCD for-
mulations, with y-HBCD being the most abundant isomer {be-
tween 94% and 99% contribution to the total HBCD). The same
findings were observed in sediments from lake Winnipeg, where
HBCD contamination was dominated by y-isomer {Law et al,
2006a,b).

EF corrected values were calculated for sediments samples from
June 2006 campaign. In the case of y-HBCD, it was observed that EF
values were between 0.51 and 0.55, with values decreasing while
the site is far from the polluted area. As regards «-HBCD, EF values
ranged between 0,54 and 0.59. Fig. 3 shows a chromatogram for an
enantiomenric separation of HBCD in a sediment sample from C4.
For y-HBECD, EF value was 0.55. Therefore, the presence of (+] y-
was greater than {—) v-HBCD. On the other hand, «#-HBCD EF value
was (154, with a higher content {+) @- than {—) = enantiomer.

Biota

Fish often exhibit high residues of contaminants, due to their
high position in the food chain and the elevated exposure in the
aguatic environment. Table 3 shows the mean concentrations of
HBCD in selected sites. HBCD was detected only in samples corre-
sponding to sites downstream Monzon. In these samples, HBCD
levels ranged from 90 to 4863 ng/g wet weight {ww). Similar to

was detected in all sediments analyzed. The maximum value for our findings in sed ples, site C2 was found to be the most
7 0el 4
"y
5565
4005 § )y
2
g <4
g
= 2554
1006 4
M«
EFo cormected= 0,55
1 o Ju u EFy comecled= 054
4 A -
L] L] 10 12 14 0 12
Time {min)

Fig. 3. HBCD epantiomeric separation sediment sample (sample collected during 2006).
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Table 3
Results (ng/g ww) lor fish samples.
Sampling Matrix  Puente Las Pilas (C1) La Boquera (C2) Monzén (C3) Alcolea de Cinca (C4) Chalamera (C5)  Fraga (C6)
October 2002 Barbel* Muscle nd nd 530 (309-750) - 50 -
Liver nd nd 554 (464-625) - 432 -
Bleak Whale - nd 1501 (1274-1643) - 760 (460-1103) -
Movember 2004 Southwestern nase® Whole nd nd - - 4863 (2685-7813) -

() range of concentration in samples.
* Mean values,

contaminated zone followed by site C5. In the case of C5 in 2004
sampling, the values are between 2685 and 7813 ngfg ww.

HBCD has been detected in many biota studies (Law et al.,
2006a,b; Tomy et al, 2005; 2004; Budakowsky and Tomy 2003;
Jandk et al., 2005; Voorspeels et al, 2003). Concentrations of a-
HECD and -HBCD diast in fish samples from the Wes-
tern Scheldt Estuary were between 28-1100 ng/fg lipid weight {lw),
2-51 ng/g hw, respectively. For «-HBCD and y-HBCD in muscle and
liver the values were between 21-680 ngjg hw and 1-35 ngfg lw,
respectively {Jandk et al., 2005). In the case of fish samples from
Lake Winnipeg levels of y-HBCD were in the range 0.15-1.11 ng/
g lw. Several of samples displayed small amounts of c-isomer
and f-isomer was not detected in any of the samples (Budakowsky
and Tomy, 2003 ).

EF corrected values were calculated for the fish samples, Fig. 4
shows a ¢ for an neric separation of HBCD
from C5 and related EFs. In the case of y-HBCD, EF value was
0.57. Therefore, the presence of (+) y- was greater than (-] -
HECD. On the other hand, «-HBCD EF value was 0.45, with a higher

1.5¢5
1.0e5
&
=
i
5004
Oa B
1.0e4
A\

content of (—) a- than (+) « enantiomer. Differences in enantio-
meric distribution and behaviour were found between sediments
and fish samples, as well as some deviations on the racemic value
of EF in both cases,

Source of contaminarion

Two industries were suspected to cause the HBCD contamina-
tion along the Cinca River. Analysis of industrial effluents of each
industry in 2005 revealed that industry which produced EPS and
ABS is the responsible of the HBCD contamination, with concen-
tration levels around 5 pg/L In 2006, a new sampling was done
for the same industries, the results shows the same situation
than in 2005: HBCD was not detected in FVC effluent, and a con-
centration of 2 pg/l. was detected in the sample from EPS efflu-
ent. This sample was characterized isomerically, and the
contribution of w-isomer was 14%, 11% for [-isomer and 75%
for y-HBCD. Practically, this is the typical distribution of HBCD
commercial mix.

®y

aEF 4= 045
VEF =057

G

)

11 12
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Fig. 4. HECD enantiomeric separation in fish sample {sample collected during 2004}
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Table 4
Resulis (ng/g lw) for barbels obtained for samples in a bioaccumulation experiment,

a-HBCD [-HBECD ¥-HBCD Total HECD
Mot exposed® 63 (29) 30 (+8) 892 (22} 184 (#15)
Sampling station C2 (upstream])’ 15 (#2) 25 (x1.3) 12 (#3) 25 (+4)
Sampling station C4 (downstream ) 333 (+61) 58 (+7) 15,127 (+2605) 15,517 (+2673)

{1 + Standard deviation,
* Mean values,

Studies of behaviour
Experiment in situ

An in situ experiment was performed to evaluate the HBCD bio-
accumulation. In Chalamera (site C5), “clean” barbels { Barbus gra-
ellsii] were exy d to the envir As a control, the same
experiment was performed in La Boquera (site C2). Twenty speci-
mens of barbel were caged into each one of two stainless steel de-
vices that were placed on the river-bed at the two locations. Nine
specimens were immediately frozen to be analyzed as blanks. After
15 days of exposure, no mortality was observed in the cages.

Table 4 shows the levels of HBCD accumulated in the caged bar-
bels exposed in sites C2 and C4 {De la Cal er al., 2009). Accumula-
tion at site C2 was negligible, as values measured after the
exposure were even lower than those of the fishes not exposed.
This could means even some depuration during the experiment.
However, at site C4, after the 15 days of exposure, concentration
in caged barbel increased up to 1337 ng/g ww or 15,518 ngfg Iw.

An analysis of isomeric profile was done. For site C4, the pro-
portion of the y-isomer in barbel was between 96 and 98%
whereas a-isomer accounted for 2-3% and p-isomer for 0.4%
On the other hand, in barbel not exposed and from site C2, the
predominance of the y-isomer dilutes. In fact, such profile is unu-
sual in biological samples. As reviewed by Covaci et al., 2006),
normally, biota shows a much higher percentage of 4-HBCD than
B~ or y-HBCD {Janik et al., 2005; Morris et al., 2004). The data ob-
tained in this study show slightly lower y-HBCD content in fish
{82-98%) than in sediment {96-99%), this could be due to a re-
cent exposition.

Depuration experiment in laboratory

The information about different isomer-HBECD bioavailahility is
limited, but we know that the zone under study presents impor-

00 alpha-HECTY
:
200
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o - —
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samma-HBCD
é 40001
i B
L]
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tant levels of HBCD (Eljarrat et al., 2005; 2004). Because of that
we made an experiment to know if the different distribution of
the HBCD isomers alpha, beta and gamma found in sediments {or
commercial mixture) and fish is produced by differences in the bio-
availability of the isomers or by biotransformation of the isomers
in the sample,

Juvenile zebrafish {Danio revio) with a weight of 340233 mg
and a length of 2468 mm were distributed into two groups:
HBCD-treated (0.1 pgfl; n=60) and effluent-treated {industrial
effluent from EPS and ABS production, diluted 1:500; n = 60). The
industry is located in C3. Zebrafish were acclimated for 2 weeks be-
fore the experiment, 40 zebrafish were sampled at time 0 to fix the
basal levels of HECD isomers in the experimental group. Fish were
exposed to the HBCD{effluent in water for 12 days, changing the
solution every other day. Then, pollutant was removed and fish
was maintained for 16 additional days in clean water. 20 zebrafish
from both groups were sampled at days, 12, 21 and 28, The extrac-
tion method was explained before.

In the Fig, 5 are presented the mean concentration and standard
deviation of the HBCD in fish samples. It is observed that the con-
taminated effluent exposure results in an addition of HBCD in the
organisms. It was detected a depuration of HBECD with the time. In
the depuration data obtained is important to see that this depura-
tion was different depending of the isomer. As an example, the
depuration rate of o- or [-isomer (46% and 27% after 9 days,
respectively) is lower than y-isomer depuration rate (70% and
77% after 9 and 16 days, respectively).

Bivavailability and bioaccumulation

Sediment concentrations were compared to those in biota col-
lected at the same sites along Cinca River. The fact that HBCD is
found in fish indicates that it is also bipavailable. However, the
low fish to sediment ratio (below 1) does not agree with the high
ratios reported by Sellstrom et al. {1998) for pikes from a Swedish

307 DTN CT)
= 20+
%20
o | .
0
Uptake (12d) Depur.iSd ) Diepur,{16d)
Total HECD.

T
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o
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Fig. 5. Results for the zebrafish exposition to effluent treated experiment.
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River. Pike is a predator at the top of the food chain and the higher
fish to sediment ratio in this specie could indicate the biomagnifi-
cation of this compound through the aguatic trophic chain.

Previous studies showed that PBDE levels increased with the
age of the fish, indicating bicaccumulation {Haglund et al., 1997).
Fish length is directly related to fish age. If the measured concen-
trations of HBCD are compared with the fish length at sites C3
and C4, the correlation coefficients indicate acceptable correlations
{R*=0.71). These data showed that HBCD could be bioaccumulated
in barbels from Cinca River (Eljarrat et al,, 2004).
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ARTICLE INFO SUMMARY

Keywords: In response Lo increasing international regulations on brominated flame retardants (BFR) formulations,
Brominated flame retardants alternative additive flame retardants for achieving commercial product fire safety standards are being
Decabromediphenylethane developed and used. Some of these non-BDE (brominated diphenyl ethers) BFRs are pentabromoethyl-
Hexabromebenzens b (PBEE), hexab b (hexaBEz), and decabremodiphenylethane {deBDethane).
Pentabromeethylbenzene

The present study investigated the eccurrence of these emerging BFRs, together with 38 BDE congeners
(from di- te deca-BDE) in sediments sampled from different points along Llobregar basin (Spain}in three
different sampling campaigns between 2005 and 2006. Emerging BFRs were detected in all sediment
samples analyzed, at concentrations ranging from 3.1 to 9.6 ng/g for PBEB, from 0.4 to 2.4 ng/g for hexa-
BBz and [rom 4.8 to 23 ngfg for deBDethane. These levels are lower than concentrations obtained for
PBDEs (from nd to 82 ngjgh

Polybrominated diphenyl ethers

@ 2009 Elsevier BV, All rights reserved.

Introduction

Flame retardant compounds are a structurally diverse group of
chemicals that are added to polymers which are used in plastics,
textiles, electronic circuitry and other materials to reduce the risk
of fire. One of this group of compounds are the brominated flame
retardants {BFRs). Some of them are ubiquitous, and many have
been detected in biota, sediments, air, water, marine mammals
and even in human milk {Law et al., 2006; Eljarrat et al., 2009). It
is important to note that the bulk of research done has been fo-
cused in the study of polybrominated diphenyl ethers (PBDEs)
due to their persistence and hydrophobicity, two characteristics
that make them amenable to bicaccumulation and biomagnifica-
tion {Eljarrat et al., 2004a). Due to their toxicological effect, the
production and use of penta- and octa-BDE mixtures has been
banned in Europe since 2004, just deca-BDE is still permitted.
However, there are stocks of all PBDEs from products in service
and waste.

In response to increasing international regulations on BFR for-
mulations, alternative additive flame retardants for achieving com-
mercial product fire safety standards are being developed and used
{Verreault et al, 2007). Some of these non-BDE BFRs are pentah-
romoethylbenzene (PBEB), hexabromobenzene {hexaBBz) and dec-
abromodiphenylethane {deBDethane).

* Corresponding author. Tel.: +34 93 400 61 00
E-mail addresses: pgggam@cid.csices (P. Guerra), eeegam@cid.csic.es (E Eljarrat),

DO22-1654/8 - see front matter @ 2008 Elsevier BV, All rights reserved.
doi:10:1016/j jhydrol 2008.06.052

PBEB, hexaBBz, and deBDethane have been detected in environ-
mental samples from Europe and North America, including sedi-
ments {Leonards et al., 2008; Lopez et al,, 2008; Hoh et al., 2005;
Kierkegaard et al,, 2004), sewage sludze (Eljarrat et al,, 2005), air
{Hoh et al., 2005), house dust {Stapleton et al., 2008), blood and
eggs of gulls (Verreault et al., 2007; Gauthier et al., 2007). In addi-
tion, there is little or no toxicological data available for wildlife or
humans for these additive BFRs.

The present study investigated the occurrence of emerging BFRs
including PBEB, hexaBBz and deBDethane together with 38 di- to
deca-BDE congeners in sediments sampled from four peints along
Llobregat River that belongs to internal basin of Catalonia {Spain)
and three points from Anoia River, a tributary of Llobregat River.
Different sampling campaigns were carried out: June and October
2005 and June 2006.

The analytical method used was based in selective pressurized
liquid extraction {SPLE) without further clean up step using alu-
minium oxide neutral (De la Cal et al., 2003). Analysis by gas chro-
matography coupled to mass spectrometry { GC-MS) working with
negative ion chemical ionization {NICI) was done.

Experimental
Sample collection
The study area is located in the northeast of Spain, along the

Llobregat River and Anoia River, a tributary of the Llobregat River
{Fig. 1). The Llobregat River is 170 km long, with 4957 km? of basin
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A

Fig. 1. Location of sampling stations in the Uobregat (LL1-104) and Ancia (A1-A3)
rivers.

surface, It comes from the north west of Catalonia and flows into
the Mediterranean Sea, close to Barcelona, It has been polluted
by the effluents from different industries located along the basin
(Mufioz et al., in press).

Surficial sediments {0-2 om) were collected at each selected site
(Table 1), Different sampling campaigns were carried out: June and
October 2005 and June 2006. Only two samples were not collected:
at site L2 during the first campaign and at site Al during the third
campaign.

Chemicals

The polybrominated diphenyl ether native compounds stock
solution BFR-PAR: 3,344 -tetrabromodiphenyl ether (BDE-77);
2,2'344' 5 6-heptabromodiphenyl ether {(BDE-181) and decab-
romo|'?C,; |diphenyl ether {['*C,;].BDE-209) were purchased from

Table 1

Sampling point locaton.

Site River Location site UT™M X L™ ¥
m Llobregat Castelivell 1 el Vilar 403818 4607443
2 Llobregat Martorell 411171 4,592,186
us Uobregar Abrera 410078 4,594,291
L4 Liobregat Sant Joan Despi 420247 4577928
Al Anoia Pobla de Claramunt 386339 4,602,206
AZ ARoi Jorba 378856 4,606,044
A3 Anoia Martorell 410400 4591976

UTM: universal transverse mercator coordinabe system, X: latitude; ¥: longitude.

Wellington Laboratories (Guelph, Ontario, Canada). The compo-
nents of BFR-PAR solution were: 3 di-BDEs {7, 10, 15}, 3 tri-BDEs
(17, 28, 30, 5 tetra-BDEs (47, 49, 66, 71, 77), 5 penta-BDEs (85,
99, 100, 119, 126), 7 hexa-BDEs (138, 139, 140, 153, 154, 156,
169), 5 hepta-BDEs {171, 180, 183, 184, 191), 6 octa-BDEs {196,
157, 201, 203, 204, 205}, 3 nona-BDEs (206, 207, 208), deca-BDE-
209, pent I {PBEB), hexabr {hexa-
BBz) and decabromodiphenylethane {deBDethane). The concentra-
tions of each compound ranged from 200 ng/mL for the di-bromo
congeners to 4000 ng/mL for the decabromodiphenyl ether,

Extraction and clean up

Sediment samples were freeze dried. Lyophilized material was
ground, homogenized and stored in brown glass sealed containers
at -20°C until analysis. One gram dry weight {dw) ol sediment
sample was spiked with internal standards (10 ng BDE-77, 10 ng
BDE-181 and 500 ng [Cy;]-BDE-209). Spiked samples were kept
overnight to equilibrate. In order to reduce time of analysis, a SPLE
method that automatically and rapidly achieves quantitative and
selective extraction of BFRs was used (De la Cal et al,, 2003} Two
grams copper were added to the cell to remove sulphur interfer-
ences, SPLE was carried out using a fully automated ASE 200 sys-
tem {Dionex, Sunnyvale, CA, USA) using aluminium oxide neutral
and Hydromatrix {Varian Inc., Palo Alto, USA). Extraction cell was
heated to 100°C and extraction was carried out using a mixture
of hexane:CH2Clz {1:1). The volume of the resulting extract was
about 35 mL Extracts were finally concentrated to incipient dry-
ness and re-dissolved with 50 pL of toluene prior to analysis by
gas chromatography coupled to mass spectrometry working with
negative ion chemical ionization {GC/NIC-MS).

Instrumental analysis

GCINICI-MS analyses were performed on a trace GC ultra gas
chromatograph connected to a dual stage quadrupole mass spec-
trometer {Thermo Electron, Texas, USA)L A DB - 5MS capillary col-
umn {15 m = 0.25 mm i.d, 0.1 pm film thickness) was used with
ammonia as the carrier gas at an jon source pressure of
1.9 « 10~% Torr, The temperature program was from 140 °C (held
for 2 min) to 325°C (held for 10 min) at 10 °Cmin~". Injection
was carried out by splitless mode for 1 min with an injector tem-
perature of 250 °C {Eljarrat et al., 2004b).

The GC/NICI-MS operating conditions were as follows: ion
source temperature was 250 “C and ammonia as chemical ioniza-
tion moederating gas at a gas flow 3.0 mL/min. Experiments were
carried out monitoring the two most abundant isotope peaks from
the mass spectra corresponding to my/z = 79 and 81 [Br|~ for di- to
nona-BDEs, PBEE, hexaBBz and deBDethane, myz = 487 and 489 for
BDE-209 and mfz = 497 and 498 for "*C;;-BDE-209.

Identification of selected analytes was based on the following
restrictive criteria: (i) retention time for all monitored ions for a gi-
ven analyte should maximize simultaneously =1s, with signal to
noise ratio =3 for each; and {ii) the ratio between the two moni-
tored ions should be within 15% of the theoretical value {calculated
upon standards).

Quantification of di- to penta-BDEs, PBEB and hexaBBz was car-
ried out by internal standard procedure using BDE-77, whereas for
hexa- to hepta-BDEs, BDE-181 standard was used. In the case of
octa- to deca-BDEs and deBDethane, the quantitation was carried
out using 7C;;-BDE-209 as internal standard.

Quality assurance

Quality of the hod had been eval d. For this
purpose, experiments with spiked sediment {at 5-100 ng/g) were
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prepared and analyzed by PLE followed by GC/NICI-MS. Test of
recoveries were carried out five times in order to evaluate repro-
ducibility. The limits of detection {(LOD) of the method, defined
as 3 times the noise level, and the limit of quantification {LOQ) of
the method, defined as 10 times the noise level, were calculated.

The linearity of the method was checked using calibration
curves made from standard solutions at six concentration levels
{ranging from 4 pg injected to 3000 pg injected) and by triplicate
injections.

Results and discussion
Quality control

The sample | method applying SPLE procedure was
previously optimized for extraction and purification of 40 different
mono- through deca-BDE ¢ (De la Cal et al, 2003 ). In the
present study, the application of this procedure was tested for
emerging BFRs such as PBEB, hexaBBz and deBDethane,

Quality 5 were ized in Table 2. Recoveries of
58%, 62% and 102% were found for PBEB, hexaBBz and deBDethane,
respectively. For PBDES, similar recoveries than those found in the
previous study (De la Cal et al., 2003 ) were obtained, ranging from
56% to 110%. Thus, recovery range of emerging BFRs is similar to
that obtained for FEDEs congeners.

As regards the reproducibility of the method, a relative standard
deviation (RSD) of 3%, 5% and 6% was obtained for PBEB, hexaBBz
and deBDethane, respectively. These values were below 10% and
in the same range than those obtained for PBDEs (from 0.6% to 8%).

The LOD of the method achieved using SPLE followed by GC-
MICI-MS ranged between 1 and 41 pgjg for PEDEs, and were 18,
9 and 86 pg/g for PBEB, hexaBBz and deBDethane, respectively.
Thus, similar LOD values for PBDEs and emerging BFR were found.

Little information can be found related with analytical parame-
ters of emerging BFRs. Ricklund et al. (2008) reported values of
method LOD between 0.58 and 1.6 ng/g dw for deBDethane. These
values were higher than those obtained in our study {0.09 ngjg).
However, no data was found for the other emerging BFRs.

PBDES levels

PBDEs were detected in all the sediment samples at concentra-
tions ranging from 22 to 136 ng/g dw as shown in Table 3. Site LL2
(€2 sampling campaign) was the most contaminated zone followed
by site A3 (C1 pling campaign). These sedi were
also subjected to a monitoring study of different priority and
emerging contaminants, and also for these LL2 and A3 were the

two sites presenting the highest levels of pollution {Mufioz et al.,
in press). High pollution at site A3 could be attributed to the appli-
cation of PBDES in the textile and tannery industries located in the
surroundings of this area. As regards, LL2 is under the influence of
the effluents of a waste water treatment plant {WWTF) located
next to the sampling point. On the other hand, il we compare
PBDEs concentration at the three different sampling sites, no sig-
nificant differences were detected.

Moreover, in a previous study carried out along 2000, PBDEs
were determined in Anoia and Cardener rivers, tributaries of Llob-
regat River. In this study, levels ranged from 2.5 to 9.8 ngfg dw
{Labandeira et al., 2007), being lower than those obtained in the
present study. This difference should be due to the continuous
use of flame retardants and accumulation with years. It is impor-
tant to note that sediment samples from cited study are from
2000 and sampling sites were different, thus the difference also
should be due o an addition from different sources,

Some other data for PBDES in Spani li s are availabl
De la Cal et al. {2003) d d seven BDE c {BDE-47,
BDE-99, BDE-100, BDE-118, BDE-153, BDE-154 and BDE-183) in
two river sediments collected in Catalonia and 3 BDE concentra-
tions ranged from 1.8 to 2.5 ng/g dw. Eljarrat et al. (2004a) deter-
mined 40 BDE congeners, including BDE-209 in sediments from 4
sites in Ebro River. ¥ BDE concentrations were from 2.4 to 42 ng/
gdw.

PBDEs were also determined in samples from 32 sites along Riv-
er Danube with % BDE concentrations between 0.06 and 84 ngjg
dw {Sawal et al., 2005}, In the Scheldt estuary in the Netherlands,
higher levels of ¥ BDE (13 congeners including BDE-209) were
found, with concentrations up to 262 ng/g dw (Verslycke et al,
2005).

Of 38 PEDEs congeners included in our analytical work, 14 dif-
ferent PBDEs were detected, ranging from tetra- to deca-BDE:
tetra-BDE-49+71, tetra-BDE-47, penta-BDE-99, penta-BDE-100,
hexa-BDE-153, octa-BDE-201, octa-BDE-204+197, octa-BDE-203,
octa-BDE-196, nona-BDE-208, nona-BDE-208, nona-BDE-207,
nona-BDE-206 and deca-BDE-209. The dominance of BDE-209 in
the total PBDEs is unquestionable such as it had been described
in literature (Eljarrat et al., 2004b), which was present at concen-
trations varying from 3.2 to 82ngfg dw. In these samples
BDE-209 constituted between 11% and 71% of the total FBDE con-
tamination. The presence of BDE-209 could indicate the use of
commercial formulations of deca-BDE in the studied area. On the
other hand, in more than 95% of samples there are also presences
of BDE-206, -207 and -208, indicating a possible degradation of
BDE-209 in aquatic environment (Stapleton and Dodder, 2008).
When the relative contribution of octa- and nona-BDEs is com-

Table 2
Quality parameters of the SPLE followed by GC-NCI-MS method for PBDEs and emerging BFRs.
PBDEs £R{n=13) RSD (%) Instrumental (pg) Method (pgig)

LoD Log 10D LOQ
Di-BDE §7-105 0.7-4 3.2-6.0 11-20 20-41 67-136
Tri-EDE 57-101 3-5 17-21 56-7.1 15-19 50-63
Tetra-BEDE 64-88 0.8-8 12-15 4.1-5.1 4.7-11 15-36
Penta-BDE 96-110 08-7 10-1.7 35-57 77-24 25-81
Hexa-BDE T4-105 2-8 13-23 2.1-7.8 B4-22 28-74
Hepta-BDE 82-102 0.6-8 03-26 11-87 1.0-13 29-43
Octa-BDE 66-102 2-6 13-63 42-21 21-36 70-120
Mona-BDE 56-71 2-8 12-31 40-10 13-18 43-61
Deca-BDE 83 6 29 96 25 7
Emerging BFRs
FBEB 58 3 17 56 18 GO
Hexabbz 62 5 16 54 5.1 30
DecaBDethane 2 6 11 9 86 288

R: recovery; RSD: relative standard deviation, LOD: lmit of detection, LOQ: limit of quantitation.
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Table 3
BFRs concentration levels (expressed in nglg diy mass) in Liobregat and Anoka River sediments

L 2 u3 s Al A2 A3

1 [ o c2 = 1 (=2 (=] 1 Q (=] 1 2 c1 (=3 a 1 Q2 a
BOE-49471 nq nq nd 49 nd g 0s g 55 nod nd nd 10 03 ng nq rd 47 o
BDE-47 nq nq ng 14 ng ng ngq nq 26 nq nd nd ng a2 nq ng nd a7 nq
BDE-100 i ng ng ng nd ng nd nq 10 nq nd nd nd nd ng ng nd nd g
BDE-99 nd ng nq ng ng ng nq M [} M nd rd ng nd ng nq rd S nq
BDE-153 nd 10 1T ng nd a4 ng nd ngq nd nd nd nd nd nd nd nd nd nd
BDE-201 nd nd nd nd nd nd nd 33 nd nd nd nd nd nd nd nd 42 nd nd
BDE-2044197  nd nd nd 40 nd nd nd 12 nd nd nd nd nd nd 45 nd 55 nd nd
BDE-203 nd nd nd 27 nd nd nd nd nd nd nd nd nd nd nd nd nd nd nd
BDE-196 nd nd nd 33 nd nd nd nd nd nd nd nd nd nd nd nd nd nd nd
BDE-208 46 80 63 a5 76 58 64 12 83 158 52 65 64 63 7.6 63 88 64 46
BDE-207 45 EE ] B.1 13 B85 (-t TA 12 12 a0 58 T4 69 B8 B2 7 11 (-1} 45
BDE-206 50 ng 81 15 11 61 9.7 20 1 11 12 84 9 10 85 11 24 10 .7
BDE-209 18 88 77 82 13 75 52 29 21 29 56 32 al 19 17 1 57 36 11
Total PEDEs" 2 32 45 136 40 30 30 89 73 57 79 26 27 46 46 s m 76 28
Emerging BFRs
FBEE 2.0 7 ng 47 ng &l 8.2 nd 35 9.1 nd 64 2.0 26 31 nd 83 67 nd
Hexahbz nq nd nd 22 nd ng nd nq 24 nd nd n nd nd nq nq nd a4 nq
DeBDethane 86 48 12 3 12 91 13 10 a9 n 24 g1 15 15 15 13 20 n 22

C1: first sampling campaign (June 2005); C2: second sampling campaign (October 2005} C3: third sampling campaign (June 2006); nd: below LOD; ng: below LOG,

* Tozal amount cabculated considering nd and nq equal zero.

pared with the relative contribution of BDE-209 it is rejected the
possibility of BDE-209 degradation on column. This was proved
injecting standard of BDE-209 at the same instrumental conditions.
Thus, the contribution of BDE-209 plus nona- and octa-BDEs was
close to 90%, this could be due to a high usage of deca-BDE mixture,

Emerging BFR levels

Table 3 shows the concentration levels found for

However, there is no report of concentration levels, just presenting
a summarising graphic, rendering the comparison with our data
{Kolic et al., 2009}

Comparative occurrence of selected BFRs
Fig. 2 compared the different BFR levels in the two rivers stud-

ied. As can be seen no significant difference was observed between
the ¢ ination in both rivers. Moreover, a similar distribution

BFRs. PBEB was detected in 13 of 19 analyzed samples at concen-
tration levels between 3.1 and 10 ng/g dw. HexaBBz was detected
Just in 3 out the 19 sediments, at levels ranging from 0.4 to 2.4 ng/g
dw. Finally, decaBDethane was detected in all samples, at levels be-
tween 4.8 and 24 ngfg dw.

Few data are available about these compounds in sediment
samples. In the case of PBEE, a previous work analyzed it in sedi-
ment samples from Michigan lake (Hoh et al., 2005), but it was
not detected. Thus, our values represented the first data available
of PBEB in sediment samples around the world. The current pro-
duction of this compound is not available, but recent studies re-
ported the presence of relatively high concentrations in Chicago
air samples {Gauthier et al., 2007},

HexaBBz was widely used in Japan as an additive to paper, plas-
tic and electronic goods. be et al. (1986) 1 levels be-
tween 5.6 and 60 ngfg dw in Osaka sediment samples. HexaBBz is
still used in Japan at lower volumes {Watanabe and Sakai, 2003},
However, hexaBBz is not reported by the EU industry as a currently
produced chemical (Verreault et al,, 2007). Besides, it has to be ta-
ken into account that another source of hexaBBz in the environ-
ment result from thermal degradation of BDE-209 {Gauthier
et al,, 2007).

DeBDethane became commercially important as an alternative
to the decaBDE formulation in the early 1990s (Kierkegaard
et al,, 2009). DeBDethane were determined in samples from Wes-
tern Scheldr River {The Netherlands) at 0.65-5.8 ngfg dw {Lopez
et al, 2008). A higher value was reported by Kierkegaard et al.
{2004) in sediment from the same river, with a concentration of
24 ngjg dw. All these values are in accordance with our levels in
the Llobregat River.

It is important to note, that a recent work analyzed PBEB, hexa-
BBz and DelDethane in sediments from & different sites in Canada.

was observed, being higher the concentration levels of PBDEs
{mainly corresponding to BDE-209), lollowed by deBDethane, PBEB
and finally, hexaBBz.

As it was indicated before, deBDethane applications are similar
as for BDE-209 with the advantage of no production of dibenzo-p-
dioxins and no formation of furans under pyrolysis conditions
(Kierkegaard et al, 2004; Jakab et al, 2003). Generally, the re-
ported levels of deBDethane were lower than for BDE-209 (Kier-
kegaard et al, 2009). In the present study it is observed that in
43% of samples, deBDethane concentrations are higher than BDE-
209, with ratios between 1.1 and 3.6. This could be due to the
higher input in the use of deBDethane during last years. Although
currently deBDethane is not as widely used as BDE-209 because of
its higher cost, it is predicted that deBDethane will soon become
one of the major flame retardants used by thermoplastics industry
(Konstantinov et al., 2006).

Maan Values (ng/'g)

" Tois PBDEs

BDE-209

o Liobregat

PBEB hoxBEz DoBDathana

O Anoia

Fig. 2. Comparison of BFRs bevels in Llobregar and Anoia River sediments.
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As regards PBEB, its contribution represented around the 16% of
that of PBDEs, even if its production was low in Europe since 2002
{Verreault et al., 2007). However, it is pnsmhle that PEEB |s now

4ot or

Gauthier, LT, Hebert, CE, Weseleh, D.V.C. Letcher, R}, 2007. Current-use flame
retardants in the eggs of Herring Gulls (Larus argentatus) from the Laurentian
Great Lakes. Environ. Sci. Technol. 41, 4561-4567.

Hoh, E, Zhu, L, Hites, R, 2005 Novel flame retardants, 1,2-bis(246-

ib h J-ethane and 2.3.4.56-Pentabromo-ethylbenzene, in United

being used as a synergistic co-additive in exp P
inorganic Name retardants (Hoh et al,, 2005),

Finally, the contribution of hexaBBz to the total PBDEs corre-
sponded to 2% of that of FBDEs. HexaBBz is not reported by the
EU industry as a currently produced chemical {Verreault et al,
2007 ). This could be the main reason of its low contribution.

The present findings provide evidence that currently, emerging
BFRs of unrestricted usage are present in the environment. Further

States’ environmental samples, Environ, Sci Technel, 39, 2472-2477,
Jakab, E., Uddin, M.A, Bhaskar, T Sakata, Y., 2003. Thermal Mmp»iidunol flame-

retarded high-impact polysiyrene. ). Anal. Appl. Pyrol. 68-69, 83-99.
hleﬂoeganld A, B]nrklamd 1. Fridén, U, 2004. Identification of tlu: flame retardant
henyl ethane in the 1 Environ. Sci Technol 38,

334? 3253

Kierkegaard, A, Sellstrom, U, McLachlan, M5, 2009, Environmental analysis of
higher brominated diphenyl ethers and decabremodiphenyl ethane |
Chromatogr. A 1216, 364-375.

Kolic, TM., Shen, L., MacPhersan, K., Fayez, L, Gebran, T, Helm, PA, Marvin, CH.,

s are required to i igate the i al

sources and fate of these compounds.
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ABSTRACT: Concentrations of Mirex, Dechlorane (Dec) Plus (DP), Dec 602, Dec 603, and Dec 604 were significantly higher in
peregrine falcon (Falco peregrinus) eggs from Canada than Spain, with the former having the only measurable concentrations of the
dechlorinated DP products, decachloropentacyclooctadecadiene (eCI10DP) and undecachloropentacyclooctadecadiene (aCl11DP).
Large variations also occurred in the in ovo concentrations of the DP monoadduct, DPMA. This is the first study to report the acoumulation
and metabolism of DP by peregrines, both DP and dechloranes in European biota, as well as dechloranes in a terrestrial organism and one at
the top of the food web. The geographical differences in the measured in ovo concentrations reflect local exposure of the adult peregrines on
their breeding grounds, Ikely differences in diet of the adults, the production of DP on the Niagara River, and the greater use of Mirex and

dechloranes as flame retardants in North America than Burope.

B INTRODUCTION

Halogenated flame retardants (HFRs) are a structurally
diverse group of chemicals that are generally brominated or
chlorinated. These :Dmpounds are added to or reacted with
]:o]ym.::rs, textiles, and electronic circuitry to reduce the risk of
fire. Dechlorane Plus (DP) is a chlorinated flame retardant
(C15H2Cl ;) manufactured in China' and for more than 40
years by Oxychem in North America (Niagara Falls, NY). In
commercial DP products, two stereoisomers, syn- and anti-DP,
occur at a ratio of appmljnut:[y 12 Iesp:divejjr, and P]arﬁc
formulations may contain as much as 35% (weight basis) of DP.?
These stereoisomers are the products of the Diels—Alder reac-
tion of 2 mol of hexachlorocydopentadiene with 1 mol of 1,5
cyclooctadiene.” This DP formulation is used primarily in
products such as cable coatings, plastic roofing materials, and
hard connectors in computers and televisions, and there are
recent reports of DP isomers in biotic and abiotic samples from
the Great Lakes of North America.’™*

DP is a high volume production chemical (500—5000 tons/
year) that has been in use since 1986 and is sold worldwide,
including Burope and Asia.” It replaced Dechlorane {C 1oCl1), ot
Mirex, previously used as a pesticide and as a flame retardant until
it was banned in the 1970s in North America. DP is also listed on
Canada’s Domestic Substances List (DSL), but in terms of
bicaccumulation it is not considered to be of high risk because

VACS Publications © 011 amencancremica soceey
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of its high molecular mass (648 Da) and high log K,,,, [9.3].5 DP
has been measured in air,*® indoor dust,” sediments,** " and
biota.*” *'*7'* [n the eggs of herving gulls { Larus smithsonianus),
the sum (X) DP concentrations were generally <15 ng/g wet
weight (ww) and the anti-DP values suggested a nonstereose-
Jective enrichment of the DP stereoisomers.” However, there was
an enrichment of the syn-DP isomer relative to the commercial
mixture in smelt and alewife from Lake Ontario.’

Similar to DP, Dechlorane (Dec) 602, Dec 603, and Dec 604
were c{evdopul and manufactured b]r the same manufacturer as
DP, Oxychem, in order to improve the flame retardant property
of polymers in the late 1960s and 1970s. Shen et al.'® provided
the initial study of these compounds in sediments and fish from
the Great Lakes, and this is the only assessment in biota to date.
The concentrations of Dec 602, Dec 603, and Dec 604 in
sediments were .97 — 11000, 0.61— 600, and nd-8000 pg/g dry
weight (dw), respectively, and in fish the concentrations ranged
from 470 to 34000, 14550, and nd-1300 pg/glipid weight {Iw),
repu:tivd)r.
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Figure 1. Molecular stractures of a} DP, b) Mirex, ¢} DPMA, d) CI10DP, ¢} CI11DP, f) Dec 602, g} Dec 603, and h} Dec 604.

Peregrine falcons were previously endangered in the northern
hemisphere partly because of the bioaccumulation of organe-
chlorine pesticides, but their populations are now recovering,
Peregrines are an excellent sentinel species for monitoring
environmental organic contaminants'*” '® because they are at
the top of the food chain and consume avian prey from the
aquatic and terrestrial environments. Afemale bird of prey gains
weight immediately before egg laying, and her ability tolay eggs
is related to the availability of food on her breeding territory
during egg formation (ref 20 and references therein). Most
peregrines that breed in the northern hemisphere, especially in
Canada, overwinter in the southern hemisphere. Their expo-
sure to organochlorine pesticides on these overwintering
grounds declined between 1978 and 2004 as measured in
female peregrines during migration from Central and South
America.'® Peregrine eggs and nestlings have been used to assess

concentrations of new and emerging chemicals of concern,
including polybrominated diphenyl ethers {PBDEs), with some
of the highest PBDE concentrations ever found in biota reported
in this species.'>™'*

In this study, the eggs of peregrine falcons nesting in the
Canadian Great Lakes and the Maritimes, as well as central and
coasta] Spain, were used to investigate the ocaurence of halo-
genated norbornenes, specifically Mirex, DP, Dec 602, Dec 603,
and Dec 604, Since DP is a diadduct compound, it may be
affected by a retro-Diels — Alder process, leading to the possibility
of a monoadduct formation. Consequently, the peregrine falcon
eggs were also analyzed for the DP monoadduct, DPMA, as well
as two of the dechlorinated products of DP, decachloropentacy-
dooctadecadiene (aCI10DP) and undecachloropentacycloocta-
decadiene (aCI11DP). The molecular stracmres of these
chemicals are llustrated in Figure 1.

aams  astiomms sand s sanaanT St e waas 4 tmms v
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M EXPERIMENTAL SECTION

Chemicals. Dec 602 (95%), Dec 603 (98%), and Dec 604
(98%) were purchased from T'oronto Research Chemical Inc.
(Toronto, ON, Canada). DP, DPMA, aCl10DP, and aCI11DP
were obtained from Wr.[]inghm Laboratories Inc. (Gu:]p}l., ON,
Canada), and Mirex was obtained from Cambridge Isot
Laboratories Inc. (Andover, MA). Silica gel (100—200 mesh)
was purchased from Merck (Germany). All solvents were of
analytical grade (J.T. Baker, USA). Individual stock standard
solutions were prepared on a welght basis in toluene and stored
at —20 °C. A mixture of all selected standards was prepared by
appropriate dilution of individual stock solutions.

Sampling. In Canada, all collections were completed with
necessary permits that prohibit the collection of eggs with live
embryos. Between 2007 and 2009, eggs that had failed to hatch
(n=12) were collected from active nests (n = 12 nests ) located in
the Canadian Great Lakes Basin (Figure SI-1), usually from the
same nests in which plasma concentrations of polychlorinated
hpheny]l (PCB), PBDE, and HBCD were assessed in nestlings
in 2004 and 2005."* The nests were designated as upstream
(Lake Superior) of the DP manufacturing plant on the Niagara
River or downstream of the plant and involved the nests on Lake
Ontario and the St Lawrence River but excluded the one nest
{egg C1) in Eastern Canada (near St, John, New Brunswick) that
was more than 1000 km east of the Niagara River (Table 1;
Figare SI-1). From 2003 to 2006, 13 eggs were collected from 13
active nests in Central and coastal Spain, specifically Guadalajara
in Central Spain and Bilbao on the North-Cantabric Coast of
Spain (Figure SI-2).

Ower the past 15 years, eggs that have falled to hatch, feathers,
and other prey remains have been collected at Canadian nest sites
when the nestlings were banded. The prey remains were
identified to species and categorized according to aquatic {e.g,
gull colonies) or terrestrial [e.&, passerine species) habitats.
Following Fernie and Letcher,™ this information provided a
preliminary classification of the diet of the adult peregrines laying
egps in this study. The classification of the Spanish eggs was
based on nest Jocation: coastal-aquatic nests and inland-terres-
trial nests. Because this is a preliminary classification, the subsequent
results should be interpreted with caution and subsequent stable
isotope analysis is recommended.

Sample Preparation. Before extraction, sampled eggs were
Iyophilized, homogenized, and stored at —22 °C; 3—5 g diy
weight (dw) of sample was spiked with '*C;,—BDE-77 and
Y*C 12— BDE-153 (Wellington Laboratories, Canada). Extraction
was cartied out by Soxhlet methed using 250 mL of dichlor-
omethane (DCM) (Caledon Laboratories, Canada). The Soxh-
let extract was passed through an Alllhn funnel filled with
prerinsed sodium sulfate (EMD, Tracepur, GR ACS 10-60
m:sh). After extraction, the crude extracts were concentrated
to approximately 2 ml, and then lipids were removed by Gel
Permeation Chromatography (GPC) using a column packed
with BioBeads (SX-3) (Bio-Rad Laboratories, Inc.) and eluted
with DCM:hexane (1:1) solution™ 150 mL of DCM:hexine
{1:1) was obtined with the compounds of interest. The lipid-
free extracts were concentrated to 3 mLand transferred to a silica
gel column (ACP Chemicals Inc., Grad 62, 60—200 mesh) and
eluted with a mixture of DCM:hexane (1:1). Samples were finally
concentrated to incipient dryness and redissolved, obtaining
500 uL of stable lnt:;])e labeled compound mixture containing
'*C ,—BDE-79 and "*C,,~BDE-139 I:We]ll.ngbon Laboratories,

Canada) In isooctane prior to analysis by gas chromatography
high resolution mass spectrometry (GC-HRMS), The percent
lipid in the egg homogenates ranged from 5.2 to 8.6% as
determined gravimetrically.

Chemical Analysis. The sample extracts were analyzed on &
HRMS Micromass AutoSpec Ultima MS ( Micromass, Manchester,
UK) connected to a Hewlett-Packard 6890 GC [Hewlett-
Packard, Palo Alto, CA, USA) equipped with a 15 m DB-SHT
column (0.25 mm id., 0.10 #m film thickness J&W Scientific,
Folsom, CA). The temperature program was 100 °C for 2 min,
n.mped to 250 at 25 °C/min, :mp:d to 260 at 1.5 °C/min,
ramped to 325 at 25 °C/min, and then held for 10 min. The
HRMS system was operated in El positive mode and was tuned
up to 10,000 resolving power (RP) according to 10% valley
definition. Concentrations of Mirex, DP, Dec 602, Dec 603, Dec
604, aCl10DP, CI11DP, and DPMA in peregrine eggs were
determined by monitoring the two most abundant ions of the
fragment cluster at m/z 271.81/273.80 for Mirex, syn- and anti-
DP and Dec 602, 262.85/264.85 for Dec 603, 417.70/419.70 for
Dec 604, 263.86/26586 for DPMA, 201.89/203.88 for
aCl10DP, and 237.84/239.84 for CI11DP.

QA/QC. Method blank ::mpl:l were run every five samples to
check for inf or cor ion from solvents and glass-
ware. No presence of analytes of interest was observed. [dentifica-
tion and quantification were based on the following criteria: (a)
sample peaks had an approximately Gaussian shape, and their GC
retention times matched those of the standard compounds within
0.1 min; (b) all peaks had a signal-to-noise ratio of greater than
5:1; and (c) peak areas were within 15% of the corresponding
theoretical isotopic ratios. The limits of detection were between
0.004 and 0.3 ng/g lipid weight (Iw), and the limits of quantifica-
tion ranged from 001 to 1.0 ng/g Iw. The recovery efficiencies,
based on '*C,,—BDE-77and "*C ,—BDE-153 internal standards,
were 85 + 8% and 92 + 11%, respectively. All sample concentra-
tions were recovery-corrected.

Statistical Analysis. Concentrations of DF, Dec 603, Dec
604, and DPMA were log-transformed prior to ] analysis
using one-way ANOVAs. All other data were analyzed using
nonparametric Wilcoxon statistical tests. Potential differences
relating to diet were not assessed in the peregrine eggs from
Canada because of the very small sample size of aquatic-based
eggs (N = 2) but were evaluated using the peregrine eggs from
Spain since there was sufficient sample sizes (aquatic diet N = 8;
terrestrial diet N = 5). Comparisons were made between eggs
from Canada (N = 10) and Spain (N = §) based solely on
peregrines having a terrestrial diet.

M RESULTS AND DISCUSSION

The concentrations of mirex, DP, Dec 602, Dec 603, Dec 604,
DPMA, aCI10DP, C111DP, and lipids measured in the peregrine
eggs (Table 1) mostly reflect contaminant exposure of the
peregrines on the breeding grounds. Prior to and throughout
the egg laying period, adult peregrines capture prey within their
breeding territory. The occurrence of egg laying is related to the
body condition of the female and the availability of food on the
breeding territory (ref 20 and references therein). During egg
formation, the prey of the peregrines may indude migrating
bizds, including birds from the southern Great Lakes and those
that have overwintered in Central and South America. Since
1978, concentrations of organochlorine pesticides have declined
in female peregrines captured during their Spring migration from

1286 b doi0rg 10 1021/65 10333 3] [Environ. 5. Tachnol. 2011, 45, 1284-1290
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& overwintering in Central and South America."® Thus, the con-
E22323a32a3gx taminant burden in the peregrine falcon eggs largely reflects local
o exposure on the breeding tesritory, In addition, differences in the

in ovo contaminant concentrations in this study are not related to

3 differences in the in ovo lipid concentrations, since they were compar-

8 n2vanzanay able in the peegrine eggs from Canada and Spein, 1nd regirdiess of

g diet for the peregrines nesting within Spain (all Ps = 0.83).

Prior to being banned in the 1980s in North America, Mirex

was used as a flame retardant and a widely used pesticide.

; = Alth, Mirex was produced and used in China as late as

g §g§2ﬁ2$§§§ mﬂ:pu@nezhommﬂulmdymmﬂﬁdymhﬂn

& ever been in China since they migrate to the southem hemi-

sphere from Spain or Canada. Despite the North American ban

- T of Mirex more than 20 years ago, it was detectable in measurable

§ I32guzz2z3 quantities in all of the peregrine eggs from the Canadian Great

Lakes and Spain (Table 1). In owo concentrations of Mirex were

the highest of the measured compounds in the peregrine eggs,

§ T g although concentrations of DPMA were higher in some of the

8 O ¥ M F o= individual eggs from Spain and the one egg from New Brunswick,

Canada (Table 1). Overall, the Mirex concentrations were

greatest in the eggs laid by Canadian peregrines with a terrestrial

3 - diet than the Spanish birds with a terrestrial diet (¥ = 5.5, df =1,

g tREgsS”RRRIA] P = 0.02) (Table 1), reflective of the production of Mirex in

& North America and not Spain. Interestingly, Mirex concentra-

tions were significantly higher in the eggs laid by peregrines on

g the Spanish coast compared to the inland birds in Spain (x = 5.5,
§ 8Bgs3ganpd g df.?p.om)(nbﬁu) it

DP was also detected in all of the peregrine eggs, with ZDP

values ranging from 0.30 to 209 ng/g Iw (Table 1). This is the

‘ = § - 5 § § - g o = first study reporting ZDP concentrations in European biota, and

- o 3 s3338 there was no dietary influence on the ZDP concentrations in

these eggs from Spain (P = 0.10). [n the peregrines with a
terrestrial diet, EDP concentrations in the Canadian peregrine
eggs were significantly and 40 x higher than in the Spanish eggs
(Fy,14 = $5.5, P < 0.0001; Table 1), suggesting localized exposure
consistent with the DP manufacturing site on the Niagara River
(Figure $1); this is further supported by the geographical pattern
observed in the Canadian Great Lakes Basin in which ZDP
concenfrations were significantly higher (F, 4 = 15.26, P= 0.006)
in the eggs collected from nests on Lake Ontario and the St
Lawrence River that are downstream of the DP manufacturing
site, than from nests which were upstream on Lake Superior
(Table 1). A similar pattern was also reported in herring gull eggs
nesting on the same Laurentian Great Lakes.* However, the ZDP
concentrations in the peregrine eggs from Canada, both overall
and laid by those birds having a terrestrial diet, are twice that of
those measured in herring gull eggs (<15 ng/g ww) from the
same Laurentian Great Lakes.* Hermi gulls can fall prey to
peregrine falcons, and so may be considered at a lower trophic
position than peregrine falcons. These results suggest that DP is

Mirex ?
e
767
425
1200
671
28
1020
474
1160

%

70
53
52
59
2
59
53
56
85
59

49
33
68
209
45
82
75
17
[}
2 63
“The anti-DP fraction (fanti} is calcalated as the concentration of anti-DP divided by the concentration of total DP. Geometric mean DPMA concentrations exclude the outlier Egg C1 collected from a nest

presamed diet  lipad (W)

errestrial
errestrial
errestrial
errestrial
errestrial
errestrial
errestrial
errestrial
aquatic

aguatic

in New Brunswick, Canada. GM: geometric means; n.q.: not quantifiable; nd.: not detectable. For individual eggs: S: Spain, C: Canada.

product arising from impurities within the cyclooctadiene start-
ing material, The anti-DP fraction (fanti) has been reported in
fish® and herring gulls* as well as sediments” in the Laurentian
Great Lakes, and these studies indicate that DP has been subject
10 stereoselective processes in the environment, In order to
determine if such enrichment had ocourred in the peregrines,
either prior to uptake by the birds or via internal biochemical

B8

88 bioaccumulating,
880088 kF§ Commercial grade DP is synthesized by the Diels—Alder
g L:‘ ‘:* 53 & & A addition of 2 mol fully chlorinated cyclopentadiene to 1 mol of
Egggggs :§ cyclooctadiene, and the main products of the reaction are two
TR E e ’g g 2 stereolsomess, syn and anti, along with small amounts of by-

g2

~N -

Table 1. Centinued
ymr
2008
2009
2009
2009
2007
2007
2009
2009

cn
Ciz
c4
cio
(]
ce

Bsssse
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processes by the adult prior to egg laying, fanti was calculated as
the concentration of anti-DP divided by the concentration of
total DP (Table 1). The f anti values for the peregrine eggs of
Spanish birds with a terrestrial diet were significantly higher than
thelr Canadian counterparts (Fy 4 = 6.7, P = 002) (Table 1),
possibly reflecting the closer proximity of the Canadian birds to
the manufacturing source of DP on the Great Lakes. There was
no apparent dietary influence on the fanti values of the Spanish
birds (P = 0.86), and 3 of these eggs had f anti values of 1.0 with
no contribution of syn-DP (83, $12, and $13) (Table 1) perhaps
suggesting differences in bioavailability. The mean fanti valuesin
the peregrine eggs (Table 1) are similar to the f anti values for
}mn'inggun SEEs from the same Great Lakes* and in technical DP
manufactured by OxyChem (0.65-0.80)° 55 1% Both peregrine
falcons and herring gulls are at or near the top of their food webs,
mpectivdy, whereas fish, i.n.duc[ing rainbow smelt (Dm!m
mordax) and alewife (Alosa anuinharm‘m], are at a relatively
Jower irﬂ])hic level and had Jower munf:nﬁ values (D_SS) in
Lake Ontario.® Furthermore, stereoselective enrichment of anti-
DP (0.86) occurred in the sediments of Lake Ontario.” Together,
the results of these studies suggest that P:n:pin: falcons are
exposed to an already transformed DP prior to uptake and
support the hypothesis that there are intetspecies differences in
bioaccumulation and biotransformation of DP.?

This is the first study to report the detection of Dec 602, Dec
603, and Dec 604 in a terrestrial organism, an organism at the top
of the food web, and in European biota. Previously, only one
other study reported these compounds in sediment and fish from
the Laurentian Great Lakes."” Concentrations of Dec 602, Dec
603, and Dec 604 were detected in 92%, 100%, and 84% of the
peregrine egg samples, respectively (Table 1). The results of this
study are consistent with the high chlorination of these com-
pounds and indicate their persistence and bicaccumulation in
biota at the top of the food web. Overall, the contaminant PrcﬁIe
of the peregrine eggs from Canach had higher concentrations of
Dec 602 than DPMA, followed by Dec 603, whereas in the
Spanish peregrine eggs, concentrations of DPMA dominated the
Dec cnrn]ronm‘ls. For the peregrines with a terrestrial diet, eggs
from Canada h:ﬂ:igniﬁmﬂy }dg}:r concentrations of Dec 602,
603, and 604 than the Spanish eggs (all Ps<0.00), likely reflect-
ing the production and possible greater use of these dechloranes
as flame retardants in North America than Eump:.‘o In Spain,
cnly the concentrations of Dec 603 were xipl.‘tﬁa.m{y h.'ghu in
the eggs laid by peregrines with an aquatic diet than these witha
terrestrial diet (Fy ;5 = 5.5, P = 0.04), suggesting that exposure to
these oum]mqmds on the north :mstnfsz.'u'L mzybepelhrﬂ'lm
inland but further research i required.

DP is a diadduct compound that is synthesized by the
Diels—Alder process, duting which DPMA may be formed
through partial reactions through abiotic processes.'' DPMA
was analyzed and detected in 24 out of 25 peregrine eggs with
concentrations from 1.7 to 469 ng/g Iw and 1.2 to 1660 ng/g Iw
in Spanish and Canadian peregrine eggs, respectively (Table 1).
Furthermore, within Spain, the peregrines with an aquatic diet
had significantly higher in ovo DPMA concentrations than the
birds with a terrestrial diet (Fy,,, = 17.8, P = 0,002). The variation
in the in ovo DPMA concentrations likely explains the statistical
similarity between the eggs laid by peregrines with a terrestrial
diet from Splin and Canada, inr_]l.ﬂ.'mg with the removal of the
outlier egg from New Brunswick, Canada (P = 0.11), With the
removal of this outlier, the contaminant ljmﬁle of the egEs from
Canada and Spain is dominated by similar concentrations of

DPMA and Mirex that are much higher than ZDP (Table 1),
although the ratio of DPMA to ZDP is similar in the eggs from
both countries (P = 0.10). DPMA concentrations were greater
than ZDP likely because of the smaller size and Jower molecular
weight of DPMA resulting in DPMA having greater bioavail-
ability."* [n comparison, mean DPMA concentrations (34 +
43 ng/g Iw) in lake trout (Salvelinus namayeush) from Lake
Ontario were comparable to those measured in the peregrine
eggs, especidlly from Canada, but the trout had Jower mean
concentrations of ZDP (0.21+0.12 ng/g Iw)"" especially com-
pared to levels in the peregrine eggs from Canada.

DP may be dechlorinated into two species or moieties,
aCl11DP and aCl10DP, which were ;rcviol:lly r:Pnrtzd in
sediment samples from Lake Ontario.” In the current study,
analysis of the elemental composition confirmed these peaks as
CsH5Cly ) and Cy5H (1} that correspond with aCI11DP and
aCl10DP, mp:cﬁvdy. Based on this mtﬂmdn]ow, concentra-
tions between 1.1 to 2.4 ns,"g Jw were measured for 2CI10DP
(N'=110f12)and aCl11DP (N = 12 of 12) in the peregrine eggs
from Canada (Table 1). This is the first study reporting
q_uanﬁﬁah]: data about two dechlorinated cies of DP in a
terrestrial species. However, aCI11DP was detected in only three
Spanish peregrine eggs at levels 10 times lower than those
measured in the Canadian peregrine eggs and aCl10DP was
not detected in any of the Spanish peregrine eggs (Table 1). This
pattern likely reflects the higher ZDP concentrations measured
in the Canadian peregrine eggs.

The findings of this study confirm the presence of DP and
related compounds in peregrine eggs from Canada and Spain.
This is the first study to document that DP is accumulated and
metabolized by peregrine falcons prior to egg laying; it is also the
first study to report DP and dechloranes in European biota, as
well as to report dechloranes in a terrestrial organism and an
organism at the top of the food web. Comp:md to the egEs laid
by Spanish peregrines with a terrestrial diet, the peregrine eggs
from Canada had significantly higher in ow concentrations of
Mirex, ZDP, Dec 602, 603, and 604, the only detectable concen-
trations of aCI10DP and aCI11DP, and lower fanti values. The
g:asrlyhiﬂ] differences in the measured ir o concentrations
between Canada and Spain reflect local exposure of the adult
peregrines on the breeding grounds during egg laying, likely
differences in the diet of the adult birds, the Produdjnn of DP on
the Niagara River in Canada (Figure S1-1), and the greater use of
Mirex and dechloranes as flame retardants in North America than

Europe.
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ABSTRACT

Overall, in peregrine falcon eggs from Canada (N = 12) and Spain (N = 13), concentrations of
sum (=) PBDEs (16 di- deca-BDE congeners) > ZHBCD and were an order of magnitude higher
than BB-153 = hexachlorocyclopentenyl-dibromocyclooctane (HCBDCO) = 1,2-bis(2,4,6-
tribromophenoxy)ethane (BTBFE) E decabromodiphenylethane {DBDFE) =
octabromotrimethylphenyllindane (OBIND) > hexabromobenzene (HBB) > bis(2-ethyl-
lhexyltetrabromophthalate (BEHTBP). This is the first report of detectable HBCDCO and
BEHTBP concentrations in biota, and the highest ever ir ovo concentration of Y HBCD (14,617
ng/g lw; Montreal, Canada). HBB, BTBPE, and OBIND were detected in eggs from both
countries, but only Canadian peregrine eggs had detectable levels of HCDBCO (25%) and
DBDPE (N = 1). ZPBDE, ZHBCD, and BB-153 levels were significantly higher in eggs laid by
peregrines likely having a terrestrial diet in Canada than Spain. The in ove PBDE congener
profile was dominated by BDE-153 > BDE -99 > BDE-47 > BDE-183 > BDE-100 > BDE-209,
with the isomeric HBCD pattern being o-HBCD > v-HBCD (B-HBCD undetected). Four
Spanish eggs were nearly racemic (0.43 — 045), the Canadian peregrine eggs had lower
enantiomeric HBCD values consistent with their higher fractions of (-) a-HBCD, suggesting
selective enantiomeric enrichment or that the (+) o-isomer is more readily metabolized and so

deposited in the egg through maternal transfer.

Keywords: HBCD, HCDBCO, BTBPE, OBIND, BEHTBP, DBDPE, PBDE, HBB, eggs,

peregrine falcon
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1. Introduction

Brominated flame retardants (BFRs) are added to plastics, textiles and other materials to reduce
the spread of fire. Many of these compounds have been detected in biota, sediment, air, water
and human milk (Covaci et al., 2006; Gauthier et al.. 2008; Eljarrat et al., 2009; Fernie and
Letcher 2010). Most research to date has focused on polybrominated diphenyl ethers (PBDEs)
because of their wide-spread commercial use, their persistence, ability to bioaccumulate and
biomagnify (Chen and Hale 2010), and their toxicological effects (e.g., (Nakari and Huhtala
2009; Chen and Hale 2010). The production and use of PBDE formulations have been banned
in Europe. In the case of North America Penta- and Octa-BDE formulations are now banned and
recently, bromine science environmental forum (BSEF) member companies have decided to
voluntarily phase out of Deca-PBDE formulation, by the end of 2013 (Hess 2009). Despite such
regulations, PBDEs continue to leach from existing products that are in service or have been
disposed of in landfills.

Hexabromocyclododecane (HBCD), one of the top three BFRs in production volume
{Covaci et al, 2006), is an altemative to PBDEs for some applications although it is now
regulated in Canada (Gazette 2010) , the USA (USEPA 2010), and by the Stockholm
Convention’s Persistent Organic Pollutants Review Commitiee (UNEP/POPS/POPRC.6/13.
2011). Technical HBCD contains three predominant diastercoisomers o-, - and y-HBCD, with
the y-isomer usually dominating the commercial mixture (75 - 89%), followed by the o-isomer
{10 - 13%) and p-isomer (1-12%6) (Tomy et al., 2005), Morcover, -, p- and y- HBCD
diastereoisomers are chiral, leading to three pairs of enantiomers. The three diastereoisomers of
HBCD have been found in the environment (Lam ct al., 2009), humans (Marvin ct al., 2007)
and biota (Fernie and Letcher 2010).

PBDEs have been detected in peregrine falcons (Falce peregrinus) at the top of the
food chain (Lindberg et al, 2004; Janak et al., 2008; Johansson et al., 2009}, including the
highest PBDE concentrations ever reported (Chen et al., 2007; Chen et al., 2008; Johansson et
al., 2009) with the presence of the highly brominated BDE-153, -183 and -209 congencrs
{Lindberg et al., 2004; Lam et al., 2009). While EPBDE concentrations in the eggs of peregrines
from North America are generally higher than those from Europe, BDE-153 is usually the
dominant PBDE congener (Femie and Letcher, 2010). HBCD has also been measured in
peregrines in northem Europe (Lindberg et al, 2004; Helgason et al., 2009; Johansson et al,
2009) and Canada (Fernie and Letcher, 2010), although few data are available concemning the in
ove HBCD isomeric pattern. However, the a-HBCD isomer dominates the eggs of peregrine
falcons (Janak et al, 2008; Helgason et al., 2009) and captive American kestrels (Falco
sparverius) that were exposed to technical HBCD dominated by y-HBCD (Fernic et al.,
submitted ); peregrines and kestrels are part of the Falconidae family.
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In response to flame retardant regulations, priorities of the brominated flame retardant
industry has shifted to several other brominated flame retardants (BFR) including
tetrabromobisphenol A (TBBPA), hexachlorocyclopentenyl-dibromocyclooctane (HCDBCO),
1,2-bis  (2,4,6-tribromophenoxy)ethane (BTBPE), bis(2-ethyl-1-hexyl)tetrabromophthalate
(BEHTBP), octabromotrimethylphenylindane (OBIND), decabromediphenylethane (DPDPE),
and hexabromobenzene (HBB). While some of these new HFRs {e.g., BTBPE, DBDPE, HBB)
have been detected in North American and European sediments, air (Hoh et al., 2005), house
dust (Stapleton et al., 2008), and birds (Gauthier et al., 2007; Verreault et al., 2007), other new
HFRs have not. The objective of this study is to investigate the occurrence of and spatial
differences in isomeric and enantiomeric HBCD, the emerging BFRs (HBB, HCDBCO,
BEHTBP, OBIND, DBDPE and BTBPE), 16 di- to deca-BDE congeners, and 2,2°4,4°,5,5-
hexabromobiphenyl (BB-153), in peregrine falcon eggs collected in coastal and central Spain,

and eastern and central Canada, including the Canadian Great Lakes Basin.

2. Material and methods
2.1. Peregrine lalcon eggs.
Peregrine falcon eggs that had failed to hatch (n=12) were collected between 2007 and

2009 from 12 active nests located in the Canadian Great Lakes Basin and the province of New
Brunswick in eastern Canada. In Spain, 13 peregrine eggs were also collected from 13 active
nests in Guadalajara (Central Spain) and Bilbao (North-Cantabria Coast) from 2003 to 2006. At
Canadian peregrine nest sites (this study), long-term field procedures (since 1994) include
banding nestlings, and collecting fail-to-hatch eggs and prey remains, the latter then identified
to species and categorized according to aquatic (e.g., gull colonies) or terrestrial (e.g., passerine
species) habitats and so providing a preliminary classification of the diet of the adult peregrines
laying eggs (Fernie and Letcher 2010; Guerra et al., 2011) . The classification of the Spanish
eggs was based on nest location: coastal-aquatic nests and inland-terrestrial nests. Because this
is a preliminary classification, the results should be interpreted with caution and subsequent
stable isotope analysis is recommended.
2.2. Chemicals

HBEB, BB-153, BTBPE, OBIND, HCDBCO, BEHTEP and DEDPE as well as o-, -, v-
HBCD, diso- digf- and digy -HBCD and, Cj-¢-, Cyy-p- and C,3-v-HBCD were acquired
from Wellington Laboratories Inc. (Guelph, ON, Canada). Internal standards, purchased from
Wellington Laboratories Inc. (Guelph, ON, Canada), included BFR standards (**C,-HBB, '*Cy2-
BB-153, “C¢-BTRPE, °C}4-DBDPE), PBDE surrogate standards (°C,-BDE-3, -15, -28, -47, -
77, -99, -100, -126, -153, -154, -169, -183, -197, -205, -207, -209), and PBDE recovery
standards (13C12-79, -139, -180 and -206). All solvents and other reagents were of analytical
grade.
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2.3. Sample Preparation

Before extraction, each egg was Iyvophilized, homogenized and stored at —22°C. 3-5 g dry
weight (dw) of sample was spiked with “C\,-labeled BDE-3, -15, -28, -47, -77, -99, -100, -126, -
153, -154, -169, -183, -197,-205, -207, -209, "C4-HBB, ""C(;-BB153 and “Cy;-DBDPE, "C,ro-
HBCD, 13Cu-B-HBCD and 13CIQ-H(-HBCD (Wellington Laboratories, Canada). Extraction was
carried out overnight using Soxhlet extractionestraction technique with 250 mL of dichloromethane
(DCM) (Caledon Laboratories, Canada). The extract was dehydrateddehudrated by passing through
an Allihn funnel filled with pre-rinsed anhydrous sodium sulfate (EMD, Tracepur, GR. ACS 10-60
mesh). The extracts were subsequently concentrated to approximately 2 mL, followed by lipid
removal using Gel Permeation Chromatography (GPC) packed with BioBeads (SX-3, Bio-Rad
Laboratories, Inc)) and eluted with a DCM:Hexane (1:1) solution (Tomy et al., 2005). Further
sample clean-up and fractionation was accomplished using 100% activated silica gel column (ACP
Chemicals Inc., Grad 62, 60-200 mesh). Two fractions were collected using different solvents.
First fraction consisted of 60 mL of hexane:DCM (1:1) which contained PBDEs and emerging
HFRs (PBEB, HBB, BTBPE, BEHTBP, DBDPE and OBIND). Second fraction contained HBCD
which was eluted using 60 mL of 5% methanol in DCM. Samples were concentrated to incipient
dryness and re-dissolved with 500 uL of a labeled compound mixture containing either *Cyo-
labeled PBDE (-79, -139, -180 and -206) in isooctane for vials with PBDEs and emerging BFRs, or
dis3- a-HBCD, dy5- p-HBCD and di;-y-HBCD in methanol for vials with the HBCDs. Lipid content

for each egg was determined using a gravimetric technique, and ranged from 5.2 to 8.6%.

2.4. Chemical Analysis.

2.4.1. PBDEs and emerging BFRs. PBDEs (3, 15, 28, 47, 77, 99, 100, 126, 153, 154, 169, 183,
197, 205, 207 and 209) were analyzed using isotope dilution technique. The analysis of BDEs
and emerging BFRs were conducted using 2 Micromass AutoSpec Ultima MS (Micromass,
Manchester, UK) HRMS, coupled to a Hewlett-Packard 6890 GC (Hewlett Packard, Palo Alto,
CA, USA); chromatographis seaparation was accomplished using a 15 m DB-5HT column (0.25
mm i.d., 0.10 pm film thickness J&W Scientific, Folsom, CA). The oven temperature was set to
100°C for 2 min, raised to 250°C at 25 °C/min, then to 260 °C at 1.5 °C/min, followed by 325°C
at 25 °C/min, and held for 10 min. The HRMS was operated in EI positive mode and the
resolving power was set to > 10 000 at 10% valley.

2.4.2. HBCD Diastereoisomer analysis.

The HBCD diastereoisomer analysis was carried out using an Agilent HP 1200 binary pump SL
LC system (Agilent Technologies, Palo Alto, CA, USA). Analytical separation was accomplished
using a Zorbax Eclipse Cig column (2.1 mm x 100mm, 3.5 pm) supplied by Agilent Technologies.
Experiments were carried out using H;O:AcN (1:1 v/v) as Eluent A and methanol as Eluent B, ata

flow rate of 250 pL/min. The elution program started with an initial concentration of Eluent A at
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50%, decreasing to (% over 3 minutes, and then maintained for 5 minutes. Initial conditions were
reached again within 3 minutes and maintained for an additional 7 min. The injection volume was
set at 3 pl.. Mass spectrometric analysis was performed using a hybrid triple quadrupole/linear ion
trap AB SCIEX Triple Quad™ 5500 {Applied Biosystems, Foster City, CA, USA) equipped with
an electrospray (ESI) Turbospray interface working in negative ionization mode. For target
compound quantitative analyses. the instrument was operated in selected reaction monitoring
(SRM). During the course of this experiment the [M - H] — Br transitionsof HBCD were
monitored at m/z 640.6 — 78.9 and 640.6 — 80.9; 652.6 — 78.9 and 652.6 — 80.9, 657.6 — 789
and 657.6 — 80.9 were monitored for unlabelled HBCD, d30- dysf- and d,3y-HBCD, and °C,-0-,
3¢, -p and V*C) ,y-HBCD respectively. .

2.43. HBCD Enantiomeric analysis.

Nucleodex (-PM (4.0 x 200 mm x Sum) a chiral chromatographic column was used for
enantiomer-specific separation of HBCD isomers.. Experiments were carried out using 70% H;0:
30% MeCH as Eluent A and 70% AcN: 30% MeOH as Eluent B, at a flow rate of 0.50 mL/min.
Further details of the HBCD enantiomeric analysis are provided elsewhere {Guerra ot al 2008).
Enantiomeric compositions were expressed as comrected enantiomeric fractions (EF). These
corrections were based on the use of isotopic labeled standards since their enantiomeric analogues
behave in an identical manner to their native counterparts (Marvin et al., 2007).

2.5, QA/QC.

The identification and quantification of HBB, HCDBCO, BEHTBP, OBIND, DBDPE,
BTBPE, BB153, PBDEs, and o-, - and v-HBCD, were based on the following criteria: {(a)
sample peaks had an approximately Gaussian shape, and their chromatographic retention times
matched those of the standard and isotope labeled compounds within £ 2 sec; (b) all peaks had a
signal-to-noise ratio greater than 5:1; (¢} peak arcas were within 15% of the corresponding
theoretical isotopic ratios. Method blank samples were run every five samples to check for
interference or contamination from solvents and glassware. The presence of analytes of interest
in blanks was not observed in the majority of cases and were comrected for where they were
observed. The limits of detection (LOD) were between 0.09 and 2.2 ng/g lipid weight (lw), and
limits of quantification (LOQ) from 0.31 to 6.9 ng/g Iw were obtained. The recovery
efficiencies for HBCDs, emerging BFRs and PBDEs were calculated by obtaining values from
52 to 64%, 51 to 85% and 48 to 92% of recovery, respectively.

2.6. Statistical analysis.

The limited sample size of eggs collected in Canada with birds likely having an aquatic-
based diet (N = 2) restricted comparisons between Canada and Spain to eges laid by peregrines
likely having a terrestrial-based diet only. Similarly, potential dietary differences were restricted
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to in ove concentrations based on eggs from Spain only. The concentrations of all of the
measured compounds were not normally distributed and could not be log-transformed
successfully. Consequently, non-parametric statistical analysis was used to identify significant
differences concerning in ¢ve contaminant concentrations. Statistical comparisons were not
performed on the concentrations of BDE-3, -15, -28, -77, -169 and -205, or HCBCO, BEHTBP,
OBI, DBDPE, or BTBPE due to the lack of quantifiable or detectable concentrations.
Exceedingly high concentrations of multiple contaminants were measured in eggs Cl (from
New Brunswick, Canada) and C7 (Etobicoke, Canada), as statistical outliers, they were
excluded from all of the statistical analyses. Geometric means are presented in the tables but

arithmetic means were used in calculating statistical significance (P < 0.05).

3. Results and discussion.
3.1. Concentration levels.

The in ove concentrations of HBB, BB-153, HCDBCO, BEHTRP, OBIND, DBDPE,
BTBPE, and the summed concentrations of the detected HBCD sterenisomers (ZHBCD) and 16
PBDE congeners (ZPBDE), in peregrines from Canada and Spain are summarized in Tables 1, 2
and 3. In general, the concentrations of these compounds were higher in the peregrine eggs from
Canada than the eggs from Spain. Of the 25 peregrine eggs from both countries, THBCD
concentrations were detected in 80% of the samples, with the highest ever in ovo concentration
reported to date in an egg from Montreal, Canada (15000 ng/g Iw). The ZPBDE concentrations,
measured in all 25 peregrine eggs, ranged from 160 to 40 000 ng/g Iw and were approximately
double the THBCD concentrations. Peregrine eggs from Canada had greater TPBDE
concentrations than eggs from Spain, possibly reflecting the greater usage and release of PBDEs
in North America than Europe. The ZPBDE concentration found in one peregrine egg (C1) from
eastern Canada (New Brunswick; 38000 ng/g bw) was half that of the highest TPBDE
concentration reported in biota (72000 ngfg lw), specifically in peregrine eggs from the
Northeastern U.S. (Chen et al., 2008).

3.2. Emerging, alternative BFRs currently in use

This is the first report of measurable concentrations of HCDBCO (nd - 23 ng/g Iw) or
BEHTRBP (nd - 4.5 ng/g lw) in biota and the environment, respectively. The HCDBCO
concentrations were detectable in three (25%) of the 12 peregrine eges from Canada only,
specifically from the two cities of Toronto and Thunder Bay, and the remote north shore of
Lake Superior (Table 1). HCDBCO was measured at much higher concentrations in indoor air
and house dust, with concentrations from nd - 3000 and nd - 93 000 ng/g Iw, respectively (Zhu
et al., 2008; Lam ¢t al., 2009). The in ove BEHTBP concentrations were detected in 1 egg from
coastal Bilbao, Spain and 4 eggs from Toronto (N = 2) and Montreal (N = 2), Canada.
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OBIND is a particularly useful flame retardant in styrenics and engincering
thermoplastics because it results in high flow properties (ICL Industrial Products 2011). This
study is also the first to report OBIND concentrations in peregrine eggs in North America and
Spain (Table 1), although OBIND was first reported at lower concentrations in the egg of a
white stork (Ciconia ciconia) from Spain (~0.2 ng/g 1w) (Mufioz- Arnanz et al., 2010). In this
study, most in ove OBIND concentrations, measured in 38% (5 of 13) of Spanish peregrine eggs
and 33% (4 of 12) of Canadian peregrine eggs, ranged from 0.79 to 2.2 ng/g lw. However, one
of the Canadian peregrine eggs (C12) had much higher OBIND concentrations (29 ng/g lw) and
was collected from an active nest near Montreal, Quebec. The higher in ovo concentrations of
OBIND in the peregrines compared to the white storks in Spain, may reflect differences in their
respective trophic positions in the food chain, with storks at a lower trophic level than peregrine
falcons. In Spain, white storks consume a diet of crayfish, fish, arthropods, meat scraps from
refuge dumps, and earthworms (Negro et al., 2000) compared to peregrines that consume a diet
consisting largely of other bird species.

DBDPE is an additive BFR and is marketed as an altermative to technical Deca-BDE
(Nakari and Huhtala 2009). Previously, DBDPE was detected in air from the Great Lakes Basin
(Venier and Hites 2008) and south China (Shi et al,, 2009), sludge (Ricklund et al,, 2008),
sediment (Ricklund et al., 2010}, and in fish from Lake Ontario (Ismail et al,, 2009) and Lake
Winnipeg . DBDPE was also detected in herring gull eggs throughout the Canadian Great Lakes
(26 - 5760 ng/g lw) from 1996 onwards, and at some sites, DBDPE exceeded BDE-209
concentrations (Gauthier et al., 2009). Surprisingly, in the present study, only one peregrine egg
had a measurable DBDPE concentration (8.2 ng/g Iw) and this egg was from eastern Canada
(New Brunswick) not from the same Great Lakes Basin as in Gauthier et al. (2009). The highest
in ovo DBDPE levels for the herring gulls were measured in the eggs of gulls that consumed
more mammalian prey than the gulls with a pure aquatic diet (Gauthier et al., 2009). The one
peregrine egg with measureable DBDPE concentrations was laid by a peregrine likely having a
terrestrial diet. We speculate that the detection of DBDPE concentrations in gull eggs
throughout the Great Lakes in contrast to its detection in only one peregrine egg may be a
function of the mammalian prey of the gulls possibly being direct consumers of larger
concentrations of DBDPE in contrast to the avian prey of the peregrines.

BTBPE has been produced since the 1970s and is now used as a replacement for
OctaBDE (Hoh et al., 2005). Between 1982 and 2007, the highest in ove BTBPE concentrations
in the Great Lakes Basin were from herring gulls nesting on the Niagara River (~ 0.94 - 14 ng/g
Iw) (Gauthier et al., 2007) and were primarily detected in eggs collected from the mid-1990s to
2006 (~<1.2 - 4.0 ng/g tw) (Gauthier et al., 2009). In the marine environment, BTBPE was also
found in the eggs and plasma of glaucous gulls (Larus fyperborens) from the Norwegian Arctic

(~=4.0 - 19.2 ng/g Iw) (Verreault et al., 2007) and in fulmar eggs (Fulmaris glacialis) from the
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Faroe Islands (< 0.02 - 0.17 ng/g w) (Karlsson et al., 2007). BTBPE (nd - 14 ng/g lw) was
detected in only four of the peregrine falcon eggs (16%), specifically from Toronto (13 ng/g
w), the remote north shore of Lake Superior (14 ng/g w), and Bilbao, Spain (3.3 and 74 ng/g
Iw). The two peregrine eggs from Canada with measureable concentrations of BTBPE (C7, C9)
are 2 of the 3 eggs that had measurable concentrations of HCBCO. The in ove concentrations of
BTBPE are similar in the peregrine falcons, gulls (Verreault et al., 2007; Gauthier et al., 2009)
and fulmars (Karlsson et al., 2007) regardless of their location in Europe or North America.
3.3. Historically-used BFRs

BB-153 was an important BFR produced and used primarily in the 1960s but due to an
incident in Michigan, the sole USA manufacturer of hexabromobiphenyl ceased production in
1974. In Europe BB-153 was banned in 1984.However, despite this long-term ban, BB-153 was
detected in all of the peregrine eggs from Canada and Spain. In the eggs laid by peregrines
likely having a terrestrial diet, the mean in ovo concentrations of BB-153 were significantly and
10x higher in Canada (12 — 1271 ng/g lw) than Spain (3 =938 df =1 P =0.002) (3.6 - 11 ng/g
Iw) (Table 1). In Spain, the peregrine eggs laid by birds with an aquatic diet (11 — 67 ng/g lw)
were significantly higher than the birds with a terrestrial diet (= 8.19 df = 1 P = 0.004) (Table
1, 2). The BB-153 in ovo concentrations in the peregrines from Spain are considerably lower
than levels reported in peregrines from Sweden (0.73 - 370 ng/g Iw) (Johansson et al., 2009) or
Greenland (64 — 14 000 ng/g Iw) (Vorkamp et al., 2005), while the in ove BB-153 levels
measured in the Canadian peregrines have a greater but overlapping range compared to
peregrines from the mid-Atlantic states of the U.S.A. (118 ng/g lw - 1036 ng/g Iw) (Potter et al,,
2009).

HBB was used as an additive FR in plastics, textiles and woods (Yamaguchi et al.,
1988), as well as paper, clectrical and manufactured products (Watanabe et al., 1986).
Historically, HBB was produced in the Great Lakes Basin by Velsicol Chemical Corporation (St
Louis, MI) although production at this site stopped during the 1980s. While it is currently
produced by Nippoh Chemicals {(Chiba, Japan) and Dayang Chemicals (Hangzhou City, China)
(Gauthier et al., 2007), the migratory patterns of peregrines in this study make it extremely
unlikely that they inhabited China. Other sources of HBB in the environment result from
thermal degradation of Octa- and Deca-BDE (Buser 1986). HBB concentrations were detected
in 52% peregrine eggs from both Spain and Canada (Table 1). Much higher concentrations of
HBB were detected in the egg volk of glaucous gulls (Larus hyperboreus) from the Norwegian
Arctic (544 - 680 ng/g Iw) (Verreault et al., 2007), reflecting the higher lipid content of egg yolk
compared to the whole egg. In North America, in ovo HBB levels of herring gulls (Larus
argeniatus) from the Great Lakes (2004: ~4.8 - 10 ng/g Iw; 1982-2006: 0.2 — 78 ng/g lw)
(Gauthier et al. (2007) were similar to those in the peregrines from the same Laurentian Great

Lakes as well as New Brunswick (4.1 — 7.2 ng/g Iw).
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3.4. Recently regulated BFRs
3.4.1. Hexabromocyclododecane (HBCD)

We report the highest ever in ovo EHBCD concentrations for peregrine falcons (15000
ng/g w; Montreal, Canada, 2007), and this is the first study to measure HBCD concentrations in
peregrine falcon eggs in North America. Concentrations of ZHBCD (0.9 — 15000 ng/g lw) were
detected in 80% of the peregrine eggs (Table 2). While the in ove EZHBCD levels of peregrines
in Spain (0.90 — 1600 ng/g lw) were similar to concentrations (nd — 2,400 ng/g Iw) for
peregrines in Sweden (Lindberg et al., 2004; Johansson et al.,, 2009) and Greenland (Vorkamp
et al., 2005), 50% of the peregrine eggs from Canada (N = 12) had higher in ove concentrations
(219 — 15000 ng/g w). Compared to the peregrine eggs collected from Spain, the eggs laid by
Canadian peregrines likely having a terrestrial diet had marginally higher concentrations of
ZHBCD (32 = 3.56 df = 1 P = 0.0593), significantly higher concentrations of yv-HBCD (32 =
3.75 df =1 P = 0.0528), but comparable levels of o-HBCD (P = 0.22). Within Spain, the in ovo
ZHBCD concentrations were statistically similar between the inland peregrines in Guadalajara
likely having a terrestrial diet (N = 5; 0.90 — 340 ng/g Iw) and the coastal Bilbao birds with a
likely aquatic diet (N = 8, 0.90 — 1600 ng/g lw) (P = 0.4623); these small sample sizes
contributed to the large variation in EHBCD concentrations and likely the lack of statistical
significance, suggesting the need for future investigation regarding the potential influence of
dietary differences.

Currently, there is little information about isomer-specific HBCD levels in bird eggs
although several studies indicate that =HBCD is the dominant HBCD isomer measured in eggs.
Braune et al. (2007) reported o-HBCD concentrations in Ivory gull (Pagephila eburnea) eggs
from the Canadian Arctic (2.1-3.8 ng/g lw), although higher o-HBCD concentrations were
reported in the eggs of Herring gulls (9-108 ng/g Iw), Black kittiwakes (Rissa tridactyla) (26-
142 ng/g lw), and Atlantic Puffing (Fratercula arctica) (4-58 ng/g lw) from Norway (Helgason
et al,, 2009). The o-HBCD concentrations reported in the eggs of these aquatic birds are lower
than the in ove o-HBCD concentrations laid by peregrines having an aquatic diet in Spain (N =
8; 47 — 1600 ng/g Iw) or Canada (N = 2; 350 - 3400 ng/g Iw), likely a reflection of the higher
trophic position of the peregrines compared to these other species.

In the peregrine eggs, o-HBCD dominated v-HBCD but f-HBCD was not quantifiable
(Table 2). This distribution is consistent with reports for other wildlife (Janak et al., 2008;
Brandsma et al., 2009), including the eggs of captive kestrels exposed to the technical HBCD
mixture (Fernie et al., submitted ). The isomer pattern in the peregrine (and kestrel) eggs
strongly contrasts with the technical product formulation in which y-HBCD is the dominant
isomer, and may reflect bioisomerization of B- and y-HBCD to «-HBCD, less efficient
absorption or preferential metabolism of B- and v-HBCD in contrast to ¢-HBCD (Janak et al.,
2008) by peregrines.
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Corrected EF values for o-HBCD were calculated for 7 of the peregrine eggs from
Spain, 11 eggs from Canada, and for the commercial standards (Figure 1), using the isotopic
dilution method (Marvin et al., 2007). The calculated EF values for the Spanish peregrine eggs
ranged from 0.05 to 0.93 (Table 2), with four eggs being nearly racemic (0.43 - 0.45) and two
eggs representing extreme EF values. Generally, the EF values for the Spanish peregrine eggs
were consistently higher than the in ovo o-HBCD EF values (0.17 and 0.34) for peregrines in
Sweden Janak et al., (2008). In the Canadian peregrine eggs, the EF values were lower, ranging
from 0.164 to 0.324, consistent with the higher fractions of {-) ¢-HBCD in the same eggs, and
similar to the EF values in Swedish peregrine eggs Janak et al.,, (2008). The results for the
Canadian peregrine eggs are consistent with peregrine falcons more readily metabolizing the (+)
o¢-HBCD enantiomer than the (-)e-HBCD enantiomer (Janak et al., 2008), and, may also
indicate selective enantiomeric enrichment or metabolization of (+) u-isomer by the female, or
preferential maternal deposition of the (+) o-isomer in the egg. Differences in EF values were
observed between peregrine populations in Sweden (Janak et al., 2008), as generally they are
here between the Canadian and Spanish peregrine populations (Figure 1); such differences in EF
values may reflect dietary differences (Janak et al. 2008), but small sample sizes in both studies
warrant further research to identify the possible role of dietary differences relative to
enantiomeric enrichment.

3.4.2. PBDEs.

Of the 16 PBDEs congeners analyzed in our study, all of the PBDE congeners, ranging
from mono- to deca- BDE, were detected and BDE-99, -100, -153 and -183 were detected in all
of the peregrine eggs (Table 3). BDE-153 was the dominant BDE congener in more than 60% of
the peregrine eggs from Canada and Spain. Two of the peregrine eggs from Canada exhibited
particularly high £16PBDE levels of 17000 and 38000 ng/g tw (Table 3). For the peregrines
with a terrestrial-based diet, the eggs from Spain had significantly lower EPBDE concentrations
(N = 5;160 — 3600 ng/g Iw) than the peregrine eggs from Canada (N = 10; 530 — 38000 ng/g Iw)
(x2=6.0df =1 P =0.0143), Sweden (29 — 39000 ng/g lw), Greenland {300 — 12900 ng/g lw) or
the USA (811 — 72,000 ng/g Iw) (Lindberg et al., 2004; Vorkamp et al., 2005; Chen et al., 2008;
Johansson et al., 2009). The significantly higher PBDE concentrations of the Canadian
peregrine eggs likely reflect the greater use and release of PBDE flame retardants in North
America. Similarly, the EPBDE levels of peregrine eggs from California (80 - 53100 ng/g Iw)
(Park et al., 2010) and the Northeast USA (811 - 72000 ng/g Iw) (Chen et al., 2008; Park et al.,
2009; Chen et al,, 2010) exceeded those in peregrine falcon eggs from Sweden and Greenland
(Lindberg et al., 2004; Vorkamp et al., 2005; Johansson et al., 2009).

In this study, the PBDE congener pattern in the peregrine eggs, regardless of the country
of origin, was BDE-153 > BDE-99 > BDE-47 » BDE-100 > BDE-183 (Figure 2), constituting
658 £ 24% and 85.0 = 7.8% of the EPBDE for Spain and Canada, respectively. The

11



192

Capitulo 3: Impacto medioambiental

concentrations of each of these individual congeners were significantly greater in the peregrine
eges laid by birds with a terrestrial diet from Canada than from Spain (all P-values < 0.0492),
and in the eggs laid by Spanish peregrines with an aquatic diet than those with a terrestrial diet
(all P-values < 0.0190) although concentrations of BDE-47 were similar. Similar congener
profiles, including the dominance of BDE-153, were also found in wild peregrine eggs from
Sweden (Johansson et al, 2009) and in the US.A. (Chen et al, 2008). In the plasma of
peregrine falcon nestlings in the Canadian Great Lakes Basin, the same geographical region as
that from which eggs were collected in this study, the profile of major PBDE congeners
consisted of BDE-99 > BDE-153 > BDE-47 > BDE-100 > BDE-183 (Fernie and Letcher 2010),
generally consistent with the results in this study. The dominance of BDE-153 in peregrine eggs
may reflect the longer half-life of BDE-153 compared to other PBDE congeners in kestrels
(Johansson et al., 2009), or the significant biomagnification but low biotransformation of BDE-
153 compared to BDE-47 in terrestrial birds of prey (Chen and Hale 2010; Chen et al., 2010).

4. Conclusions

The results of this study show the presence of emerging HFRs in peregrine falcon eggs
from Canada and Spain, with EPBDEs > EHBCD > BB-153 > HCBDCO > BTBPE > DBDPE
> OBIND > HBB > BEHTBP. This is the first study to document the presence of HCDBCO,
BEHTBP and OBIND in peregrine falcon eggs, and reports the highest in ovo EHBCD
concentration in peregrine eggs to date (an egg collected in Montreal, Canada). The in ovo
HBCD isomer pattern was dominated by o-HBCD > y-HBCD (B-HBCD undetected). The
peregrine eggs from Canada had lower enantiomeric HBCD values consistent with their
increased (-) o-HBCD proportions, possibly reflecting sclective enantiomeric enrichment or that

the (+) a-isomer is more readily metabolized by peregrines.
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FIGURE CAPTIONS

Figure 1. o-HBCD EF values in standards (mean +standard deviation) and peregrine eggs.
Figure 2. Mean relative contribution of some individual PBDE congeners to the XPBDE
concentration detected in peregrine eges from Canada and Spain with terrestrial (T) or aquatic
(A) feed.
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Table 1. Overall in ovo concentrations of HCDBCO, BEHTBP, OBIND, DBDFE, BTBFE BB-153 and HBB in peregrine falcon eggs from Canada (Great
Lakes Basin, New Brunswidk) and coastal and central Spain, 2007 - 2000, LOD: limir of detection; LOQ: limit of queiification; nd: not detected; T:

tervestrial: A: aquatic, HBB: hexabromobenzene, BB-153: 2,2'4,415,5 -hexabromobipheny : , veloctane,
BEHTRBP: Bis { 2-ethyl-1 hexylitetrabromophenyl ether; OBIND: b iiphenylindane, DBDPE: decab diphenyleth BTBPE: 1.2
Bis(2, 4 6-Tribromephencxyethane.
HCDRCO  BEHTBP  OBIND DBDPE BTEPE BB-153 HEBR
2 Iw 2w Iw /g Iw Iw Iw /o Iw
LoD 22 06 021 11 0.67 049 009
LOQ 69 Lo 0.53 5.2 12 L7 03l
Canada Aquatic N
Geometric mean 17 NA. NA. 14 57 NA.
Median 13 8 230
Maximum 19 14 450
Minimam nd nd nd
Drtected in 1 0 0 0 1 1 0
Canada Terestrial N
Geometric mean b | 18 4.2 82 13 192 61
Median is 05 027 6.7 154 .
Maximum b ] 4.5 -] 82 1300 72
Minimum nd nd nd nd i nd
Detected in 2 J 4 1 0 10 6
Spain Aquatic N
Cenmeric mean NaA 12 0oL Na 49 " Rl
Median 11 027 51 1 035
Maximum 12 Lo T4 &7 099
Minimum nd nd nd 1 nd
Dietected in [ 1 3 ] 1 3 4
Spain Tervestrial  Geometric mean MNA. NA. 0.81 NA. NA. 11 1.8
Median 053 80 LS
Maximum 084 1 3l
Minimum nd 36 nd

Deatected in ] [ 2 1] ] 5 3
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Table 2, Overall in ove concentrations of o-HBCD, v-HBCD and ZHBCDs in peregrine falcon eggs from Canada (Great Lakes Basin, New
Brunswick) and coastal and central Spain, 2007 - 2009, LOD: limit of detection: LOC: limit of quantification; nd: not detected; T: tervestrial; A: aguatic,
I HBCDs: total HBCD

LHBCD aHBCD yHBCD EFaHBCD

Iw hw Iw i lw

LoD 008 0.06
LOQ 014 0l

Canada Aquatic N 2 2 2 2
Geometric mean 1100 1100 63 00
Arthmetic Mean 1900 1800 64 0
SEM 1500 1500 L3 0.
Median 1900 1800 6.4 021
Maximum 3300 3300 7 025
Minimim 350 350 51 016
Detected in 2 2 2

Canaca Temestrial N 2 2 5 9
Geometric mean 2300 2200 18 0
Arithmetic Mean 4100 4000 26 0.4
SEM 1500 1500 6.5 002
Median 2800 2800 » [}
Maximum 15000 15000 ] 032
Minimum 220 170 1.9 016
Detected in ] 92 5

Spain_ Aquatic N S [ 2 6

Geometric mean 170 400 12 0.26
Arithmetic Mean 570 660 60 04
SEM no 240 51 012
Median 300 s60) 60 ]
Maximum 1600 1600 i 09
Minimum o 7 o 00l
Detected in 7 L] 2

Spain Terestridl N 2 1 1 1
Geometric mezn 18 M0 12 0435
Arithmetic Mean 170 MO 12 045
SEM 17 3 030
Median 170 0 120
Maximism M0 M0 L5 045
Minimum 05 340 (L] 045
Detected in 2 1 ]
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Table 3. Overall #1 ove concentrations of BDE-47, BDE-99, BDE-100, BDE-153, BDE-183, BDE-197, BDE-207 and BDE-209 in peregrine
falcon eggs from Canada (Great Lakes Basin, New Brunswick) and coastal and central Spain, 2007 - 2009. LOD: limit of detection; LOQ: limit of
quertification; nd: not detected: T: tervestrial; A: aqueatic, £ FBDEx: total PBDEs.

ZPRDE BIE4AT BDEYS EDELM  BDEIS3  BDEIS  BDEISY  BDEI9T  BDE20T  BDE209
ngiglw ngiglw ngiglw ngiglw ngglw ngglw ngiglw ngiglw ngiglw ngiglw

LoD 0.041 0.03 0.02 0.08 008 0.06 0.06 0.05 007
LOQ 012 0.09 0.05 0.09 012 0.58 o1l n.ae 013
Canada Aquatic N 2 1 1 2 2 ] 2 1 1 :
Geometric mean 1300 0 180 68 1600 NA. 950 230 92 byl
Arithmetic Mean 4400 10 130 160 2000 1200 520 140 Ll
SEM 3000 1] 270 150 1200 i T20 440 100 49
Median 4400 0 330 160 2000 ¥ 1200 520 140 91
Maximum 7300 0 600 3o 3200 F 1900 950 240 140
Minimum 1500 nd 56 15 T8O . 470 ™ 36 42
Detected in 1 2 2 2 o 2 2 1 2
Canada Terrestrial N 10 10 10 10 10 6 10 92 g 10
Geomelric mean 4200 630 650 380 1400 240 110 160 140 140
Arithmetic Mean 8300 2600 1400 40 2400 340 210 250 170 220
SEM 3600 1600 600 440 &40 120 61 58 34 a8
Median 4300 &40 70 30 1800 80 160 290 130 270
Maximum 38000 16000 G000 A500 9200 350 240 490 280 400
Minimum 530 0 190 L) 160 48 0 10 3 15
Detected in g 10 10 10 6 10 9 10 10
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3.2. Discusion

En el desarrollo del presente Capitulo hemos evaluado la presencia de HFRs emergentes en el medio
acudtico y terrestre sabiendo que su consumo aumentara con el tiempo, por lo tanto serd necesario
un mayor conocimiento sobre su comportamiento y destino.

Teniamos antecedentes de la contaminacion del rio Cinca por FR a partir de un estudio realizado en
2002, en el cual se detectd la presencia de dos familias de compuestos, los PBDEs y el HBCD en
sedimentos y peces, mediante el uso de GC-MS (Eljarrat et al., 2004; Eljarrat et al., 2005). Los
resultados obtenidos en el muestreo de Octubre de 2002 mostraban niveles de FR bajos en la zona
de aguas arriba de Monzén, mientras que los niveles aguas abajo de Monzén eran
considerablemente elevados y, especialmente los correspondientes al HBCD.

Una vez que desarrollamos las metodologias de analisis de HBCD utilizando LC-MS/MS nos ha
parecido interesante realizar un estudio en muestras de sedimentos y biota procedentes del rio Cinca,
dentro del proyecto AQUATERRA que se resume en el articulo #5.

Los sedimentos fueron muestreados a lo largo del rio Cinca en junio de 2006. Analizamos el HBCD
y encontramos una distribucion similar al estudio anterior, donde la mayor concentracion de HBCD
estd en la zona industrial (Monzén), y va disminuyendo aguas abajo y, a unos 70 Kms (Fraga) la
contaminacion ha desaparecido (Tabla 3-1). Es interesante observar el patron isomérico de HBCD

en estas muestras donde predomina y-HBCD, tal como sucede en la mezcla industrial.

Tabla 3-1. HBCD (ng/g dw) en sedimentos del rio Cinca

Km* o-HBCD B-HBCD y-HBCD T?SID
Puente las Pilas -20 nd nd nd nd
Monzén 0 30 nd 2251 2281
Alcolea de Cinca 27 nq nd 37 125
Fraga 67 nq nd nq nq

nd: bajo el limite de deteccion, nq: bajo el limite de cuantificacion, * distancia desde punto
de contaminacion

En el articulo #5 nos interesaba identificar las posibles fuentes de contaminacion de la cuenca en
estudio por HBCD. Dado que existian dos industrias sospechosas, en colaboracién con la
confederacion hidrografica del Ebro (CHE) obtuvimos muestras de los efluentes industriales. Asi,
hemos comprobado el uso de HBCD en Espafia al encontrarlo en el efluente de una industria
productora de poliestireno expandible (EPS, del inglés expandable polystyrene) con un patrén
isomérico similar al de la mezcla comercial. Ademas, el muestreo del efluente de la industria

sospechosa de causar la contaminacion, se volvid a recoger unos meses después a fin de evaluar si la
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primera analitica correspondia a un vertido puntual o por el contrario, se trataba de un vertido
continuo. El andlisis de esta segunda muestra de efluente industrial confirmé el uso continuado de
HBCD por parte de la industria.
Por otro lado, se analizaron muestras de peces procedentes de los diferentes puntos de muestreo. En
6 muestras de madrillas (Southwestern nase) procedentes de aguas abajo de la zona de Monzon se
encontrd la siguiente distribucion de HBCD (Figura 3-3). Como puede observarse, y-HBCD
predomina en todas las muestras, pero hay una diferencia en la distribuciéon de los isémeros de
HBCD entre sedimentos y biota. Mientras que la distribucion en el sedimento es similar a la mezcla
comercial de HBCD, en los peces se observa un cambio al incrementarse el contenido relativo de los
isomeros o- y B-HBCD, disminuyendo el aporte de y-HBCD. Este fendmeno ha sido observado
anteriormente en muestras de biota procedentes de otras zonas geograficas y podria deberse a las
diferentes propiedades fisicoquimicas de los isomeros. Asi, podria ser consecuencia de:

- a-HBCD es mas biodisponible que y-HBCD

- y-HBCD se transforma en a-HBCD debido a reacciones metabdlicas

- y-HBCD tiene una depuracion mas rapida que a-HBCD
Cabe destacar que normalmente en muestras bioldgicas se observa que la proporcién de a-HBCD
aumenta, superando incluso a la de y-HBCD. En nuestro caso, considerando que los peces estan
expuestos a una aportacion constante de la mezcla industrial de HBCD, hay una variaciéon menor de

las proporciones isoméricas.

[ «-HBCD [ -HBCD | y-HBCD
100%-

75% 7

50%

25% 7

0%

Sedimento Biota 1 Biota 2 Biota 3 Biota 4 Biota 5 Biota 6

Figura 3-3. Distribucion de los diastereoisomeros de HBCD en peces y sedimento de
Monzon.

También se realizé un experimento en el campo para el que se cogieron muestras de barbos (Barbus
graellsii) de los canales del delta del Ebro (tedricamente libres de contaminacion por HBCD) y se
repartieron en dos jaulas, cada una con aproximadamente 20 peces. Una jaula fue colocada aguas

arriba del foco de contaminacion (La Boquera), mientras que la otra se coloco aguas debajo de



Capitulo 3: Impacto medioambiental 203

Monzoén (Alcolea de Cinca). La exposicion durd 14 dias y luego del andlisis de las muestras (Tabla
4 del articulo) vimos que en las muestras ubicadas aguas abajo llegaron a acumular 15.500 £ 2.700
ng/g lw de HBCD, demostrandose asi la biodisponibilidad del HBCD.

Por otro lado, llevamos a cabo un experimento en el laboratorio con el que se pretendia obtener
informacion acerca de la depuracion de cada uno de los isomeros del HBCD. Para ello se expusieron
zebra fish al efluente industrial diluido durante 12 dias. Posteriormente, los zebra fish se depuraron
por 12, 21 y 28 dias. Asi se observd que la exposicion al efluente contaminado provoca la
incorporacién de HBCD en los organismos. También se detectd que HBCD se depura con el tiempo
y, en el caso de y-HBCD esta depuracion resultdé mas rapida que para el resto de isomeros (Figura 5
del articulo #5). Este fenémeno podria afectar la variacién en la proporcion de isdmeros que se
observa entre muestras ambientales (sedimento) y biota (peces), tal como explicamos anteriormente
en el articulo #4.

Por otro lado, en sedimentos de la cuenca del rio Llobregat (articulo #6), se han analizado los
PBDEs asi como tres BFRs emergentes que se utilizan sin restricciones, ya que no han sido
legislados. Hemos analizado los niveles de PBDEs mediante GC-NCI-MS, encontrando niveles
similares a los de un trabajo que realizamos en sedimentos costeros procedentes de Cantabria y el
Pais Vasco (Tabla 3-2).

En lo que se refiere a BFRs emergentes, podemos destacar la presencia del DBDPE que se encontrd
con mayor frecuencia en las muestras analizadas de Catalufia. Las concentraciones encontradas en el
rio Llobregat son inferiores a las de BDE-209, al mismo tiempo que su ubicuidad es inferior a la de

los PBDEs (Tabla 3-2).

Tabla 3-2. Comparacion de concentraciones de BFRs en sedimentos de Espaiia.

Llobregat Anoia Cantabria P. Vasco
Total PBDEs 22-136 26-111 67-90 59-150
BDE-209 5.2-82 3.2-57 21-30 20-28
PBEB 5.5-9.1 nd-9.6 nd nd
HBB nd-2.4 nd-0.4 nd nd
DBDPE 4.8-23 9.1-24 nd nd

De esta forma hemos comprobado la utilizacion de DBDPE en Catalufia, ya que es sabido que
DBDPE sustituye al DecaBDE, por lo tanto es de esperar que su concentraciéon en el medio
ambiente pueda aumentar luego de la prohibicion del uso de esta mezcla de PBDEs. Respecto a
HBB y PBEB, se encontraron en los sedimentos del Llobregat y Anoia, mientras que en las

muestras del norte de Espaila no fueron detectados.
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Una vez observada la presencia de DBDPE, HBB y PBEB en el medio ambiente fue necesario
evaluar su biodisponibilidad. Es por ello que se analizo la presencia de estos 3 BFRs emergentes en
huevos de halcon peregrino (articulo #8). Asi, pudimos observar que en las muestras de Espaiia no
se detectaron DBDPE y PBEB, mientras que HBB fue detectado en el 54% de las muestras con una
concentracion maxima de 3,1 ng/g Iw.

Para poder llegar a conclusiones respecto a la biodiponibilidad de estos BFRs emergentes seria
necesario realizar muestreos mas amplios. Aunque por lo que se refiere a la estructura molecular, es
de esperar que el DBDPE, de forma similar a lo que ocurre con BDE-209, sea menos biodisponible
por su gran tamafio molecular.

Por otro lado, en las muestras de huevos de halcon procedentes de Canada no se encontré PBEB,
aunque se observa que las concentraciones de DBDPE y HBB son mayores a las halladas en Espaiia.
En el articulo #8 también fue posible analizar otros HFRs que la industria ha introducido
recientemente en respuesta a las regulaciones de los BFRs mads utilizados, estos son: BTBPE,
BEHTBP, HCDBCO y OBIND.

También analizamos HBCD isomérico y enantiomérico, ademas de los PBDEs. En la Tabla 3-3 se
indican los niveles encontrados para HCBCO, BEHTBP, OBIND y BTBPE. Nuestro trabajo ha sido
el primero en informar la cuantificacion de HCDBCO en biota y de BEHTBP en el medio ambiente.
HCDBCO solo fue detectado en los huevos de halcon peregrino procedente de Canada, tanto con

dieta terrestre como acuatica.

Tabla 3-3. Resumen de niveles de HFRs encontrados en huevos de halcon peregrino

ng/g (Iw)
HCBCO BEHTBP OBIND BTBPE
Espafia-T ~ Muestras cuantificadas 0 0 2 0
(n=5) Rango (ng/g, 1w) nd-0.84
Mediana (ng/g, Iw) 0.53
Espafia-A  Muestras cuantificadas 0 1 3 1
(n=8) Rango (ng/g, Iw) nd-1.2 nd-1.0 nd-7.4
Mediana (ng/g, 1w) 1.1 0.27 5
Canada-T  Muestras cuantificadas 2 4 4 0
(n=10) Rango (ng/g, Iw) 17-23 nd-4.5 nd-29
Mediana (ng/g, Iw) 3.5 0.5 0.27
Canada-A  Muestras cuantificadas 1 0 0 1
(n=2) Rango (ng/g, Iw) nd-19 nd-14

Mediana (ng/g, Iw) 13 8
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Respecto a BEHTBP, se detectd en una muestra de Espafia y en 4 huevos de halcon con dieta
terrestre de Canada. Nuestro estudio también ha sido el primero en informar el hallazgo de OBIND
en huevos de halcon peregrino, tanto de Norteamérica como de Europa y se ha encontrado en el
38% de las muestras de Espafia y en el 33% de las de Canadd. BTBPE fue encontrado en solo 2
huevos, uno de Espafia y el otro de Canada, siendo mayor la concentracion en este Gltimo. Tal como
podemos ver en la Tabla 3-3, en general los niveles de FRs encontrados en las muestras de Canada
son superiores a las de Espana.

En cuanto al andlisis de HBCD en los huevos de halcon peregrino, los niveles encontrados se
resumen en la Tabla 3-4. Se encontré HBCD en el 70% de los huevos de Espafia y en el 92% de los
huevos de Canada. Incluso en una muestra de Canada hemos hallado la mayor concentracion de
HBCD hasta ahora encontrada en huevos de halcon peregrino (14.617 ng/g 1lw).

Tal como ocurre en muestras de biota, f-HBCD se encontrd por debajo de los LOD. Al comparar
los niveles de HBCD encontrados en los huevos de ambos paises vimos que los huevos de Canada
tienen concentraciones significativamente superiores de HBCD que los de Espaiia, lo que reflejaria
un mayor uso de HBCD en Norteamérica.

En cuanto al patron isomérico de HBCD en los huevos de halcon peregrino (Tabla 3-4), observamos
que a-HBCD es el isdomero principal lo que contrasta fuertemente con el patron de la mezcla
comercial, donde y-HBCD es el isomero dominante. Este hecho ha sido observado anteriormente en
muestras bioldgicas, pero se debe tener en cuenta que la exposicion constante a un efluente
industrial que contenga la mezcla industrial de HBCD puede causar que haya un aumento en la
proporcion de a-HBCD pero que no sea tan importante, como fue el caso de las jaulas de madrillas
en nuestro articulo #5.

En el articulo #8 también se calcularon los EF corregidos de a-HBCD en las muestras donde estaba
suficientemente concentrado para ser detectado enantioméricamente (Tabla 3-4). Hemos encontrado
que en los huevos de Espaiia los valores son variables, mientras que en los huevos de Canada los EF
tienen valores entre 0,164 y 0,324. Estos resultados sugieren que hay una mayor concentracion de (-

) a-HBCD en los huevos, por lo tanto hay una acumulacién enantidémero- selectiva.
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Tabla 3-4. Niveles de HBCD diastereoisomérico y EF de a-HBCD en huevos de halcon peregrino

ng/g, Iw EF a-
Muestra XHBCD
o-HBCD v-HBCD HBCD
S1 338 1.5 342 0.451
S2 nq nd nq
Espafia-T S3 nq 0.9 0.9
S4 nq nd nq
S5 nq nd nq
S6 47 nd 47 0.05
S7 812 nd 812 0.920
S8 nq nd nq
S9 299 nd 299 0.408
Espafia-A
S10 1598 nd 1598 0.450
S11 242 nq 242 0.430
S12 nq 0.9 0.9
S13 941 11 952 0.436
Cl1 4379 29 4408 0.259
C2 2199 1.9 2200 0.220
C3 nq nd nq
C4 572 35 607 0.235
Cs 6913 nd 6913 0.288
Canada-T
C6 3180 nq 3180 0.164
Cc7 2748 24 2772 0.260
C10 170 39 219 0.324
Cl1 14617 nd 14617 0.196
C12 1454 nd 1454 0.249
C8 3335 5.1 3340 0.164
Canada-A
Cc9 345 7.7 353 0.247

nq: inferior al LOQ, nd: inferior al LOD

En los huevos de halcon peregrino también analizamos otros HFRs (articulo #7) del tipo

norbornenos clorados. Este ha sido el primer trabajo que ha encontrado DP en muestras de biota de
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Europa, ademds que ha sido la primera vez que se detectan Dec 602, Dec 603 y Dec 604 en un
organismo terrestre ubicado en la parte superior de la cadena trofica (Tabla 3-5).

Tabla 3-5. Niveles de norbornenos clorados en huevos de halcon peregrino

X DP Dec 602 Dec 603  Dec 604
fanti*
Espafia-T  Muestras cuantificadas 5 4 5 4
(n=5) Rango (ng/g, 1w) 0.3-3.6  0.62-0.75 nd-15 1.5-6.2 ng-0.35
Mediana (ng/g, 1w) 0.6 0.74 4.8 24 0.32
Espafia-A  Muestras cuantificadas 8 8 8 5
(n=8) Rango (ng/g, lw) 0.4-17 0.65-0.78 nd-25 3.0-7.5 nd-0.32
Mediana (ng/g, Iw) 23 0.69 15 5.2 0.31
Canada-T Muestras cuantificadas 10 10 10 10
(n=10) Rango (ng/g, Iw) 7.5-209  0.41-0.69  44-211 12-220 1.4-9.8
Mediana (ng/g, Iw) 43 0.63 71 52 4
Canada-A  Muestras cuantificadas 2 2 2 2
(n=2) Rango (ng/g, Iw) 6.3-122 0.52-0.6  7.2-104 5.3-29 1.3-3.5
Mediana (ng/g, Iw) 64 0.56 55 17 2

* fanti se calcula dividiendo la concentracion de anti-DP por la concentracion total de DP.

Al comparar los huevos de halcones con dieta terrestre de ambos paises, los niveles de DP en las
muestras de Canadé son 40 veces mayores que en los huevos de Espafia. Esto se debe a que en el rio
Niagara se encuentra la industria que produce el DP desde hace mas de 40 afios. También hemos
calculado los fanti en todas las muestra y se observa que los valores son mayores en los huevos
espafioles, lo cual podria deberse a que los halcones de Canada se encuentran en contacto con el
efluente industrial del DP.

Hemos cuantificado Dec 602, Dec 603 y Dec 604 en mas del 84% de muestras analizadas, en
concentraciones superiores a 1,5 ng/g Iw (Tabla 3-5). Hay que destacar que en las muestras de
Canada se hallaron los niveles mayores, reflejando la cercania a la industria que los produce
(Oxychem), ademas del posible mayor uso de estos FR en Norteamérica que en Europa.

Asi pues, el analisis de esta amplia gama de HFRs en un organismo ubicado en la parte alta de la
cadena trofica, nos ha permitido estudiar su biodisponibilidad y bioacumulacion. Asi, hemos hecho
un aporte importante para los estudios a nivel global acerca de la presencia, distribucion y

comportamiento de estos compuestos.
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4. EXPOSICION HUMANA

4.1. Introduccion

Tal y como se trat6 en el Capitulo 1 de esta Tesis Doctoral, existen diversas vias por las cuales un
BFR puede ser incorporado al cuerpo humano. En diferentes estudios se han detectado residuos de
BFRs en diversas muestras humanas (Schecter et al., 2007; Thomsen et al., 2008), lo cual demuestra
que los seres humanos estamos expuestos a estos contaminantes.

Es sabido que una importante ruta de exposicion a los PBDEs para la poblacion es a través de la
dieta. Esto ha sido confirmado en un estudio que se llevd a cabo en el Reino Unido, donde se
estimaba la exposicion a PBDEs por parte de adultos, mostrando que un 98,7% provenia de la
alimentacion, mientras que un 0,9% del aire y el resto del polvo doméstico (Harrad et al., 2006). Se
debe tener en cuenta que la estabilidad y las caracteristicas lipofilicas de los PBDEs permiten su
biomagnificacion en la cadena alimentaria, aumentando la concentracion sucesivamente a medida
que aumenta el nivel tréfico.

Por otro lado, la autoridad europea de seguridad alimentaria (EFSA, del inglés european food safety
authority) ha reconocido la preocupacion por la contaminacion de los alimentos y piensos con BFRs
(EFSA 2006) y recomienda la vigilancia de BDE-28, -47, -99, -100, -153, -154, -183 y -209 y BB-
153, ademas del HBCD total e isomero-especifico si los niveles son muy elevados. Opcionalmente
aconseja incluir también el DBDPE, el HBB y el BTBPE en los analisis de control.

Un punto a considerar en la exposiciéon humana por dieta incluye no solo la concentracion en que los
contaminantes se encuentran en los alimentos, sino también los habitos alimenticios de los
consumidores, esto es la frecuencia de su consumo en la dieta de cada grupo de alimentos. En este
sentido hay que destacar que existen diferentes habitos dietéticos en funcion de la region geografica
en estudio. Asi, por ejemplo, la dieta japonesa se caracteriza por un mayor consumo de pescados, la
dieta americana por una mayor consumo de carnicos o la holandesa por una mayor proporcion de
lacteos.

En el Capitulo 1 se observd que los mayores niveles de BFRs se encuentran en alimentos con alto
contenido graso, siendo el consumo de pescado una forma importante de exposicion a los PBDEs
(Van Leeuwen y De Boer 2008). Se debe tener en cuenta que la exposicion a BFRs no solo es a
través del consumo directo de pescado, sino que también puede ser por medio de productos
derivados tales como el aceite de pescado. Este subproducto se consume con fines dietéticos, debido
a la presencia de acidos grasos n-3 poliinsaturados de cadena larga que tienen beneficios para la
salud y son esenciales en la dieta humana.

El aceite de pescado también es utilizado como ingrediente en los piensos para el crecimiento de los
animales, desempefiando un papel importante en las dietas preparadas para las especies carnivoras y
omnivoras. Es una fuente de energia ideal, imparte propiedades saludables que aportan los acidos
grasos al producto final. Sin embargo, la principal preocupacion para la seguridad alimentaria es la
posible transferencia de contaminantes desde los piensos a los alimentos, lo que podria provocar a
largo plazo efectos sobre la salud de los animales de granja y de los seres humanos que los
consumen (Mantovani et al., 2009).
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Tanto en aceites de pescado para consumo humano como animal existen estudios con el objetivo de
estudiar los niveles de PBDEs y su comportamiento (Covaci et al., 2007a; Domingo et al., 2008).
Sin embargo respecto a HBCD la informacion disponible es minima. Es por ello que hemos
analizado 25 muestras de aceite de pescado utilizadas en Espafia tanto para el consumo humano
como animal. Posteriormente en las muestras con una mayor concentracion de HBCD calculamos
las fracciones enantioméricas para investigar posibles procesos de enriquecimiento enantidomero-
selectivos. Ademas estimamos la dosis de ingesta diaria por el consumo de estos complementos y lo
que representaria en la dosis total de ingesta por dieta alimenticia. Este trabajo queda reflejado en el
articulo #9 titulado:  “Diastereoisomer- and  enantiomer-specific  determination  of
hexabromocyclododecane in fish oil for food and feed”.

Dentro de la via de exposicion humana a través de la dieta, merece una atencion especial el estudio
de la exposicion a un grupo de riesgo como son los lactantes. Dicho grupo solo se alimenta de leche
materna. Ademas su masa corporal es pequeiia por lo que el impacto de los contaminantes puede
resultar superior, sin olvidar que dicho impacto se produce en una etapa de formacion y desarrollo
del individuo. El primer estudio de PBDEs en leche materna fue realizado por Norén y Meironyté
(2000), con muestras procedentes de Suecia, donde se observaba un aumento continuo y
exponencial de la concentracion de PBDEs entre 1972 y 1997. Tras la publicacion de este trabajo, se
vio la importancia de estudiar el comportamiento y destino de los PBDEs en el medio ambiente. Se
han desarrollado otros estudios posteriores de estos compuestos en leche materna, por ejemplo en
Suecia (Lignell et al., 2009), Islas Faroe (Fangstrom et al., 2005), Australia (Toms et al., 2007),
China (Li et al., 2008), Republica Checa (Kazda et al., 2004), Estados Unidos (Schecter et al.,
2003), Noruega (Thomsen et al., 2010) y Francia (Antignac et al., 2008). La mayor concentracién ha
sido encontrada en leche materna de EE.UU. (72 ng/g Iw) seguido de la procedente de Australia,
con una concentracién 7 veces menor.

El estudio de otros FR en leche materna como HBCD no es habitual, sobre todo si deseamos obtener
informacion de su distribucion diastereoisomérica. En la Figura 4-1 se sefialan los niveles de HBCD
total encontrados en estudios anteriores en leche materna de distintos paises. Los mayores niveles
fueron encontrados en Canada (3,8 ng/g lw), seguido de México (2,1 ng/g lw), Japon (1,7 ng/g lw) y
Noruega (1,7 ng/g lw). Asi se puede comprobar la distribucion de HBCD alrededor del mundo y su
biodisponibilidad al ser humano y posterior bioacumulaciéon, aunque generalmente las
concentraciones observadas de HBCD son menores que las de PBDEs, debido al mayor uso de los
PBDEs y por un mayor periodo de tiempo. De esta forma, vemos que los niveles de HBCD son
inferiores a los observados para PBDEs.
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Figura 4-1. Concentracion promedio de HBCD (ng/g lw) en diferentes paises

Tanto en Japdn (Kakimoto et al., 2008) como en Suecia (Fangstrom et al., 2008) se ha realizado un
estudio de la tendencia temporal de HBCD, el cual se encuentra resumido en la Figura 4-2. La leche
humana de Suecia muestra un aumento de las fluctuaciones en el tiempo: desde 1988 la
concentracion de HBCD ha aumentado hasta concentraciones similares a la del BDE-99, -100 y -
153, congéneres de PBDEs que fueron analizados conjuntamente. Estos resultados muestran que el
HBCD es transferido a la leche, por lo tanto es persistente y se bioacumula. Respecto al trabajo de
Kakimoto et al. (2008), las muestras analizadas entre los afios 1973 y 1983 tienen concentraciones
de HBCD menores al LOD y los valores aumentan a partir de las muestras del afio 1988. A partir
del afio 2000 las concentraciones se encuentran entre 1,0 y 4,0 ng/g lw. Los niveles de HBCD en
Japon son mayores que los observados en Suecia, esto muestra su mayor utilizaciéon y/o produccion
industrial. Solo en el caso de las muestras procedentes de Japon se realizdo el analisis
diastereoisomérico de HBCD, encontrandose que generalmente a-HBCD predomina (62-100%),
mientras que en los afios 1993 y 2006 y-HBCD fue el isomero principal (56 y 65%,
respectivamente) y el f-HBCD no fue detectado en ninguna de las muestras.

 Japon - Suecia

2519 *

ng/g (Iw)
b

0.5

0 T T T T T T T T T 1
1986 1988 1990 1992 1994 1996 1998 2000 2002 2004 2006

Figura 4-2. Tendencia temporal de HBCD en Japo6n y Suecia.
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Luego de observar que existen diversos trabajos que analizan PBDEs en leche materna, nos pareci6
interesante poder realizar un aporte al conocimiento cientifico sobre los niveles de HBCD en esta
matriz. Por lo tanto, durante el desarrollo de esta tesis hemos determinado los niveles de
concentracion de HBCD en muestras de leche materna de Espafia, evaluando la distribucion de
isémeros y, por primera vez se ha estudiado la distribucion enantiomero-especifica de HBCD a fin
de determinar si existe 0 no acumulacién enantidomero-selectiva en el cuerpo humano. Finalmente,
se evalud la dosis diaria de ingesta del lactante. Este trabajo se sintetiza en el articulo #10
“Hexabromocyclododecane in human breast milk: levels and enantiomérico patterns”.

Por otro lado, se realiz6 un estudio similar con muestras de leche materna procedentes de Australia a
fin de comparar los resultados con el estudio previo realizado en Espafia. Ademas y dada la
disponibilidad de muestras de leche materna desde los afios 1993 a 2009, el analisis de HBCD en
estas muestras nos puede dar una idea de la evolucion de los niveles de HBCD con el tiempo en
Australia y compararlo con los niveles y las tendencias encontrados de PBDEs. Con los datos de
este estudio se ha escrito el articulo #11: “Temporal trends of brominated flame retardants in
Australia: 1993-2009”
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Fish oils are one of the main sources of -3 fatty acids. However, they can present elevated levels of some
lipophilic pollutants, such as hexabromocyclododecanes (HBECDs). Since data about HBCDs in fish oil
samples are very limited, in this study, 25 samples of fish oil for feed and food have been analyzed. Total
HECDs, as well as, -, [i- and y-diasterecisomers have been determined. Total HECDs ranged from 0.09 to
26.8 ngg~', with higher concentrations in fish oil for feed (average value of 9.69 ng g™') than those for
food (1.14 ng g~"). Concentrations of «-HBCD (average value of 4.12ngg ™' in feed samples and

f{gc“;m: 0.48 ng g~ in food samples) and y-HBCD (5.05 and 043 ng g™ respectively) were higher than that of
Hexabromocyclododecane [-HBCD (0.52 and 0.19 ng g~ respectively) in most of the samples. However, none of them was predom-

BFR inant in the samples. Concentrations of HBCDs were compared to concentrations of other pollutants and
Fish oil comelation between dioxin and dioxin-like PCBs levels and HBCDs levels were observed. Intake of HBCDs
Enantiomeric analysis was calculated for fish oil with human consumption purposes and it ranged from 0.08 w 538ng
Diasterecisomeric analysis HECDs d~', which could contribute significantly to HBCDs total intake. Enantiomeric fractions were also

determined. No clear enrichment was observed for y-HBCD, while (  )-2-HBCD enrichment was detected

in some samples.

© 2010 Elsevier Lid. All rights reserved.

1. Introduction

Fish pils are one of the main sources of -3 fatty acids {(mainly
cis-5,8,11,14,17-eicosapentaenoic acid - EPA - and cis-4,7,10,
13,16,19-docosahexaenoic acid - DHA), well-known for being blood
vessel dilators and preventing heart attacks by blood pressure
reduction {Shidu, 2003). For this reason, these oils have been intro-
duced steadily in human and animal diets. However, they can pres-
ent elevated levels of lipophilic pollutants {Zennegg and Schmid,
2006), because they bivaccumulate in fatty tissues and fish have
very low metabolization capability for these compounds {Voorspo-
els etal., 2004), According to this, one of the pollutants that could be
easily found in fish oil are hexabromocyclododecanes (HECDs).
These compounds have been used as a brominated flame-retardant
in polystyrene foams, which are mainly used for thermal insulation
in buildings {Law et al., 2006). There production have increased
steadily during the last years due to the ban in the EU of other similar
flame retardants such as polybrominated diphenyl ethers (PBDEs)
or polybrominated byphenyls (2006/11/EC Directive).

# Correspordling author, Tel: +34 93 400G100; fax: +34 93 2045904
E-mail addresses: jordidiaz@igsedu (). Diaz-Ferrerc), eeeqam@ad.csices

(E
U Tel: 434 93 2672000; fax: +34 93 2056266,

0045-6535/% - see front matter @ 20010 Elsevier Ltd. All rights reserved.
doi: 101016{j.chemosphere 2010100088

Considering all elements of symmetry, 16 different HBCD
diastereoisomers including six pairs of enantiomers as well as four
meso forms are possible theoretically (Heeb et al,, 2007). Technical
HBCDs are produced industrially by addition of bromine to
cis-trans-trans-1,5 9-cyclododecatriene, with the resulting mixture
that contains three predominant diasterevisomers o«-, - and
v-HBCDs. Normally, the y-isomer is the most dominant in the
commercial mixtures (ranging between 75% and 89%), followed
by @~ and p-isomer {10-13% and 1-12%, respectively) {Covaci
et al., 2006). Moreover, a-, [i- and y-HBCDs diastereoisomers are
chiral, leading to three pairs of enantiomers.

Although there are some publications reporting the levels of
other persistent organic pollutants in fish oil {Eljarrar et al,
2002; Zennegg and Schmid, 2006; Marti et al., 2010), very few
studies have reported the occurrence of HBCDs in this kind of sam-
ples. To the knowledge of the authors, there is only one study
reporting the diastereomeric HBCDs distribution in fish il samples
so far {Kakimoto et al,, 2007), although there is more information
of this compound in fish {Eljarrat et al., 2004; Ssrmo et al., 2009;
Zhang et al,, 2009). Moreover, this paper reports for the first time
HBCDs levels in fish oils from the Spanish market.

The objective of this study was to determine HECDs diastereo-
isomer levels in fish oil samples used in Spain for animal and
human consumption, since this pollutant can bicaccumulate in
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fat tissues and biomagnify through the food chain. Moreover,
enantiomeric fractions (EFs) were calculated in order to investigate
potential selective enantiomeric enrichment processes.

2. Experimental
2.1. Fish oil samples

For this study, 25 fish oil samples were collected. Ten samples
were raw fish oils for animal consumption with different origin,
mainly from Northern Atlantic and Southern Pacific. The other
twelve collected samples were for human consumption, and were
acquired from drug and dietetic stores. These oils had been previ-
ously refined according to the usual industrial processes applied to
oils for human consumption {Hilbert et al., 1998). They are com-
mercialized as health supplements for nutritive purposes and for
this reason some of these pils contained other compounds, such
as vitamins and minerals. Moreover, three out of these twelve oils
contained vegetable oil as well, for their high content in «-6 fatty
acids. Finally, in order to compare the obtained results, three
health supplements based only in vegetable oil were included in
the study. More detailed information of all the analyzed samples
can be found in Table 1.

2.2, Chemicals

Hexane was supplied by Baker {Deventer, Holland), dichloro-
methane was acquired from Carlo Erba {Val de Reuil, France) and
concentrated sulphuric acid was supplied by Scharlau {Barcelona,
Spain). Alumina solid phase extraction cartridges were acquired
from IST {(Uppsala, Sweden). Dyg-labeled a«-, i- and y-HBCDs stan-
dards were acquired from Wellington Laboratories Inc. {Guelph,
Canada) and were of minimum 98% purity. a-, - and y-HBCDs
standards were obtained from Cambridge Isotope Laboratories
Inc. {WI, USA) and were of minimum 97% purity.

2.3, Sample preparation

One gram of fish oil samples were spiked with d,g-labeled
o= and y-HBCDs as intermal standards. Samples were dissolved in

Table 1
Specifications of the analyzed fish oil samples.

X. Ortiz et al /Chemosphere 82 (2011) 739-744

10mL of hexane and matrix was degraded by the addition of
10 mL of concentrated sulphuric acid. Organic fraction {containing
HBCDs) was evaporated to 3 mL and the whole clean-up procedure
was repeated until the acid did not turn yellow. Final purification
of the extract was carried out in 5g alumina SPE cartridges.
Cartridges were conditioned with 20 mL of hexane and eluted with
30mL of hexane:dichloromethane {1:2). Purified extracts were
concentrated with a gentle nitrogen flow and spiked with d;s
labeled p-HBCD as injection standard. Since elevated temperatures
can isomerize stereoselectively these compounds, no heating of the
samples was performed during their preparation.

2.4. Dinstereoisomer analysis

The LC system used was an Symbiosis Pico {Spark Holland,
Emmen, The Netherlands) with a Symmetry C;3 column
(21 mm =< 150 mm, 5 pm) preceded by a Ciz guard column
{2.1 x 10mm) supplied by Waters {Massachusetts, USA). Experi-
ments were carried out in negative ionization mode using Ha0:
methanol {3:1 vfv) as eluent A and methanol as eluent B, at a flow
rate of 0.25 mLmin~". The injection volume was set at 10 pL. The
elution program started at an initial composition of 100% A and
was ramped to 0% A in the first 8 min, then eluent A increased to
10% in 17 min and initial conditions were reached again in three
min and returned to the starting conditions in 15 min.

Mass spectrometric analysis was performed with a hybrid triple
quadrupole/linear ion trap MSD Sciex 4000QTRAFTM { Applied Bio-
systems, Foster City, CA, USA) instrument equipped with an elec-
trospray (ESI} Turbospray interface, and working in negative
ionization mode. For target quantitative analyses, data acquisition
was performed in selected reaction monitoring (SEM). The
[M — H]|~ — Br~ transitions at mfz 638.7 — 78.9 and 638.7 — 80.9
were monitored for unlabelled HECDs. The labeled HBCDs were
monitored at the 655.8 — 78.9 and 655.8 - 80.9 transitions. The
MS{MS detection conditions were optimized to obtain the highest
relative intensity: curtain  gas at 50 psi, collision gas at
4.5 x 107" Torr, temperature of the turbo gas in the Turbo-
lonSprayT™ source at 350 °C, ion source gas 1 at 50 psi and ion
source gas 2 at 10 psi {(Guerra et al, 2008a).

Sample code Consumption Main component Other components Origin Format Recommended dose
FE1 Feed Fish oil - Morth Atlantic Raw oil -

FE2 Feed Salmon oil - - Raw eil -

FE3 Feed Fish cil - Morth Atlantic Raw oil -

FES Feed Fish oil - South Pacific Raw il -

FES Feed Fish gil - Morth Atlantic Raw oil -

FEG Feed Fish oil - Morth Atlantic Raw oil -

FE7 Feed Fizh cil - Seuth Pacific Raw oil -

FEG Feed Fish cil - - Raw oil -

FES Feed Fish oil - South Pacific Raw oil -

FE10H Feed Fish oil - Morth Atlantic Raw oil -

FO1 Food Salmen oil Protein, carbohydrates, vitamin E - Pearls 2-3pearled '
FOZ Food Fish cil Protein, carbohydrates, vitamin E - Fearls 2 pearlsd *
FO3 Food Fish oil Bottle 1 tablespoon (3.3 g)d '
FO4 Food Fish oil Vitamins and minerals - Pearls 1pearld !

FO5 Food Fish ail Vitamins and minerals - Pearls 5-10pearlsd '
FOB Food Fish cil Vitamins - Pearls 2-3pearlsd '
FO7 Food Fish oil Pearls 4pearlsd 1
FO8 Food Cod liver oil Vitamins Pearls 1pearld !
FO9 Food Fish oil Vitamin E Pearls 4pearlsd !
FO10 Food Fish cil + evening pri oil il , calcium and i - Pearls 2pearlsd *
Fo11 Food Fish oil + evening primrose oil Vitamins and minerals Pearls 1pearld '
FO12 Food Salmon oil + boraje oil Vitamin E Pearls 3-5pearlsd !
FO13 Food Pumpkin seed oil Tocopherols Pearls Gpearlsd !
FO14 Food Vegetable il rich in omega-6 Pearls 2-Zpearlsd !
FO15 Food Evening primrose oil c-Tocopherc] - Pearls 1-2 pearlsd '
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2.5, Quality assurance/guality control

Method blank samples were performed to check for interfer-
ences or contamination from solvents and glassware. No presence
of analytes of interest {a-, B~ and y-HBCDs diastereoisomers) was
observed.

Spiked samples with native compounds {a-, - and y-HBCDs)
were analyzed using the described methodology to check recover-
ies. These samples were concentrated to incipient dryness and re-
dissolved with 50 pL of labeled compounds mixture, containing
dyg- o-HBCD and d,g-y-HECD at 125 pg pL~", prior to the instru-
mental analysis by LC-M5-MS. Recovery values of labeled com-
pounds ranged from 78% to 98%, with relative standard deviation
(n=4) values between 7% and 10%. Detection limits, defined as
the minimum amount of analyte which produces a peak with a sig-
nal-to-noise ratio equal to 3, were 0.03ngg™' for a-HBCD,
0.05ng g~ for f-HBCD and 0.06 ng g~ ! for y-HBCD. Limits of quan-
tification, defined as the mini n of analyte which pro-
duces a peak with a signal-to-noise ratio equal to 10, were 0.11,
0.18 and 0.20 ng g for a-, y- and -HBCD, respectively.

2.6, Enantiomeric analysis

A chiral chromategraphic column, Nucleodex -PM (4.0 mm =
200 mm x 5 pm), was used to afford the enantiomer-specific
determination. The optimal separation of enantiomers was
achieved using methanol, acetonitrile and water as mobile phase.
Experiments were carried out using 70% water:30% methanol as
eluent A and 70% AcN: 30% methanol as eluent B, at a flow rate
of 0.50 mL min~". The injection volume was set at 10 pL. The elu-
tion program started at an initial concentration of A ar 50% de-
creased to 0% along the first 8 min, and was maintained for
17 min and initial conditions were reached again in 5 min and
maintained for additional 12 min (Eljarrat et al, 2008; Guerra
et al., 2008b). Mass spectrometric analysis was performed using
the same conditions as for diastereoisomer analysis.

Enantiomeric composition was expressed as enantiomeric frac-
tion {EF), which is normally calculated from the peak areas of the
enantiomeric pairs by:
= A ’
TR W
where A, and A_ are the peak area of eluting enantiomers.

It is well know that ESI is subject to sample matrix effects that
can cause enhancement or suppression of the target analytes signal
and can adversely affect their quantification. In order to avoid this
effect that can affect in EF calculations, these values are calculated
according to Eq. {2) (Marvin et al., 2007). This correction is based
on the use of isotopic labeled standards {d;s-HBCDs) since d,;g-la-
beled enantiomeric analogues behave in an identical manner to
their native counterparts:

IF . (1A Asa,, ]} < PE Avay,
- corrected — i T 1/ 3
([As]/ A ]) = P8 Avar + ([A1/ Ay ]) < P8 Agy,
(2)
where [A.] and [A_] are the pealk areas of each {+) and {—) HBECDs
enantiomers, [A.gg] and [A_gg] are the peak areas of each (+)

and {—) HBCDs d,s labeled standards, while pg A.se and A_u g
stand for the non-corrected determined HECD concentration.

2.7. Comparison with PCODJF, dI-PCB and PBDE levels
In order to compare the determined HBCDs levels with other

persistent organic pollutants, concentrations of pelychlorinated
dibenzo-p-dioxins and dibenzofurans {PCDD{Fs), dioxin-like

polychlorinated biphenyls {dI-PCBs) and polybrominated dipheny-
lethers {PBDEs) were analyzed for some of the samples. For this
purpose, 6g of fish oil samples were spiked with “C-labeled
standards. The purification was carried out with multilayer silica
columns, containing Hz504, NaOH and AgNO; maodified silica.
Analytes were fractionated by high performance liquid chromatog-
raphy equipped with a 2-{1-pyrenyl)ethyl silica column {HPLC-
FYE). Final instrumental determination was carried out by high
resolution gas chromatography/high resolution mass spectroscopy.
More detailed information of these analyses can be found in else-
where {Ortiz et al, 2010; Marti et al., 2010).

3. Results and discussion
3.1. Levels of HBCD in fish oil

Levels of a-, i- and y-diastereomers and total HBCDs are sum-
marized in Table 2, determined according to the previously de-
scribed method. Twenty-two of the 25 analyzed samples
presented quantifiable HBCDs levels within the range of 0,09 to
26.8ng g~ Samples for feed purposes showed higher total levels
{average value of 9.69 ng g-') than those for human consumption
{average value of 1.14 ngg~"'). No clear correlation was observed
between the predominant diasterecisomer and the origin or pur-
pose of the fish ecil, although y-HBECD had slightly higher average
values in feed samples whereas a-HBCD was slightly higher in food
samples. Nine of the analyzed samples had «-HECD as the predom-
inant distereomer, whereas in eight samples y-HECD was the pre-
dominant one. =/} ratios {isomers with higher values) were within
the range of 0.09 and 2.00, which differs from the composition of
the technical mixture {Tomy et al, 2004) and shows metabolic
activity. In most of the analyzed fish oils, B-HBCD presented the
lowest values among the three diastereoisomers, usually below
the quantification limit. Average concentrations for this diastereo-
mer were clearly the lowest in both food and feed samplas. Despite
this, f-HBECD showed similar concentrations to the other two dia-
stereomers in six of the twelve studied oils for human consump-
tion, being the predominant diastereomer in four of the samples.

Most of the samples for feed purposes had known origin. Thus,
FE1, FE3, FES, FEG and FE10 were from the Northern Atlantic while
FE4, FE7 and FE9 were from Southern Pacific. In general, fish oils
from Morthern Atlantic presented higher levels (4.78-15.49ngg™")
than those from the Southern Pacific {3.34-549ngg ™ ').

Regarding food samples, those nutritive supplements based on
fish oil had slightly higher values than those based on mixtures
of fish and vegetable oil or even vegetable oils only {Fig. 1). This
observation suggests that fish oils present higher levels of HECDs
than vegetable oils, that would be related to the bivaccumulation
phenomenon in the fish trophic chain. Mevertheless, all these oils
had remarkably lower HECDs levels than those raw oils for animal
consumption, which suggests that the oil refining process {includ-
ing neutralization, bleaching and deodorization steps {Hilbert
et al., 1998)) could lower the concentration of these pollutants.

Determined HBCDs concentrations were within the same range
already reported in literature {Kakimoto et al, 2007), with the
exception of some values detected by that author in sardine and
shark liver oils, which presented 10-times higher levels { between
44 and 67 ngg~' Iw) than the concentrations determined in our
study. Due to the lack of existing literature, fish oil concentrations
were also compared with the levels of HECDs in fish, expressed on
a lipid base. The concentrations of these pollutants in our fish oil
samples were remarkably lower than those reported for crucian
carp {Carassius carassius) and loach [Misgurnus anguillicaudatus)
in previous publications {Zhang et al., 2009), with average values
of 377 and 1791 ng g ' lw. For these two cases, a-HBCD was
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Table 2
Concentrations of HBCD in the analyzed fish oil samples.

X. Ortiz et ol /Chemosphere 82 (2011) 739-744

Sample code Concentration (ngg ') HBCD intake  fy ratio Enantiomeric F.PEDEs Y"PCDDfFs 3 dl-PCBs S_PCDD(Fs + PCBs
Fractions (ngg ') (peTEQz ) (peTEQz ") (peTEQg ")
a-HBCD B-HECD  y-HBCD Total (ng HBCD A '} a-HBCD  y-HBCD
579 (52) D23(2) 508(46) 111 114 058 055 488 298 9.59 126
371(38) 089(9) 528(53) 988 - 070 0.45 0.53 = 037 1.59 1.96
304 (66) NQ(0) 164(34) 478 191 122 5.11 6.33
213(64) NQ(D) 1.21(36) 334 176 05 185 235
382(57) NQ(D) 284(43) 666 135 0.0z 0.48 112 6.24 7.36
658 (42) NQ(0) 891(58) 155 - 0.74 061 0.49 864 268 192 218
261(50) NO(0) 265(50) 526 0.08 0.56 052 039 1.87 236
613 (23) 385 (15) 167 (62) 268 - 0.37 o.o2 051 lLe2 03% 085 134
262 (48) NQ(0) 287(52) 549 - 0.81 070 0.45 - 04 188 228
FE10 465 (59) OI1(1) 329(41) 805 141 017 057 481 154 771 9.25
Average valuein 412 (43) 052(5) 505(52) 969 1.13 039 051 5.04 116 5.61 676
feed
standard 1.5 124 467 70 0.49 0.28 0,04 299 093 5.33 616
deviation
Fo1 242 (58) NO(0) 177(42) 419 515 137 - - ~ 0.14 046 06
FO2 0,13 (48) 004(52) NOQ(O) 027 027 - 021 063 1.39 202
FO3 NQ ND NQ NQ - = = = = 028 088 117
FO4 NQ NQ. NQ NQ - - - - - 1.26 029 1.53
FOS 0.48 (45) 059(55) NQ(0) 107 4m . 045 032 077
FO6 0.24(21) 031(7%) NQ(D) 115 144 - . - — 031 015 046
FO7 0,23 (22) 024(23) 059(56) 106 538 038 - - - - - -
FO8 199 (65) NO(0) 1.09(35) 308 126 183 318
FOO 0.40(43) NO(0) DS52(57) 092 184 077 . . — - — —
FO10 079 (100) ND(0) NQ(0) 079 055 = = = 263 033 038 072
NQ ND NQ ND
032 (52) 029(48) DI6(0) 077 216 200 = 5 = = = =
004 (21)  0I5(79) NQ(0) 018 046 021 (11173 023
NG (0) NQ(D) 009 (100) 009 008 018 002 0.20
020(8) NQ(D) 219(92) 239 359 0s - - 341 020 005 0.25
Average value in (.48 (46) D1S(15) 043 (38) 114 251 0.43 0.45 0.40 040 080
food
Standard 0.74 0.27 072 127 1388 0.71 - - 042 034 D44 061
deviation

Contribtion of each diastereomer in the total HBCD is included in brackes (£)
ND: Below limit ef detection,
NQ: Below limit of quantification.

clearly the predominant diasterecisomer. This fact, which
disagrees with our results (no predominant di i was
ohserved in the samples), could be because most fish oils are
ohtained from a mixture of different fish. Concentrations for total
HBCDs in Black goby {Gobius niger), Sand goby (Pomatoschitus
microps) and Whiting {Merlangius merlangus) have been reported
(Sermo et al, 2009), with average values of 6.04, 14.3 and
31.9ngg "lw. These concentrations are within the same range
of our results.

Total HBCDs daily intake was calculated for fish oils with
human consumption purpose (Table 2). Intake estimates were
calculared by multiplying the concentration of the pollurant by
the average recommended daily dose, according to the manufac-
turer's label instructions. Daily intakes ranged between 0.08 and
5.38ng HBCDs d™". In 1, our results sl 1 that the con-
sumption of fish oil-based health supplements involved a higher
intake of HBCDs {average value of 2.45 HBCDs d ') as that derived
from wvegetable oil supplements {average wvalue of 138ng
HBCDs d~'). These intakes are within the same range than those
reported by Knutsen et al. for oily fish {Knutsen et al, 2008) but
they are much lower {(ca. 10 times) than those reported by UK
COT for fish (Committee on Toxicity, 2006). Although there is no
data about the total daily intake of HBCDs in Spain, the comparison
of the values obtained in our study with the total daily intake in
other countries { Knutsen et al.,, 2008; Roosens et al., 2009) suggests
that the ingestion of fish oil supplements could contribute to
increase significantly the HECDs intake. Although the dose of fish
oil in feed is variable, the intake of HECDs by animals could be

higher than the intake for humans because of the higher levels of
HBCDs in fish oil for feed.

3.2. Enantiomeric fractions

EF are deduced from the chiral column LC data and the values
are corrected according to Eq. {2) (Table 2). For f-HBCD, it was
not possible to calculate EF values due to the low ispmeric concen-
tration of this diastereoisomer, and taking into account that the
signal is further reduced when the enantiomeric separation was
performed. In the case of yv-HBCD, it was observed that EF values
are between 0.45 and 0.57, whereas EF for «-HBCD ranged
between 0.02 and 0.70. If we compare these EF values with those
obtained with standard solutions (Fig. 2), we can observe that no
significant differences were detected for v-HBCD. The EF mean
value obtained for standard solutions was 0.49 {with 7% of relative
standard deviation {RSD)). In general, samples were between the
EF value £ RSD range established with standard solutions. Two
samples {(FE1 and FE10) presented a slight increase of EF value
compared to standard value, indicating an enrichment of the {+)-
4-HBCD enantiomer in fish oil samples. On the other hand, one
sample (FE9) showed a slight decrease for y-HBCD EF value com-
pared to standard value, indicating an enrichment of the ()
=y-HBCD enantiomer in this fish oil sample.

In the case of «-HBCD, and for three samples (FES, FE10 and
FES), results showed an important decrease of EF values {ranging
from 0.02 to 0.17) with respect to the standards {mean value of
0.49 with 14% of RSD). Thus, we can assume that an enrichment
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Fig. 1. Concentrations of twtal HBCD of the analyzed fish oil samples.
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Fig. 2. Enantiomeric fraction (EF) values (mean + standard deviation) in standards
and fish oil samples for () alpha-HBCD, and (b} gamma-HBECD,
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of the {—)-a-HBCD enantiomer was observed for some of the fish
oil samples. Moreover, one sample { FE9) also showed an important
increase of EF value, indicating an {+)-2-HBCD enrichment. Jandk
et al., 2005a reported for the first time the selective accumulation
of different HBCDs enantiomers in marine fish from the Western
Scheldt estuary. In two further studies, the database of EFs for
o-HBCD has been extended to herring and several predatory birds
{Jandk et al., 2005b) and delphins (Peck et al., 2005). In all cases, a
deviation from the racemic mixture {EF = 0.5) has been observed,
suggesting that an enantioselective uptake and/or metabolism of
{#)-a-HBCD and {—}-2-HBCD must occur. Interestingly, no clear
preference for one or the other «-HBCD enantiomer was found.
Herring muscle and falcon eggs were clearly enriched in {-)
-a-HBCD, whereas in whiting liver and sea eagle eggs, (+)-a-HBCD
dominated. Similar behavior, with no clear enrichments was ob-
served for y-HBCD, but significant enrichments for «-HBCD, was
also observed in human breast milk samples study {Eljarrat et al.,
2009).

3.3. Comparison with PCODYF, dI-PCB and PBDE results

Levels of HBCDs in fish oil determined in this study were com-
pared with their respective levels of PCDD/Fs, PCBs and PBDEs, in

order to det if any relationship between concentrations of
the different families of pollutants is observed. Some of these val-
ues were already published {(Marti et al,, 2010} and some of them
were analyzed for this study.

HBCDs levels were compared with the sum of PCDD{Fs and dl-
PCBs (expressed as pg WHO-TEQ/g, which ponderates the toxico-
logical effect for each of the individual congener) as it is shown
in Fig. 3. As it can be observed, there is a positive correlation be-
tween the levels of different classes of pollutants: while the con-
centration of HBCDs increases, the concentration of PCDDJ
Fs+PCBs increases as well. Without taking into account the values
for FES {it clearly differs from the observed trend, with a much
higher value), HBCDs and PCDDYFs+PCBs concentrations have a
correlation (17} of 0.73, which tells us that there is a relationship
between the levels of these different families of pollutants in fish
oil. Nevertheless, correlation observed between these contami-
nants in feed samples (i =0.79) was much higher than in food
samples (= 0.11).

HBCDs concentrations found in the analyzed fish oil samples
were also compared with their respective levels of PBDEs (Fig. 4).
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Both products were used as brominated flame retardants. Despite
this, there was not a clear relationship between both pollutants,
with a correlation coefficient (r*) of 0.33. This lack of correlation
was confirmed by statistical hypothesis testing {Braumoeller,
2004). This test rejected the null hypothesis, which considered that
both series have a significant correlation (p-value = 0.05). Probably,
the alternative use of PBDEs or HECDs as flame retardants could
have influence on this low correlation. Additionally, it has to be
mentioned that in this study, only the dominant PBDE congeners
only were monitorized: PEDE 28, PBDE 47, FEDE 99, PEDE 100,
PBDE 153, PBDE 154 and PBDE 183. This fact could have some
influence on the comparison.
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Samples of human breast milk {n = 33} from A Coruna (NW
of Spain} collected in 2006 and 2007 were analyzed for HECD
diasterecisomers and enantiomers. HBCO was detected in

30 out of 33 human milk samples, at concentration levels ranging
between 3 and 188 ng/g lw, with a median value of 27 ng/g
lw, showing higher levels than those published for other countries.
Diasterecisomeric pattern shows the predominance of the
y-isomer, with low contribution of the a-isomer and the S-isomer
being below the limit of quantification. However, in six
samples, there is a dominance of the a-isomer versus the
y-isomer. For the first time, HBCD enantiomeric analysis was
carried out in human breast milk samples, showing a selective
enantiomeric enrichment in human body. As regards a-HBCD,
an enrichment of {—}-enantiomer was observed, However,

in the case of -HBCD, no clear preference for one or the other
enantiomer was found. Finally, and based on the calculated
HBCD concentrations in human breast milk from Spain, the daily
ingestion rate of HBCD was estimated. The nursing infant
dietary intake for HBCO was set at 175 ng (kg of body weight) ™’
day".

Introduction

Hexabromocyclododecane (HBCD) is a brominated aliphatic
eyelic hydrocarbon used as a flame retardant in thermal
insulation building materials, upholstery textiles, and elec-
tronics. In 2001, the world market demand for HBCD was 16
700 tins, from which 9500 tons was sold in the European
Union (1), These figures make HBCD the second highest-
volume brominated flame retardant (BFR) used in Europe,
after tetrabromobisphenol-A and before decabromodiphenyl
ether (2). The production and use of penta- and octabro-
modiphenyl ethers has been restricted in Europe (3). HBCD
may be used as an alternative for polybrominated diphenyl
ethers (PBDEs) in some applications (4). To date, there are
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e-mail: eeeqamé@cid.csic.es.
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no restrictions on the production oruse of HBCD. As a result
of their widespread use and their physical and chemical
properties, HBCD are now ubiquitous contaminants in the
environment and humans (5).

When all elements of symmetry are considered, 16
different HBCD diasterecisomers, including six pairs of
enantiomers as well as four meso forms, are possible
theoretically. Technical HBCD is produced industrially by
addition of bromine to eis-trans-trans-1,5,9-cvclododecatri-
ene, with the resulting mixture that contains three predomi-
nant diastereoisomers known as a-, fi-, and y-HBCD.
Normally, the y-isomer is the most dominant in the com-
mercial mixtures (ranging between 75% and 89%), followed
by a- and #-isomers (10— 13% and 1-12%, respectively) (6.
Moreover, a-, 8-, and y- HBCD diastereoisomers are chiral,
leading to three pairs of enantiomers.

Biomonitoring studies on persistent organic pollutants
(POPs) in human tissues and fluids provide a direct measure
of the internal dose of these substances. At present, human
biomonitoring data represent the most reliable estimate of
human exposure resulting from multiple sources to be used
in risk assessment. The chemico-physical stability of POPs
is responsible for their long persistence in humans, whereas
their high lipophilicity determines their accumulation and
storage in the lipid fraction of tissues. The relatively rich
lipid content of human milk (compared to blood or urine)
makes itan ideal matrix for measurement of POPs. Moreover,
breast milk is a noninvading way of taking samples. In
addition, levels in human milk reflect accumulation in the
mother but also indirect exposure of the fetus and direct
exposure of the breast-fed infant at a sensitive stage at the
beginning oflife. Breast milk monitoring studies of POPs are
of primary importance for carrying out an adequate risk
assessment at the actual levels of human exposure and
represent a major source of information on infant perinatal
exposure. During the past few decades, numerous investiga-
tions on pollution of POPs in human breast milk have been
conducted in various countries (7, 8. As regards BFRs, a
considerable number of studies of PEDEs in human breast
milk have been undertaken (9, 10). Moreover, PRDEs were
also included on the Breast Milk Monitoring Program (BMMP)
managed by the WHO, in which many countries are
participating ( 11). However, very few studies have reported
the occurrence of HBCD in human samples, and little
information is available regarding HBCD concentrations in
human breast milk. Moreover, HBCD consists of several
diastereoisomers, but the majority of published works did
not given information on isomeric HBCD content. To our
knowledge, there are only two studies reporting the isomeric
HRBCD distribution in human breast milk samples (12, 13).

The objective of this study was to determine HBCD
diasterenisomer levels in human breast milk from Spain and
to provide valuable information to evaluate the body burden
of mothers and the exposure to this flame retardantin infants
via breast-feeding. Moreover, enantiomeric fractions (EFs)
were calculated in order to investigate potential selective
enantiomeric enrichment in human bodies. To our knowl-
edge, this is the first time that enantiomeric HBCD patterns
have been investigated in human breast milk.

Experimental Procedures

Sample Collection. The experimental protocol was approved
by a local ethical committee in accordance with Spanish
regulation, and the informed consent of all participating
subjects was obtained. The mothers were asked to complete
a questionnaire for information about residence, maternal
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age, number of infants previously breast-fed, newborn weight,
and newborn sex.

The breast milk (about 10 mL) was collected either by use
of a breast pump or by hand-expressing the milk into
prewashed glass containers 40 days postparmum at the
hospital. After milk collection, samples were stored in the
freezer at —22 °C until analysis in the laboratory.

Sample Preparation. Before extraction, samples were
lyophilized, homogenized, and stored at =22 °C. Samples of
0.5 g dry weight {dw) of milk were spiked with 50 xL of the

dy at 125 pg/ul, prior to instrumental analysis by LC-MS.
Recovery values ranged from 79.% to 119%, with a relative
standard deviation (n = 5) values between 7% and 10%.
Detection limits, defined as the minimum amount ofanalyte
that produces a peak with a signal-to-noise ratio equal to 3,
were 0.1 ngl/g lw for a- and y-isomers and 1.0 ng/g Iw for
A-HBCD. Limits of quantification, defined as the minimum
amount of analyte that produces a peak with a signal-to-
noise ratio equal to 10, were 0.2, 0.3, and 3.3 ng/g Iw for a-,
- and #-HBCD, respectively.

labeled standard y-HBCD-d,s at 125 pg/uL. Spiked |

is. A chiral chromatographic col-

were keep overnight to equilibrate, Extraction was carried
out by the pressurized liquid extraction (PLE) method on a
fully automated ASE 200 system (Dionex, Sunnyvale, CA).
An 11 mLextraction cell was loaded by inserting two cellulose
followed by the human milk sample. The dead volume was
filled with anhydrous sodium sulfate for residue analysis
previously activated at 150 °C for 4 h (Panreac Quimica S.A.,
Montcada i Reixae, Barcelona, Spain). Extraction conditions
were as follow: dichloromethane/hexane (2:1) mixture as
solventextractor, temperature of 100 °C, pressure of 14 MPa,
two static extractions of 5 min and 100% flush. After
extraction, the crude extracts were concentrated to 3 mL
and then subjected to a purification step via acid attack with
concentrated H;80, (95—97% purity) (3 « 2 mL). Samples
were finally concentrated to incipient dryness and redissolved
with 50 L of the labeled standard «t-HBCD-d\s at 125 pg/ul,
prior to instrumental analysis by LC-MS5.

All milk material was used for HBCD analyses, and no
extra sample was available for the determination of lipid
content on additional subsample, That s because calculations
were carried out through the concentration to dryness of
crude extracts and final determination of lipid content
gravimetrically.

Diastereoisomer Analysis. The LC system used was an
Agilent HP 1100 binary pump (Agilent Technologies, Palo
Alto, CA) with a Symmetry Ce column (2.1 mm x 150 mim,
5um) preceded by a Cye guard column (2.1 » 10 mm) supplied
by Waters. Experiments were carried out with water/
methanol (3:1 v/v) as eluent A and methanol as eluent B, at
a flow rate of 0.25 mL/min. The injection volume was set at
4 uL. The elution program started at an initial composition
of 100% A and was ramped to 0% A in the first minute, then
eluentA was increased to 10%in 17 min, and initial conditions
were reached again in 3 min and returned to the starting
conditions in 15 min. Mass spectrometric analysis was
performed with a hybrid triple-quadrupole/linear ion trap
MSD Sciex 4000QTRAP (Applied Biosystems, Foster City, CA)
instrument equipped with an electrospray (ESI) Turbospray
interface, working in negative ionization mode. For target
quantitative analyses, data acquisition was performed in
selected reaction monitoring (SEM). The (M = H~ — Br~
transitions at m/z 638.7 — 78.9 and 638.7 — 80.9 were
monitored for unlabeled HECD. The labeled HECD were
monitored at the 655.8 — 78.9 and 655.8 — 80.9 transitions.
The MS/MS detection conditions were optimized to obtain
the highest relative intensity: curtain gas at 50 psi, collision
gas at 4.5 = 10~* Torr, temperature of the turbo gas in the
TurbolonSpray source at 350 °C, ion source gas 1 at 50 psi,
and fon source gas 2 at 10 psi (14).

Quality Assurance/Quality Control. Method blank
samples were performed to check for interference or
contamination from solvents and glassware, No presence of
analytes of interest (a-, -, and y- HBCD diastereoisomers)
was observed.

Spiked samples with native compounds (a-, -, and
y-HBCD) were analyzed by the described methodology to
check recoveries. These samples were concentrated to
incipient dryness and redissolved with 50 xL of labeled
compounds mixture, containing a-HBCD-d,; and y-HBCD-

umn, Nucleodex 8-PM (4.0 mm :« 200 mm x 5 gm), was used
to afford the enantiomer-specific determination. The optimal
separation of enantiomers was achieved with methanol,
acetonitrile, and water as mobile phase. Experiments were
carried out with 70% water/30% methanol as eluent A and
70% acetonitrile/30% methanol as eluent B, at a flow rate of
050 mL/min. The injection volume was set at 10 gL. The
elution program started at an initial concentration of eluent
A at 50%, decreased to 0% along the first 8 min, and was
maintained for 17 min, and initial conditions were reached
again in 5 min and maintained for additional 12 min (15, 16).
Mass spectrometric analysis was performed under the same
conditions as diastereoisomer analysis.

Enantiomeric composition was exp ntomeric
fraction (EF), which is normally calculated from the peak
areas of the enantiomeric pairs by

EF= ——— (1)

where A, and A are the peak areas of eluting (+)- and (-)-
enantiomers, respectively.

[tis well-known that ESI is subject to sample matrixeffects
that can cause enh or suppression of the target
analytes signal and can adversely affect their quantification.
In order to avoid this effect, which can affect EF calculations,
Marvin et al. (17) introduced the corrected EF values,
caleulated by eq 2. This correction is based on the use of
isotopic labeled standards (HBCD-dyg) since dg-labeled
enantiomeric analogues behave in an identical manner to
their native counterparts.

f&h‘!ﬂ,‘ )|picograms of (+)-HBCD
{A.JA,; )ipicograms of (+}-H z
(4_/4_, )Ipicograms of (~)-HBCD-d,)

Results and Discussion

Diasterevisomer Levels, HBCD was detected in 30 out 33
human milk samples, atconcentration levels ranging between
3 and 188 ng/g lw (Table 1), with the mean and median
concentrations being 47 and 27 ng/g Iw, respectively. The
lipid content ranged from 0.6% to 7.1%.

In comparison to PBDEs, much less information is
available on the HBCD concentrations in human tissues such
as human breast milk. Thus, a comparison of our results
with other available data is hardly achievable, The number
of published studies related to HBCD concentration levels
inhuman breast milk islimited (Table 2). HBCD was detected
in human milk from primiparous Swedish women collected
in 2001, with the mean and maximumn concentrations being
0.5 and 2.4 ng/g lw, respectively (18). Similar results were
obtained in subsequent monitoring carried out in 2002 and
2003 (19). HBCD was also found in Norwegian human milk
at concentrations between 0.3 and 20 ng/glw (20, 21). HECD
levels have been reported in breast milk samples from
Mexican mothers at concentrations ranging from 0.8 to 5.4
ngf/g lw, with a mean concentration of 1.2 ng/g lw (22).
Another breast milk study in North America reported the
HBCD contamination in samples collected in Cntario
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TABLE 1. Concentration Levels and EF Values for Human Breast Milk Samples”

concentration level (ng/g of lipid weight) EFesnciot
sample code % wt a-HBCD fi-HBCD y-HBCD total HBCDs a-HBCD y-HBCD
L-1 4.0 120 NQ 176 188 0.602
L-2 26 1.59 NQ 14 143 0.494
L-3 5.8 NG NQ 66.5 66.5 0.507
L4 4.2 NQ NQ 68.7 63,7 0.554
L-6 6.4 0.256 NQ 7.80 8.05 0.595
L-& Al 5.35 NQ 226 280 0.490
L-7 3.7 NQ NG 27.0 27.0 0.553
L-8 5.7 2.24 NQ 164 186 0.508
L-9 4.1 2.82 NQ 13.7 16.5 0.507
L-10 5.3 NQ NQ 7.90 7.90 0.344
L1 31 221 NQ 231 253 ne
L-12 4.3 NQ NQ 21.7 21.7 ne
L-13 1.7 ND ND ND ND
L-14 5.0 ND ND ND ND
L-15 2.8 7.5 NQ NQ 715 0.102
L-16 24 7.51 ND 289 364
L17 3.2 17.5 ND 539 714
L-18 4.1 10.4 ND 25.2 35.6
L-19 3.0 19.1 ND 228 4159
L-20 8.1 3.94 ND 9.49 134
L-21 24 1.10 ND 61.9 63.0
L-22 1.7 138 ND 9.13 228
L-23 2.0 177 ND 0.95 2.72
L-24 0.6 4,95 ND 60.5 65.5
L-25 6.0 14.7 ND 134 148 0.268
L-26 1.5 3.56 ND NQ 3.56
L-27 25 9.49 ND 176 270
L-28 2.8 211 ND 234 255
L-29 5.5 NQ ND 129 129
L-30 54 0.76 ND 5.43 6.19
L-31 53 NG ND NQ NG
L-32 26 276 ND NG 2.80
L-33 08 122 ND 14.2 136 0.204
“ND, below limit of detection; NQ, below limit of quantifi ; ne, not caleulated. * Lipid weight percentage referred to

wat weight

TABLE 2. HBCD Concentrations in Human Breast Milk from Different Countries”

country year a-HBCD f-HBCD

Sweden 200 nr nr

2002-2003 nr nr
Naorway 2001 nr nr

19832001 nr nr
Mexico nr nr nr
Canada 2002-2003 38 nr
United States 2002 0.5 nr
Japan 1973-1988 ND ND

19882006 043-1.9 ND
Russia 2000-2002 nr nr
France 2006 ND-5 ND
Spain 20062007 ND-122 ND

1-HBCD total HBCD positive ref
nr ND-2.4 12 {n=33) 18

nr ND-1.5 24 (n=30) 19

nr 0.25-2.0 nr{n=9) 20

nr 0.4-20 49 {n = 85) 21

nr 0.8-54 Tin=7 22

nr 0.4-19 nri{n=8) 12

nr 0.2-0.9 nr {n = 9) 12
ND ND nr 13
ND-2.6 0.43-4.0 11 {n=11}) 13

nr ND-1.67 11{n=27) 23
ND ND-5 7 {n= 23} 24
ND-176 ND-188 30 {n = 33) this study

*Results are expressed in nanograms per gram of lipid weight. ND, balow limit of detaction; nr, not reported.

(2002-2003) and Texas (2002), with mean concentration
values of 3.8 and 0.5 ng/g lw, respectively (12). HBCD have
beenalso detected inhuman samples from Japan (1988—2006),
with levels ranging from 0.4 to 4 ng/g Iw (13). Finally, two
recent studies reported the first values for HBCD concentra-
tions in human breast milk from Russia (23) and France (24),
with values up to 1.7 and 5 ng/g lw, respectively. It should
be pointed that our values are higher than those available
forother countries {Sweden, Norway, Mexico, Canada, United
States, Japan, Russia, or France), which are always below 20
ng/g Iw. However, it is important to notice that the majority
of published data are based on sampling campaigns carried
out some years ago. There is a lack of information related to
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recent HECD levels in human breast milk. Since usage of
HBCD is increasing, it is expected that HRCD levels in human
samples also increased. This could be one explanation of
our higher results.

As regards the diastereoisomeric pattern, there is a
predominance of the y-isomer (from 54% to 100% of total
contribution), with a low contribution of the a-isomer and
the fi-isomer being below the limit of quantification. However,
in six samples, this diastereoisomeric pattern was different,
showing dominance of the a-isomer (from 60% to 100% of
the total contribution) versus the y-isomer. This inconsistency
in the diasterenisomeric pattern may be due to individual
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variability in metabolizing capacity or other unknown factors,
such as the frequency of HBCD exposure.

Some HBCD diastereoisomeric pattern studies have been
carried out in human samples. Some reports have suggested
that #- and y-HBCD diastereoisomers can be more extensively
metabolized in organisms than cana-HBCD diasterenisomer.
Weiss et al. (25) found that the most abundant stereoisomer
in serum samples from Sweden was a-HBCD. In contrast,
and similar to our findings, Johnson-Restrepo et al. (26) found
that y-HBCD was the dominant isomer present in human
adipose tissue samples from the United States, accounting
for 83% of the total HBCD concentrations, and followed by
a-HBCD (17%). #-HBCD stereoisomer was not detected in
any of the human adipose tissue samples analyzed. However,
35% of the human tissue samples contained a-HBCD
concentrations higher than the concentrations of y-HBCD,
suggesting that some individuals are exposed to elevated
concentrations of a-HBCD. Thomsen et al. (27) also found
higher concentrations of y-HBCD than the other HBCD
diasterecisomers in serum of workers from an industrial
polystyrene plant in Scandinavia.

Asregards information related to HBCD diastereoisomeric
patterns in human breast milk, there are only two published
works reporting data. The first study was carried out analyzing
breast milk samples from North America (12). In these
samples, the a-diastereoisomer predominated, with con-
centration levels ranging between 0.2 and 19 ng/g Iw. The
second study reported the diastereoisomeric pattern in
human breast milk from Japanese women ( 1.3). In the majority
of these samples, the a-diastereoisomer also predominated,
but some exceptions were observed inwhich the contribution
of the y-diastereoisomer was higher than that of a.

As the literature regarding diasterecisomer distribution
of HBCD in human milk is very scarce, further studies are
needed to elucidate the relationship between HBCD dias-
tereoisomers found in humans and those found in source
materials.

Enantiomeric Fractions. For the first time, HBCD enan-
tiomeric analysis was carried out in human breast milk
samples, showing the presence of the two pairs of enanti-
omers, (—}-a- and (+)-a-HBCD and (—)-y- and (+)-»-HBCD
(Figure 1). EFoneciea Values were calculated for different
samples (Table 1). In the case of y-HBCD, it was observed
that EF values are between 0.268 and 0.602, whereas EF for
a-HBCD was calculated only for two samples, with values of
0.102 and 0.204. If we compare these EF values with those
obtained with standard solutions (Figure 2a), we can observe
that no significant differences were detected between EF
mean values for y-HBCD. The EF mean value obtained for
standard solutions was 0.487 [1.14% of relative standard
deviation (RSD)] and 0.493 for human breast milk samples.
However, the RSD for milk samples was set at 20.6%,
indicating that we can sortall the samples into three different
groups (Figure 2b). The first one corresponded to samples
with no significant differences from standards. This group
was formed by five different samples, with an EF mean value
of 0.501 and RSD of 1.70%. The second one, formed by four
milk samples, showed an increase of EF value compared to
standard value: mean value of 0.576 and 4.54% of RSD. Thus,
samples included in this second group showed an enrichment
of the (+)-y-HBCD enantiomer in the human body. Finally,
the third group consisted of samples (n= 2) where EF values
are lower than those obtained for standard solutions: 0,268
and 0.344. In this case, the lowering of EF value indicates an
enrichment of the (—)-y-HBCD enantiomer in human body.

In the case of a-HBCD, it was possible to calculate the EF
value only for two human breast milk samples. Results
showed animportant decrease of EF values (0.102 and 0.204)
in these samples with respect to the standards (mean value
of 0.531}). Thus, we can assume that an (—)-a-HBCD
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FIGURE 1. Enantiomeric analysis for (a) standard solution and

{b, ¢) human breast milk samples.

enrichment occurs, showing a selective enantiomeric en-
richment in human body.

Ina published work on marine species from the Western
Scheldt estuary (28), the authors have reported for the first
time selective accumulation of different HBCD enantiomers
in marine fish. In two further studies, the database of EFs for
a-HBCD has been extended to herring and several predatory
birds (29) and dolphins (30). In all cases, a deviation from
the racemic mixture (EF = 0.5) has been observed, suggesting
that an enantioselective uptake and/or metabolism of (+)-
and (—)-a-HBCD must occur. Interestingly, no clear prefer-
ence for one or the other a-HBCD enantiomer was found.
Herring muscle and falcon eggs were clearly enriched in (—)-
a-HBCD, whereas in whiting liver and sea eagle eggs (+)-
a-HBCD dominated.

Our data in human samples have not been described
before in the literature. Further studies in a great number of
human breast milk samples are required in order to check
this differential enantiomeric behavior.

Nursing Infant Dietary Intake Estimation. POPs may
accumulate for a long period in the body of the mother and
then be partially transferred to the nursing infant via mother's
milk. [tis realized that the presence of POPs in human breast
milk has been of great concern because these lipophilic
chemicals are readily transferred and absorbed to infants. In
the case of dioxins, it is reported that 1- to 3-month-old
infants absorb more than 90% of most dioxin congeners
containing in their mothers” milk (31). Hence they may be
exposed to relatively high levels of POPs during this period.

To understand the magnitude of exposure to HECD by
infants, we estimated the daily intake (EDI). EDI of con-
taminants by infants via breast milk can be calculated as

EDI, = GFMD 3)
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where EDI, is the estimated daily intake [micrograms per
kilogram of body weight (bw) per dayl; ¢ is the median
concentration of HECD in milk samples (micrograms per
gram of lipid weight); Fis the lipid content in milk samples
(grams of lipid per 100 g of milk); and Mb is the daily
consumption of milk (grams per kilogram of body weight
per day). For this calculation, guidelines suggested by the
LS. EPA (32), such as the daily intake rate of breast milk and
body weight for a 1-month-old infant were on average 702
mL of milk per day (723 g of milk per day) and 4.14 kg,
respectively, were used to calculate an infant’s average milk
consumption, which was (Mb) 175 g of milk (kg bw) ' day .
The mean value of lipid content in analyzed samples was
used for Festimation, with a value of 3.71 g of lipid per 100 g
of milk; and the median concentration of HBCD in analyzed
samples was applied for Cestimation, with a value of 0.027
siglg lw. The infant's daily intake rate estimated for HBCD
was 175 ng (kg bw) " day . The possible toxicological impact
of such an EDI should certainly be investigated.

Our daily dietary intake estimation through breast-feeding
was compared with published data on human adult dietary
intake through the diet (Figure 3). There are few data available
on the dietary HBCD intake. A median intake of 141 ng of
HBCD per day [2.15 ng (kg bw) ' day'| was estimated for
the Swedish population, with a maximum of 1076 ng per day
[21.5 (kg bw) ' day '] (33). Inanother study (34), an estimation
of the fish-related dietary exposure of HBCD for the average
Dutch population was done. The median bound intake in
that study was estimated at 8.3 ng/day for a 70-kg person
[0.12 ng (kg bw) ' day '], The estimated adult dietary intake
of HBCD arising from the United Kingdom diet was in the
range of 59-7.9 ng (kg bw)~' day ' (35). Finally, dietary
exposure to HBCD in the Norwegian population was
established at 0.3 ng (kg bw) ' day ' (36). As can be seen, all

1944 w ENVIRONMENTAL SCIENCE & TECHNOLOGY / VOL. 43, NO. 6, 2009

and human breast milk samples: {a) mean

ples with EF equnl |n. lowur than, or higher than standard EF.

200

ne/Kg bow per day

40 |

o -—_EE_

Sweden Netherlands UK Norwsy  Casada, UK, US Spain
Human intake through the dict Toddler imake  Nursing Infant
via dust ingestion intake

FIGURE 3. HBCD dietary intake evaluations (expressed as
nanograms per kilogram of body weight per day) through
different routes of exposition and for different groups of
population.

these studies presented estimated HBCD dietary intake very
much lower than those obtained in our study for nursing
infants. Our daily intake of HBCD by Spanish infants via
breast-feeding value is 25-1458 times greater than the
estimated adult dietary intakes reported from Sweden,
Netherlands, United Kingdom, and Norway. However, it
should be pointed that EDI for infants changes when body
weight increases (POP diluting effect), whereas estimation
for adults is based on a lifelong exposure.

Human exposure to HBCD occurs through multiple
routes. For nonoccupationally exposed persons, the major
intake of HBCD is probably from food and indoor air or dust.
However, the relevance of human HBCD exposure originating
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from house dust versus food-based HBCD exposure is still
unknown. Recently, Abdallah et al. (37) estimated the
exposure of toddlers (624 months) to HBCD via dust
ingestion in three different countries (Canada, United
Kingdom, and United States) if 100% absorption of intake
was assumed. The median exposure for mean dust ingestion
(50 mg/day) was established between 19 and 37 ng/day.
However, for high dust ingestion (200 mg/day), the values
reached up to 150 ng/day. By comparison of orders of
magnitude obtained from dust ingestion intake with those
obtained with our daily dietary intake estimation through
breast-feeding, it seems that, in Spain, food intake represents
the main HBCD exposure for a nursing infant (Figure 3).
However, it should be pointed that a correct comparison
between different routes of exposure must be done with data
coming from the same place. But actually, there is a lack of
data in the same location.

Although discussions on the safety of breast-feeding have
come to the firm conclusion that exclusive breast-feeding
should continue to be strongly supported and promoted,
the HBCD and POP contamination problem should not be
ignored. Continued breast milk monitoring programs are
impartant exercises as surveillance and earlywarning systems
forabnormal exposure of the population to HBCD and other
POPs.
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Abstract

Brominated tlame refardant<. including polvbrommated diphenyl ethers (PBDE<) and
hexabromocyclododecane (HBCD) are used (o reduce the flammability of a mulutude of
electrical and electronic products.  While the use of <elected PBDEs has ceased, use of
decaBDE and HBCD conimues  Limited data show PBDE concenirations have mcreased
over me to peak around the late 1990s. Despite elevated human concentrations, no temporal
trend data 1 available on PBDEs or HBCD in Australia

This dudy aimed to assess temporal trends of PRDE< and HRCD from 1993 to 2009 and in so
doing provide tor the first tme. background HBCD concentrations from a representative
sample of the Australian population

Samples of human milk collected in Australia trom 1993 to 2009, primarily from primiparae
mothers were combined nto 12 pools from 1993 (2 pools); 2000; 20022003 (1 pools),
20032004, 2006, 20072008 (2 pools); and 2009, Blood semm was collected m 2002:03,
200405, 2006:07 and 2008/09 from 9694 samples m 204 pools.

In human mulk. concentrations of total HRCD ranged from not quantified (nq ) to 19 ngg
liptd while ¢-HBCD and v-HRCD ranged fromn q to [ong.¢ hpid andnq 10 9 2 ng'e hpid

B-HBCD was detected in only one sample at 3.6 ng'g hpid while £,PBDE 1anged from 2.5 -
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15.8 ng/g lipid. In blood, Z,PBDE concentrations for adults ranged from 5.6 — 30.3 ng/g lipid
in 2002/03; 4.0 — 12.2 ng/g lipid in 2004/05; 5.5 — 14.5 ng/g lipid in 2006/07 and 6.6 — 13.7
ng/g lipid in 2008/09.

No temporal trend was apparent in HBCD concentrations in human milk collected in
Australia from 1993 to 2009 while PBDE concentrations show a peak around 2002/03 (mean
Z4PBDEs = 9.6 ng/g lipid) and 2003/04 (124 ng/g lipid) followed by a decrease in 2007/08
(2.7 ngg lipid) and 2009 (2.6 ng/g lipid). While no trend is apparent for PBDE
concentrations in the adult population, there appears to be a trend of decreasing
concentrations in children. This may indicate that youth body burden may better reflect
actual exposure. Continuing monitoring including a larger time span may be required to

observe a definitive decrease in PBDE body burden following legislative changes to usage.
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Introduction

Usage of brominated flame retardants (BFRs) including polybrominated diphenyl ethers
{PBDESs) and hexabromocyclododecane (HBCD) has changed over recent years. Commercial
production of PBDEs commenced in Germany in the 1970s (Siddiqi et al. 2003) and by 2001,
around 50% of the global production of penta-, octa- and deca-BDE commercial products
were used in the Americas, followed by 37% in Asia and 12% in Europe (BSEF 2005).

In Australia, in 2003/04, usage of raw chemical PBDEs was reported to account for less than
1% of global production (NICNAS 2005) with importation of these products ceasing in 20035
(NICNAS 2007). The quantity of PBDEs imported into Australia in manufactured products,
however, remains unknown. HBCD has been used “for many years” (BSEF 2009) with
continued usage in products such as upholstered textiles, rigid form plastics and polystyrene
foam used in baby car seats (NICNAS 2005). Importation of HBCD raw product into
Australia increased 78% between 1998/99 and 2003/04 (NICNAS 2005). The commercial
HBCD product usually contains three steroisomers alpha, beta and gamma at approximately
6, 8 and 80% (Environment Canada 2011). HBCD is subject to Risk Phrases R50-R53 under
EU Directive 67/548: “Dangerous for the environment — very toxic to aquatic organisms —
may cause long-term adverse effects in the aquatic environment”. The commercial product
HBCD has a high bioaccumulative potential, and there are indications of biomagnification
comparable with or even exceeding that of BDE-47 (Vorkamp et al. 2011).

PBDEs and HBCD have been described as cost effective and highly efficient ways to reduce
flammability and therefore potentially reduce the harm to humans caused by fires. Human
exposure to these BFRs is suggested to occur via food and dust ingestion and inhalation
(Harrad ef al 2004; Wilford e al. 2005; Thomsen et al. 2008; Roosens et al. 2009), however,
investigations to elucidate these pathways are continuing.

Increased worldwide interest in PBDEs lead to the cross-sectional assessment of human body
burden and exposure pathways of PBDEs in Australia in the early 2000°s. Despite the low
levels of importation, the concentrations in the Australian population were around twice that
found in Europe and Asia but 10 times lower than in North America (Toms et /. 2007; 2008;
2009; 2009). With the cessation of PBDE use, it is hypothesized that exposure and in tum
human body burden will decrease. Studies from Sweden, Norway and Japan show PBDE
concentrations in humans peaked around the late 1990s (Meironyte Guvenius and Noren
2001; Darnerud et . 2002; Akutsu et ol 2003; Thomsen ef af. 2005) while a recent study
from Sweden showed no consistent pattern of temporal trends in human milk from 1996 to
2006 with HBCD below the limit of quantification in most samples (Lignell ef 2/ 2009). In
the US, concentrations have increased significantly between 1985 and 2002 (Sjodin ef al.
2004). Reports of BFR temporal trends in environmental samples over the last 30 years are

varied. HBCD concentrations determined in peregrine falcon eggs from 1973 — 2001 in the
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UK showed no clear temporal trends (Leslie et o/ 2011) while in hetring gull eggs from
Norway, PBDE concentrations increased from 1983 to 1993 but leveled out until 2003 and
alpha-HBCD increased over the time period (Helgason ef ol 2009). Results from Asia show
levels of PBDEs and HBCDs have increased over the last 30 years with concentrations of
HBCD appearing to exceed those of PBDEs which the authors attribute to increased usage of
HBCD compared to PBDESs (Tanabe et ai. 2008).

Due to the longevity of products containing PBDEs c.g. televisions, mattresses, these
products will remain in use for some time and therefore provide both primary and secondary
sources of PBDEs to the environment and humans. HBCD use continues unrestricted in
Australia and is not limited by EU regulations (European Chemical Industry Council accessed
20/9/09) thus human body burden would be expected to reflect current usage over time.

The main objective of this study is to present human biomonitoring data for BFRs in Australia
including reporting the first data on HBCD in pooled human milk samples collected from
1993 — 2009. Furthermore we evaluate whether the available data from Australia indicate
temporal trends of human body burden in the Australian population. Existing data on BFRs
in Australia, archived samples and newly collected samples will be used to make an
assessment of whether BFR usage is reflected in human body burden. The data are important
for future monitoring of PBDE and HBCD body burden trends in Australia and to assess

whether or not regulatory changes have affected human concentrations of BFRs.

Methods and Materials:

Sample Collection

Individual human milk samples and human blood sera have been collected throughout
Australia from 2001 to 2009 and 2002 to 2009, respectively. In addition, human milk
samples collected in 1993 (Quinsey et ol 1995) were also available for analysis. The 2001 —
2009 human milk was collected from volunteering mothers who were: primiparous; baby
aged two to eight weeks, exclusively breastfeeding; healthy pregnancy; and a resident of the
area for the past five years, see Toms et al. (2007) for full details. Participants were recruited
through maternal and child health clinics and by word-of-mouth. Individual samples were
pooled based on year of collection with 4 — 10 samples per pool. Where possible more than
one pool was used for a specific time period, as follows: 1993 (2 pools); 2001; 2002/2003 (4
pools); 2003/2004; 2006; 2007/2008 (2 pools); and 2009. Human blood serum samples
(n=9694 in 204 pools) were collected from surplus de-identified pathology samples through
Sullivan Nicolaides Pathology primarily from South East Queensland, Australia. Samples
were stratified by age (<16 (2002/03); 0-4 and 5-15 (2004/05 and 2008/09); cord blood; 0—
0.5; 0.6-1; 1.1-1.5; 1.6 - 2; 2.1-2.5; 2.6-3; 3.1-3.5; 3.6-4; 4.1-6; 6.1-9; 9.1-12; 12.1-15
{2006/07); 16-30; 31-45; 4660 and > 60 years); gender; and year of collection 2002/03
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{(n=2474), 2004/05 (n=2400), 2006/07 (n=2420) and 2008/09 (n=2400). Up to 30 samples per
pool were used in the 2006/07 pools and 100 samples per pool in 2002/03, 2004/05 and
2008/09. The University of Queensland Medical Research Ethics Committee approved the
study of human milk and human blood serum.

Analysis

Concentrations of HBCD and PBDEs in human milk were determined at the Department of
Environmental Chemistry, IDAEA, CSIC, Barcelona, Spain by Liquid chromatography-mass
spectrometry (LC-MS-MS) and gas chromatography coupled to mass spectrometry working
with negative ion chemical ionization (GC-NCI-MS), respectively with full details of the
methodologies listed in the Supporting Information. The pools of human blood were
analysed using gas chromatography high resolution mass spectrometry. The 2002/03 and
2004/05 pools were analysed at Eurofins, Hamburg, Germany as described previously (Toms
et al. 2008) and the 2006/07 and 2008/09 pools were analysed at the Center for Disease
Control (CDC), Atlanta, Georgia, USA as described previously (Sjodin ez ol 2004).

Results and Discussion

HBCD in human milk

In this first report of HBCD in the Australian population, this BFR was detected in 9 out of 13
human milk pools with the mean (+ standard deviation) concentration of sum HBCD (sum of

o-, v- and f-HBCD) in all samples of 10.2 + 5.2 ng/g lipid (Table 1).
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Generally, the HBCD concentrations observed in human milk were lower than total PBDE
concentrations which were detected in all pools of human milk. The determination of the
diastereoisomeric pattern showed a predominance of the a- and y-isomers, with the p-isomer
being below the limit of quantification (with the exception of one unique sample). In samples
from 1993 to 2006, the contribution of the a- and y-isomers was similar. However, samples
from 2007 to 2009 showed a dominance of the c-isomer (from 54 to 84% of the total
contribution) versus the y-isomer. This inconsistency in the diastereoisomeric pattern may be
due to individual variability in metabolizing capacity or other unknown factors such as the
frequency of HBCD exposure. HBCD enantiomeric analysis was carried out showing the
presence of the two pairs of enantiomers, (-)e- and (+)a-, and (-)y- and (+)y-HBCD, see
Supporting Information for further details. The concentrations of HBCD are below those
found in studies from Spain but are in accordance with those obtained for other countries
(Table 2).

Table 2. HBCD concentrations in human breast milk from different countries. (Results expressed in ng/g of lipid weight)

Country Year o-HBCD | [-HBCD | 9-HBCD | Total HBCD | Postive (n)

2001 nr nr nr NI-24 12433
Sweden

2002-2003 | nr nr nr ND-1.5 24 (30)

2001 nr nr nr 0.25-2.0 nr {9y
Norway

1993-2001 | nr nr nr 0.4-20 49 (35)
Mexico nr nr nr nr 08-54 7
Canada 2002-2003 |38 nr nr 04-19 nri%)
Usa 2002 0.5 nr nr 0.2-0.9 nri%)
Japan 1973-1988 | NIy NI NI NI nr

1988-2006 | 043-19 ND ND-2.6 04340 11 (11}
Russia 2000-2002 | nr nr nr ND-1.67 11 37)
Fhilippines | 2004 0.13-2.0 ND-0.46 ND-19 0.13-32 nr (33)
France 2005 NI-5 NI NI NI-5 T7(23)
Spain 2006-2007 | ND-122 ND ND-176 ND-188 30 (33)
China 2007 ND-2.8 ND ND-046 | nr nr (24

ND: Below limit of detection; nr: not reparted
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Overall and in recognition of the fact that the presented data is based on pooled human milk
samples it suggests that HBCD concentrations may be relatively variable with concentrations
between pools from a given year varying by more than an order of magnitude.

PBDEs in human milk and blood serum

In human milk, the Z,PBDE (sum of BDEs — 47, -99, -100 and -153) concentrations ranged
from 2.5 to 15.8 ng ¢! lipid across all collection periods (Table 13. Concentrations across all
pools for BDEs-47, -99, -100 and -153 ranged from 1.4 to 11.5, 0.6 to 5.1, not quantified to
2.3 and 1.0 to 4.5 ng/g lipid, respectively.

In human blood, PBDEs were detected in all pools with the Z,PBDEs for adults (> 16 years)
ranging from 5.6 — 30.3 ng/g lipid in 2002/03; 4.0 — 12.2 ngfg lipid in 2004/05; 5.5 — 14.5
ng/g lipid in 2006/07 and 6.6 — 13.7 ng/g lipid in 2008/09. Across all collection periods,
PBDE concentrations in human blood have been found to be highest in the youngest age
eroups and decrease until around middle age (Figure 2). The observed age trend is likely
related to the history of PBDE exposure, the half-lives of the chemicals and the exposure
pathways.

In human milk and human blood, BDE-47 dominated the congener profile contributing
around 60 and 50 % to the Z,PBDE concentration, respectively, followed in descending order
by BDEs-99, -153, and -100. BDE-209, where determined in human blood (2002/03;
2004/05; and 2008/09 samples), was reported as not detected or close to the detection limit.
A comparison with studies on PBDEs in human milk and blood samples from other countries
shows that the concentrations of these chemicals in milk from mothers in Australia are equal
to or higher than those in Europe and Asia (e.g. Polder e @l 2008; Sjodin et ol 2008;
Haraguchi ez al. 2009; Lignell ef af. 2009; Lunder ef &f. 2010; Schecter ef of. 2010; Windham
etal 2010)

Temporal trends

HBCD concentrations by year of collection are depicted in Figure 1. While the
concentrations were highest in one of the two (pooled) sample collected in 1993 at 19 ng/g
lipid, HBCD was not detected in the other sample from this period. The result for 2009 was
similar to that from 2001 with varying levels detected in between. This may be due to the
small number of samples in each pool where a highly contaminated sample may increase the
result of the pool. Statistical analysis of the results is not possible due to the small number of
samples in each year of collection, however, from the Figure there is no visual trend in HBCD
concentrations by year of collection.

In comparison, PBDE concentrations in human milk appear to show a temporal trend with a
peak around 2002/03 and 2003/04 with L,PBDEs of 9.6 (mean) and 124 ng/g lipid,
respectively, followed by decrease to a mean of 2.7 ng.g lipid in 2007/08 and 2.6 in 2009
(Figure 1).
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Figure 1. Concentration of HBCD and Z,PBDEs (ng/g lipid) in human milk by year of
collection

The use of human blood serum pools allowed an assessment of temporal trends using a larger
sample size for PBDEs. To date, the serum samples have not been analysed for HBCD.
Using the example of BDE-47 in human blood, the results suggest the possibility of a
temporal trend. A comparison of concentrations in the 2002/03 and 2008/09 collection data
shows that the mean concentration of BDE-47 in the 2008/09 was lower for all age groups by
about 10 — 60 % (Figure 2). A plot of the mean sample age versus concentration of BDE-47
for all sampling periods (2002/03, 2004/05, 2006/07 and 2008/09) shows the consistent age
trends but also shows that despite the relatively large pools (100 - all years except 2006/07
where 30 samples per pool were used) the variability between sample replicates, that is,

samples obtained from the same strata, appears to overshadow temporal trends.
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Figure 2 Concentrations of BDE-47 (ng/g lipid) by mean age (years) for males and
females combined by collection date.

In order to investigate temporal trends, BDE-47 concentrations in adults (Figure 3 A) and
children (Figure 3 B) have been separated and compared. The data indicate no obvious
changes in the BDE-47 concentration in adults, however a decrease in the concentration is
observable in children. For relatively persistent chemicals such as BDE-47 with a half-life in
humans of approx. 3 - 4 years one could expect that decreases in adults are slower than in
children and infants. This is likely due to the ratio of newly accumulated PBDEs in the
period when exposure decreased, relative to the already ‘stored’ mass of PBDEs in a given
body (that is, children have small bodies and high intake in comparison to adults hence the
chemical profile in a child may be changed more rapidly).
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Figure 3 Box and whisker plot with median, minimum and maximum data for BDE-47
combined by gender and age - A < 16 years and 0-4 years and B > 16 years by collection
date.

Continued monitoring over time with the use of large pools of human blood serum for PBDEs
and HBCD will be required to further assess the body burden of BFRs in the Australian

population.
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Supporting Information
Analytical methodology

HBCD

Before extraction, samples were lyophilized, homogenized, and stored at -22 °C. Samples of 0.5 g dry
weight (dw) of milk were spiked with 50 pL of the labeled standard o- and v-HBCD-d;5 at 125 pg/uL.
Spiked samples were keep overnight to equilibrate. Extraction was carried out by the pressurized
liquid extraction (PLE) method on a fully automated ASE 200 system (Dionex, Sunnyvale, CA). An
11mL extraction cell was loaded by inserting two celluloses followed by the human milk sample. The
dead volume was filled with anhydrous sodium sulfate for residue analysis previously activated at 150
°C for 4 h (Panreac Quimica S.A., Montcada i Reixac, Barcelona, Spain). Extraction conditions were
as follow: dichloromethane/hexane (2:1) mixture as solvent extractor, temperature of 100 °C, pressure
of 14 MPa, two static extractions of 5 min and 100% flush. After extraction, the crude extracts were
concentrated to 3 mL and then subjected to a purification step via acid attack with concentrated H; SO,
(95-97% purity) (3 x 2 mL). Samples were finally concentrated to incipient dryness and redissolved
with 50 uL of the labeled standard B-HBCD-d;; at 125 pg/pL, prior to instrumental analysis by LC-
MS-MS.

Diastereoisomer Analysis. The LC system used was an Agilent HP 1100 binary pump (Agilent
Technologies, PaloAlto, CA) with a Symmetry C18 column (2.1 mm x 150 mm, 5 um) preceded by a
C18 guard column (2.1x10mm) supplied by Waters. Experiments were carried out with
water/methanol (3:1 v/v) as eluent A and methanol as eluent B, at a flow rate of 0.25 mL/min. The
injection volume was set at 4 uL. The elution program started at an initial composition of 100% A and
was ramped to 0% A in the first minute, then eluent A was increased to 10% in 17 min, and initial
conditions were reached again in 3 min and returned to the starting conditions in 15 min. Mass
spectrometric analysis was performed with a hybrid triple-quadrupole/linear ion trap MSDSciex
4000QTR AP (Applied Biosystems, Foster City, CA) instrument equipped with an electrospray (ESI)
Turbospray interface, working in negative ionization mode. For target quantitative analyses, data
acquisition was performed in selected reaction monitoring (SRM). The [M - H] - Br” transitions at sz
638.7 - 78.9 and 638.7 - 80.9 were monitored for unlabeled HBCD. The labeled HBCD were
monitored at the 655.8 - 78.9 and 655.8 - 80.9 transitions. The MS-MS detection conditions were:
curtain gas at 50 psi, collision gas at 4.5 x 10-5 Torr, temperature of the turbo gas in the

TurbolonSpray source at 350 °C, jon source gas 1 at 50 psi, and ion source gas 2 at 10 psi ['].

Enantiomeric analpsis. A chiral chromatographic column, Nucleodex §-PM (4.0 mm x 200 mm x 3

pm), was used to afford the enantiomer-specific determination. The optimal separation of enantiomers
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was achieved using methanol, acetonitrile and water as mobile phase. Experiments were carried out
using 70% water: 30% methanol as eluent A and 70% AcN: 30% methanol as eluent B, at a flow rate
of 0.50 mL/min. The injection volume was set at 10 pL. The elution program started at an initial
concentration of A at 50% decreased to 0% along the first 8 minutes, and was maintained for 17
minutes and initial conditions were reached again in S min and maintained for additional 12 min [*].

Mass spectrometric analysis was performed using the same conditions as for diastereoisomer analysis.

Enantiomeric composition was expressed as enantiomeric fraction (EF), which is normally calculated
from the peak areas of the enantiomeric pairs by Eqn. 1:

EF=_A (Eqn.1)

—_—

(A+A)
where A, and A. are the peak area of eluting enantiomers.

It is well know that ESI is subject to sample matrix effects that can cause enhancement or suppression
of the target analytes signal and can adversely affect their quantification. In order to avoid this effect
that can affect in EF calculations, these values are calculated according to equation 2 [*]. This
correction is based on the use of isotopic labeled standards (d;;-HBCDs) since djg-labeled

enantiomeric analogues behave in an identical manner to their native counterparts:

T (A1 A, ] X PO AL, Eqn. 2)

(A TA 4, D XPG Ay, + (AT TA L DX PO A,

where [A.] and [A ] are the peak areas of each (+) and (-) HBCDs enantiomers, [A.qz] and [A 45] are
the peak areas of each (+) and {-) HBCDs d;; labeled standards.

PBDEs

0.5 gram dry weight {dw) of milk was spiked with internal standards (10 ng BDE-77, 10 ng BDE-181
and 200 ng ["'Cy;]-BDE-209). Spiked samples were kept overnight to equilibrate. A PLE method that
auomatically and rapidly achieves quantitative extraction of BFRs was used. PLE was carried out
using a fully automated ASE 200 system (Dionex, Sunnyvale, CA, USA) using aluminium oxide
neutral and Hydromatrix (Varian Inc., Palo Alto, USA). Extraction cell was heated to 100°C and
extraction was carried out using a mixture of hexane:CH;Cl; (1:1) []. After extraction, the crude
extracts were concentrated to 3 mL and then subjected to a purification step via acid attack with
concentrated H,SO; (95-97% purity) (3 = 2 mL). Final purification of the extract was carried out in 5g
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alumina SPE cartridges. Cartridges were conditioned with 20 ml of hexane and eluted with 30 ml of
hexane:dichloromethane (1:2). Purified extracts were finally concentrated to incipient dryness and re-
dissolved with 50 pL of toluene prior to analysis by gas chromatography coupled to mass
spectrometry working with negative ion chemical ionization (GC-NCI-MS).

GC-NCI-MS analyses were performed on a trace GC ultra gas chromatograph connected to a dual
stage quadrupole mass spectrometer (Thermo Electron, Texas, USA). A DB — 5MS capillary column
(15m x 025 mm id., 0.1 pm film thickness) was used with ammonia as the carrier gas at an ion
source pressure of 1.9 x 10* Torr. The temperature program was from 140 °C (held for 2 min) to 325
°C theld for 10 min) at 10 °C min™. Injection was carried out by splitless mode for 1 min with an
injector temperature of 250 °C [7]. Experiments were carried out monitoring the two most abundant
isotope peaks from the mass spectra corresponding to sz = 79 and 81 [Br| and sz = 487 and 489 for
BDE-209 and m/z = 497 and 498 for °C,;-BDE-209. Identification of selected analytes was based on
the following restrictive criteria: (i) retention time for all monitored ions for a given analyte should
maximize simultaneously +1s, with signal to noise ratio >3 for each; and (ii) the ratio between the two
monitored ions should be within 15% of the theoretical value (calculated upon standards).
Quantification was carried out by internal standard procedure using BDE-77 and BDE-181 standards.

In the case of deca-BDE, the quantification was carried out using B¢ -BDE-209 as internal standard.

' P. Guerra, A. de la Tomre, M.A. Martinez, E. Eljarrat, D.Barceld. Identification and trace level
determination of brominated flame retardants by LC-quadrupole linear ion trap (Qg-LIT) mass
spectrometry. Rapid Communication in Mass Spectrometry, 2008, 22, 916-924.

P, Guerra, E. Eljarrat, D.Barcelé. Enantiomeric specific determination of hexabromocyclododecane
by LC-quadrupole linear ion trap (Qq-LIT) mass spectrometry in sediment samples. J. of
Chromatogr., 2008, 1203, 81-87.

# Marvin, C., Maclnnis, G., Alahee, M., Arsenault, G. Tomy, G., 2007. Factors influencing
enantiomeric fractions of hexabromocyclododecane measured using liquid chromatography/tandem
mass spectrometry. Rapid Commun. Mass Spectrom. 21, 1925-1930.

¥ A. de la Cal, E.Eljarrat, D. Barceld. Determination of 39 PBDE congeners in sediment samples
using fast selective pressurized liquid extraction and purification. Journal of Chromatography A,
2003, 1021, 165-173.

" Eljarrat, E., De la Cal, A., Barceld, D., 2004b. Determination of decabromodiphenyl
ether in sediments using selective pressurized liquid extraction followed by
GC-NCI-MS. Anal. Bioanal. Chem. 378, 610-614.
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Diastereoisomeric and enantiomeric analysis

Enantiomeric fractions (EF) corrected values were calculated for different samples (Figure S1). In the
case of 1-HBCD, it was observed that EF values were between 0.21 and 0.59, whereas EF for o-
HBCD was between 032 and 0.61. If these EF values are compared with those obtained with
standard solutions (EF = 0.49 for both ¢- and y-HBCD) a different behavior is observed depending on
the selected sample. In the case of o-HBCD, there are three samples with no significant differences
with standards. However, two other samples showed an increase of EF value compared to standard
value, indicating an enrichment of the (+)-c-HBCD enantiomer in human body. Finally, there is a
sample with EF value of 0.32, which is lower than those obtained for standard solutions. In this case,
the lowering of EF value indicates an enrichment of the (-)-0-HBCD enantiomer in human body. This
(-)-u-HBCD enrichment in human milk samples was previously observed by Eljarrat et al. (2008) in
samples collected from Spain. A deviation from the racemic mixture (EF = 0.5) suggests that an
enantioselective uptake and/or metabolism of (+ )}-=-HBCD and (-)-e-HBCD must occur.

Some HBCD diastereoisomeric pattern studies have been carried out in human samples. Some reports
have suggested that - and y-HBCD diastereoisomers can be more extensively metabolized in
organisms that can «-HBCD diastercoisomer. Weiss et al. (") found that the most abundant
stereoisomer in serum samples from Sweden was o-HBCD. In contrast, Johnson-Restrepo et al. ()
found that y-HBCD was the dominant isomer present in human adipose tissue samples from United
States, accounting for 83% of the total HBCD concentrations, and followed by a-HBCD (17%). B-
HBCD stereoisomer was not detected in any of the human adipose tissue samples analyzed. However,
35% of the human tissue samples contained o-HBCD concentrations higher than the concentrations of
v-HBCD, suggesting that some individuals are exposed to clevated concentrations of o-HBCD.
Thomsen et al. () also found high concentrations of v-HBCD than the other HBCD diastereoisomers
in serum of workers from an industrial polystyrene plant in Scandinavia. As regards information
related with HBCD diastereoisomeric pattern in human breast milk, Ryan et al. (2010) observed that
alpha diastereoisomer predominated, with concentration levels ranging between 0.2 and 19 ng/g Iw, in
samples from North America. In another study dealing with HBCD levels in Japanese women (2010),
in the majority of the samples, the alpha diastereoisomer also predominated; but some exceptions
were observed in which the contribution of the gamma diastereoisomer was higher than that of alpha.

In a published work in marine species from the Western Scheldt estuary (%), authors have reported for
the first time the selective accumulation of different HBCD enantiomers in marine fish. In two further
studies, the database of EFs for «-HBCD has been extended to herring and several predatory birds ()
and dolphins (). In all cases, a deviation from the racemic mixture (EF = 0.5) has been observed,
suggesting that an enantioselective uptake and/or metabolism of (+)-e-HBCD and (-)-a-HBCD must
occur. Interestingly, no clear preference for one or the other &-HBCD enantiomer was found. Herring
muscle and falcon eggs were clearly enriched in {-}--HBCD, whereas in whiting liver and sea eagle
eggs, (+)-e-HBCD dominated.

In the case of y-HBCD, one sample with no significant differences with standards was found, and one
sample with an (+)-y-HBCD enrichment. However, the rest of the samples showed a decrease of EF
value compared to standard value, indicating an enrichment of the (-)-y-HBCD enantiomer in human

body.
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Figure 51. Enantiomeric fraction (EF) values in standards (mean + standard deviation) and
human breast milk samples.
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4.2. Discusion

En el articulo #9 analizamos los niveles de HBCD en muestras de aceite de pescado para consumo
humano (FO) y animal (FE), donde hallamos niveles importantes de HBCD tal como se resume en
la Tabla 4-1. La concentracion de HBCD va desde nd a 4,19 ng/g y desde 3,34 a 26,8 ng/g para FO
y FE, respectivamente. Tal como vemos, las muestras que se utilizan para la alimentacion animal
tienen niveles mayores de HBCD. Respecto a la distribucion isomérica, se observd que en las
muestras de aceite para consumo animal predomina levemente y-HBCD, mientras que en los aceites

para consumo humano el isémero principal es a-HBCD.

Tabla 4-1. Concentracion de HBCD (ng/g) en aceites de pescado.

Muestra o-HBCD p-HBCD y-HBCD Total
FE1 5.79 0.23 5.09 11.11
FE2 3.71 0.89 5.28 9.88
FE3 3.14 nq 1.64 4.78
FE4 2.13 nq 1.21 3.34
FES 3.82 nq 2.84 6.66
FE6 6.58 nq 8.91 15.49
FE7 2.61 nq 2.65 5.26
FES8 6.13 3.95 16.73 26.81
FE9 2.62 nq 2.87 5.49
FE10 4.65 0.11 3.29 8.05
FO1 242 nq 1.77 4.19
FO2 0.13 0.14 nq 0.27
FO3 nq nd nq nq
FO4 nq nq nq nq
FO5 0.48 0.59 nq 1.07
FO6 0.24 0.91 nq 1.15
FO7 0.23 0.24 0.59 1.06
FO8 1.99 nq 1.09 3.08
FO9 0.4 nq 0.52 0.92
FO10 0.79 nd nq 0.79
FOl11 nq nd nq nq
FO12 0.32 0.29 0.16 0.77
FO13 0.04 0.15 nq 0.19
FO14 nq nq 0.09 0.09
FO15 0.2 nq 2.19 2.39

En el caso de los aceites para consumo humano, hemos calculado el EDI debido al uso de estos

complementos alimenticios utilizando la siguiente ecuacion:
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EDIHBCD = [HBCD] x DDR
Donde [HBCD] es la concentracion de HBCD y DDR es la dosis diaria del complemento promedio

recomendada.

En la Tabla 4-2 vemos las diferentes EDI que obtuvimos para cada una de las muestras, cuyos
valores van desde 0,08 a 5,38 ng HBCD/dia. Es importante sefialar que en los suplementos en base a
aceite vegetal y/o mezclados los valores de EDI son inferiores. Asi, hemos calculado el consumo
diario de HBCD debido al uso de suplementos alimenticios, por lo tanto habria que sumarle el
HBCD incorporado por la dieta. En Espafia no existen estudios sobre la cantidad total de HBCD que
ingresa al cuerpo humano diariamente mediante la dieta, por lo tanto hemos buscado estudios en
otros paises. Se han publicado diferentes valores de EDI para Suecia (141 ng HBCD/ dia) (Lind et
al., 2002), Holanda (9 ng HBCD/dia) (Van Leeuwen y De Boer 2008), Noruega (20 ng HBCD/dia)
(Knutsen et al., 2008) y Reino Unido (500 ng HBCD/dia) (Fernandes et al., 2008). Asi, observamos
que la ingesta de suplementos alimenticios que contengan aceite de pescado pueden contribuir
significativamente a la ingesta de HBCD. Por ejemplo, si tomamos como base el EDI de Holanda, el

aporte del consumo de los suplementos alimenticios analizados seria de entre un 0.9 y 57%.

Tabla 4-2. Valores de EDI de HBCD debido al consumo de suplementos alimenticios

Muestra Componente principal ng HBCD/dia
FO1 Aceite de pescado 5.15
FO2 Aceite de pescado 0.27
FO3 Aceite de pescado -
FO4 Aceite de pescado -
FO5 Aceite de pescado 4.01
FO6 Aceite de pescado 1.44
FO7 Aceite de pescado 5.38
FOS8 Aceite de pescado 1.26
FO9 Aceite de pescado 1.84

FO10 Aceite de pescado+ aceite vegetal 0.55
FOl11 Aceite de pescado+ aceite vegetal -

FO12 Aceite de pescado +aceite vegetal 2.16
FO13 Aceite vegetal 0.46
FO14 aceite vegetal rico en omega-6 0.08
FO15 Aceite vegetal 3.59

En aquellas muestras donde la concentracion del contaminante lo permitia hemos calculado los EFs

de a-HBCD y y-HBCD. Ambos se resumen en la Figura 2 del articulo #9 y se observa que en el
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caso de a-HBCD existen variaciones de los EFs que indicarian un comportamiento enantiomero-
especifico.
En los articulos #10 y #11 realizamos el analisis de HBCD isomérico y enantiomérico en leche
materna de madres espafiolas y australianas, respectivamente. El interés de estos trabajos es debido
a que los lactantes se alimentan exclusivamente de leche materna por lo tanto, los BFRs que han
sido acumulados durante un largo periodo de tiempo en el cuerpo de la madre, les pueden ser
transferidos durante la lactancia y ser absorbidos por los bebés.
En el articulo #10 se analizaron 33 muestras de leche, obteniéndose concentraciones de HBCD que
varian entre 2,72 y 188 ng/g Iw, siendo estos niveles muy superiores a los existentes en bibliografia
(ver Figura 4.1). En lo que respecta al patron isomérico, B-HBCD estaba por debajo de los LOD,
mientras que y-HBCD fue el isdmero principal, salvo en dos leches donde o-HBCD fue el
predominante.
Para comprender la magnitud de la exposicion a HBCD por los lactantes, hemos calculado el valor
de EDI utilizando la siguiente ecuacion:

EDIypcp = [HBCD]FMb
Donde [HBCD] es la concentracion media de HBCD en la leche, F es el contenido lipidico en la
leche y Mb es el consumo diario de leche, sabiendo que un bebe de 1 mes consume un promedio de
702 mL de leche/dia y pesa unos 4,14 kg. Asi, la EDI para un lactante espafiol fue de hasta 175
ng/dia. Posteriormente a nuestro trabajo, Shi et al. (2009b) calculd el EDI para un lactante en China
(45,5 ng/dia). De esta forma vemos que el valor promedio de EDI de Espaia es cerca de 4 veces
mayor que el de los lactantes de China.
En este estudio se calculan por primera vez los EFs de HBCD en leche materna. En el caso de y-
HBCD, se observé que los valores de EF se encuentran entre 0,268 y 0,602, mientras que el EF de
a-HBCD sdlo se pudo calcular en dos muestras, con valores de 0,102 y 0,204. En la Figura 4-3 se
comparan los valores de EF obtenidos tanto para las muestras como para los estandares. Para a-
HBCD, observamos una importante disminucion en el valor de EF. Podemos decir que se produce
un enriquecimiento de (-) a-HBCD, mostrando un enriquecimiento enantiomérico-selectivo en el
cuerpo humano. Respecto a y-HBCD para un total de once muestras, hay cinco muestras sin
diferencias significativas con las soluciones estandares. Mientras que la segunda y tercera columna
muestran que para 2 muestras disminuye el valor de EF, y en cuatro muestras se incrementa el valor

de EF. Por lo tanto, para y-HBCD el patron enantiomérico no esta claro.
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Figura 4-3. Grafico de EFs de a-HBCD y y-HBCD en leche materna.

Asi pues, se observo enantioselectividad de a-HBCD, con enriquecimiento de (-) o-HBCD. Sin
embargo, debido a que el numero de muestras es pequefio ya que solo se pudo ver en dos muestras,
no se pudo llegar a una conclusion clara. También analizamos los EFs de a-HBCD en las leches de
Australia y obtuvimos valores que varian desde 0,32 a 0,61, respectivamente. Dada la variabilidad
de los resultados, no podemos concluir nada concreto acerca de su comportamiento enantiomero-
especifico. Sin embargo, posteriores estudios en leche materna han corroborado nuestro hallazgo
(Abdallah y Harrad 2011), indicando la presencia de posibles procesos enantioselectivos que pueden
involucrar la absorcion, el metabolismo y/o la excreciéon del HBCD y concretamente de un
enriquecimiento de (-)a-HBCD.

En el caso del articulo #11 nos interesaba estudiar la tendencia temporal de HBCD y PBDEs en
leche materna de Australia analizando muestras compuestas entre 1993 y 2009 ya que es sabido que
en muestras de leche materna de Australia los niveles de PBDEs son superiores a los encontrados en
Europa y Asia, aunque inferiores a los de EE.UU. (Toms et al., 2007) y se queria evaluar si sucedia
o no lo mismo con el HBCD. Asi pues, analizamos 13 muestras compuestas de leche y encontramos
niveles entre nq y 19 ng/g Iw de HBCD total (Tabla 1 del articulo #11). En general, no observamos
una tendencia clara para HBCD en la leche materna de Australia entre los afios 1993 y 2009. Esto se
deberia principalmente al numero pequeiio de muestras de leche individuales que conforman la
muestra compuesta analizada, donde una muestra altamente contaminada podria aumentar la
concentracion total. Ademas el pequeflo numero de muestras analizadas no permite realizar analisis
estadistico. Por el contrario, en el caso de los PBDEs se observé una tendencia temporal, con una
concentracion maxima alrededor de 2002/03 y 2003/04 para luego disminuir en las muestras
pertenecientes a 2007/08 y 2009. Estos resultados cuadrarian con el mayor uso y posterior cese de

los PBDEs.
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CONCLUSIONES GENERALES

Los estudios llevados a cabo durante la presente tesis permiten llegar a las siguientes conclusiones

generales:

1. Se ha logrado el desarrollo y validacion de dos métodos sensibles, selectivos, precisos y
reproducibles para el analisis de HBCD, tanto diastereoisomérico como enantiomérico, basados en
el uso de un instrumento de ultima generaciéon, como es la LC-QqLIT-MS. El método
diastereoisomérico permite el analisis simultineo de TBBPA y compuestos procedentes de su
debromacion hasta llegar al BPA.

2. En muestras ambientales, y especialmente en las bioticas, se ha podido ver el interés de analizar
el HBCD por via diastereoisomérica y enantiomérica, en lugar del HBCD total tal como se hacia

inicialmente por GC-MS.

3. Los métodos de analisis previamente desarrollados fueron utilizados para realizar la vigilancia
ambiental de BFRs en sedimentos y biota procedentes de dos cuencas hidrograficas de Espaiia.
Estos estudios han demostrado la presencia los BFRs clasicos como de los emergentes, aunque a
niveles mas bajos debido a su menor uso actual. En el caso de HBCD, el estudio en una zona
altamente contaminada (el rio Cinca a su paso por Monzon) ha servido para evaluar su presencia asi
como su comportamiento en lo que a su biodisponibilidad y bioacumulacion se refiere.

4. El estudio de los huevos de halcon peregrino ha sido de gran utilidad para corroborar la presencia
de distintos BFRs asi como de una nueva familia de FRs, los Decloranes, en muestras
correspondientes a un nivel trofico superior. Por consiguiente, estos resultados confirman la
biodisponibilidad y bioacumulacion a lo largo de la cadena tréfica de estos nuevos contaminantes.

5. El analisis enantiomérico de HBCD ha sido de gran utilidad para detectar casos de
enatioselectividad como por ejemplo, la acumulacion de (-) o-HBCD observada en huevos de
halcon peregrino como también en leche materna. El hallazgo de una acumulacion enentiomero-
especifica del HBCD, sugiere la necesidad de disponer datos toxicoldgicos para los enantidomeros.

6. Se ha evaluado el grado de exposicion humana a HBCD por diferentes vias, una por la ingesta de
complementos alimenticios basados en pescado, y otra para el grupo de riesgo de los lactantes a
través del analisis de leche materna. En el primer caso, esta exposicion puede contribuir entre un 1 y
un 50% del total por ingesta de alimentos. En el caso de los lactantes espafioles, el EDI se sita en
torno a 175 ng/kg peso dia, siendo un valor muy por encima de los datos disponibles sobre ingesta

en adultos, asi como los de ingesta de polvo.



262 Conclusiones generales

7. Se necesita mas investigacion para comprender la naturaleza y el alcance de los procesos
enantioselectivos de HBCD en la naturaleza y en muestras humanas, ademas de los factores que

influyen en la retencion enantioselectiva de HBCD en las diferentes especies.

8. Se necesita una mayor disponibilidad de informacion acerca de los otros FRs emergentes

incluidos en esta tesis, especialmente en muestras humanas.
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