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Resumen

Resumen

La creciente presencia de contaminantes en el medio ambiente se ha convertido en un
motivo de preocupacion para la sociedad. En este sentido, la monitorizacion del agua es
esencial, por lo que es importante desarrollar metodologias analiticas eficientes, rapidas
y de bajo coste, que ademas tengan en cuenta el impacto ambiental y la seguridad del

analista.

Generalmente, las muestras medioambientales no se pueden analizar de manera
directa, debido a la complejidad de las matrices o a las bajas concentraciones de los
analitos. Por ello, suele ser necesaria una etapa de tratamiento de la muestra previa a la
determinacion de los compuestos de interés. La tendencia actual se dirige al uso de
técnicas de microextraccion, que disminuyen el consumo de reactivos y muestra. No
obstante, realizar estas técnicas de manera manual sigue resultando largo y costoso. En
consecuencia, se esta tendiendo cada vez mas a su automatizacion, obteniendo métodos
mas precisos, rapidos y econdmicos. Ademds, la versatilidad de estos sistemas
automatizados permite su uso combinado con una gran cantidad de técnicas de
separacién que posibilitan la determinacién selectiva de los analitos, como es el caso de

la cromatografia.

En la presente tesis se han desarrollado diferentes metodologias basadas en las
técnicas de analisis en flujo y la cromatografia para la determinacion de pardmetros de
interés ambiental en aguas. Por un lado, se han cuantificado compuestos fendlicos
listados como contaminantes prioritarios por la Agencia de Proteccion Ambiental de los
Estados Unidos (US-EPA). Por otra parte, se han disefiado sistemas para la
determinacion de varios estrégenos catalogados como contaminantes emergentes por la
US-EPA debido a sus caracteristicas como disruptores endocrinos. Todos los
procedimientos analiticos propuestos proporcionan una elevada reproducibilidad,
precision y sensibilidad, a la vez que ofrecen una importante reduccion de los
voliumenes de reactivos y muestra necesarios, por lo que son mas sostenibles, y
representan una mejora en el tiempo y coste por analisis, comparados con los métodos

manuales tradicionales.




A continuacion, aparecen listados los trabajos incluidos en esta tesis:

1. Un analizador completamente automatizado, compacto y de bajo coste, basado
en el acoplamiento de la microextraccion liquido-liquido dispersiva con
agitacion magnética asistida en jeringa (in-syringe-MSA-DLLME) con la
cromatografia multijeringa (MSC), para la extraccion, preconcentracion,
separacion y cuantificacion de seis compuestos fenolicos (fenol, 2-nitrofenol, 4-

nitrofenol, 2-clorofenol, 2,4-diclorofenol, 2,4,6-triclorofenol).

2. Un sistema in-syringe-MSA-DLLME para la preconcentracion de cuatro
estrdgenos en aguas residuales (estrona, 17-estradiol, 17a-etinilestradiol y
estriol). Las caracteristicas del método desarrollado han permitido la inyeccion
directa del extracto en un cromatdgrafo de gases, disminuyendo asi el tiempo

necesario para el pretratamiento de la muestra.

3. Un sistema in-syringe magnetic D-u-SPE para la preconcentracion de tres
estrdgenos en aguas residuales (estrona, 17p-estradiol y 17a-etinilestradiol)
previa a su detecciébn por GC-MS, en el que se utilizan microcarbones
magnéticos como fase sélida, sintetizados a partir de la combustion directa de
cristales de ZIF-67, un subtipo de materiales cristalinos con estructuras metal-

organicas (MOFs).

4. Un método para la extraccion de cuatro estrogenos en agua de mar (estrona,
17pB-estradiol, 17a-etinilestradiol y estriol) basado en el desarrollo de un sistema
SIA-LOV, el cual proporciona un elevado grado de automatizacion al
pretratamiento de las muestras ya que tanto la extraccion como la renovacion de
la resina tienen lugar de forma automatica, seguido de la derivatizacion del
extracto en el inyector del cromatografo (in-port derivatization), con lo que se
disminuye el gasto de agentes de derivatizacion y el tiempo necesario para que
se de la reaccion, y la posterior separacion y cuantificacion de los analitos
utilizando la técnica LVI-PTV.



Resum

Resum

La presencia creixent de contaminants en el medi s’ha convertit en un motiu de
preocupacio per la societat. En aquest sentit, 1’analisi de 1’agua és essencial, per la qual
cosa és important desenvolupar metodologies analitiques eficients, rapides i
econdomiques, que a més tenguin en compte I’impacte ambiental i la seguretat de

I’analista.

Generalment, les mostres mediambientals no es poden analitzar de manera directa, a
causa de la complexitat de les matrius o de les baixes concentracions dels analits. Per
aixo, sol ser necessaria una etapa de tractament de la mostra prévia a la determinacio
dels composts d’interés. La tendéncia actual es dirigeix cap a 1’s de les técniques de
microextraccio, que disminueixen el consum de reactius i mostra. No obstant, realitzar
aquestes tecniques manualment segueix resultant llarg i costds. En conseqliencia, es
tendeix cada vegada meés a la seva automatitzacid, obtenint métodes més precisos,
rapids 1 economics. A més, la versatilitat d’aquests sistemes automatitzats permet el seu
Us combinat amb una gran quantitat de tecniques de separacié que possibiliten la

determinacio selectiva dels analits, com és el cas de la cromatografia.

En la present tesi s’han desenvolupat diferents metodologies basades en les técniques
d’analisi en flux 1 la cromatografia per a la determinacié de parametres d’interes
ambiental en aigiies. Per un costat, s’han quantificat composts fendlics llistats com a
contaminants prioritaris per 1’Agencia de Protecci6 Ambiental dels Estats Units (US-
EPA). Per altra banda, s’han dissenyat sistemes per a la determinaci6 de diversos
estrogens catalogats com a contaminants emergents per la US-EPA degut a les seves
caracteristiques com a disruptors endocrins. Tots els procediments analitics proposats
proporcionen una elevada reproductibilitat, precisié i sensibilitat, a la vegada que
ofereixen una important reduccié dels volums de reactius i mostra necessaris, per la qual
cosa son més sostenibles, aixi com una millora del temps i cost per analisi, comparats

amb els metodes manuals tradicionals.
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A continuacio, apareixen llistats els treballs inclosos en aquesta tesi:

1. Un analitzador completament automatitzat, compacte i de baix cost, basat en

I’acoblament de la microextraccié liquid-liquid dispersiva en xeringa (in-
syringe-MSA-DLLME) amb la cromatografia multixeringa (MSC), per a la
extraccid, preconcentracid, separacio i quantificacié de sis composts fenolics
(fenol, 2-nitrofenol, 4-nitrofenol, 2-clorofenol, 2,4-diclorofenol, 2,4,6-

triclorofenol).

Un sistema in-syringe-MSA-DLLME per a la preconcentracié de quatre
estrogens en aigilies residuals (estrona, 17B-estradiol, 17a-etinilestradiol,
estriol). Les caracteristiques del métode desenvolupat han permeés la injeccio
directa de I’extracte en un cromatograf de gasos, disminuint aixi el temps

necessari per dur a terme el pretractament de la mostra.

Un sistema in-syringe magnetic D-u-SPE per a la preconcentracié de tres
estrogens en aigles residuals (estrona, 17p-estradiol, 17a-etinilestradiol) previa
a la seva deteccié per GC-MS, en el qual s’empren microcarbons magnétics
com a fase solida., sintetitzats a partir de la combustio directa de cristalls de
ZIF-67, un subtipus de materials cristal-lins amb estructures metall-organiques
(MOFs).

Un métode per a I’extraccid de quatre estrogens en aigua de mar (estrona, 17f-
estradiol, 17a-etinilestradiol, estriol) basat en el desenvolupament d’un sistema
SIA-LOV, el qual proporciona un alt grau d’automatitzacié al pretractament de
les mostres ja que tant I’extraccio com la renovacio de la resina tenen lloc de
manera automatica, seguit de la derivatitzacié de ’extracte dins I’injector del
cromatograf (in-port derivatization), amb la qual cosa es redueix el consum
d’agents de derivatitzacio i el temps necessari perque la reaccid es dugui a
terme, i la posterior separacio i quantificacio dels analits mitjancant la tecnica
LVI-PTV.



Abstract

Abstract

The growing presence of pollutants in the environment has become a social concern. In
this sense, water monitoring is essential; hence it is important to develop efficient, rapid
and low-cost analytical methodologies which also take into account the environmental

impact and the analyst safety.

Generally, environmental samples cannot be directly analyzed, due to the
complexity of the matrices or the low concentrations of the analytes. Therefore, a stage
of sample treatment prior to the determination of the compounds of interest is needed.
Currently there is a trend towards the use of microextraction techniques, which reduce
reagents and samples consumption. However, performing these techniques manually is
still costly and time-consuming. Thus, the automation of sample pretreatment is a good
approach to achieve efficient and fast analytical methods. In addition, the versatility of
these automated systems allows their combination with a large number of separation
techniques, such as chromatography, which enables the selective determination of

analytes.

In the present thesis, different methodologies based on flow analysis and
chromatographic techniques have been developed for the determination of parameters of
environmental interest in water samples. On the one hand, several phenolic compounds
listed as priority pollutants by the United States Environmental Protection Agency (US-
EPA) have been quantified. On the other hand, different systems have been designed for
the determination of estrogenic compounds, which are catalogued as emerging
pollutants by the US-EPA due to their characteristics as endocrine disruptors. All the
proposed procedures provide high reproducibility, accuracy and sensitivity, while
offering a significant reduction in the volumes of reagents and sample needed, resulting
in more sustainable methods than the traditional manual ones and in an improvement in

time and cost per analysis.
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The works included in this thesis are listed below:

1. A fully automated, compact and low-cost analyzer, based on the coupling of the

dispersive liquid-liquid microextraction (in-syringe-MSA-DLLME) with
multisyringe chromatography (MSC), for the extraction, preconcentration,
separation and quantification of six phenolic compounds (phenol, 2-nitrophenol,
4-nitrophenol, 2-chlorophenol, 2,4-dichlorophenol, 2,4,6-trichlorophenol).

. An in-syringe-MSA-DLLME system for the preconcentration of four estrogens

(estrone, 17B-estradiol, 17a-ethinylestradiol and estriol) in wastewater samples.
The characteristics of the developed method have allowed the direct injection of
the extract into a gas chromatograph, thus decreasing the time necessary for the

sample pretreatment.

. An in-syringe magnetic D-u-SPE system for the preconcentration of three

estrogens (estrone, 17p-estradiol and 17a-ethinylestradiol) in wastewater
samples  prior their detection by GC-MS, in which magnetic carbon
microparticles synthesized from the direct combustion of ZIF-67 crystals, a
subtype of crystalline materials with metal-organic structures (MOFs), are used
as solid phase.

. A method for the extraction of four estrogens (estrone, 17p-estradiol,

17a-ethinylestradiol and estriol) in seawater samples, based on the development
of a SIA-LOV system, which provides a high degree of automation to the
samples pretreatment since both the extraction and the renewal of the resin are
performed automatically, followed by the on-line derivatization of the extract
(in-port derivatization), which decreases the derivatization agents consumption
and the reaction time, and the subsequent quantification of the analytes using
the LVI-PTV technique.
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1.1 Compuestos analizados

1.1.1 Fenoles

Los fenoles son compuestos organicos aromaticos con el grupo hidroxilo como grupo
funcional. EI mas sencillo es el fenol, un hidroxibenceno (Figura 1.1). Los cinco
carbonos aromaticos no unidos al grupo hidroxilo pueden reaccionar para formar una

gran variedad de compuestos, conocidos como compuestos fendlicos o fenoles.

Determinados fenoles se pueden encontrar de manera natural en el ambiente, ya que
son metabolitos secundarios de un gran numero de plantas, ademas de ser sintetizados
por bacterias, hongos y animales. Por otra parte, también encontramos estos compuestos
en aguas, suelos y sedimentos provenientes de distintos tipos de industrias, dado que
tienen muchas y diversas aplicaciones, desde pesticidas y herbicidas a conservantes de

maderas, productos farmacéuticos, tintes o explosivos [1-3].

La determinacién de fenoles en el medio es de gran interés debido a su toxicidad,
especialmente para organismos acuaticos, incluso a concentraciones del orden de los
mg L™ Esta toxicidad esta relacionada tanto con la hidrofobicidad del compuesto
individual, que influye en la posibilidad de interaccion del mismo con las células y los
tejidos de los organismos vivos, como con la capacidad de formacion de radicales

libres, y con el nimero, posicién y naturaleza de sus sustituyentes [4].

Por otra parte, algunos compuestos fenolicos pueden modificar las caracteristicas
organolépticas (cambios en el sabor y/o en el olor) del agua potable y de animales
acuaticos que forman parte de nuestra alimentacion, aun estando a concentraciones del

orden de los pug L™ [3].

En consecuencia, la Agencia de Proteccion Ambiental de los Estados Unidos (US-
EPA) ha incluido varios compuestos fendlicos en sus listas de contaminantes
prioritarios [5]. Por todo ello, se ha desarrollado un método automatizado para la
determinacion de seis de los fenoles listados, cuyas estructuras se muestran en la Figura
1.1.
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Figura 1.1. Estructura de los fenoles estudiados.

1.1.1.1 Marco legal de los fenoles analizados

Todos los fenoles estudiados han sido catalogados como contaminantes toxicos de

acuerdo a la Seccién 307(a)(1) de la Ley Federal de Control de Contaminacion del Agua

(Federal Water Pollution Control Act) [6].

Para el Ph, la US-EPA establece como dosis oral de referencia 0,3 mg kg™ por dia

[7], asi como valores limite en agua potable de 6 mg L™ durante un periodo de maximo

10 dias en nifios y 2 mg L™ de Ph en el agua potable de por vida [8].

Respecto a los nitrofenoles, la US-EPA establece como concentracion limite en
efluentes de industrias 231 pg L™ para el 2-NP y 576 pg L™ para el 4-NP por dia,

ademas de requerir que se le informe en caso de descargas o derrames accidentales al

medio ambiente de 100 libras (45,5 kg) o mas de nitrofenoles [9].
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En cuanto a los clorofenoles, dado que pueden modificar las caracteristicas
organolépticas del agua potable, se recomienda que la concentracion en agua de
consumo no sea mayor de 0,04 mg L™ para el 2-CP ni 0,02 mg L™ para el 2,4-DCP, ya
que a estos niveles ya se percibe sabor. También se establece como concentracion limite
en efluentes de industrias 112 ug L™ para el 2,4-DCP [10].

1.1.2 Estrdgenos

Las hormonas son compuestos naturales producidos en el organismo, responsables de
funciones como el crecimiento y desarrollo, el metabolismo, la regulacion del medio
interno y la reproduccion. De entre ellas, los estrogenos constituyen un grupo de
hormonas sexuales femeninas que se caracterizan por poseer un anillo aromatico con un

grupo hidroxilo en posicion 3 [11].

Los estrogenos que se han aislado a partir de fuentes naturales en cantidades
notables son la estrona (E1), el 17B-estradiol (E2) y el estriol (E3) [12]. Por otro lado, se
han desarrollado estrogenos sintéticos con actividades similares a los naturales pero de
metabolismo mé&s lento para ser usados como farmacos, entre los que destaca el
etinilestradiol (EE2) [13]. Las estructuras de los citados estrégenos se encuentran en la
Figura 1.2. Todos estos compuestos son utilizados de forma terapéutica, sobre todo para

la contracepcion y el alivio de los sintomas de la menopausia [14].

Desde hace unos afios, el analisis y la determinacion de estrogenos han suscitado un
gran interés, fundamentalmente por dos razones. En primer lugar, se trata de
compuestos disruptores endocrinos (endocrine disruptor compounds, EDCs). Los EDCs
fueron definidos por la Comision Europea en 1996 como “sustancias exogenas que
causan efectos adversos en la salud de los organismos o su descendencia, como
consecuencia de cambios en sus funciones endocrinas” [15]. Mas tarde, también la
Organizacion Mundial de la Salud los defini6 como “una sustancia o mezcla exdgena
que altera la(s) funcion(es) del sistema endocrino y por tanto causa efectos adversos
sobre la salud de un organismo sano, de su descendencia o parte de la poblacion” [16].
Por lo tanto, son sustancias que pueden alterar la reproduccion y el desarrollo de

animales y seres humanos. Por otra parte, estos compuestos han sido catalogados como
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contaminantes emergentes [17]. Este grupo de contaminantes comprende
principalmente productos utilizados en grandes cantidades en el dia a dia, como pueden
ser farmacos, productos de cuidado personal o aditivos industriales. Una de las
caracteristicas de estos contaminantes es que, a causa de su elevada produccién y

consumo, no necesitan ser persistentes para causar efectos negativos en el medio [18].

Estrona 17p-estradiol
(E1) (E2)

17a-etinilestradiol Estriol
(EE2) (E3)

Figura 1.2. Estructura de los estrégenos estudiados.

En el caso de las hormonas estudiadas, una de las principales vias de introduccion
en el medio ambiente son las aguas residuales domésticas, en gran medida a causa del
aumento en el consumo de productos farmacéuticos que las contienen. Asi, tanto las
hormonas producidas naturalmente por el organismo como las presentes en
medicamentos son excretadas a través de la orina, incorporandose en primer lugar a las
aguas residuales y de ahi a rios, lagos y mares. En este contexto, ha crecido la
preocupacion de que estos contaminantes lleguen a los consumidores, ya que se ha
observado una eliminacion incompleta de determinados productos farmacéuticos en las
plantas de tratamiento de aguas residuales [19]. Ademas, la presencia de hormonas en el

medio ambiente acuatico estd causando graves alteraciones en la fauna marina. Por
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ejemplo, se ha demostrado que estos compuestos inducen respuestas estrogénicas en
peces a pesar de estar en muy bajas concentraciones, como feminizacion, disminucion

de la fertilidad o hermafroditismo [20].

1.1.2.1 Marco legal de los estrogenos analizados

En referencia a la presencia de hormonas en aguas medioambientales, en el 2013 la
Directiva 2013/39/UE de la Comision Europea establecié una lista de observacion de
sustancias que han de monitorizarse, dentro de la cual se encuentran el E2 y el EE2 [21].
Ademas, el afio 2015 se publico la Decision de Ejecucion 2015/495 en la que consta que
en la lista de observacion debe incluirse también la estrona a causa de su estrecha
analogia quimica con el estradiol [22]. En este mismo documento aparecen los limites
maximos aceptables de deteccion del método analitico utilizado, los cuales deben ser al
menos tan bajos como la concentracion prevista sin efecto especifica para cada
sustancia en la correspondiente matriz. En el caso de las hormonas estudiadas, el limite

méximo de deteccién es 0,4 mg L™ para E1y E2, y 0,035 mg L™ para EE2.

Por otra parte, la US-EPA publicé en 2016 la lista de contaminantes candidatos
(Contaminant Candidate List, CCL-4) en la que se encuentran los cuatro estrogenos
mencionados. La CCL-4 es un listado de contaminantes cuyo analisis se considera
prioritario ya que se han encontrado o se prevén encontrar en aguas de consumo. En la
misma lista se establece un nivel de referencia para la salud (Health Reference Level,
HRL), una concentracion limite para estos compuestos en aguas de consumo, a partir de
la cual puede haber efectos adversos sobre la salud: 0,35 pg L™ para E1 y E3, 0,035 pg
L para EE2 y 0,09 pug L™ para E2 [23].
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1.2 Antecedentes en el analisis de los compuestos de interés

La presencia medioambiental de los contaminantes analizados y las consecuencias
derivadas de su exposicion justifican la necesidad de desarrollar métodos analiticos para

su determinacion.

Uno de los mayores problemas a la hora de identificar y cuantificar estos
compuestos en muestras ambientales son las bajas concentraciones en las que se
encuentran; de ahi que para su analisis normalmente sea necesario combinar técnicas de

extraccion y preconcentracion de la muestra con técnicas analiticas de alta sensibilidad.

A continuacion se presenta un resumen de las principales metodologias analiticas
utilizadas para la determinacién de compuestos fenolicos y de estrogenos en muestras

medioambientales.

1.2.1 Analisis de fenoles

Como se ha comentado anteriormente, para analizar compuestos fendlicos en
muestras ambientales suele ser necesario un paso previo de tratamiento de muestra, a fin
de preconcentrarlos y eliminar posibles interferentes. Las dos técnicas mas utilizadas
con este fin son las extraccion liquido-liquido (LLE) [26, 27, 31-33], que es también la
técnica recomendada oficialmente por la US-EPA [5], y la extraccion en fase sélida
(SPE) [24, 25, 29, 30, 34]. Ademas de las metodologias tradicionales, se han utilizado
estas técnicas en su version miniaturizada (microextraccion) [26, 27, 31-33] y en linea
[24, 29], consiguiendo métodos mas respetuosos con el medio ambiente, ya que reducen

considerablemente la cantidad de disolventes necesaria para llevar a cabo el analisis.

Respecto a la identificacion y cuantificacion de los fenoles, la cromatografia liquida
(LC) es la tecnica utilizada mas frecuentemente, combinada con detectores
espectrofotométricos (UV) [24-28] y electroquimicos (EC) [28, 29], junto a la
cromatografia de gases (GC) con detector de espectrometria de masas (MS) [30-33].
También se pueden encontrar en la literatura métodos basados en la electroforesis
capilar (CE) [34, 35].
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En la Tabla 1.1 aparece un resumen de metodologias analiticas utilizadas para

determinar fenoles en aguas. Las abreviaturas de todas las técnicas citadas se encuentran

en el apartado “Abreviaturas”, al inicio de esta tesis.

Tabla 1.1. Resumen de algunas metodologias analiticas empleadas para el analisis
de fenoles en aguas.

Analitos

Ph, 2-CP, 2,4-DCP,
2,4,6-TCP

2-CP, 2,4-DCP

Ph, 2-CP, 2,4-DCP,
2,4,6-TCP

2-NP, 4-NP

2-CP, 2,4-DCP,
2,4,6-TCP

Ph, 2-NP, 4-NP,
2-CP

2-CP, 2,4-DCP,

2,4-DCP,
2,4,6-TCP

Ph, 2-CP, 2,4-DCP,
2,4,6-TCP

2-CP, 2,4-DCP,
2,4,6-TCP

Ph, 2-CP, 2,4-DCP,
2,4,6-TCP

Ph, 2,4-DCP

Muestras

Rio, grifo

Rio

Destilada

Mar

Rio

Residuales, rio

Rio

Subterraneas

Rio, grifo, de
consumo

Rio, grifo, pozo

Superficiales,
reutilizada

Destilada

Pretratamiento
de la muestra

On-line SPE

SPE

DLLME-SFO

LLLME

CPE

On-line SPE

SPE

LPME

LPME

DLLME

SPE

Sistema de
analisis
LC-UV-Vis

LC-UV-Vis

HPLC-UV

cLC -UV-Vis

LC-UV-ECD

LC-DAD-ECD

GC-MS

GC-MS

GC-MS

GC-ECD

CE-CL

CZE-UV

Referencia

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]



10

Capitulo 1

1.2.2 Analisis de estrdgenos

Para el caso de las hormonas, los métodos de pretratamiento de muestras mas utilizados
son igualmente la SPE [36, 37, 39-41, 44-50, 52-56, 58] y la LLE [38, 42, 43, 51, 57].
De nuevo, también se ha reportado el uso de sus variantes de microextraccion [38, 42,

44, 51] y métodos que llevan a cabo la extraccion de la muestra en linea [42, 48, 50].

En cuanto a su determinacion, la técnica més utilizada es la GC-MS [36-45],
aungue también se utiliza la LC con diferentes detectores, como MS [46-49], UV [50,
51] y UV con arreglo de diodos (DAD) [52], asi como técnicas analiticas no
instrumentales como el ensayo por inmunoabsorcion ligado a enzimas (ELISA) [53,
56], el radioinmuno ensayo (RIA) [58] y bioensayos como el ensayo con levadura
bioluminiscente (YES) [56, 57].

En la Tabla 1.2 se muestra un resumen de algunas metodologias analiticas

encontradas en la literatura para la determinacion de estr6genos en aguas.

Tabla 1.2. Resumen de algunas metodologias analiticas utilizadas para el analisis de
estrogenos en aguas.

Analitos

Muestras de

Pretratamiento

Sistema de analisis

Referencia

agua de la muestra
El, E2, EE2, E3 Residuales SPE GC-MS [36]
El, E2, EE2, E3 Residuales SPE GC-MS [37]
El, E2, EE2 Residuales, grifo HF-MMLLE GC-MS [38]
El, E2, EE2 Rio SPE GC-MS, [39]
GC-MS/MS,
LC-MS/MS
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Tabla 1.2. (Continuacion) Resumen de las metodologias analiticas descritas para el

Analitos
El, E2, E3

El, E2, EE2, E3
El, E2, EE2, E3

El, E2, EE2
EE2

El, E2, EE2, E3

El, E2, EE2, E3
El, E2, EE2, E3
El, E2, EE2, E3
El, E2, EE2, E3
El, E2, E3
El, E2, EE2, E3

El, E2, EE2, E3

E2

E2, EE2

El, E2

E2

E2

El, E2, E3

andlisis de estrogenos en aguas.

Muestras de
agua
Superficiales

Rio

Rio

Rio
Residuales

Residuales,
estuario

Residuales
Residuales
Residuales
Residuales, rio
Rio
Rio, grifo
Mineral,
subterranea,
rio, grifo
Superficiales,
residuales,
costeras

Residuales, rio

Residuales,
de consumo

Residuales

Residuales

Residuales

Pretratamiento
de la muestra
SPE

SPE
O-CLLE

LLE

SPE, MEPS

SPE

SPE

SPE
on-line SPE

SPE
On-line SPE
DLLME-SFO

SPE

SPE

SPE

SPE

SPE

LLE

SPE

Sistema de analisis

GC-MS

GC-MS
GC-MS

GC-MS

LVI-GC-MS

LVI-PTV-GC-MS

LC-MS/MS
LC-MS/MS
LC-MS/MS
LC-MS
HPLC-UV
UPLC-UV

LC-DAD

ELISA

ELISA

ELISA

ELISA,
YES assay

YES assay

RIA

Referencia
[40]
[41]
[42]

[43]
[44]

[45]

[46]
[47]
[48]
[49]
[50]
[51]

[52]

[53]

[54]

[55]

[56]
[57]

[58]

11



12

Capitulo 1

1.3 Fundamentos de las técnicas cromatograficas

En quimica analitica es imprescindible el uso de técnicas de separacion, ya que hacen
posible la realizacion de determinaciones selectivas. Entre las técnicas de separacion
existentes, una de las mas utilizadas es la cromatografia, que permite separar los
componentes de mezclas complejas, asi como su identificacion y cuantificacion.
Generalmente, los componentes béasicos para llevar a cabo una separacion
cromatogréafica son una fase movil, una columna (fase estacionaria), un sistema de

introduccién de muestra y un detector.

Esencialmente, la cromatografia es un método en el que la separacién se produce
como resultado de repetidos equilibrios de distribucion de los componentes de una
mezcla entre dos fases inmiscibles, la fase estacionaria y la fase mdvil. Asi, los solutos
son transportados por la fase movil a través de la fase estacionaria, separandose en
funcién de la afinidad que tengan por esta; los compuestos mas afines se retendran mas
fuertemente y avanzaran mas lentos, mientras que los que se retengan en menor medida
avanzaran mas rapido porque la fase movil los transportard més facilmente. De esta

manera, se separan los compuestos [59].

Las técnicas cromatograficas se pueden clasificar en funcién del estado de la fase
movil. De este modo se diferencia entre cromatografia liquida (LC), cromatografia de

gases (GC) y cromatografia de fluidos supercriticos (SFC) [60].

1.3.1 Cromatografia liquida en fase reversa

La principal caracteristica de la LC es que la fase movil es un liquido, mientras que la
fase estacionaria es solida (columna cromatografica). En funcién de la polaridad de las
fases podemos diferenciar entre cromatografia de fase normal, cuando la fase
estacionaria es polar y la fase mavil presenta una baja polaridad, y de fase reversa, que
es la mas utilizada actualmente, en la cual la fase estacionaria es menos polar que la fase

movil.

Generalmente, para llevar a cabo una separacion en fase reversa se utiliza como

relleno para la columna cromatografica una base de silice quimicamente unida a
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cadenas de hidrocarburos de longitudes diferentes, como las Cg 0 C15 [61]. Ademés de
las tradicionales columnas de particulas, en los ultimos afios se han desarrollado las
columnas monoliticas, cuyas propiedades han permitido la implementacion de técnicas
cromatograficas de baja presion, como la cromatografia por inyeccién secuencial
(sequential injection chromatography, SIC) [62] y la cromatografia multijeringa
(multisyringe chromatography, MSC) [63]. En el capitulo 3 se detallan tanto las
caracteristicas de las columnas monoliticas como las de la MSC, utilizada en esta tesis

para la determinacion de fenoles.

En cuanto a la fase movil, generalmente puede ser un Unico disolvente (isocratica),
o0 bien una mezcla (gradiente) en la que la proporcién de los componentes determinara
la fuerza de elucién. Al pasar la fase movil a través de la columna, ira eluyendo los
analitos retenidos, comenzando por los més polares (en el caso de fase reversa, ya que
tendrdn menor afinidad por la columna), para acabar con los menos polares, que se

retendrdn més fuertemente [64].

1.3.2 Cromatografia de gases

A diferencia de la LC, en la GC la elucion se produce por el flujo de un gas inerte que
actla como fase mavil (gas portador). Los gases mas utilizados como fase mdvil para
GC son el helio, el argén y el nitr6geno. Por tanto, en este tipo de cromatografia la fase
movil no interacciona con los analitos, sino que ejerce unicamente de transportador a

través de la fase estacionaria.

Las columnas capilares son las mas utilizadas en la GC. Se construyen de silice
fundida recubierta de un polimero protector. Pueden tener hasta 100 m de longitud, con
un diametro interno de 150 a 300 um. En la Figura 1.3 se puede ver una fotografia de

una columna capilar comercial de silice para GC.

13
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Figura 1.3. Columna capilar para GC.

Por otra parte, de entre los diferentes sistemas de inyeccion disponibles para
introducir la muestra en la columna capilar, el mas utilizado es el inyector Split/Splitless
(Figura 1.4). Con él se puede llevar a cabo la inyeccién con division de flujo (Split),
introduciendo 1-2 pL de la muestra [65] primero en una cAmara de vaporizacion a alta
temperatura, y transfiriendo después sélo una pequefia parte de ésta a la columna (0,1-
1%) arrastrada por el gas portador, mientras que la parte mayoritaria se expulsa del
inyector por la valvula de Split [66]. De esta forma se evita sobrepasar la capacidad de
la columna [67]. También ofrece la opcidn de inyectar en modo Splitless, atil para el
analisis de analitos a nivel de trazas. En este caso, la muestra es evaporada a alta
temperatura en la camara de vaporizacion y es introducida en su totalidad en la
columna, cuya temperatura se mantiene a unos 20-25°C por debajo del punto de
ebullicién del disolvente, por lo que éste condensa al entrar en la columna, formando
una barrera que actlia de trampa concentrando los analitos. Pasado un tiempo, se abre
una valvula de purga en el inyector para eliminar el disolvente vaporizado remanente y
se aumenta la temperatura de la columna para iniciar la separacion [66]. Al no haber

divisién de la muestra, aumenta considerablemente la sensibilidad del método. Esta es
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la técnica de inyeccion que se ha utilizado para el analisis de estrogenos en dos de los

trabajos de esta tesis (capitulos 5y 6).

septum de goma —HfEBE—

reguladordel
flujo de gas
entradadel i
gas portador
2 Z Ililse}‘to .de
N metal Z vidrio (liner)
AN
s vidrio
% goma
||l At purgade split

regulador del
flujo de gas

columnacapilar —#

Figura 1.4. Esquema de un inyector Split/Splitless.

El volumen de inyeccion en una columna capilar esta restringido hasta un maximo
de 2 pL [65]. Sin embargo, es posible inyectar volimenes mayores de muestra (large
volume injection, LVI) mediante técnicas de eliminacion del disolvente, con el objetivo
de mejorar el andlisis de trazas: al aumentar la muestra que introducimos en el sistema,
aumentara proporcionalmente la cantidad de analito que llega al detector, consiguiendo
areas de pico mayores y limites de deteccion méas bajos. Una de las opciones es la
inyeccidn en frio con programacion de temperatura, que requiere el uso de un inyector
del tipo vaporizador con temperatura programable (programmable temperature
vaporization, PTV). Una descripcion mas profunda de esta técnica se encuentra en el

tercer capitulo de esta tesis (3.4.2.1).
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La GC es una técnica versatil con importantes ventajas, ya que los métodos son
simples, rapidos y sensibles [66]. Sin embargo, tiene también una serie de limitaciones.
Para llevar a cabo el analisis, la muestra debe estar en fase gaseosa antes de la inyeccion
en la columna. Por tanto, esta técnica requiere que los compuestos a separar sean
volétiles o volatilizables mediante la formacion de derivados que si lo sean. Ademas,
deben ser térmicamente estables. Por esta razon, se utilizan reacciones de derivatizacion
con la finalidad de convertir compuestos no volatiles en derivados, a la vez que se
pueden modificar sus caracteristicas cromatograficas, acortando o alargando sus
tiempos de retencién para conseguir separarlos de sustancias interferentes [68]. En
funcion de los reactivos y la reaccién que tiene lugar, encontramos diferentes técnicas
de derivatizacion. La mas utilizada es la sililacion, que conlleva la sustitucion de un
hidrogeno activo unido a atomos electronegativos (grupos —OH, NH o —SH) por un
grupo alquilsililo. De esta manera evitamos la formacion de puentes de hidrégeno entre
las moléculas, interacciones que provocan un aumento en el punto de ebullicion del
compuesto, obteniendo derivados mas volatiles, termoestables, y menos polares. Los
derivados con el grupo trimetilsilil (TMS) son los mas comunes, usualmente
introducidos por reactivos como el BSTFA (N,O-Bis(trimetilsilil)trifluoroacetamida), el
BSA (N,O-Bis(trimetilsilil)acetamida) 0 el MSTFA (N-Metil-N-
(trimetilsilil)trifluoroacetamida) [69].

A continuacion se muestra la ecuacion general para una reaccion de sililacion
(Ecuacion 1.1), asi como la estructura del BSTFA (Figura 1.5), el reactivo utilizado en

la presente tesis.

Muestra-OH + R3Si-X = Muestra-O-Si-R; + HX

Ecuacion 1.1. Reaccidn general de sililacion.

CF3

OHs T O
H30—|Si—N O—El‘ni—CHg
CHa CHa

Figura 1.5. Estructura del reactivo de derivatizacion BSTFA.
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Asi, la derivatizacion es una etapa adicional en el tratamiento de muestra para el
andlisis por GC que conlleva un aumento del tiempo de analisis y del gasto de reactivos
y muestra. A pesar de ello, las mejoras significativas que proporciona en selectividad y
sensibilidad, asi como el hecho de que posibilita el analisis de una mayor cantidad de
compuestos, hace que siga siendo una etapa habitual en los anédlisis por GC.
Normalmente, estas reacciones se llevan a cabo de manera manual (off-line). Sin
embargo, actualmente se han desarrollado técnicas para realizar la reaccion en linea (on-
line) reduciendo el tiempo de pretratamiento de muestra y disminuyendo los errores
experimentales [70]. Una de estas técnicas es la derivatizacion en el puerto (in-port
derivatization), mediante la cual se introducen tanto el reactivo derivatizante como la
muestra directamente en el inyector del cromatdgrafo, donde tiene lugar la reaccion.

Esta técnica se explica mas detalladamente en el capitulo 3 de la tesis (3.4.2.1.1).
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1.4 Técnicas de preconcentracion y extraccion utilizadas

Por lo general, las muestras no se pueden analizar de manera directa, bien porque el
analito esta en una concentracion muy baja o porque la matriz es muy compleja y
contiene interferentes que pueden dificultar el andlisis o incluso dafar el equipo. Por
ello, suele ser necesaria una etapa de pretratamiento, sobre todo cuando se trabaja con
matrices complejas como muestras ambientales, para conseguir eliminar potenciales
interferentes, incrementar la robustez del método, aumentar la concentracion del
compuesto de interés o convertirlo en una especie apta para la deteccion. Para
conseguirlo se utilizan diversas técnicas, entre las que destacan la extraccion liquido-
liquido (o su variante, la extraccion liquido-liquido dispersiva) y la extraccion en fase
solida.

1.4.1 Extraccion liquido-liquido y microextraccion liquido-liquido
dispersiva

La extraccion liquido-liquido (LLE) es una de las técnicas de tratamiento de muestra
mas utilizadas en quimica analitica. Se fundamenta en un proceso de transferencia de
materia desde una fase liquida A a una segunda fase B, también liquida, que debe ser
inmiscible o sélo parcialmente miscible con la primera. El reparto del analito entre las
dos fases se basa en diferencias de solubilidad, que, en definitiva, dependen de los
momentos dipolares y la polarizabilidad de las moléculas. Se define el coeficiente de
reparto (K) como la solubilidad del analito en el medio B dividida por la solubilidad en
el medio A. Para que la extraccion sea efectiva, K debe tener un valor elevado, ya que
esto indicara que nuestro compuesto de interés es mas soluble en la fase B, es decir, que

tiene mas afinidad por ésta, consiguiendo asi extraerlo de la fase A.

Por tanto, un factor decisivo para obtener una extraccion satisfactoria es la
composicion de las fases utilizadas. Normalmente, se utiliza una fase acuosa y otra
organica, si bien se pueden emplear combinaciones de disolventes organicos
inmiscibles. En la fase acuosa suele estar disuelto el soluto a separar, junto con &cidos,
sales inorgédnicas 0 sustancias organicas, que pueden provenir de la matriz de la

muestra, del tratamiento previo o pueden haber sido afiadidas de forma intencionada
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para mejorar la extraccion. Es importante conocer el pH de la fase acuosa, ya que es en
muchas ocasiones un factor determinante dado que el soluto debe estar en la forma

adecuada para transferirse a la segunda fase.

La segunda fase, la fase organica, también llamada extractante, puede ser un Unico
disolvente o una mezcla. Debe ser muy poco soluble en agua y no reaccionar con ella;
ademas, se valora que posea caracteristicas como un bajo punto de ebullicion, presion
de vapor y viscosidad moderados, que no forme emulsiones, que sea quimicamente
estable y no toxico. La transferencia del compuesto de interés desde la fase acuosa
puede deberse a procesos de solvatacion, formacion de complejos o formacion de
aductos [71].

Una variante de la tradicional LLE es la microextraccion liquido-liquido dispersiva
(DLLME). Esta técnica fue desarrollada por Rezaee et al. en 2006 [72]. Se basa en el
uso de un tercer componente, llamado dispersante, el cual es soluble tanto en la fase
acuosa como en la orgéanica. Dicho dispersante se afiade a la fase organica para
aumentar su solubilidad en agua. A continuacion, la mezcla de dispersante y extractante
organico se inyecta rapidamente en la muestra acuosa con una jeringa, formandose una
disolucion turbia por la rapida dispersion del extractante en finas gotitas. De esta
manera se consigue aumentar en gran medida la superficie de contacto entre las fases,
con lo que se consiguen altas eficiencias en la extraccion [73]. En los primeros trabajos
desarrollados se utilizaban extractantes mas densos que el agua, por lo que después era
necesario centrifugar para a continuacion extraer manualmente la fase sedimentada y
proceder a su analisis. Como variante, si el disolvente es menos denso que el agua y
queda en la parte superior, se consigue la separacion de fases mediante flotacion en

lugar de centrifugacion [74].

Las ventajas de la DLLME con respecto a la LLE clasica son claras: mientras que
la técnica tradicional requiere consumir grandes cantidades de reactivos y tiempo, la
DLLME es simple, répida, y permite alcanzar elevados factores de preconcentracion
[75,76]. Ademas, es econdmica y mas beneficiosa para el medio ambiente, ya que se

utilizan cantidades menores de reactivos y muestra.
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El funcionamiento de la DLLME se muestra paso a paso en la Figura 1.6.

Figura 1.6. Fotografia original de Rezaee et al. [72], en la que aparecen los diferentes
pasos en la DLLME: (a) antes de la inyeccion del dispersante (acetona) y el extractante
(CCly) en la disolucion de la muestra, (b) inicio de la inyeccion, (c) final de la
inyeccion, (d) fotografia realizada con un microscopio 6ptico, magnitud 1000, que
muestra las finas particulas de C,Cly, (e) después de centrifugar y (f) imagen aumentada
de la fase sedimentada (5,0 £ 0,2 uL).

1.4.2 Extraccion en fase solida

Hoy en dia, la extraccion en fase sélida (SPE) es la técnica mas utilizada para el
pretratamiento de muestras liquidas. La SPE presenta una serie de ventajas frente a la
LLE, como son la reduccion del tiempo y coste por andlisis, un menor consumo de
reactivos y produccion de desechos, y una menor exposicion del analista a disolventes
organicos, entre otras.
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El fundamento de esta técnica es similar al de la LLE, ya que se basa en las
diferencias de afinidad que presenta el analito por una fase sélida. De esta forma, para
llevar a cabo la SPE se hace pasar la muestra a través de una fase estacionaria,
previamente acondicionada, en la que algunos compuestos quedaran retenidos mientras
otros pasaran inalterados. Normalmente, los compuestos retenidos son los analitos de
interés, que seran posteriormente eluidos utilizando un disolvente apropiado, el cual
puede ser suavemente evaporado si es necesario mejorar el factor de enriquecimiento
del eluato. Asi, la extraccion elimina gran parte de la matriz de la muestra simplificando
el andlisis [77,78]. La fase estacionaria y el eluyente utilizados dependeran del analito,
su concentracion y la matriz en la que se encuentre. Los pasos basicos para llevar a cabo

una SPE se encuentran esquematizados en la Figura 1.7.

Acondicionamiento Muestra Lavado Eluciéon

LR ERT AR
HENN

Ana 11t

[ N R |

Figura 1.7. Pasos para realizar la SPE. A) Acondicionamiento de la columna; B)

adicion de la muestra; C) lavado de la columna; D) elucién de los analitos.

A partir de la SPE tradicional se han desarrollado multitud de variantes, tanto por
las posibilidades de automatizacion que ofrece la técnica [79], como por el desarrollo de
nuevos materiales que pueden ser utilizados como adsorbentes, como por ejemplo
carbones porosos [80] derivados de estructuras metalorganicas (metal-organic
frameworks, MOFs) [81], descritas en el capitulo 3 (3.3.2).
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1.5 Introduccion general a las técnicas de analisis en flujo

Las técnicas de andlisis en flujo permiten el desarrollo de sistemas total o parcialmente
automatizados para el manejo de fluidos. De esta manera, se pueden automatizar las

técnicas de pretratamiento de muestra, e incluso analisis completos.

El uso de estos sistemas conlleva una serie de importantes ventajas, como la
reduccion al minimo de la manipulacion de la muestra por parte del analista,
salvaguardando asi su seguridad y evitando la contaminacion de la misma, asi como un
menor consumo de reactivos y muestra y, con ello, una menor generacién de residuos,
haciendo que los analisis resulten menos perjudiciales para el medio ambiente. Por otra
parte, también se consiguen mejoras en los resultados, pues son Mas precisos Yy
reproducibles que con las técnicas tradicionales, a la vez que se ahorra tiempo y coste

por analisis.

Por todos estos motivos, las técnicas de analisis en flujo son utiles tanto para
andlisis de rutina como para investigacion. En concreto, se han realizado grandes
esfuerzos para automatizar la preparacion de muestras, puesto que normalmente es la
parte mas larga de un analisis y la que contribuye en mayor medida a la incertidumbre

del mismo.

La primera técnica de flujo desarrollada fue el analisis en flujo segmentado
(segmented flow analysis, SFA), propuesto por L. T. Skeggs en la década de los 50
[82]. Desde entonces las técnicas de flujo han ido evolucionando, desarrollandose entre
otras el andlisis por inyeccion en flujo (flow injection analysis, FIA) [83], el analisis por
inyeccion secuencial (sequential injection analysis, SIA) [84], el analisis por inyeccion
en flujo multiconmutado (multicommutation flow injection analysis, MCFIA) [85], el
analisis por inyeccion en flujo multijeringa (multisyringe flow injection analysis,
MSFIA) [86], el sistema en flujo multibomba (multipumping flow systems, MPFS) [87]

y el laboratorio en vélvula (lab-on-valve, LOV) [88].

Puesto que se pueden encontrar un gran namero de publicaciones en las que se
describe el surgimiento y evolucion de las técnicas en flujo [89-93], a continuacion se

incluira sélo una breve descripcion de las técnicas utilizadas en esta tesis.



Introduccién

1.5.1 Analisis por inyeccién secuencial

J. Ruzicka y G. D. Marshall desarrollaron en 1990 la técnica de analisis por inyeccion
secuencial (SIA) [84]. Esta técnica se basa en utilizar una bomba de piston bidireccional
con una jeringa que tiene una valvula de tres vias en la cabeza. Esto permite que los
fluidos puedan ser aspirados o dispensados hacia las dos posiciones de la valvula
(normalmente, hacia un reservorio del reactivo, o hacia el sistema de tuberias). En la
configuracién bésica de un sistema SIA, la jeringa se conecta al puerto central de una
valvula de seleccion mediante un bucle de carga. En otro de los puertos de la valvula de
seleccion se encuentra el detector. Asi, el fluido portador de la jeringa empuja la
muestra para ser introducida en el sistema e impulsada hacia el detector. En la Figura
1.8 se puede ver la configuracion basica de un sistema SIA.

Muestra

Reactivo 1

Reservorio A

de reactivo

Reactivo 2

@ V
Desagiie
(Waste) BC2
H D
S
Desagiie
(Waste)

Figura 1.8. Representacion esquematica de un sistema SIA. BC: Bucle de carga; D:
Detector; S: Jeringa, V: Véalvula solenoide de la cabeza de la jeringa; VS: Vélvula de
seleccion.

Al contrario que en las técnicas que se desarrollaron anteriormente, como SFA y
FIA, en SIA el flujo no es continuo, sino discreto. Esta propiedad permite un gran
ahorro en el consumo de muestra y reactivos, a la vez que proporciona mayor

versatilidad y flexibilidad a la hora de modificar los métodos sin necesidad de alterar el
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manifold (red de tuberias del sistema). Por otra parte, la técnica SIA resulta mas robusta
que las anteriores y soporta presiones mas elevadas, lo que ha dado lugar al desarrollo
de nuevas metodologias o la automatizacion de tratamientos de muestra que no eran
factibles utilizando FIA o SFA. Ademas, para propulsar los liquidos se utilizan jeringas
de vidrio que no se ven deterioradas por el contacto con productos quimicos agresivos o
disolventes, al contrario que lo que pasa con los tubos de Tygon de las bombas

peristalticas utilizadas en FIA.

En cuanto a las desventajas de la técnica SIA, cabe destacar que ésta requiere del
uso de ordenadores, provocando un incremento en los costes y complejidad
instrumental. Ademas, las frecuencias de analisis obtenidas en sistemas SIA son
menores que las obtenidas con FIA, al ser un método secuencial y con ello requerir un

cambio continuo de la posicion de una valvula de seleccion [94].

1.5.2 Analisis por inyeccion en flujo multijeringa

La técnica de andlisis por inyeccion en flujo multijeringa (MSFIA) fue desarrollada en
1999 por V. Cerda [86] con el objetivo de combinar las ventajas de las técnicas FIA,
SIA y MCFIA, evitando sus inconvenientes [95,96].

La base de esta técnica es el uso de una bureta automatica que puede ser equipada
con hasta cuatro jeringas que se mueven de manera simultdnea, puesto que se
encuentran sobre una barra metélica impulsada por un Unico motor paso a paso. Esto
equivaldria a utilizar una bomba peristaltica multicanal en FIA sin utilizar sus fragiles
tubos. Por tanto, la técnica MSFIA permite mezclar muestra y reactivos por confluencia,
obteniendo asi frecuencias de analisis elevadas y mejorando la eficiencia de la mezcla

con respecto a la técnica SIA.

Ademas, en la cabeza de cada jeringa se encuentra una valvula solenoide de tres
vias, gracias a la cual se pueden llevar a cabo operaciones similares a las de la técnica
MCFIA sin parar el movimiento de las jeringas. También cuenta con la robustez y el
bajo consumo que ofrece el SIA, puesto que las disoluciones solo se encuentran en
contacto con jeringas de cristal o tubos de teflon, y Gnicamente se utilizan las cantidades

de reactivos y muestra requeridas. Dado que los instrumentos se controlan con
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ordenador, los volumenes y caudales de los fluidos son manejados de manera precisa, y

las posiciones de las valvulas solenoides son facilmente intercambiables [94].

En la Figura 1.9 se muestra el esquema de un tipico manifold utilizado en MSFIA,

mientras que en el capitulo 3 se puede encontrar una descripcién mas detallada de un

modulo MSFIA.

Muestra
VEI1
BC
VVIVN—C
= BR1
() BR2

VE2

S1 S2 83 S4
MM

Desagiie
(Waste)

D L— Desaglie
(Waste)

Figura 1.9. Representacion esquematica de un sistema MSFIA. BC: Bucle de carga;

BR: Bucle de reaccion; D: Detector; MM: Médulo multijeringa; S: Jeringa, V: Véalvula

solenoide; VE: Valvula solenoide externa.

1.5.3 Laboratorio en valvula (lab-on-valve)

El concepto de laboratorio en valvula (lab-on-valve, LOV) fue propuesto en el afio 2000

por J. Ruzicka [88]. Esta basado en sustituir la tapa de una valvula de seleccion de un

sistema SIA por una placa de metacrilato con conductos. Dentro de esta plataforma se

pueden llevar a cabo los procedimientos analiticos necesarios para la preconcentracion y

posterior deteccion de los analitos.
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Esta técnica presenta varias ventajas, como la gran miniaturizacion que se consigue
en comparacion con los sistemas SIA tradicionales, asi como que la posicion rigida
permanente de sus canales asegura la repetitividad a la hora de manipular pequefios
volimenes (en el rango de los pulL). Ademas, el LOV se puede utilizar para manejar
materiales solidos en suspensién y asi crear microcolumnas (analisis por inyeccion de
perlas - bead injection analysis, BIA) para realizar extracciones en fase microsolida (u-
SPE) en los canales de la plataforma [97,98]. Una vez superada la vida util de la
columna, se puede renovar de manera automatica, proporcionando una mayor

reproducibilidad en el proceso de empaquetamiento de la misma.

En el capitulo 3 se puede encontrar una descripcion técnica mas detallada del LOV.
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1.6 Quimica analitica verde

Se conoce como quimica verde o quimica sostenible (green chemistry) al movimiento
actual que busca promover nuevas formas de disefiar, desarrollar e implementar
productos y procesos quimicos, a fin de reducir el impacto negativo que estas practicas
tienen para los seres humanos y para el medio ambiente. Se rige por doce principios,
postulados por P. Anastas y J. Warner en 1998 [99], dirigidos mayoritariamente a los
procesos de sintesis organica.

En el desarrollo y validacion de metodologias analiticas se tienen en cuenta muchos
pardmetros criticos (exactitud, precision, sensibilidad, coste...), pero los aspectos
relativos a la seguridad del analista y al impacto ambiental no solian considerarse. A
partir del concepto de quimica verde surgié en el afio 2000 la idea de la quimica
analitica verde (green analytical chemistry, GAC) [100], centrada en desarrollar
métodos analiticos méas respetuosos con el medio ambiente. Los objetivos clave que se

han de conseguir son [101]:

1. Eliminar o reducir el uso de sustancias quimicas (disolventes, reactivos,
aditivos y otros).

2. Minimizar el consumo de energia.

3. Manejar adecuadamente los residuos analiticos.

4. Aumentar la seguridad del operador.

La consecucidn de estos objetivos implica la reduccion de la muestra, los reactivos,

los residuos, los riesgos... [102].

En este contexto, es evidente la importante aportacion de las técnicas en flujo, que
Ilevan implicita la miniaturizacion de las técnicas analiticas tradicionales. Como se ha
mencionado en el apartado anterior, en general los sistemas en flujo reducen
significativamente el consumo de reactivos y muestra, generando menos residuos. Esta
reduccion es especialmente notable con las técnicas utilizadas en esta tesis, SIA y
MSFIA, ya que permiten realizar procedimientos multiconmutados en los que s6lo se

consumen reactivos cuando son necesarios, evitando el flujo continuo caracteristico de
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las técnicas FIA. Ademas, estos sistemas disminuyen la manipulacién de muestra y
reactivos por parte del analista, por lo que son métodos mas seguros.

Por todo ello, podemos afirmar que los métodos desarrollados en esta tesis ofrecen
alternativas a los métodos tradicionales de anélisis de contaminantes, tanto para la etapa
inicial de pretratamiento de la muestra mediante la miniaturizacion y automatizacion de
las técnicas de extraccion (DLLME, USPE), como para su deteccion y cuantificacion
(MSC, derivatizacion en linea), siguiendo las directrices de la quimica analitica verde y

cumpliendo con la actual preocupacion publica por el cuidado del medio ambiente.
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Objetivos

2.1 Objetivo general

Teniendo en cuenta las propiedades de los compuestos mencionados, asi como su
preocupante presencia en el medio ambiente, el objetivo general de esta tesis doctoral es
desarrollar nuevos métodos sensibles, precisos y rapidos para la determinacion de

contaminantes emergentes y prioritarios en aguas.

Para ello se han disefiado sistemas automatizados utilizando técnicas de andlisis en
flujo, a fin de conseguir métodos simples con los que se minimiza el consumo de
reactivos y la generacién de residuos, siguiendo los principios de la llamada quimica

analitica verde.

2.2 Objetivos especificos

Los objetivos especificos que se han planteado para esta tesis, clasificados de acuerdo a

los capitulos correspondientes, son los siguientes:

1. Desarrollar un analizador totalmente automatizado para la determinacion de
compuestos fendlicos en aguas usando la técnica extraccion liquido-liquido
dispersiva con agitacion magnética asistida en jeringa (in-syringe-MSA-
DLLME) acoplada a la cromatografia multijeringa (MSC) como técnica

cromatografica alternativa de bajo coste (capitulo 4).

2. Desarrollar un sistema para la extraccion y preconcentracion de estrégenos en
aguas residuales utilizando la técnica in-syringe-MSA-DLLME antes del analisis
por GC-MS (capitulo 5).

3. Sintetizar y estudiar la aplicabilidad de microparticulas magnéticas obtenidas a

partir de cristales de ZIF-67 para la extraccion de estrogenos (capitulo 6).
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4. Desarrollar un sistema automatizado para llevar a cabo una extraccion en fase
microsolida dispersiva en jeringa (in-syringe magnetic dispersive micro-solid
phase extraction) de estrogenos en aguas residuales, utilizando como adsorbente

los carbones magnéticos sintetizados (capitulo 6).

5. Desarrollar un sistema SIA-LOV para la preconcentracion de estrégenos en
aguas de mar previo a la deteccion por GC-MS, realizando la derivatizacion del
extracto en linea (in-port derivatization) y utilizando la técnica de inyeccion de

grandes volumenes (large volume injection, LVI) (capitulo 7).
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Materiales y métodos

3.1 Instrumentacion para las técnicas en flujo

3.1.1 Modulo multijeringa

El modulo multijeringa (BU4S, Crison Instruments, Barcelona, Espafia) es el
componente principal de un sistema MSFIA (Figura 3.1) [1]. Cada mddulo tiene
capacidad para cuatro jeringas. Las jeringas utilizadas en esta tesis (Hamilton, Bonaduz,
Switzerland) son de vidrio y tienen un émbolo de aluminio con un piston de
politetrafluoroetileno, permitiendo el uso de reactivos agresivos. Cada émbolo se coloca
en una barra externa que se desplaza gracias a un motor paso a paso. El recorrido del
pistén puede ser de 5000, 16000 o 40000 pasos, dependiendo del modelo de bureta
seleccionado. Todas las jeringas se mueven simultdneamente inyectando (dispense) o
aspirando (pick-up) los liquidos a caudales que pueden ir desde los uL min™ a los

mL min, en funcién del nimero de pasos y del volumen de las jeringas que se utilicen.

Figura 3.1. Vista frontal del médulo multijeringa [2].

En la cabeza de cada jeringa hay instalada una vélvula solenoide de tres vias (N-
Research, Caldwell NJ, USA) que permite crear diversas modalidades de inyeccion y

protocolos de multiconmutacion. Cada valvula tiene dos posiciones, “on” y “off”, a
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través de las cuales se puede conectar el canal de la jeringa a dos canales de
entrada/salida diferentes, en funcién de la activacion o no del solenoide (Figura 3.2).
Estas jeringas permiten trabajar a presiones de hasta 2 bar (esta limitacion depende de
las valvulas solenoides implicadas), y responden en tiempos tan rapidos que facilitan la
conmutacion sin detener el flujo (35 ms). Ademas, mediante el uso de las vélvulas
solenoides los reactivos pueden ser devueltos a sus depositos cuando no sean
necesarios, disminuyendo asi el consumo de reactivos y la generacion de residuos

respecto a los procedimientos tradicionales de técnicas de inyeccion en flujo.

a) b) f
o l\\_l off on /l‘/ °

Valvula solenoide

Tl

IIIIIIIlIIIl
llllllllllll

Figura 3.2. Funcionamiento de la valvula solenoide ubicada en el cabezal de cada
jeringa. a) Valvula solenoide activada: posicidon “on”; b) valvula solenoide desactivada:

posicion “oft”.

Por otro lado, en la parte posterior de cada mdédulo multijeringa se encuentran
cuatro salidas que permiten conectar y controlar otros dispositivos a través del
ordenador, como motores, agitadores, microbombas, ventiladores, LEDs.. posibilitando
el disefio de sistemas de flujo mas complejos y con mas aplicaciones. Uno de los
dispositivos mas utilizados son las valvulas solenoides externas (Figura 3.3), como las

comercializadas por la empresa Takasago (Takasago Electric Inc, Japon), que funcionan
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de la misma manera que las valvulas solenoides ubicadas en las cabezas de las jeringas,
pero permiten trabajar a presiones mayores (hasta valores nominales de 6 bar,

dependiendo del modelo utilizado).

Figura 3.3. Valvula solenoide externa [3].

3.1.2 Valvula de seleccion

En los sistemas desarrollados se han utilizado vélvulas de seleccion de las marcas
Crison Instruments y Sciware Systems S.L. (Sciware Systems S.L., Bunyola, Spain). La
diferencia entre éstas es el nimero de posiciones de la valvula (8 puertos periféricos en
el caso de Crison; 6, 8, 10 y hasta 27 puertos en el caso de Sciware Systems S.L.).
Ademas, hemos comprobado experimentalmente que el médulo de Sciware Systems
S.L. soporta una mayor presion en el sistema, por lo que se ha utilizado para los

sistemas que debian cumplir dicha caracteristica.

El funcionamiento de estos modulos de valvulas es el mismo. En la Figura 3.4 se
puede ver una valvula de seleccion tipica, hecha de PEEK (tapa) y PTFE (rotor), cuyos
materiales son quimicamente resistentes. El puerto central de la valvula se conecta con
una bomba de piston de tres vias, como una jeringa. La posicion del rotor se controla a
través del ordenador, por lo que podemos situarlo en cada uno de los puertos periféricos
para conectarlos con el puerto central y asi aspirar o dispensar secuencialmente los

diferentes reactivos.
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Figura 3.4. a) Tapa de la valvula de seleccion. b) Parte interna de la valvula y rotor.

3.1.3 Sistema de agitacion magneética asistida (MSA)

Para llevar a cabo la microextraccion liquido-liquido dispersiva con agitacién magnética
asistida dentro de la jeringa (in-syringe-MSA-DLLME, descrita en el apartado 3.3.1) y
la extraccion en fase microsélida dispersiva en jeringa (in-syringe magnetic D-u-SPE,
descrita en el apartado 3.3.2.) se ha utilizado un sistema de agitacion desarrollado por

Sciware Systems a partir de un dispositivo anterior [4].

Este sistema de agitacion, esquematizado en la Figura 3.5, se compone de un
agitador magnético y un sistema de agitacion magnética (MSA). El agitador se
introduce dentro de la jeringa para favorecer la mezcla de las fases y/o la dispersion de
las particulas. Su movimiento se controla por ordenador a través del sistema MSA,
formado por los siguientes elementos: un dispositivo de agitacién externo que provoca
el giro de la barra agitadora; un motor, que fuerza la rotacién de este dispositivo; y un
circuito, que controla tanto la puesta en marcha como las revoluciones del motor a

través de una de las salidas posteriores del modulo multijeringa.

El dispositivo de agitacion externo, que puede verse en la Figura 3.6, esta disefiado
para crear un campo magnético rotatorio alrededor de la jeringa. Consiste en un anillo
de 30 mm de didmetro externo y 14 mm de didmetro interno que se coloca alrededor del
cuerpo de vidrio de la jeringa. El anillo tiene insertados dos pequefios imanes
enfrentados, colocados teniendo en cuenta su campo magnético, a fin de conseguir

polaridades opuestas en los dos lados del mismo. De esta forma, la barra agitadora se
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coloca segln la polaridad de los imanes. Al disparar el motor, el anillo comienza a girar,
y con él la barra agitadora.

Figura 3.5. Esquema del sistema de agitacion magnética asistida (MSA). M: Motor.

Figura 3.6. Fotografia del anillo de PEEK que actGa como dispositivo de agitacion
externo.
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3.1.4 Lab-on-valve (LOV)

El concepto de laboratorio en vélvula (lab-on-valve, LOV) [5] es conocido como la
tercera generacion de técnicas en flujo. Esta técnica facilita la integracion de diversas
unidades analiticas en la valvula, y tiene un gran potencial para el desarrollo de métodos

de analisis miniaturizados.

La clave de la técnica es la sustitucion de la tapa de una vélvula de seleccion por un
dispositivo microfluidico, haciendo que al cambiar la posicion del rotor se una el canal
central con los puertos periféricos a través de microcanales (Figura 3.7). EI LOV se
utiliza en combinacion con técnicas como SIA o MSFIA, por lo que los fluidos son
aspirados o dispensados secuencialmente de manera precisa a través de los microcanales
del dispositivo. Estos microcanales se disefian en funcién de la aplicacion del sistema,
por lo que pueden estar destinados a diferentes fines, como actuar como celda de flujo
para una deteccion espectrofotométrica en linea [6], o contener una microcolumna para
la extraccion en fase sélida (SPE), como en el caso del trabajo realizado en esta tesis,
explicado en el capitulo 7.

Los sistemas LOV tienen la ventaja de ser muy compactos. Ademas, se pueden
automatizar todos los pasos del protocolo analitico, y la posicion rigida y permanente de
la estructura y de los canales asegura la repetibilidad a la hora de manipular los

microvolimenes de muestra y reactivos [5].

Concretamente, en el trabajo realizado en esta tesis doctoral se ha utilizado un LOV
de 8 posiciones fabricado en Ultem, un material que soporta disolventes organicos. Seis
de sus microcanales, destinados al paso de fluidos, tienen un didmetro interno de 1,5
mm y una longitud de 28,0 mm. Los dos canales restantes, con un didmetro interno de

3,0 mm, se han utilizado como reservorio para la resina y como microcolumna de SPE.

Como puede verse en la Figura 3.7., en la posicion 8 del LOV es donde se
encuentra el reservorio de la fase sélidad, una jeringa de plastico que contiene una
suspension de resina C18 en MeOH, la cual puede ser aspirada a través del bucle de
carga y posteriormente dispensada a la posicion 5, en la que se forma la microcolumna

para la p-SPE. Esta metodologia, conocida como inyeccién de perlas (bead injection, Bl
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[7]) permite el transporte de materiales solidos en el sistema, pudiendo renovar la
columna en linea de manera automatizada y reproducible cuando es necesario. A fin de
contener la resina dentro del canal del LOV, se ha colocado a su salida una frita de
vidrio de 35 pum de diametro de poro, que permite el flujo de las disoluciones a la vez

que retiene la microcolumna en el sistema.

Figura 3.7. Fotografia del LOV utilizado en la que se encuentran marcados el canal 5,
en el interior del cual se forma la microcolumna (abajo), y la jeringa que actia como

reservorio de la resina (arriba).

3.1.5 Conexiones, tuberias y otros elementos

Las redes de tuberias o manifold utilizadas en los sistemas se han fabricado con tuberia
de PTFE de diferentes didmetros internos (0,8 mm y 1,5 mm). Los tornillos y

conectores estan hechos de PEEK, a fin de que sean resistentes a disolventes organicos.
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Cuando ha sido necesario, también se han utilizado cabezales ciegos de una via
para sustituir la valvula solenoide de la jeringa (capitulo 4) o cabezales ciegos sin salida
(capitulo 6) fabricados en KEL-F.

En el analizador de compuestos fenolicos se ha incluido un desburbujeador
disefiado especialmente para realizar medidas espectrofotométricas en flujo y fabricado
en Delrin. Este dispositivo estd constituido por dos piezas que tienen dos canales
grabados, uno interno y otro externo (Figura 3.8), entre los cuales va colocada una
membrana de teflon. Al pasar la disolucidn con burbujas de aire por los canales, el aire
atraviesa el filtro, mientras que el liquido continta hacia el detector ya sin burbujas que
interfieran en la deteccion espectrofotométrica.

Figura 3.8. Piezas del desburbujeador entre las que se coloca la membrana de teflén. A
la izquierda, canales por donde pasa el liquido; a la derecha, pieza con salidas para el

aire.
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3.2 Software AutoAnalysis

Se ha utilizado el programa AutoAnalysis 5.0 para el control de los instrumentos, asi
como para la adquisicion y procesamiento de los datos en el caso del trabajo descrito en
el capitulo 4. Este programa ha sido desarrollado por el grupo de Quimica Analitica,
Automatizacion y Medio Ambiente [8], y es comercializado por la empresa Sciware
Systems S.L., Spin Off de la UIB.

AutoAnalysis ha sido programado en Delphi 5.0 y Visual C++. Se basa en la
utilizacion de librerias de enlace dinamico (DLL’s) de 32 bits, que permiten conectar y
controlar una gran cantidad de instrumentos distintos, por lo que ofrece una gran
flexibilidad y versatilidad para la automatizacion de métodos analiticos. Ademas, es una
herramienta muy fécil de manejar para usuarios no especializados, ya que su interfaz es

sencilla y su disefio muy intuitivo.

3.2.1 Configuracion del sistema

El menu Hardware de AutoAnalysis permite configurar el sistema, conectando los
instrumentos que lo forman para después utilizarlos para la elaboracion del método
analitico. Tal y como se muestra en la Figura 3.9, en la parte derecha de este menu estan
localizadas las conexiones e instrumentacion disponibles, y en la zona central aparece la
configuracién actual. En este caso la configuracion mostrada se corresponde con la
utilizada en el método para la determinacion de compuestos fenolicos (capitulo 4), y se
compone de una bureta multijeringa y un médulo de valvulas que estan conectados en
serie a través de un canal CRISON, un segundo mddulo de valvulas conectado a través
de un canal VICI, y un espectrofotometro OceanOptics conectado a través de un puerto

USB directamente al ordenador.
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Figura 3.9. Menu Hardware, en el que se puede configurar el sistema conectando los

distintos instrumentos que lo forman.

3.2.2 Edicion del método

Tras realizar la configuracién del sistema en el meni Hardware, tendremos los
instrumentos que hemos conectado disponibles para disefiar el método, que se traduce
como una secuencia de instrucciones ejecutadas por los instrumentos. Estas
instrucciones se pueden realizar de manera exclusiva, de forma que hasta que no
termine de ejecutarse cada instruccion no se iniciara la siguiente, o de forma no
exclusiva, permitiendo que el método siga avanzando aunque la instruccion en curso no
haya acabado. Cuando es posible, realizar las instrucciones de manera no exclusiva

permite acortar el tiempo de analisis.

Para disefiar un método en el software AutoAnalysis disponemos del mend de
edicion Methods - Editor (Figura 3.10). En él podemos definir la secuencia de
instrucciones deseada, ademas de funciones adicionales como controlar tiempos (con la
funcién Wait) o repetir determinados pasos de la secuencia (con la funcién Loop). Otra
funcion que resulta muy util es la creacion de procedimientos, que son una serie de

instrucciones agrupadas bajo un mismo nombre que se definen una Unica vez y se
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pueden utilizar varias veces en el mismo método o en métodos distintos; por ejemplo, se
puede definir un procedimiento de limpieza de las jeringas que se ejecute siempre que

sea necesario.
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Figura 3.10. Menu de edicion del método.

Una vez que tenemos el método disefiado podemos comprobar que no existe ningdn
error o incoherencia en el mismo (por ejemplo, una orden de aspirar un volumen mayor
que el disponible en las jeringas) mediante un simulador virtual que verifica la
secuencia sin poner en marcha los instrumentos instalados. Ademas, el método puede
ser guardado para usarlo cuando sea necesario. Durante la ejecucion de un método que
incluya la deteccion en linea podemos ver la sefial analitica a tiempo real, asi como
afiadir marcas a distintos tiempos y cambiar la escala, gracias a la barra de herramientas

que se encuentra en la parte superior (Figura 3.11).
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Figura 3.11. Sefiales analiticas obtenidas durante la determinacion de compuestos

fenolicos. (A) Marca que indica un cambio de fase movil.

3.2.3 Tratamiento de los datos

Cuando en el sistema configurado incluimos un detector, la sefial analitica que éste
capta se registra en AutoAnalysis y se le asigna un valor numérico (como por ejemplo,
altura o area de pico). El programa permite también guardar y procesar los datos:
suavizar los picos, obtener primera y segunda derivada, eliminar burbujas de aire del

espectro, corregir manualmente las alturas o areas de pico calculadas, etc.
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3.3 Automatizacion de las técnicas de pretratamiento de muestra

utilizadas

3.3.1 Extraccion liquido-liquido dispersiva en jeringa (in-syringe-
DLLME)

La automatizacion de la técnica DLLME mejora su reproducibilidad, ya que implica
trabajar con volumenes considerablemente pequefios que se manejan de manera mas
reproducible en un sistema automatico cerrado. Inicialmente, esta técnica se utilizaba
Unicamente con disolventes de extraccibn mas densos que el agua, pero su
automatizaciéon ha permitido el uso de otros disolventes, abriendo el campo a

extractantes menos dafiinos para el medio ambiente.

Anthemidis et al. presentaron en 2009 el primer trabajo basado en la
automatizacién de la DLLME [9] utilizando un sistema SIA para la determinacién de Pb
y Cu por espectrometria de absorcién atomica en llama. Este trabajo dio paso a otros,
como el de Maya et al. [10] quienes desarrollaron un sistema en jeringa (in-syringe) en
el que las jeringas de una bureta multijeringa actuaban como tanque de mezcla para la
extraccion y deteccion cromatografica de benzo(a)pireno (Figura 3.12). Para llevar a
cabo la extraccién, primero aspiraban un pequefio volumen de disolvente organico
menos denso que el agua, para después aspirar la muestra acuosa a una velocidad
elevada, haciendo que se mezclen las dos fases. A continuacion, a causa de la diferencia
de densidad, las gotas de disolvente organico subian y se formaba un bolo en la cabeza
de la jeringa, el cual era dispensado hacia el detector.

Desde entonces, los sistemas in-syringe-DLLME han seguido evolucionando, con
innovaciones como el desarrollo de un dispositivo de agitacion magnética asistida (cuyo
funcionamiento se ha detallado en el apartado 3.1.3) que permite una mezcla mas
homogénea y reproducible entre las fases, dando lugar a sistemas in-syringe-MSA-
DLLME, utilizados en la presente tesis para la extraccion y preconcentracion de fenoles

(capitulo 4) y de estrégenos (capitulo 5).
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Muestra ARES
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Figura 3.12. Sistema in-syringe-DLLME propuesto por Maya et al. [10]. BC: Bucle de

carga; CM: columna monolitica; D: detector; VI: Valvula de inyeccion; VS: Valvula de

El funcionamiento general de los sistemas in-syringe-MSA-DLLME se presenta de

seleccion.

manera esquematica en la figura siguiente (Figura 3.13).
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Figura 3.13. Procedimiento para llevar a cabo la in-syringe-MSA-DLLME (A) Carga
de los disolventes (extractante y dispersante). (B) Al cargar la muestra acuosa con el
sistema de agitacion activado, los disolventes se dispersan a través de ésta debido al giro
de la barra magnética provocado por el sistema MSA. (C) Al detener el sistema de
agitacion se produce la separacion de fases. En el caso esquematizado, el disolvente
orgénico utilizado es mas denso que el agua, quedando a la salida de la jeringa. Si el
disolvente fuera menos denso que el agua, el médulo multijeringa se podria posicionar
al revés para que el bolo de disolvente quedara a la salida de la jeringa. (D) Al
dispensar con la jeringa sale primero el bolo de disolvente organico, que se puede

recolectar en un vial para su analisis, o bien enviar a otro punto del sistema o al detector.
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3.3.2 Extraccion en fase microsoélida magnética dispersiva en jeringa

(in-syringe magnetic D-u-SPE)

En los dltimos afios, la extraccion en fase microsélida (microsolid phase extraction, p-
SPE), una version miniaturizada de la SPE[11], ha despertado un gran interés, dada la

creciente tendencia a desarrollar métodos menos perjudiciales para el medio ambiente.

Una de las variantes de la p-SPE con las que se trabaja actualmente es la p-SPE
dispersiva (D-p-SPE), en la que el adsorbente no se encuentra inmovilizado, sino
mezclado con la matriz de la muestra mediante ultrasonidos, vortex, sonicacion, 0
usando un emulsificador, lo cual ofrece mejores eficiencias de extraccion porque

aumenta la interaccion entre el absorbente y los analitos [12].

Un grupo de materiales que se esta utilizando para este tipo de aplicaciones
analiticas son las estructuras metal-organicas (metal-organic frameworks, MOFs [13]).
Los MOFs son materiales cristalinos en los que se enlazan iones metalicos a través de
moléculas organicas formando estructuras tridimensionales porosas. Presentan
interesantes propiedades, tales como una elevada &rea superficial, estabilidad térmica y
cavidades uniformes, cuyo tamario puede ser controlado para obtener desde microporos
a mesoporos. Zhou et al. [14] fueron los primeros en reportar el uso de este tipo de

materiales para la extraccién en fase sélida de hidrocarburos aromaéticos policiclicos.

Un enfoque que se esta usando recientemente es sintetizar MOFs magnéticos para
llevar a cabo la D-u-SPE, ya que esta propiedad favorece su dispersion en la matriz.
Esta estrategia ha facilitado el uso de MOFs en sistemas en flujo, dando lugar a la D-p-
SPE en jeringa (in-syringe magnetic D-u-SPE). Este tipo de sistema, propuesto por
Maya et al. en 2015 [15] se basa en la introduccion de particulas magnéticas dentro de
una de las jeringas de un sistema MSFIA que contiene una barra agitadora magnética, a
la cual se pegan las particulas. Al cargar la muestra liquida dentro de la jeringa, se
conecta el sistema MSA (explicado en el apartado 3.1.3), haciendo girar la barra
agitadora y provocando la dispersion de las particulas por toda la fase acuosa. Al
detener el sistema de agitacion, las particulas magnéticas son nuevamente atraidas por la

barra magnética y quedan depositadas en esta, permitiendo desechar Unicamente la
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muestra al dispensar con la jeringa. A continuacion, se repite el mismo procedimiento
con agua para limpiar los MOFs, asi como para la elucion de los analitos con un
disolvente organico apropiado y para el reacondicionamiento de las particulas,

siguiendo los mismos pasos que se llevan a cabo en una SPE tradicional.

Un esquema del funcionamiento del sistema in-syringe magnetic D-p-SPE se
muestra en la Figura 3.14.
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Figura 3.14. Procedimiento para llevar a cabo la in-syringe magnetic D-u-SPE. (A)
Las particulas introducidas en la jeringa son inmovilizadas sobre la barra magnética. (B)
Al activar el sistema de agitacion, las particulas se dispersan a través de la muestra. (C)
Al detener el sistema de agitacion, las particulas son atraidas de nuevo por la barra
magnética. (D) La fase acuosa se descarta dispensandola hacia el desagie, mientras que
las particulas quedan retenidas en el interior de la jeringa. (E) Se carga el disolvente

organico apropiado para redisolver y eluir los analitos. Entonces, se repiten los pasos
(B), (C) y (D).
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3.4 Instrumentacion cromatografica y métodos

3.4.1 Cromatografia multijeringa (MSC)

La combinacion de las técnicas de flujo y la cromatografia ha dado lugar a sistemas
automatizados en los que se pueden llevar a cabo todos los pasos del andlisis de
muestras complejas, desde el pretratamiento a la separacion e identificacién de sus

componentes.

El desarrollo de estos procedimientos fue posible a partir de la aparicion de las
columnas monoliticas, un tipo de columna cromatogréfica cuya principal caracteristica
es que estdn constituidas por monolito de estructura continua y porosa, en

contraposicion con las tradicionales columnas de particulas empaquetadas.

En 1990, Nakanishi y Soga dieron el primer paso para su fabricacién preparando un
material de silice poroso y continuo con dos tamafios de poro diferentes, basandose en
la tecnologia sol-gel [16]. Ya en el 2000, Merck comenz6 a comercializar columnas

monoliticas de silice funcionalizada con grupos octadecilo (C18).

El esqueleto continuo de las columnas monoliticas ofrece una serie de ventajas
frente a las columnas de particulas empaquetadas. En su interior tienen dos tipos de
poro, mesoporos (13 nm de diametro medio) que proporcionan suficiente area efectiva
para que la separacion sea eficiente, y macroporos interconectados (2 um de diametro
medio) que permiten que la fase movil pase a través de ellos, ofreciendo asi menos
resistencia al paso de fluido y haciendo posible realizar la separacion cromatogréfica a
caudales mas altos, con lo que se reduce el tiempo por analisis, ademas de posibilitar el
trabajo a presiones mas bajas que las generadas utilizando una columna convencional
[17]. En la Figura 3.15 se puede observar la estructura de una columna monolitica de

silice.
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Mesoporos: 13 nm

Macroporos: 2 um

Figura 3.15. Estructura de una columna monolitica de silice [18].

La posibilidad de realizar separaciones cromatograficas a baja presion fue la clave
para la combinacion de la cromatografia liquida con las técnicas de flujo. Asi, en el afio
2003 Satinsky et al. desarrollaron la cromatografia de inyeccion secuencial (sequential
injection chromatography, SIC) [19] integrando una columna monolitica en un sistema
SIA.

A partir de la idea propuesta con la SIC, Gonzélez et al. [20] desarrollaron en 2007
la cromatografia multijeringa (multisyringe chromatography, MSC) combinando la
técnica de inyeccion en flujo multijeringa (MSFIA) con una columna monolitica. Con el
sistema desarrollado, que se muestra esquematizado en la Figura 3.16, realizaron el
analisis cuantitativo de diversos farmacos: amoxicilina, ampicilina y cefalexina. Se
obtuvo una precision satisfactoria para todos los analitos, y una buena selectividad para
la amoxicilina y sus productos de degradacion. Para validar el método, compararon los
resultados de la MSC con los obtenidos en un HPLC, y comprobaron que se trata de una
buena alternativa que, ademas, presenta ventajas como un menor consumo de reactivos,

lo cual lleva a una disminucion del impacto ambiental y del coste por analisis.

65



66

Capitulo 3
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Figura 3.16. Sistema MSC para el analisis de farmacos [20]. BC: Bucle de carga, CM:
Columna monolitica, D: Detector de fotodiodos en serie, FM: Fase movil, M:
Mandmetro, V1-V3: Valvulas solenoides externas, S1-S2: Jeringas.

La gran ventaja del sistema MSC respecto al SIC es que es mucho mas versatil, ya
que se pueden utilizar hasta cuatro jeringas en un mismo médulo, lo que permite hacer
el pre y post-tratamiento de la muestra, asi como separaciones multi-isocraticas en las
que se utilizan varias fases moviles en lugar de un gradiente, tal y como se ha realizado

en el sistema para compuestos fendlicos (capitulo 4).

Por otro lado, el uso de estas técnicas se ve condicionado por la presion que pueden
soportar, la cual es proporcional a la longitud de la columna, que a su vez esta
relacionada con la resolucion. Tipicamente, para realizar una MSC hay que sustituir las
valvulas solenoides de las cabezas de las jeringas (que aguantan como maximo 2 bar de
presion) por valvulas solenoides externas, que aguantan presiones mayores (hasta 6
bar). Aun asi, la sobrepresion que se crea en el sistema es una limitacion de esta técnica,
por lo que el HPLC proporciona mejores prestaciones en cuanto a resolucién y
robustez, permitiendo analizar muestras mas complejas y la determinacién de un mayor

numero de analitos [21].
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3.4.2 Instrumentacion para cromatografia de gases

Durante el desarrollo de la tesis se ha utilizado un cromatdgrafo de gases GC-MS
(Agilent 7890A con espectrometro de masas HP 5973C, Agilent Technologies) para la

separacion y determinacion de los estrogenos.

Para el control de los pardmetros instrumentales y el procesamiento de los datos se
ha utilizado el software HPChemSation.

La separacion de los analitos se ha realizado en una columna capilar DB5 (metil 5%
fenil polisiloxano) de 30 m de longitud, 0,25 mm de didmetro interno y 0,25 mm de

espesor de pelicula. Se ha utilizado helio a un caudal de 1 mL min™ como gas portador.

La modalidad usada para el detector de masas ha sido la de impacto electrénico (70
eV). Las temperaturas de la fuente de iones, el analizador de cuadrupolo y la interfase se

han mantenido a 230, 150 y 280 °C, respectivamente.

El MS esta equipado con una libreria NIST MS search 2.0. Los iones seleccionados
para llevar a cabo el monitoreo de ion especifico (SIM) han sido: 160, 199 y 284 para el
patron interno (IS, estrona 3-metil éter); 73, 218, 257 y 342 m/z para la estrona (E1); 73,
129, 285 y 416 m/z para el 17B-estradiol (E2), 285, 425 y 440 m/z para el 17a-
etinilestradiol (EE2); y 73, 311, 345 y 414 m/z para el estiol (E3).

La rampa de temperatura utilizada comienza a 100 °C durante 1 min, aumenta hasta
200 °C a 20 °C min™, y finalmente hasta 280 °C a 5 °C min™, manteniéndose asi 8 min.

El tiempo total de analisis es de 30 min.

Para los trabajos que se encuentran en los capitulos 5 y 6, el inyector operaba en
modo splitless durante 0,75 min con temperatura de inyeccion de 280 °C. La
optimizacion de estos dos metodos se ha llevado a cabo con un cromatografo de gases
GC-FID (Agilent 7890A).

Para el trabajo del capitulo 7 se ha utilizado un inyector de tipo vaporizador con

temperatura programable (programmable temperature vaporization, PTV) con un liner
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Splitless ultra-inerte (Agilent 5190-2293). La descripcién de esta técnica y del método
utilizado en la tesis se encuentra en el apartado siguiente (3.4.2.1).

3.4.2.1 Inyeccion de grandes volumenes con vaporizador con

temperatura programable (LVI-PTV)

Tradicionalmente, en GC con columnas capilares los volimenes de inyeccion de la
muestra varian de 1 a 2 pL, dependiendo de caracteristicas como el didametro de la
columna. Sin embargo, cada vez mas autores estan investigando técnicas de inyeccion
de grandes volimenes (large volume injection, LVI), que pueden ir desde microlitros
hasta un mililitro o mas, con la finalidad de mejorar el analisis de analitos que se
encuentran en muy bajas concentraciones, ya que al introducir mas muestra en el
sistema se aumenta proporcionalmente la sefial en el detector, y con ello la sensibilidad

del método.

La mayoria de analisis en los que se utiliza la LVI se evapora el disolvente de la
muestra y se elimina del inyector antes de transferir los analitos a la columna. En este
sentido, el método LVI se asemejaria a la evaporacion de disolvente con corriente de
nitrégeno, con la ventaja de que no hay que hacerlo fuera del sistema en una campana
de gases, sino que tiene lugar dentro del mismo cromatdgrafo. Ademas, evitamos la
pérdida de analitos que se puede producir al evaporar con nitrogeno, puesto que éstos

quedan retenidos en el inyector [22].

Una de las estrategias para realizar una LVI es el uso de un inyector de tipo
vaporizador con temperatura programable (programmable temperature vaporization,
PTV), desarrollado en la década de 1970 [23]. ElI PTV (Figura 3.17) es un inyector en
frio, que permite controlar la temperatura de la cAmara de inyeccion para que aumente
de forma gradual. La jeringa introduce la muestra en el inyector, cuya temperatura se
mantiene por debajo del punto de ebullicion del disolvente. Transcurrido un tiempo
preestablecido, el sistema se calienta de forma rapida y controlada y la muestra se
vaporiza en la corriente de gas portador. El inyector PTV se puede utilizar en la
modalidad Split (con division de flujo), en cuyo caso el gas portador se divide en dos
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partes, una que va a la columna y otra que se desecha, o en modo Splitless (sin division
de flujo) [24].
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Figura 3.17. Inyector PTV. Para modificar rapidamente la temperatura, la cAmara del
inyector estd envuelta por un elemento calefactor, y puede también ser enfriada por la
circulacién de un gas refrigerante (en el caso del trabajo expuesto en el capitulo 7, se ha

utilizado nitrégeno con este fin).

3.4.2.1.1 In-port derivatization

Como ya se ha comentado en la introduccion, es comin que en GC sea necesaria una
etapa de derivatizacion previa a la separacion de los analitos, que lleva a un aumento del

tiempo de analisis y del consumo de reactivos y muestra.

En este contexto, recientemente se han desarrollado diversas metodologias que
llevan a cabo la derivatizacion de los analitos en linea, lo cual presenta importantes
ventajas, como la reduccion del tiempo de pretratamiento de muestra y de los errores
experimentales causados por la manipulacion manual de los reactivos derivatizantes
[25].
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La derivatizacion en el puerto (in-port derivatization) es una de estas estrategias de
derivatizacion en linea, basada en introducir directamente tanto la muestra como el
reactivo derivatizante en el inyector, donde la reaccion tiene lugar en fase gas [26]. El
reactivo y la muestra pueden ser introducidos de forma manual [27] o bien de forma
automatica, utilizando un automuestreador controlado por ordenador que inyecte
secuencialmente el reactivo y la muestra. Esta segunda opcidn, que es la elegida para el
trabajo que se presenta en esta tesis, ofrece resultados mas reproducibles, ya que el

analista no interviene en la inyeccion [28].

Adicionalmente, el hecho de utilizar un inyector PTV nos ha permitido optimizar
diferentes variables que afectan a la derivatizacion, a fin de conseguir una mayor

sensibilidad.
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3.5 Detectores
3.5.1 Espectrofotometro

3.5.1.1 Fundamentos de la deteccion espectrofotométrica

Se conoce como espectrofotometria al conjunto de técnicas que utilizan la luz para

medir la concentracion de los compuestos [29].

La ley de Beer establece la relacion entre la luz que absorbe un gas o disolucion y
la concentracion del analito, y la ley de Lambert, la relacion entre la absorcion de luz y
el espesor de la cubeta [30]. Considerando ambas se obtiene la ley de Lambert-Beer,

Cuya ecuacion se muestra a continuacién (Ecuacién 3.1):

A=¢e-b-c
Ecuacion 3.1. Ley de Lambert-Beer.
Donde,

A = Absorbancia
¢ = Absortividad molar
b = Longitud del paso 6ptico

¢ = Concentracion del analito

En el método desarrollado en esta tesis para la cuantificacién de fenoles se ha
medido la absorbancia de estos compuestos en el ultravioleta. En la Figura 3.18. se
puede observar una imagen de las diferentes regiones del espectro electromagnético. La
region ultravioleta-visible (UV-Vis), que se extiende desde los 200 a los 800
nanometros, es la region del espectro mas usada para el analisis quimico, ya que en esta
region absorben tanto los iones de metales de transicion (especialmente iones complejos
formados por reactivos organicos), como compuestos organicos con enlaces dobles o,

como los fenoles, con anillos aromaticos [30].
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Figura 3.18. Espectro electromagnético.

3.5.1.2 Espectrofotometro OceanOptics

En el sistema para la determinacion de compuestos fenélicos (capitulo 4) se ha utilizado
un detector espectrofotométrico miniaturizado para identificar y cuantificar los analitos
(USB2000+ OceanOptics; rango de longitudes de onda: 196,6 - 430,4 nm). Se ha usado
una lampara de deuterio como fuente de radiacion (OceanOptics DH-2000, Dunedin,
USA) y una cubeta de flujo de 1 cm de paso dptico como celda de deteccién. La fuente

de radiacion y el espectrofotometro se han conectado mediante una fibra dptica

(OceanOptics, 600 um).

En la fotografia que aparece a continuaciéon (Figura 3.19.) puede observarse el

detector utilizado.
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Figura 3.19. Detector USB2000+ de OceanOptics. [31].

3.5.2 Detector de ionizacion de llama (FID)

La combustion en un quemador de hidrégeno/oxigeno de la mayoria de compuestos
orgénicos da como resultado una llama rica en iones y electrones. Si a través de la Ilama
aplicamos un potencial de aproximadamente 300 V, se crea una pequefia corriente
eléctrica que, amplificada mediante un electrometro, sirve como sefial analitica. Esta es
la base de un detector de ionizacion de llama (FID), el tipo de detector mas utilizado
para GC [32].

El nimero de iones producidos es proporcional al nimero de &tomos de carbono de
la muestra. EI FID es, por tanto, es un detector sensible a la masa, mas que a la
concentracion, cuya respuesta se expresa en Coulombs/gramo de carbono [24]. Algunos
grupos funcionales dan una sefial muy baja o nula en este detector, como los grupos
carbonilo, halégeno o amina, asi como los gases no inflamables como el didxido de

carbono, el diéxido de azufre o el agua.

En la Figura 3.20. se muestra un esquema general de las partes de un detector FID.
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Figura 3.20. Detector de ionizacion de llama.

3.5.3 Espectrometro de masas (MS)

La espectrometria de masas es una técnica analitica basada en obtener iones a partir de
moléculas en fase gaseosa, los cuales son posteriormente separados en funcién de su

masa y su carga al someterlos a un campo magnético.

Asi, el proceso comprende cuatro etapas: la ionizacion de la muestra, la aceleracion
de los iones, la separacion de los iones en funcidn de su relacion masa/carga (m/z), y su

deteccién mediante la transformacion del haz de iones en una sefal eléctrica.

La combinacion del detector de espectrometria de masas con un cromatégrafo de
gases (GC-MS) proporciona una potente herramienta para el analisis de muestras
complejas. En la GC-MS, el flujo que proviene de la columna es introducido
directamente en la camara de ionizacion del MS, eliminando la mayor parte del gas
portador. Alli, las moléculas de gas portador remanente, disolvente y solutos son

ionizadas y los iones son separados. Como cada soluto sufre una fragmentacién
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caracteristica, el espectro de masas puede servir para identificar el compuesto. Ademas,
se pueden seleccionar relaciones m/z especificas para monitorizar los compuestos de

forma selectiva [33].

Un esquema simplificado de los componentes que forman un detector MS se puede

observar en la Figura 3.21.
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Figura 3.21. Esquema de los componentes de un espectrometro de masas.

3.6 Optimizacion del método analitico

La optimizacion de un método analitico tiene como objetivo encontrar las mejores
condiciones para llevar a cabo ese método, generalmente en términos de
reproducibilidad y sensibilidad. Se puede realizar de forma univariante, estudiando
coémo influye sobre la sefial analitica un Unico factor mientras se mantienen los otros
constantes, o de forma multivariante, disefiando experimentos en los que se varian
simultaneamente varios factores, lo que permite extraer una gran cantidad de
informacion realizando un nimero minimo de experimentos y teniendo en cuenta la
interaccidn entre factores [34, 35]. Generalmente, para optimizar un método se hace una

combinacion de ambas opciones.
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3.6.1 Optimizacién multivariante

Como se ha mencionado anteriormente, la optimizacion multivariante permite conocer
los factores que influyen significativamente sobre la variable respuesta, asi como sus

interacciones, y establecer las condiciones 0ptimas para el analisis.

En el disefio de experimentos multivariante, las variables o factores (n) se varian
dentro de un dominio experimental determinado. Estos niveles se codifican como -1
(valor minimo del factor) y +1 (valor maximo del factor), ademas de definir el valor
central (codificado como 0). Estos puntos centrales permiten estudiar tanto la curvatura
del sistema, que indica si dentro del disefio estudiado hay variables que ofrezcan una
respuesta maxima, como el error de disefio (error puro) que define el intervalo de

confianza.

Los datos obtenidos se pueden ajustar a un modelo de interacciones lineales, de
segundo o de tercer orden. Como resultado, obtenemos informacion sobre la influencia

de las variables experimentales estudiadas y de sus interacciones.

Generalmente, el primer paso de la optimizacion es la realizacion de un cribado o
Screening, que puede hacerse de manera completa (2") o fraccionada (2", donde k es el
namero de factores reducidos) en funcién del nimero de experimentos totales a realizar
y del criterio del analista. Gracias a este analisis inicial se pueden comprobar qué
variables afectan significativamente a la respuesta, excluyendo del analisis multivariante
los factores que no tienen un efecto significativo sobre la misma. Ademas, sirve para
reajustar el dominio experimental de los factores significativos, para después disefiar un
nuevo experimento [36]. El objetivo es ajustar los datos a una funcion tridimensional
Ilamada superficie-respuesta que incluye términos cuadraticos y permite determinar los
valores criticos de las variables independientes que dan la mejor respuesta, ademas de

ilustrar graficamente la relacion entre variables y respuestas.

Entre los métodos de optimizacion que ofrecen este tipo de respuesta se encuentra
el disefio central compuesto centrado en las caras (CCD) [37, 38], que es el resultado de
superponer un disefio factorial (2") y un disefio de estrella (2n + Cy, siendo Cq el niimero

de réplicas del punto central), obteniendo un nimero total de combinaciones de factores
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de 2" + 2n + C,. Estas combinaciones definen los términos lineales, los términos
cuadraticos y las interacciones del modelo junto con la estimacion del error de los

términos.

En la Figura 3.22 se representa la distribucion espacial de un disefio del tipo CCD

para tres factores.

Figura 3.22. Disefio central compuesto para tres factores.

3.6.1.1 Funcion deseabilidad

La funcion deseabilidad (D), propuesta por Derringer y Suich en 1980 [39], se utiliza
cuando se trabaja con mas de una variable respuesta, ya que sirve para determinar

superficies de respuesta individuales para cada factor.

La escala de la funcion deseabilidad va de d= 0 (para la respuesta no deseable) a
d= 1 (para la respuesta completamente deseable). La deseabilidad D se calcula
combinando los valores individuales de deseabilidad, aplicando la formula de media

geométrica (Ecuacion 3.2):

D =(dy - dz - d)™

Ecuacidén 3.2. Calculo de la deseabilidad D.
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A continuacién, se aplica un algoritmo a la funcién D para encontrar el nivel de
cada factor al cual se obtiene un méximo de deseabilidad. A través de esta optimizacion
simultanea se consiguen determinar el conjunto de valores de las variables que

optimizan la funcion D.

La aplicacion de la funcion deseabilidad ha demostrado ser de gran utilidad en
quimica analitica, ya que es eficiente, econdmica y objetiva a la hora de optimizar

sistemas con respuestas multiples.
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CAPITULO 4

Desarrollo de un analizador
totalmente automatizado para
compuestos fendlicos en aguas






In syringe-MSA-DLLME-MSC fenoles

4.1 Introduccion y discusion

En este capitulo se presenta un sistema totalmente automatizado para la
preconcentracion, separacion, deteccion y cuantificacion de seis compuestos fenolicos
(fenol, 2-nitrofenol, 4-nitrofenol, 2-clorofenol, 2,4-diclorofenol, 2,4,6-triclorofenol),
todos ellos catalogados como contaminantes prioritarios, en muestras de aguas

ambientales.

El acoplamiento entre un sistema MSFIA y una columna monolitica ha permitido
utilizar la cromatografia multijeringa (MSC) para realizar la separacion cromatogréafica
en el mismo dispositivo donde tiene lugar el pretratamiento de la muestra, dando como
resultado un analizador compacto en el que se desarrollan todos los pasos necesarios
para el andlisis. Como se ha mencionado en capitulos anteriores, la técnica MSC ofrece
resultados similares a los obtenidos con sistemas comerciales, con la ventaja adicional
de disminuir considerablemente el consumo de reactivos y muestra asi como el coste del

instrumental.

La preconcentracion y extraccion de los analitos se ha llevado a cabo mediante una
microextraccion liquido-liquido dispersiva con agitacion magnética asistida dentro de la
jeringa (in-syringe-MSA-DLLME), seguida de una retroextraccion con NaOH vy
neutralizacion con &cido acético. Se ha comparado la eficiencia de diversos disolventes
organicos como extractante (tributil fosfato, acetonitrilo, hexano y 1-clorobutano) y
como dispersante (acetona, acetonitrilo, etanol, metanol, 1-propanol, 2-propanol),
ademas de optimizarse el resto de condiciones que afectan a la extraccién y

retroextraccion de los fenoles.

Para la realizaciéon de la MSC se ha utilizado como fase estacionaria una columna
monolitica Chromolith Flash RP-18e (25 mm x 4,6 mm), y como fase mévil una mezcla

de acetonitrilo, agua y cido trifluoroacético en modo multiisocratico a 0,6 mL min™.

El sistema desarrollado proporciona elevados factores de preconcentracion (entre
9,3 y 10,5 para todos los compuestos estudiados excepto el 2,4,6-TCP), mientras que
sus limites de deteccién se encuentran entre 0,01 y 0,14 mg L. Ademés, ha

demostrado ser preciso, ofreciendo desviaciones estdndar relativas (RSDs) de 5,2% o
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menores (n=7). Su frecuencia de analisis es de 1,8 muestras por hora, una alta
frecuencia teniendo en cuenta que se incluyen todos los pasos para el pretratamiento y el
analisis de la muestra, ademas de la limpieza y reacondicionamiento del sistema.
Adicionalmente, el método ha sido aplicado con éxito a diferentes matrices de agua de

interés ambiental (agua de grifo, agua mineral, agua de pozo y lixiviados).

Entre las ventajas del sistema propuesto se encuentran la significativa reduccion del
coste del analisis, dado que un sistema HPLC es sustancialmente méas caro que el
sistema MSC utilizado para realizar la separacion cromatografica, ademas de la rapidez
del método, que se lleva a cabo de manera totalmente automatizada, por lo que no es

necesario que el analista esté presente mientras se realizan los analisis.
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4.2 Articulo original

A continuacion se adjunta el articulo original "Determination of priority phenolic
pollutants exploiting an in-syringe dispersive liquid—liquid microextraction—
multisyringe chromatography system” de A. Gonzélez, J. Avivar y V. Cerda, publicado
en Analytical and Bioanalytical Chemistry 407 (2015) 2013-2022.
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Abstract An automatic phenolic compounds analyzer is pre-
sented. The system performs online magnetic-stirring-assisted
dispersive liquid-liquid microextraction before multisyringe
chromatography (MSC) using a monolithic Chromolith
Flash RP-18e column. The extraction behavior of the
following phenolic pollutants: phenol, 2-nitrophenol,
4-nitrophenol, 2-chlorophenol, 2,4-diclorophenol, and 2,4,6-
trichlorophenol, has been studied. A critical comparison of
extractants (tributyl phosphate, acetonitrile, hexane, and
1-chlorobutane) and disperser solvents (acetone, acetonitrile,
ethanol, methanol, 1-propanol, and 2-propanol) was made.
Tributyl phosphate and acetonitrile were chosen as the extract-
ant and the disperser solvent, respectively, since these showed
the best performance. Phenols were online back-extracted into
NaOH and neutralized before multi-isocratic chromatographic
separation. The proposed analyzer can be applied for wide
linear working ranges, i.e., between 40 and 20,000 pg L. The
precision of the developed system has been proved, with
maximum values for the intraday and interday precision of
4.4 % and 5.2 %, respectively, expressed as relative standard
deviation, and high preconcentration factors (9.3-10.5) for
most of the compounds studied. The method developed was
successfully applied to natural water samples.
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Introduction

Phenolic compounds can be found in the environment directly
from anthropogenic sources and from the transformation of
synthetic or natural chemicals [1, 2]. Phenol is widely used as
a disinfectant for medical and industrial applications [3]. Its
principal sources are discharges from different industries. It is
also used in the production of explosives, pesticides, and dyes
[2]. The presence of chlorophenols in the environment is
mainly related to the use of organic compounds such as
pesticides and growth regulators, whose biodegradation leads
to the formation of phenol, 2-chlorophenol (2-CP), and 2,4-
dichlorophenol (2,4-DCP) [2]. 2-CP and 2,4-DCP are also
used as herbicides [4]. Nitrophenols, particularly 2-
nitrophenol (2-NP) and 4-nitrophenol (4-NP), can be formed
in the reaction of phenol with nitrite ions in water under UV
(sunlight) irradiation [5] and also during the production of
pesticides, polymers, and drugs [6] in addition to other indus-
trial activities. Given their toxicological [7-9] and organolep-
tic [10] effects, the United States Environmental Protection
Agency has listed some phenolic compounds as priority pol-
lutants [11]. Thus, the monitoring of phenolic pollutants is
essential to notice and control illegal discharges from industry
or contamination by pesticides.

Phenolic compounds have been determined using different
strategies, mainly exploiting separation techniques, e.g., gas
chromatography and liquid chromatography [12, 13]. Liquid
chromatography is one of the most used techniques since
derivatization of analytes is avoided [13, 14]. Moreover, the
advent of monolithic columns made possible the development
of low-pressure chromatographic techniques such as sequen-
tial injection chromatography [15] and multisyringe chroma-
tography (MSC) [16] as a result of the implementation of
monolithic columns in sequential injection analysis (SIA)
and multisyringe flow injection analysis (MSFIA) [17] sys-
tems, respectively. These techniques are low-cost alternatives
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to high-performance liquid chromatography (HPLC) provid-
ing a reduction of sample and organic solvent consumption,
which leads to reduction of waste production [18]. Moreover,
multi-isocratic chromatography can be easily implemented
using MSC. Furthermore, the use of a multisyringe burette
allows precolumn and postcolumn operations permitting the
performance of the whole analytical protocol in a fully auto-
mated way within a single instrumental assembly.

Usually sample pretreatment is required before chromato-
graphic separation, especially when dealing with environmen-
tal or biological samples, in order to attain analyte enrichment
and matrix removal. Solid-phase extraction is the technique
most commonly used for this purpose [14, 19]. However,
recently there have been interesting developments in liquid—
liquid extraction (LLE), such as the advent of dispersive
liquid-liquid microextraction (DLLME) [20, 21] and the de-
velopment of lab-in-syringe systems [22], which allow auto-
matic LLE inside the syringe, saving time, reagents, and
solvents, and consequently reducing the generation of resi-
dues. DLLME is based on the use of a ternary component
(disperser solvent) miscible in both water and the extractant.
The disperser is mixed with the immiscible extraction solvent
and is injected into the aqueous sample, producing a cloudy
solution of small droplets of the extractant, enhancing the
contact surface area between the phases. DLLME has been
automated by exploiting flow techniques. For example,
Anthemidis and Ioannou [23] developed an SIA-DLLME
system for the determination of lead and copper by exploiting
flame atomic absorption spectrometry. DLLME has also been
automated using MSFIA, e.g., for the determination of
benzo[a]pyrene [24], chromium [25], and total phenol index
[26]. The automation of DLLME improves its reproducibility
and accuracy, since flow techniques allow the precise han-
dling of small volumes. Furthermore, both DLLME and flow
techniques reduce sample and reagent consumption, attaining
improved environmentally friendly systems.

In this work a DLLME-MSC system for determination of
six phenolic pollutants is presented. Several extractants and
disperser solvents are studied. Multi-isocratic chromatogra-
phy was implemented, and the potential of the proposed
system as a powerful tool for screening of phenolic pollutants
in environmental samples is studied.

Materials and methods

Reagents, samples and solutions

All solutions were prepared with distilled water (resistivity
greater than 1.8 x 10° 2 cm) from a Milli-Q system (Millipore,
Bedford, MA, USA). HPLC-grade acetonitrile (ACN;

Scharlau, Barcelona, Spain) was used to prepare the mobile
phases. Acetic acid (Sigma-Aldrich, Madrid, Spain), sodium

@ Springer

chloride, sodium dihydrogen phosphate, and trifluoroacetic
acid (Scharlau) were of analytical reagent grade. The other
reagents used were tributyl phosphate (TBP), hexane, acetone,
ethanol, 1-propanol, and 2-propanol from Scharlau and 1-
chlorobutane and ammonium sulfate from Sigma-Aldrich.

The phenolic compounds analyzed, i.e., phenol, 2-NP, 4-
NP, 2-CP, 2,4-DCP, and 2,4,6-trichlorophenol (2,4,6-TCP),
were purchased from Sigma-Aldrich. Stock solutions of each
phenolic compound were prepared by accurately weighing the
appropriate mass of the phenolic compound and by dissolving
it in HPLC-grade methanol (Scharlau) in order to obtain a
final concentration of 1,000 mg L™'. Working standard solu-
tions containing either mixtures or individual compounds
were prepared by dilution of the stock solutions in water.

The water samples analyzed were tap water from the lab-
oratory, commercial mineral water, well water from a well in
Son Reus, Palma (Spain, geographic coordinates, X 473247, Y
4388551), and a leachate sample from a demolition waste
treatment plant in Santa Margalida (Spain, geographic coor-
dinates, X 512401, Y 4398015). The pH was adjusted to 2
using 0.1 M HCl.

Magnetic-stirring-assisted DLLME-MSC system
and software

The basic element of an MSFIA system is a multisyringe
burette allowing the simultaneous movement of four syringes.
Each syringe has a three-way solenoid valve (N-Research,
Caldwell, NJ, USA) placed at the head which allows the
injection of the reagents into the system only when required
and their return to their reservoirs when they are not required.
The proposed magnetic-stirring-assisted (MSA) DLLME-
MSC system (Fig. 1c) comprises a multisyringe burette mod-
ule (CRISON, Alella, Spain) placed upside down and
equipped with two 5-mL glass syringes (S1 and S4;
Hamilton, Bonaduz, Switzerland). This way the organic drop-
let of the extractant, which is less dense than water, stays at the
top and the aqueous phase (Fig. 1a) can be discarded before
back-extraction with NaOH. To enhance the extraction effi-
ciency, an MSA system (Sciware Systems, Bunyola, Spain)
was mounted on S1 (Fig. 1b), where the extraction and back-
extraction occur. The MSA system allows homogeneous and
rapid mixing of phases. It consists of a small magnetic bar (10-
mm length, 3-mm diameter) placed inside the syringe, an
external stirring support placed around the syringe’s body, a
motor connected to the external agitation support by a rubber
band, which forces the rotation of the external agitation sup-
port, and a circuit that controls both the starting/stopping and
the motor revolutions through one of the multisyringe outputs.
The external stirring support is a ring (14-mm inner diameter,
30-mm outer diameter) with two small magnets facing each
other creating a rotating magnetic field around the body of the
syringe. When the motor is switched on, the ring starts to
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Fig. 1 a Extractant drop after
phase separation. b The agitation
system. ¢ Manifold. ACN
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rotate and with it the magnetic bar inside the syringe, mixing
the phases. A schematic depiction of the MSA system is
shown in Fig. 1.

The system has two switching selection valves (SV1 and
SV2), two external solenoid valves (V1 and V2), a monolithic
column, a debubbler (Sciware Systems), and a spectrophoto-
metric detector. S1 is connected to an external solenoid valve
(V1; MTV-3-N 1/4 UKG; Takasago, Nagoya, Japan) that
drives the flow to waste (“on” position) or to the eight-port
selection valve (SV1; CRISON) (“off” position), which has
the extraction and back-extraction reagents located on its
peripheral ports, as follows: water (port 1), cleaning solution
(10:90 v/v acetone:H,O; port 2), 0.1 M NaOH (port 3),
autosampler (port 4), extractant—disperser solution (port 5),
and waste (port 8). The second syringe (S4) is used to perform
the multi-isocratic separation by dispensing two different mo-
bile phases through the monolithic column. As the valves of
the multisyringe module can handle up to 2 bar, the valve of
S4 was replaced by a Kel-F one-way connector (Sciware
Systems) and an external solenoid valve (V2) (Takasago)
which can withstand up to 6 bar. The “on” position of V2
connects S4 to the mobile phase 1 reservoir, and the “off”
position connects it to a holding coil connected to a second,
six-port selection valve (SV2; VICI Valco, Schenkon,
Switzerland) whose port configuration is as follows: a
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neutralization tank (port 5), a Chromolith Flash RP-18e mono-
lithic column (25 mm»4.6-mm inner diameter) protected with
a Chromolith RP-18e guard column (5 mmx4.6-mm inner
diameter) (Merck, Darmstadt, Germany) (port 3), 0.5 M acetic
acid (port 2), mobile phase 2 (port 4), and waste (port 6).

The detection system was a USB2000+ spectrophotometer
equipped with a 1-cm flow cell (Ocean Optics, Dunedin, FL,
USA). Measurements were recorded simultaneously at 270,
290, 300, and 315 nm. The manifold was constructed with
polytetrafluoroethylene tubing (0.8-mm inner diameter).

Instrumental control, data acquisition, and data processing
were done with AutoAnalysis 5.0 (Sciware Systems). The
distinctive feature of this software based on dynamic link
libraries at 32 bits is the possibility of using a single and
versatile application without further modification for whatever
instrumentation and detection system needed. It involves a
basic protocol which allows the implementation of specific
and individual dynamic link libraries, addressing the config-
uration of the assembled flow analyzer.

MSA-DLLME-MSC procedure and calculations
The analytical procedure is detailed in Table 1. DLLME is

performed in S1 using a mixture of TBP and ACN (10:90 v/v)
as the extractant and the disperser solvent, respectively. S1 is
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Table 1

DLLME-MSC) system for determination of phenolic compounds

Detailed analytical procedure of the magnetic-stirring-assisted dispersive liquid-liquid microextraction—multisyringe chromatography (MS4-

Step description Multisyringe burette SVI (port) SV2 (port) S1 S4(V2) Motor V1
movement

1 Start loop

2 Fill HCs with MP1 Dispense 1 mL 8 6 Off Off Off Off
3 Precondition the column Dispense 2 mL 8 3 Off Off Off Off
4 Empty S1 and S4 Dispense 2 mL 8 6 Off Off Off Ooff
5 Load sample Pick up 4.006 mL 4 6 Off On Off Off
6  Load organic phase (with agitation) Pick up 0.862 mL 5 6 Off On On Off
7  Agitation - 5 6 Off Off On Off
8  Wait20 s - 5 6 Off Off On Off
9  Stop agitation - 5 6 Off Off Off Off
10 Discard aqueous phase Dispense 4.86 mL 8 6 Off On Off On
11 Load NaOH with agitation Pick up 0.35 mL 3 6 Off On On Off
12 Agitation - 5 6 Off Off On Off
13 Wait40 s - 5 6 Off Off On Off
14 Stop agitation - 5 6 Off Off Off Off
15  Deliver NaOH into HC2 Dispense 0.2 mL 8 6 On On Off Off
16 Dispense NaOH into the neutralization tank Dispense 0.1 mL 8 5 On Off Off Off
17 Dispense the rest of NaOH from HC2 into the Dispense 0.2 mL 8 5 Off Off Off Off

neutralization tank with MP1

18 Load CH;COOH Pick up 0.1 mL 8 2 Off Off Off Off
19 Neutralization Dispense 0.1 mL 8 5 Off Off Off Off
20 Load neutralized extract Pick up 0.385 mL 8 5 Off Off Off Off
21 Inject extract and MP1 Dispense 6.9 mL 8 3 Off Off Off Off
22 Rinse S4 with MP2 and S1 with cleaning solution Priming pick up, dispense, pick up 2 4 Off On Off Off
23 Second elution with MP2 Dispense 6.2 mL 8 3 Off Off Off Off

24 Syringe cleaning procedure
25 Repeat loop (x3)
26  Sample change procedure

HC holding coil, MP mobile phase, S syringe, SV selection valve, J three-way solenoid valve

coupled to an external solenoid valve (V1). Its “off” position
connects S1 to the central port of SV1. First, the sample is
loaded into S1, followed by the mixture of TBP and ACN at a
high flow rate (15 mL min™") and with the MSA system
activated. As a result, a cloudy solution is formed inside S1.
Agitation is maintained for 20 s, and then it is stopped. After
phase separation has been achieved, the aqueous phase is
discarded to waste with S1 in the “off” position and V1 in
the “on” position in order to avoid cross-contamination. To
combine the DLLME with the chromatographic separation, a
back-extraction with NaOH is performed. NaOH is aspirated
from port 3 of SV1 with the MSA system activated. Agitation
is maintained for 40 s, and then NaOH is dispensed via S1 in
the “on” position to holding coil 2 and S4 pushes it to the
neutralization tank in port 5 of SV2. There, NaOH is neutral-
ized with acetic acid. After neutralization, the resulting solu-
tion is injected onto the monolithic column using S4. Thus,
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the sample is injected into the chromatographic column,
followed by 6 mL of mobile phase 1. Then S4, holding coil 1,
and holding coil 2 are filled with mobile phase 2 to dispense
6.2 mL of mobile phase 2 to elute the phenolic compounds
still retained on the column. All solutions pass through the
debubbler before reaching the detector. Finally, a cleaning
procedure is performed. It consists in filling S1 with cleaning
solution (10:90 v/v acetone:H,0) before rinsing it twice with
Milli-Q water, while S4 is simultaneously rinsed with mobile
phase 1.

The limit of detection (LOD) was calculated accord-
ing to IUPAC [27, 28] as three times the standard
deviation of ten blanks divided by the slope of each
calibration curve, the limit of quantification was calcu-
lated as ten times the standard deviation of ten blanks
divided by the slope of each calibration curve, and
relative bias in percent were calculated by dividing the
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difference between the mean of the results and the
reference value by the reference value [29].

Optimization of experimental conditions

To optimize the operational conditions of the proposed sys-
tem, a series of experiments were conducted using a multivar-
iate optimization technique. Multivariate designs provide rel-
evant knowledge of the effect of variables within the entire
experimental domain selected, and the variance of the estimate
of the response at every point of the domain is better than that
obtained by univariate methods [30]. First, a preliminary study
with wide ranges was performed to find out which variables
had a significant effect on the response and to select the
appropriate ranges to study. Then, a screening of the indepen-
dent variables and their possible interactions was performed
by a two-level full factorial design (2%). The evaluation of the
screening results allows the identification of the variables with
a significant influence on the analytical response and allows to
discard those with negligible effects [31]. Then, a face-
centered central composite design was applied in order to find
the critical values of the significant variables. Three center
points were included to identify any irregularities, such as the
loss of linearity in the center of the interval in both studies.
The statistical software program Statistica 7.0 (StatSoft, Tulsa,
OK, USA) was used for the entire multivariate analysis.

Fig. 2 Results of the study of
extractants (a) and disperser
solvents (b) expressed as relative
intensity with error bars. 2-CP 2-
chlorophenol, 2,4-DCP 2 4-
dichlorophenol, 2-NP 2-
nitrophenol, 4-NP 4-nitrophenol,
P phenol, 2,4,6-TCP 2.,4.,6-
trichlorophenol

Relative intensity (%)

Relative intensity (%)

Results and discussion
Study of extractants and disperser solvents

The selection of the extractant and the disperser solvent was
performed off-line with aqueous solutions containing each
phenolic compound at 10 mg L™ (pH 2-3). The extractants
studied were: ACN adding 10 g of ammonium sulfate to
50 mL of sample [32], 1-chlorobutane [33, 34], hexane [35],
and TBP [21]. For ACN with ammonium sulfate, the absor-
bance of the extraction blank was too high, so this option was
discarded. The results obtained with the other extractants are
shown in Fig. 2a. Results are expressed as relative
intensity (%), with 100 % for the solvent providing
the highest absorbance. TBP showed the best perfor-
mance for most of the phenolic compounds studied
but for 2-NP, for which hexane was slightly better.
Taking into account these results, we selected TBP as
the extractant.

Then, mixtures of TBP with different disperser solvents
were tested, i.e., methanol [36], ethanol [36], ACN [26, 36],
acetone [36, 37], 1-propanol [26], and 2-propanol. The TBP—
acetone mixture was discarded because of the high absorbance
of the extraction blank. As can be seen from Fig. 2b, TBP—
ACN showed the best performance in general, and especially
for those phenols giving a lower absorbance signal; therefore,
it was selected for further assays.

a) Study of extractant solvents

100
100 97 100 100
” 34
16 13 11
0.6 2
p 2-NP 4-NP 2-Cp

100

100
18 19 20
_‘ 7

2,4-DCP 2,4,6-TCP
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b) Study of disperser solvents
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Multivariate optimization of the DLLME and back-extraction

A multivariate optimization of the parameters affecting the
DLLME and the back-extraction was performed. First, a
preliminary study with wide ranges was conducted to find
out which variables had a significant effect on the response
and to select the appropriate ranges to study. The volume of
NaOH had a significant positive effect. However, because of
the limitations of the system (chromatographic separation) it
was fixed at 0.3 mL. Thus, the percentage of TBP, the volume
of the organic phase, and the concentration of NaOH were
selected as variables for the multivariate study.

A full factorial screening (2), including three center points,
with adjusted ranges was performed. The curvature and the
three variables were significant; therefore, according to the
results obtained (ANOVA table, Pareto chart), the studied
ranges were readjusted to the following to apply a response
surface face-centered central composite design: TBP percent-
age, 1040 %; volume of the organic phase, 0.5-1 mL; NaOH
concentration, 0.1-1 mol L. The desirability graph was
studied to obtain the optimum values. The critical values were
set to the lowest percentage of TBP studied (10 %), 0.832 mL
of the organic phase, and 0.1 M NaOH.

Effect of the ionic strength

The effect of the ionic strength was studied by adding different
amounts of NaCl (from 0 to 1 mol L") to the aqueous samples.
An increase of the extraction efficiency was obtained when
the NaCl concentration increased from 0 to 0.5 mol L™, but no
significant differences were observed when concentrations up
to 1 mol L' were added. Thus, 0.5 M NaCl was selected for
further assays.

Effect of agitation time

The influence of agitation time was examined. No signal
improvement was observed when the DLLME agitation time
was increased from 20 to 40 s. Thus, the extraction agitation
time was fixed at 20 s. For back-extraction, a higher response
was obtained when the agitation time was increased from 20
to 40 s, but no signal improvement was observed when it was
increased to 60 s. Therefore, the back-extraction time was set
at40s.

Chromatographic separation

Multi-isocratic chromatographic separation was performed at
a flow rate of 0.6 mL min™', the maximum flow rate showing
no back-pressure problems. Different proportions of ACN in
water were tested. A 16:84 (v/v) ACN:H,O mixture was
selected as mobile phase 1 to elute phenol, 2-NP, 2-CP, and
4-NP. Then, a second mobile phase, 35:65 (v/v) ACN:H,0,

@ Springer

was used to elute 2,4-DCP and 2,4,6-TCP. Two mobile phases
were required to perform the separation of the phenolic com-
pounds studied in a reasonable time.

The effect of adding trifluoroacetic acid was studied, and
with the addition of 0.1 % trifluoroacetic acid better resolution
was achieved. A chromatogram obtained with the optimum
conditions detailed above is shown in Fig. 3.

Quantification of phenolic compounds

As can be seen in Fig. 3, 2-CP and 2-NP were coeluted. We
did not succeed in separating these two phenols with the
column that our system permitted given its short length.
However, both could be quantified by using one of the
AutoAnalysis tools which allows to simultaneously measure
up to four different wavelengths. This also allowed us to
measure each phenol at the wavelength where better sensitiv-
ity is obtained. The quantification wavelengths are summa-
rized in Table 2.

Thus, to quantify 2-CP and 2-NP, we used two wave-
lengths, i.e., 270 and 300 nm. At 270 nm both phenolic
compounds absorb, but at 300 nm only 2-NP absorbs. The
mathematical procedure followed was as follows: On the one
hand, if both phenolic compounds are present in the sample,
2-NP is quantified at 300 nm. Then its concentration is inter-
polated in the curve obtained for 2-NP at 270 nm to reveal the
area corresponding to this compound. Finally, the difference
between the total area and the area associated with 2-NP at
270 nm corresponds to 2-CP. This way, both compounds are
quantified. On the other hand, if no peak is observed at
300 nm, all the peak area measured at 270 nm corresponds
to 2-CP, and its concentration can be calculated directly.

OH
OH ol OH
Sueak
NO,
0.14
3

Cl

4

0.1

. a
0.08
OH

0.06 OH 5 a
1 5
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o Lj\.
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0 500 1000
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Fig. 3 Chromatogram obtained for an aqueous sample with 0.5 M NaCl,
pH 2, and spiked with the six phenolic compounds studied at 2.5 mg L™
The chromatographic separation conditions were as follows: MP1,
ACN:H,0 (16:84 v/v) with 0.1 % trifluoroacetic acid (TFA); MP2,
ACN:H,0 (35:65 v/v) with 0.1 % TFA,; flow rate, 0.6 mL min™". /) P, 2)
4-NP, 3) 2-NP plus 2-CP, 4) 2,4-DCP, 5) 2,4,6-TCP, AU absorbance units

AU
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Figures of merit of the proposed MSA-DLLME-MSC system

To evaluate the performance of the proposed MSA-DLLME—~
MSC method, its figures of merit were studied, and they are
listed in Table 2.

Intraday precision is expressed as the relative standard
deviation (RSD) obtained when analyzing a 5 mg L' standard
containing the six phenolic compounds studied in seven con-
secutive determinations on the same day. As can be seen,
RSDs of 4.4 % or less were obtained. Interday precision
corresponds to the RSD of a 5 mg L™ standard containing
the six phenolic compounds studied analyzed on five different
days. For all the analytes, an RSD of 5.2 % or less was
obtained.

For the preconcentration factor, first the theoretical
preconcentration factor was calculated, assuming 100 % ex-
traction and back-extraction efficiency, by the relation of the
initial sample volume and the final NaOH volume where all
the phenolic compounds are back-extracted. Thus, the theo-
retical preconcentration factor was 11.43. Then, 1 mL of a
solution of NaOH containing each phenol at 11.43 mg L™ was
neutralized and injected into the chromatographic part of the
system. Its response was compared with the signal of a solu-
tion containing each phenol at 1 mg L™ analyzed with the
proposed system. The relation of these two absorbance values
gives the efficiency of extraction and back-extraction of each
phenolic compound shown in Table 2 as the extraction effi-
ciency. Then, the experimental preconcentration factor was
calculated by multiplying the extraction efficiency of each
phenolic compound and the theoretical preconcentration fac-
tor. As can be seen from Table 2, high preconcentration factors

between 9.3 and 10.5 were achieved for most of the phenolic
compounds studied, except for 2,4,6-TCP (5.6). Compared
with previously reported manual methods dealing with liquid—
liquid microextraction of phenolic compounds, better extrac-
tion efficiencies are achieved for most of the common pheno-
lic compounds studied, except for 2,4,6-TCP. Fattahi et al.
[38] reported extraction efficiencies of 28.7, 62, and 75.15 %
for 2-CP, 2,4-DCP, and 2,4,6-TCP, respectively, Faraji et al.
[39] reported extraction efficiencies of 21, 34, 63, and 86 %
for phenol, 2-CP, 2,4-DCP, and 2,4,6-TCP, respectively,
and Vera-Avila et al. [36] reported extraction efficien-
cies of 13.1, 38.2, 76.9, and 86.2 % for phenol, 2-CP,
2,4-DCP, and 2,4,6-TCP, respectively. Furthermore,
higher precision is achieved with the present method,
i.e., RSDs between 6.4 and 10.4 % in comparison with
RSDs of 5.2 % or less obtained with the proposed
system. These methods report better LODs because of
greater sample consumption and the use of more sensi-
tive but more expensive detectors. In addition, with the
proposed method, the consumption of organic solvents
is reduced between three and ten times in comparison
with manual methods [36, 37].

Regarding other automatic methods determining 2-NP and
4-NP [33, 34], better extraction efficiencies are achieved with
the present method with a similar consumption of organic
solvents: i.e., approximately 50 % in comparison with approx-
imately 80 % with the present method.

The linear working range has been established from the
limit of quantification to the highest concentration of the
standard analyzed, being possible to quantify simultaneously
concentrations within the range 0.33-20 mg L™ for phenol,

Table 3  Application of the MSA-DLLME-MSC method to environmental samples and addition—recovery test at two spiking levels

Sample Phenolic  Recovery
compound
added P 2-NP 4-NP 2-CP 2,4-DCP 2,4,6-TCP
(mgL") mgL’! % mgL’ % mgL’ % mgL’ % mgL’ % mgL’ %
Tap water 0 0 -0 -0 -0 -0 -0 -
0.5 0.54+0.03 108 0.55+0.05 110 0.51+0.08 102 0.54+0.05 108 0.54+0.06 108 0.49+0.05 98
1 0.89+0.04 89 0.97+0.04 97 0.910+0.007 91 0.83+0.08 83 0.94+0.03 94 0.98+0.02 98
Mineral water 0 0 -0 -0 -0 -0 -0 -
0.5 0.46+0.07 92 0.50+0.04 100 0.445+0.006 89 0.51+0.04 102 0.51+0.03 102 0.49+0.02 98
1.08+0.06 108 0.96+0.08 96 0.94+0.03 94 0.94+0.08 94 0.91+0.03 91 091+£0.04 91
Well water 0 0 -0 -0 -0 -0 -0 -
0.5 0.486+0.011 97 0.46+0.04 92 0471+£0.013 94 0.54+0.05 108 0.490+0.011 98 0.45+0.02 90
1.06+0.05 106 0.89+0.06 89 0.915+0.018 92 0.91+0.08 91 0.95+0.04 95 1.00£0.05 100
Leachate 0 0 -0 -0 -0 -0 -0 -
0.5 0.526+0.019 105 0.480+0.009 96 0.466+0.005 93 0.480+£0.003 96 0.51+0.02 102 0.48+0.04 96

1.060+0.008 106 1.03+0.08 103

1.008+0.015 101 0.92+0.09 92 0.96+0.09 96 1.07+£0.04 107

Sample conditions, pH 2 (acidified with 0.1 M HCI)
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0.12-20 mg L' for 2-NP, 0.04-20 mg L' for 4-NP, 0.22—
20 mg L™ for 2-CP, 0.30-20 mg L™ for 2,4-DCP, and 0.46—
20 mg L for 2,4,6-TCP. The LODs achieved are similar to
those obtained with previously reported automated methods.
For example, Cladera et al. developed an SIA system [33] and
an MSFIA system [34] for determination of nitrophenols
based on LLE and spectrophotometric detection with similar
LODs for 2-NP and 4-NP but lower extraction efficiencies as
detailed above. Another MSFIA system exploiting nitrophe-
nols solid-phase extraction and a detector similar to the one
used in this work (USB2000, Ocean Optics) [19] obtained
LODs four times higher, i.e., 0.17 and 0.04 mg L' for 2-NP
and 4-NP, respectively. Moreover, higher accuracy is accom-
plished with the present method.

The injection frequency is 1.8 samples per hour. This
frequency is high since it has to be taken into account that it
includes the time necessary for performing the extraction and
back-extraction, the neutralization, and the chromatographic
separation, in addition to system cleaning and reconditioning
of the monolithic column. All these steps will take several
working days if the analysis is performed in a classic manual
approach.

Application to water samples

To investigate the applicability of the proposed method to
environmental water samples, it was applied to water samples
from different sources. Addition of NaCl to adjust the ionic
strength was not necessary since the salinity of the samples
was sufficient. Thus, samples were acidified to pH 2 with
0.1 M HCI. The samples analyzed did not contain the phenolic
compounds studied, i.e., no signal was observed when ana-
lyzing them either with the proposed system or with a com-
mercial HPLC system (PerkinElmer) equipped with an XTerra
RP18 column (150 mmx3.9-mm inner diameter and 5-pum
particle size). Samples were spiked with different amounts of
phenolic compounds. The results are shown in Table 3 togeth-
er with the recoveries obtained. The range of mean recoveries
was 83-110 % for tap water, 89-108 % for mineral water, 89-
108 % for well water, and 92-107 % for the analyzed leachate.
Accuracy is normally studied as two components: trueness
and precision [29]. Thus, the accuracy of the proposed method
is proved given the good intraday and interday precision
obtained and the low relative bias obtained (11 % or less in
most samples) in the spiking-recovery test.

Moreover, to evaluate the possible matrix effect, the slopes
of the calibration curves obtained with the standards and the
natural water samples were statistically compared with a ¢test.
The results showed that there were no significant differences
between the slopes since all experimental ¢ values obtained
were lower than the critical ¢ value at the 95 % confidence
level. Thus, the applicability of the method to these kinds of
matrices is validated.

98

Conclusions

In conclusion, a fast and simple method to determine six
phenolic pollutants in environmental samples has been de-
scribed. The low cost of the MSC system compared with an
HPLC system makes this system a useful screening tool to
determine phenolic compounds. In addition, the coupling of
DLLME and MSC helped reduce reagent consumption and
thus waste generation and the environmental impact per anal-
ysis. The use of MSC allowed the integration of the whole
protocol in a single analyzer, permitting background opera-
tions and the easy implementation of multi-isocratic chro-
matographic separation. After a careful study of extractants
and disperser solvents, TBP and ACN were selected, and we
obtained high preconcentration factors and extraction efficien-
cies for most of the phenolic compounds studied. The cou-
pling of DLLME and the chromatographic separation was
achieved by stripping the phenolic compounds with NaOH
and its neutralization. The method developed has proved to be
accurate and reproducible, given the low RSDs obtained and
the satisfactory recoveries achieved when applying it to envi-
ronmental water samples and a leachate sample.
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Capitulo 4

4.3 Informacién adicional

4.3.1 Espectros de absorcion de los compuestos fenolicos

Los espectros de absorcion en medio &cido de los fenoles estudiados en el presente

trabajo se muestran a continuacion (Figuras 4.1 a 4.6).
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Figura 4.1. Espectro del fenol (Ph) en medio &cido.
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Figura 4.2. Espectro del 2-nitrofenol (2-NP) en medio &cido.
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Figura 4.3. Espectro del 4-nitrofenol (4-NP) en medio &cido.
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Figura 4.4. Espectro del 2-clorofenol (2-CP) en medio &cido.

Figura 4.5. Espectro del 2,4-diclorofenol (2,4-DCP) en medio acido.

Figura 4.6. Espectro del 2,4,6-triclorofenol (2,4,6-TCP) en medio acido.
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Capitulo 5

5.1. Introduccion y discusion

En este capitulo se presenta un procedimiento para la extraccion, preconcentracion y
determinacion de cuatro estrogenos listados como contaminantes emergentes por la
Agencia de Proteccion Medioambiental de los Estados Unidos: estrona, 17(3-estradiol,

17a-etinilestradiol y estriol.

Para ello, se ha desarrollado un sistema en linea con el que se ha llevado a cabo una
microextraccion liquido-liquido dispersiva con agitacién magnética asistida dentro de la
jeringa (in-syringe-MSA-DLLME). El uso de esta técnica para el tratamiento de
muestra permite una mezcla homogeénea y eficiente de los reactivos dentro del mismo
cuerpo de la jeringa, a la vez que reducimos el volumen de reactivos y muestra

necesarios y la intervencion del analista, dando lugar a un método rapido y preciso.

Tras el pretratamiento, el extracto obtenido ha sido derivatizado e inyectado en un
GC-MS para la cuantificacion de los analitos. A fin de maximizar la eficiencia de la
extraccion se ha realizado un estudio de los pardmetros que tienen una influencia
significativa. Asi, se ha evaluado de forma univariante la actuacion de diferentes
disolventes organicos como extractantes y dispersantes, seleccionando finalmente el
cloroformo y la acetona. A continuacién se han optimizado de forma multivariante los
volimenes de dichos disolventes, el pH de la muestra y el tiempo de agitacion. Una vez
fijadas estas variables, se ha estudiado el efecto de la fuerza idnica, de nuevo de forma

univariante.

Por otro lado, se ha realizado un estudio de la reaccion de derivatizacion, necesaria
para determinar por cromatografia de gases compuestos polares como los estrogenos, ya
que bajo determinadas condiciones la reaccion del 17a-etinilestradiol es incompleta y da
lugar a un derivado con el mismo tiempo de retencion y espectro de masas que el
derivado de la estrona, lo que puede llevar a una sobreestimacion de esta. Tras el
estudio, se ha comprobado que una combinacién del reactivo sililante BSTFA con

piridina en proporcion 3:1 ofrece resultados satisfactorios.

Para la separacion cromatografica se ha utilizado una columna DB5 (30 m x 0,25

mm x 0,25 mm). El inyector ha operado a una temperatura de 280 °C y en modo
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Splitless. Se ha utilizado una rampa de temperatura, dando lugar a un tiempo total
de analisis de 30 min. El flujo de helio como gas portador ha sido de 1 mL min™.

El procedimiento sugerido ofrece una elevada sensibilidad, dados los bajos limites
de deteccién obtenidos, entre 11y 82 ng L™, ademés de una precision satisfactoria, con
RSDs menores al 7,11%.

En cuanto al tiempo necesario de pretratamiento de la muestra, todo el proceso se
ha llevado a cabo en 11 minutos, incluyendo el lavado del sistema, lo que es una gran
ventaja respecto a los métodos tradicionales de extraccion. Adicionalmente, el hecho de
utilizar cloroformo como extractante ha permitido eliminar uno de los pasos mas
comunes en este tipo de procedimientos, el secado del extracto bajo corriente de
nitrégeno previo a la derivatizacion, con lo que se reduce todavia mas el tiempo total de
anélisis.

El método se ha aplicado con éxito al analisis de muestras ambientales con

matrices complejas, como lo es el agua de entrada y salida de una depuradora.

Finalmente, cabe destacar que éste es el primer método propuesto para la extraccion
y preconcentracion automatizada de estrogenos previa a deteccion por cromatografia de

gases.



Capitulo 5

5.2 Articulo original

A continuacion se adjunta el articulo original "Estrogens determination in wastewater
samples by automatic in-syringe dispersive liquid-liquid microextraction prior
silylation and gas chromatography” de A. Gonzalez, J. Avivar y V. Cerda, asi como su
material suplementario, publicados en Journal of Chromatography A 1413 (2015) 1-8.
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ABSTRACT

A new procedure for the extraction, preconcentration and simultaneous determination of the estrogens
most used in contraception pharmaceuticals (estrone, 17(3-estradiol, estriol, and 17a-ethynylestradiol),
cataloged as Contaminants of Emergent Concern by the Environmental Protection Agency of the
United States (US-EPA), is proposed. The developed system performs an in-syringe magnetic stirring-
assisted dispersive liquid-liquid microextraction (in-syringe-MSA-DLLME) prior derivatization and gas
chromatography (GC-MS). Different extraction (carbon tetrachloride, ethyl acetate, chloroform and
trichloroethylene) and disperser solvents (acetone, acetonitrile and methanol) were tested. Chloroform
and acetone were chosen as extraction and disperser solvent, respectively, as they provided the best
extraction efficiency. Then, a multivariate optimization of the extraction conditions was carried out.
Derivatization conditions were also studied to ensure the conversion of the estrogens to their respective
trimethylsilyl derivatives. Low LODs and LOQs were achieved, i.e. between 11 and 82ngL-!, and 37 and
272ngL-1, respectively. Good values for intra and inter-day precision were obtained (RSDs < 7.06% and
RSD < 7.11%, respectively). The method was successfully applied to wastewater samples.

© 2015 Elsevier B.V. All rights reserved.

1. Introduction

Endocrine-disrupting compounds (EDCs) were defined in 1996
by the European Commission as “exogenous substances that cause
adverse health effects in an intact organism, or its progeny, con-
sequent to changes in endocrine function” [1]. These have become
of increasing health and environmental concern in recent years, as
they can disturb the normal endocrine system and alter the normal
reproduction and development of animals and also humans.

From the various groups of substances that have endocrine-
disrupting properties, natural estrogens such as estrone (E1),
17B-estradiol (E2), estriol (E3) and the synthetic estrogen
ethynylestradiol (EE2) have received special attention as they
have been cataloged as Contaminants of Emergent Concern by
the Environmental Protection Agency of the United States (US-
EPA) [2]. These estrogens primarily released unintentionally to
the terrestrial and aquatic environment arrive in the first step to
sewage treatment plants (STPs) and from there into surrounding

* Corresponding author.
E-mail address: victor.cerda@uib.es (V. Cerda).

http://dx.doi.org/10.1016/j.chroma.2015.08.031
0021-9673/© 2015 Elsevier B.V. All rights reserved.
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environmental water bodies such as rivers, lakes and the sea.
Anthropogenic income of these estrogens into the environment is
mainly through the widespread use of contraceptives or treatments
for menopausal disorders formulated with these estrogens. More-
over, the fact that pharmaceuticals have been designed to have a
biological effect even at low levels, combined with a continuous
release from our society that makes them pseudo-persistent, has
lead to research activities around the globe on the environmental
occurrence of these compounds. For example, it has been demon-
strated that these compounds induce estrogenic responses in fish
atvery low concentrations, such as feminization, decreased fertility
or hermaphroditism [3].

Many techniques have been used for the determination
of estrogens, including radioimmunoassay [4], enzyme-linked
immunosorbent assay (ELISA) [5], liquid chromatography (LC) [6,7]
and gas chromatography (GC) [8,9]. Gas chromatography-mass
spectrometry (GC-MS) is one of the preferred techniques as it
permits the simultaneous analysis of both synthetic and natural
estrogenic steroids given its better capabilities for the separa-
tion and identification of these compounds. Nonetheless, sample
clean-up and analytes preconcentration are usually required
prior chromatographic separation especially when dealing with
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environmental or biological samples, in order to attain analyte
enrichment and matrix removal. Traditionally, the most common
preconcentration technique used for these compounds is solid
phase extraction (SPE) [8,10]. However, dispersive liquid-liquid
microextraction (DLLME) [11] is an attractive pretreatment tech-
nique that allows reduction of sample and solvents consumption,
high preconcentration factors and simplicity of operation [12], also
providing the analytes in a small organic droplet more suitable to
beinjected in chromatographic systems. This microextraction tech-
nique is based on the use of a disperser solvent, which is miscible in
both water and extraction solvent. Both the disperser and extrac-
tion solvent are mixed with the aqueous sample producing a cloudy
solution. This way the contact surface area between the organic
droplets and the aqueous phase is increased, and better extraction
efficiencies are achieved.

Modern analytical strategies tend toward automation and
miniaturization with integration of sample pretreatment in the
chromatographic systems as far as possible. In this context, the
use of flow analysis techniques as front end to chromatographic
systems has provided a number of enhanced analytical methods
affording high throughput, decrease of the human exposure to haz-
ardous chemical sample pretreatments and more environmentally
friendly procedures obtained due to process downscaling [13,14].
DLLME can be automated in a lab-in-syringe system [15-17].
In-syringe-DLLME permits improving its reproducibility and accu-
racy, since it allows the precise handling of small volumes [18].
Furthermore, magnetic-stirring assisted (MSA) systems can be
implemented on the syringe attaining homogeneous and fast mix-
ing. Thus, by in-syringe-MSA-DLLME the sample pretreatment is
simplified, reducing the steps of the analytical protocol and the
intervention of the analyst.

Therefore, in this work we propose an in-syringe-MSA-DLLME
for the extraction and preconcentration of four estrogens prior
derivatization and GC-MS. Several extraction and disperser sol-
vents have been studied. The applicability of the proposed system
to wastewater samples is evaluated.

2. Experimental

2.1. Chemicals, solutions and wastewater samples

All solutions were prepared in GC-grade methanol (Scharlau,
Barcelona, Spain) or in distilled water from a Milli-Q sys-
tem (Millipore, Bedford, MA, USA) (resistivity > 1.8 x 10°  cm).
Sodium chloride (Scharlau) was of analytical reagent grade. Sev-
eral extraction and disperser solvents were evaluated, i.e. carbon
tetrachloride, ethyl acetate, chloroform, trichloroethylene, acetone,
acetonitrile, methanol (Scharlau) and pyridine (Sigma-Aldrich).

Estrone (E1), B-estradiol (E2), 17a-ethynylestradiol (EE2),
estriol (E3) and estrone 3-methyl ether (internal standard, IS) were
purchased from Sigma-Aldrich (Madrid, Spain). Stock solutions of
estrogens were prepared by accurately weighing the appropriate
mass of each compound and by dissolving it in methanol obtaining
a final concentration of 500 mgL~!. Stock solutions were kept in
the dark at —20°C. Working standard solutions containing either
mixtures or individual compounds were prepared daily by dilu-
tion of the stock solutions in chloroform (for the direct injection of
the solution into the gas chromatograph), or in water containing
3 molL-! NaCl and adjusted to pH 8 using NaOH 0.1 mol L.

Different derivatization reagents were tested, i.e. N,O-
bis(trimethylsilyl)trifluoroacetamide  (BSTFA), BSTFA  with
trimethylchlorosilane (BSTFA+TMSC, 1%) and N-methyl-N-
(trimethylsilyl) trifluoroacetamide (MSTFA), all purchased from
Sigma-Aldrich.

Wastewater samples collected from the inlets (sample 1 and
2) and outlets (sample 3, 4 and 5) of the sewage treatment plant

of Palma de Mallorca (Balearic Islands, Spain) were stored at 4°C
in plastic bottles. Due to the presence of solid particles, samples
were centrifuged and the supernatant liquid was filtered through
0.22 pm nylon filters before analysis. They were adjusted to pH 8
using NaOH 0.1 mol L~! and in a final solution containing 3 mol L1
NacCl.

2.2. In-syringe-MSA-DLLME system and software

The basic element of the pretreatment system (Fig. 1) is an auto-
matic burette (CRISON, Alella, Spain) coupled to a selection valve
(SV). Multisyringe burettes can be equipped with four syringes
that are moved simultaneously and unidirectional for either lig-
uid delivering (dispense) or aspirating (pick up). Each syringe has a
three-way solenoid valve (V) (N-Research, Caldwell, NJ, USA) placed
at the head allowing multicommutation operation. The ratio of
flow-rates between channels can be modified by using syringes of
appropriate cross-sectional dimensions. The step motor shows a
speed range of 1024-20s for total displacement, corresponding to
40,000 steps. Thus, the multisyringe module allows precise hand-
ling of microliters and a wide flow rate range (0.057-30 mL min~!,
depending on the syringe volume 1-10 mL). In this work, the auto-
matic burette is equipped with a 5 mL glass syringe (S) (Hamilton,
Switzerland) where the dispersive liquid-liquid microextraction
takes place. Besides, multisyringe burettes have four backside ports
which enable the control of other instruments either directly or
via a relay allowing remote software control, e.g. MSA system.
The MSA system (Sciware Systems, Bunyola, Spain) is composed
of a small magnetic bar (10 mm length, 3 mm diameter) placed
inside the syringe, an external stirring support (Fig. S1) placed
around the syringe’s body, a motor (Fig. S1) connected with the
external agitation support by a rubber band which forces the rota-
tion of the external agitation support, and a circuit that controls
both the start/stop and the motor revolutions (Fig. S1) through
one of the multisyringe outputs. The external stirring support
is a ring (14mm i.d.,, 30mm o.d.) with two small magnets fac-
ing each other creating a rotating magnetic field around the
syringe’s body. When the motor is switched on, the ring starts to
rotate and with it the magnetic bar inside the syringe, mixing the
phases.

The manifold is composed of poly(tetrafluoroethylene) (PTFE)
tubes of 0.8 mm i.d. for reagents and sample aspiration.

A picture of the in-syringe-MSA-DLLME system is shown in
Fig. S1. A multisyringe holder was used to place the burette mod-
ule upside down (Fig. S1) to have the organic droplet of the
extraction solvent, which is denser than water, at the head of
the syringe. This way the organic droplet can be dispensed to a
fraction collector while the aqueous phase stays in the syringe.
The MSA system is mounted on the syringe to achieve homo-
geneous and rapid mixing of phases and increase the extraction
efficiency.

Besides, the “off” position of the syringe is connected to the cen-
tral port of a selection valve containing the reagents used to carry
out the DLLME and the cleaning of the system on its peripheral
ports, as follows: water (port 1), cleaning solution (acetone:H,0
10:90, v/v) (port 2), autosampler (port 3), chloroform (extraction
solvent, port 4), acetone (disperser solvent, port 7) and waste (port
8), as can be seen in Fig. 1.

A fraction collector, equipped with amber chromatographic
vials containing 300 L inserts, is connected to the syringe on its
“on” position.

Instrumental control was done with the software AutoAnaly-
sis 5.0 (Sciware Systems). This software based on DLLs (dynamic
link libraries) at 32 bits is very versatile and simple permitting
the implementation of whatever instrumentation needed without
further modifications.
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Fig. 1. Automatic in-syringe-MSA-DLLME system for estrogens extraction and preconcentration prior GC analysis. M, motor; S, syringe; SV, selection valve; V, three-way

solenoid valve.

2.3. GC analysis

The separation and detection of the target compounds are car-
ried out by GC-FID (Agilent 7890 A, Agilent Technologies, USA) for
the optimization, and by GC-MS (Agilent 7890 with mass spec-
trometer HP 5973C, Agilent Technologies, Palo Alto, CA, USA) for
the determination of the analytical parameters and samples anal-
ysis. System control and data acquisition are achieved with HP
ChemsStation Software.

2L of derivatives are injected and separated on a
30m x 0.25mm id.x 0.25mm film thickness DB5 (methyl 5%
phenyl polysiloxane) gas chromatographic column. The injection
port is operated in pulsed splitless mode with an injection tem-
perature of 280 °C. Helium (99.999%) is employed as carrier gas at
the flow rate of 1.0mLmin~!. The MS is operated in the electron
impact (EI) mode (70eV).

The gas chromatographic temperature program is as follows:
initial temperature 100 °C, held 1 min, increased to 200°C at a rate
of 20°Cmin~1, then increased to 280°C at a rate of 5°Cmin~! and
held 8 min, with a total run of 30 min and 7 min of solvent delay.
The El ion source, the quadrupole mass analyzer, and the interface
temperatures are maintained at 230, 150, and 280 °C, respectively.
The MS is equipped with the mass spectral library NIST MS search
2.0. It was tuned to m/z 69, 219, and 502 for the EI corresponding
to perfluorotributylamine. It was operated in the total ion current
mode, scanning from m/z 50 to 550 for identification purposes.

The mass peaks that offer the highest intensity for each compound
were selected in order to obtain the highest sensitivity, and the
acquisition was carried out in the selected ion monitoring mode.
Quantitative ions for each analyte were set as follows: IS: 160, 199,
284; E1: 73, 218, 257, 342; E2: 73, 129, 285, 416; EE2: 285, 425,
440; E3: 73,311, 345,414 m/z.

2.4. In-syringe-MSA-DLLME and derivatization procedure prior
GC

A scheme of the main steps of the procedure is depicted in
Fig. 2. Prior analysis, ionic strength and samples pH are adjusted
to 3molL-! using NaCl and pH 8 using NaOH 0.1 mol L1, respec-
tively. Afterwards, the automatic analytical procedure detailed in
Table 1 is performed. Thus, in-syringe-MSA-DLLME is carried out in
the syringe (S) using 250 L of chloroform and 200 p.L of acetone as
extraction and disperser solvent, respectively. The “off” position of
the three-way solenoid valve (V) of the syringe is connected to the
central port of the selection valve (SV) for sequential aspiration of
the required solutions. A schematic depiction of the automatic in-
syringe-MSA-DLLME procedure is depicted in Fig. 2 (step 2). First,
the disperser (port 7) and extraction solvent (port 4) are loaded
into S followed by the sample (port 3) at 2 mL min~! with the mag-
netic assisted system activated. After 50 s, agitation is stopped, and
after 120's the cloudy solution is separated in two phases. Then,
the organic droplet is collected in a fraction collector with V in its

Table 1
Detailed analytical procedure of the in-syringe-MSA-DLLME method for estrogens determination. S, syringe; SV, selection valve; V, solenoid valve located at the head of S.
Multisyringe burette movement SV (port) \%
1 Starting loop
2 Emptying S Dispense 5mL 8 Off
3 Disperser solvent loading Pick-up 0.2 mL 7 off
4 Extractant solvent loading Pick-up 0.250 mL 4 Off
5 Sample loading (with agitation) Pick-up 4.55mL 3 Off
6 Agitation - 8 Off
7 Wait 50's - 8 Off
8 Stop agitation - 8 Off
9 Dispense organic droplet Dispense 0.160 mL 8 On
10 Syringe cleaning procedure 8 Off
11 Repeat loop (x3) Off
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1. Sample collection, pH and ionic strength adjustment
(pH=8, 3 mol L' NaCl)
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2. In-syringe-MSA-DLLME
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Fig. 2. Scheme of the main steps of the analytical procedure for estrogens determination. (1) Sample collection and conditioning. (2) In-syringe-MSA-DLLME procedure: (A)
disperser and extractant solvent load; (B) sample load with agitation; (C) phase separation; and (D) collection of organic droplet. (3) Derivatization. (4) GC analysis.

“on” position. Finally, a cleaning procedure is performed. It consists
on rinsing S with Milli-Q water (port 1) prior filling it with cleaning
solution (acetone:H,0 10:90, v/v, port 2), pure acetone (port 7) and
again with Milli-Q water (port 1) three more times.

Then, 100 pL of the organic droplet are manually collected using
a micropipette and derivatized inside an amber vial adding 150 p.L
of BSTFA, 45 pL of Py and 5 wL of IS. After 30 min, derivatized sam-
ples are injected into the gas chromatograph.

2.5. Data processing

Limits of detection (LOD) and limits of quantification (LOQ) val-
ues were calculated according to the [UPAC [19,20], as three times
the standard deviation of ten blanks divided by the slope of each
calibration curve, and ten times the standard deviation of ten blanks
divided by the slope of each calibration curve, respectively.

Enrichment factor (EF) was calculated as the ratio of Corg/Co,
where Corg is the concentration of analytes in the organic phase

after DLLME, and C; the original concentration in the aqueous
phase. Extraction recovery (ER) was calculated according to Eq. (1),
where Vg is the volume of the organic droplet after DLLME and
Vsample is the volume of the aqueous phase.

Vorg - Corg

ER =
Vsample . C0

100 (1)

3. Results and discussion
3.1. In-syringe-DLLME

3.1.1. Study of extraction and disperser solvents

A study of extraction and disperser solvents was performed. An
aqueous sample with a mixture of the studied estrogens (pH 3)
[21,22] was extracted and analyzed using GC-FID.

First, the following extraction solvents were tested: car-
bon tetrachloride [23], ethyl acetate, chloroform [21,23] and
trichloroethylene. As can be seen in Fig. 3A the extraction
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Fig. 3. Results of the study of extractants (A) and disperser solvents (B) with error bars. Results are expressed as relative intensity (%) giving the 100% to the solvent showing

the best performance and relating the rest to it.

efficiencies achieved with chloroform were higher than with the
other solvents for all the estrogens. Therefore, chloroform was
selected as extraction solvent. Results are expressed as relative
intensity (%) giving the 100% to the solvent showing the best per-
formance and relating the rest to it.

Then, three different disperser solvents mixed with chloroform
were studied: acetone [22,23], acetonitrile [12,21] and methanol
[6]. As can be seen in Fig. 3B, methanol showed the best perfor-
mance for three of the four estrogens, but the lowest extraction
efficiency for E3, the estrogen with lower sensitivity. Thus, taking
into account these results, acetone was selected as dispersive sol-
vent for further assays, since its performance is similar to methanol
and it showed the best extraction efficiency for E3. Furthermore,
avoiding methanol the overall procedure is simplified since there
is no need to dry the extract prior derivatization.

3.1.2. Multivariate optimization of the in-syringe-MSA-DLLME

Once the extraction and the disperser solvents were selected, a
series of experiments were conducted using the multivariate opti-
mization technique. The statistical software Statistica 7.0 (Statsoft,
Tulsa, USA) was employed for the entire multivariate optimization.
Multivariate designs provide relevant knowledge on the effect of
variables within the entire experimental domain selected, and the
variance of the estimated response in every point of the domain
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is better than that obtained by univariate methods [24]. First, a
full factorial screening (2¥), including three center points, was per-
formed to find out the parameters that had a significant effect upon
the response. The peak area of each estrogen was used as response
signal. In order to evaluate the best conditions for all the estrogens
studied the responses were transformed into a single one using
the mathematical-statistical equations indicated by Derringer and
Suich [25] for the evaluation of multiple responses. The individ-
ual desirability function of each estrogen was calculated according
to Eq. (2), where y; represents the analytical signal; L represents
the lower signal and H the upper signal obtained. Then, the overall
desirability (D) was calculated (Eq. (3)) by determining the geo-
metric mean of individual desirability (d;). The variables studied
were volume of chloroform, volume of acetone, pH of the sample
and agitation time. The experimental domain studied is presented
in Table S1 (Supporting Information). To carry out this study, the
sample volume used was fixed at 3.6 mL.

-1
di=(H_L) @)
D=(dy xdyxdsx - xd)/* )

All the estrogens had the same tendency and as can be seen in
the Pareto chart of the overall desirability (Fig. S2), the volume of
acetone and chloroform, the pH and the curvature were significant,
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Table 2
Figures of merit of the proposed in-syringe-MSA-DLLME-GC-MS method.
E1l E2 EE2 E3
Quantitation ions (m/z) 73,218, 257,342 73,129, 285, 416 285, 425, 440 73,311, 345,414
Retention time (min) 184 189 20.5 21.6
LOD (ngL-1) 16.86 11.07 81.52 24.07
LOQ (ngL™1) 56.18 36.89 271.75 80.24
Linear range (ngL™1) 56-10,000 37-50,000 272-50,000 80-50,000
Calibration curve y=2.2474x+0.0242, (n=5) y=1.2819x+0.0001, (n=6) y=0.1777x - 0.0003, (n=6) y=0.5826x+0.0007, (n=6)
Determination coefficient (R?) 0.9983 0.9925 0.9987 0.9925
Intra-day precision (%) (n=10) 3.16 5.28 4.29 7.06
Inter-day precision (%) (n=7) 5.75 6.63 457 711
Extraction time (min)? 11 11 11 11
Enrichment factor 11 21 29 14
Extraction recovery (%) 39 72 101 49

2 Extraction time including system cleaning.

indicating that optimum values could be found in the studied range.
Thus, ranges were readjusted according to the screening results
for applying a response surface face centered central composite
design (CCD) to attain the critical values of the studied variables.
Volume of chloroform and acetone had a negative effect. Thus, their
ranges (Table S1) were readjusted to: 250-400 p.L; and 200-500 L,
respectively. The pH of the sample had a positive effect, so it was
fixed to pH 8 (the highest value of the studied range) in order to
ensure that the estrogens are not in their dissociate form. Agita-
tion time was not significant in the studied range (40-120s) so the
range was decreased to 0-60s to check if the agitation was nec-
essary. Then, the CCD was performed and the desirability graphic
was studied (Fig. S3) to obtain the critical values. As can be seen in
the desirability chart, the optimum values (Table S1) were 250 L
of chloroform, 200 L of acetone and 50 s of agitation time which
were used in further assays. The separation time of the layers was
set at 2 min. No bubble formation or clogging of the syringe was
observed.

3.1.3. Effect of the ionic strength

The influence of the salting-out effect is commonly studied since
sometimes it produces an improvement of the extraction efficiency
[6,22]. Thus, NaCl was added in different concentrations up to
5molL-!. An important increase of E3 extraction efficiency was
observed when concentrations up to 3 mol L~ were added. For the
rest of estrogens the response decreased slightly by adding NacCl.
This reduction was not as significant as the improvement of E3, the
estrogen that showed less sensitivity at the GC analysis. Therefore,
3mol L' was selected for further experiments.

3.2. Derivatization conditions

Estrogens require derivatization prior GC analysis. Sylilation is
one of the most common methods performed when the analytes
contain active hydrogen atoms (as, in this case, —OH), since it
enhances volatility and the derivatives have the stability necessary
to carry out a GC-MS analysis with the optimal sensitivity and res-
olution [26]. Therefore, 100 L of the organic drop obtained with
the in-syringe-DLLME system were transferred using an automatic
pipette to an amber glass vial containing a 300 pL insert, and dif-
ferent derivatization conditions were tested. All the derivatization
reactions were performed in a capped vial. Estrone 3-methyl ether
was used as internal standard. It was added after the extraction pro-
cedure to correct instrumental drift of the GC-MS. The IS did not
affect the derivatization since it does not contain active hydrogen
atoms.

Derivatization of the estrogens with MSTFA and BSTFA at 60°C
[8,26] was carried out using different solvents: ethyl acetate,
dichloromethane and pyridine. BSTFA showed a better perfor-
mance than MSTFA. We also noticed that with ethyl acetate and

dichloromethane the derivatization of EE2 was incomplete, and
various sylilated compounds were obtained. EE2’s main deriva-
tive using these solvents, a mono-TMS-EE2, has the same retention
time and mass spectrum as TMS-E1. However, using pyridine the
derivatization of EE2 was facilitated leading to the generation of
its completely silylated product (di-TMS-EE2) [9]. Different propor-
tions of BSTFA:pyridine were tested. A sufficient amount of pyridine
(Py) was circa 1/3 of total volume of the derivatization reagent.
Thus, 150 pL of BSTFA, 45 L of Py and 5 L of IS were added to
100 L of sample for further assays. GC-FID chromatograms of the
TMS derivatives of EE2 formed in the absence and presence of pyri-
dine are shown in Fig. S4.

The influence of a catalyst was also studied. Using BSTFA:TMSC
(99:1) as derivatization agent, the derivatization time is 30 min,
while without catalyst derivatization requires more than 120 min.
Thus, BSTFA:TMSC (99:1) was used as derivatization reagent.

Finally, reaction conditions were optimized. Effect of tempera-
ture, time and ultrasonication were studied. The ultrasonic bath did
not have a significant effect upon the derivatization rate. Deriva-
tization was also carried out at room temperature (20°C) and at
65°C, a statistical t test at the 95% confidence level showed that
there were no significant differences between them. Therefore,
room temperature and 30 min were selected for further assays.
Stability of derivatized products was also studied and these were
stable during four days, obtaining an RSD lower than 7% for all the
estrogens.

3.3. Method validation

In order to evaluate the performance of the proposed method,
its figures of merit were studied and listed in Table 2.

The linear working range has been established from the LOQ to
the highest standard analyzed. As can be seen in Table 2, a wide
range of concentrations can be quantified, i.e. 56-10,000ngL-!
of E1, 37-50,000ngL-! of E2, 272-50,000ngL~! of EE2 and
80-50,000 ng L-! of E3, with RSDs between 3.6 and 12.3%.

Precision was evaluated analyzing sample 1 (inlet of the sewage
treatment plant of Palma de Mallorca) spiked with 1 wgL-1 of each
estrogen. Intra-day precision is expressed as the RSD obtained
when analyzing this sample in 10 consecutive determinations
within the same day (n=10). As can be seen RSDs <7.06% were
obtained. Inter-day precision corresponds to the RSD of this sam-
ple analyzed during seven different days (n=7). For all the analytes
a RSD <7.11% was attained.

Enrichment factors from 11 to 29 were attained.

In Fig. 4 is shown the chromatogram of the direct injection of
a solution of 1mgL-! of the estrogens studied in chloroform and
the chromatogram of the injection of the extract after performing
the in-syringe-MSA-DLLME with an aqueous sample spiked with
1mgL-1 of estrogens.
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Fig. 4. GC-MS chromatogram obtained for (A) the direct injection of a solution of 1mgL-" of the studied estrogens in chloroform; (B) the injection of the extract after
performing the in-syringe-MSA-DLLME with an aqueous sample with 3 mol L~ NaCl, pH 8, and spiked with 1 mgL~" of the studied estrogens. (1) IS, and derivatized forms

of (2) E1, (3) E2, (4) EE2 and (5) E3.

Table 3

Comparison of the proposed method with previously reported methods for estrogens determination.
Method Sample volume Type of sample LOD (ng) RSD (%) Reference

(mL)
E1l E2 EE2 E3 E1l E2 EE2 E3 n
SPE-GC-MS 1000 Distilled water 20 3.0 200 12.0 3-5 4-5 2-3 16-22 n=3 [7]
SPE-GC-MS 3000 Distilled water 0.09 0.09 0.84 4.25 1.71 362 n=3 [9]
SPE-GC-MS 200 River water 0.06 0.04 0.05 0.02 9.8 7.4 7.1 13 n=5 [26]
DLLME-HPLC 5 Distilled water/wastewater 2.5 0.5 0.4 0.6 48-54 4.7-53 5.6-5.8 3-4 n=6 [19]
DLLME-SFO-UPLC 5 River water/tap water 5-8 4-7 6-8.5 13.5-155 10-14 8-14 7-10 10-12 n=7 [6]
In-syringe-MSA- 4.55 Wastewater 0.08 0.05 0.37 0.11 5.75 6.63 4.57 7.11 n=7 Present work
DLLME-GC-MS

In order to evaluate the proposed method, a comparison of
methods for estrogens determination has been listed in Table 3.
As can be seen previously reported GC-MS methods for estrogens
determination perform the clean-up of the sample by solid phase
extraction (SPE). The advantage of this technique over in-syringe
DLLME is that larger amounts of sample can be preconcentrated

Table 4

achieving lower detection limits. However, these involve longer
procedures and a higher volume of the final organic solvent (eluent)
needing to evaporate the eluent to dryness before derivatization
and injection in the GC-MS. As can be seen in Table 3, LODs achieved
are lower [8] orsimilar[10,27] to previously reported SPE-GC meth-
ods expressed in mass. However, if comparing in concentration

Application of the in-syringe-MSA-DLLME-GC-MS method to wastewater samples and add-recovery test at two levels of spike. Sample conditions: pH 8, 3molL~! NaCl. R,

recovery (%).

Added (pgL-1) E1l E2 EE2 E3
Found (pngL™1) R (%) Found (pgL™1) R (%) Found (pgL™1) R (%) Found (pwgL™') R (%)
0 n.d. - n.d. - n.d. - n.d. -
S1 (Inlet 1) 1 1.024+0.011 102 0.95+0.11 95 1.16+0.15 116 0.99+0.04 929
5 5.1+0.7 102 4.25+0.03 85 53+0.7 105 46+04 92
0 n.d. - n.d. - n.d. - n.d. -
S2 (Inlet 2) 1 1.04+0.04 104 0.99+0.09 99 1.10+0.04 110 1.03+0.11 103
5 5.49+0.18 110 42+0.2 84 5.7+0.2 113 55+04 110
0 n.d. - n.d. - n.d. - n.d. -
S3 (Outlet 1) 1 1.03+0.07 103 0.99+0.02 99 1.16+0.09 116 1.12+0.03 112
5 4.88 +0.09 98 4.73+0.11 95 55+04 110 5.06 +0.03 101
0 n.d. - n.d. - n.d. - n.d. -
S4 (Outlet 2) 1 1.14+0.09 114 1.07 +£0.02 107 1.10+0.04 110 1.01+0.11 101
5 53+04 106 53+03 106 48+04 97 46+0.7 92
0 n.d. - n.d. - n.d. - n.d. -
S5 (Outlet 3) 1 1.02+0.03 102 1.042 +£0.003 104 1.16+0.09 116 0.97+0.18 97
5 53+0.2 105 5.0+04 101 5.7+0.9 114 4.8+0.7 97

n.d.: non-detected.

114



8 A. Gonzdlez et al. / ]. Chromatogr. A 1413 (2015) 1-8

better LODs are achieved using SPE due to the larger sample volume
that can be preconcentrated. Comparing to previously reported
methods exploiting DLLME for estrogens determination, these use
HPLC instead of GC. Thus, as can be seen better LODs have been
achieved [6,22] with the present method. The proposed method
also showed a good precision, similar to previous works. Regarding
to the time necessary to perform the clean-up and preconcentration
of the sample, all the process can be carried out in 11 min, including
the extraction, the collection of the organic drop and the system
cleaning. Taking into account only the extraction time (agitation
and phase separation), it takes less than 3 min, lower than the time
reported in previous DLLME methods which ranged from 3 [6] to
20 min [22] just for centrifuging and phase separation. Moreover,
the preconcentration and sample clean-up process is performed
automatically, being this the first automated method reported for
estrogens determination which results in good reproducibility and
accuracy, and in a method that can perform the sample pretreat-
ment unattended what results in a significant time saving.

3.4. Application to wastewater samples

The applicability of the proposed method was studied by ana-
lyzing five wastewater samples from the inlets (sample 1 and 2) and
outlets (sample 3,4 and 5) of a sewage treatment plant in Palma de
Mallorca (Balearic Islands, Spain). No estrogens were found in the
samples. Thus, these samples were spiked at two different levels,
ie. 1pugL! (low level) and 5 wgL~! (high level) of each estrogen.
As can be seen in Table 4, the recoveries ranged from 85 to 116%
for Inlet 1, 84 to 113% for Inlet 2, 95 to 116% for Outlet 1,92 to 114
for Outlet 2 and 97 to 116% for Outlet 3.

Furthermore as explained previously sample 1 was used to test
the accuracy of the method, showing a good intra-day and inter-
day precision. Therefore, the applicability of the proposed method
to this kind of samples is validated.

4. Conclusions

A fast and simple method to determine estrogens in wastewater
samples has been described. To the best of our knowledge this is the
first method for estrogens determination with automatic extraction
and preconcentration prior GC-MS, what results in a good preci-
sion, accuracy and time saving. After a wide study, chloroform and
acetone were selected as extraction and disperser solvents, respec-
tively. Simultaneous, quick and efficient optimization was allowed
by exploiting multivariate design combined with the concepts of
multiple response treatments and desirability function. DLLME has
proved to be a suitable pretreatment technique when using gas
chromatography avoiding the need to dry the extract before deriva-
tization and injection. BSTFA + 1% TMSC:pyridine 3:1 enhanced the
derivatization rate ensuring the conversion of the studied estrogens
to their trimethylsilyl derivatives and allowing the simultaneous
determination of E1 and EE2. The proposed method has proved

to be a useful tool to determine estrogens in wastewater samples
given the good precision and recoveries obtained.
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5.2.1 Material suplementario (Supplementary Material)

Figure S1. In-syringe-MSA-DLLME system and components
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Table S1. Variables and ranges studied in the screening and the central composite

design and optimum values.

Volume of Volume of

chloroform acetone pH 'A{?r::gt(':)n
(ML) (ML)
Screening 300-500 300-900 3-8 40-120
Central Composite 250-400 200-500 8 0-60
Design
Optimum values 250 200 8 50

Figure S2. Pareto chart of the overall desirability (D) for the estimated effects for

the variables affecting the dispersive liquid-liquid microextraction.
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Figure S3. Desirability chart for all the estrogens and the calculated overall desirability
(D) in the face centered central composite design. E1: estrone, E2: 17p-estradiol, EE2:
17a-ethynylestradiol, E3: estriol.
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Capitulo 5

Figure S4. GC-FID chromatograms of the TMS derivatives of EE2 in different
conditions: A) In absence of pyridine. Derivatization reagent: 200 pl BSTFA. B)
Derivatization reagent: 150 ul BSTFA: 50 pL pyridine (3:1) C) Derivatization reagent:

100 pl BSTFA:100 pL pyridine (1:1).
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CAPITULO 6

Desarrollo de un sistema de
extraccion en fase microsolida
dispersiva en jeringa basado en el
uso de microparticulas magnéticas
para la determinacion de estrogenos






In syringe magnetic D-pu-SPE estrégenos

6.1 Introduccion y discusion

En este capitulo se presenta el desarrollo del primer sistema para la determinacion de
estrogenos en muestras ambientales basado en una extraccion en fase microsolida
dispersiva en jeringa (in-syringe magnetic dispersive micro-solid phase extraction, D-u-
SPE) previa al analisis por GC-MS utilizando microparticulas de carbones magnéticos

como adsorbente.

Tal como se ha explicado en capitulos anteriores, las estructuras metalorganicas (metal-
organic frameworks, MOFs) son un grupo de materiales cristalinos que se estan
utilizando cada vez mas en quimica analitica debido a sus interesantes propiedades,
tales como sus elevadas areas superficiales y su estabilidad. Su estructura se basa en la
unién de iones metalicos con moléculas orgénicas, formando cavidades cuyo tamafio se
puede controlar para obtener desde micro a mesoporos. Ademas, se pueden sintetizar
MOFs con propiedades magnéticas, facilitando su implementacion como adsorbente
para la D-u-SPE puesto que se puede forzar su dispersion a través de la matriz de la

muestra.

Las microparticulas magnéticas han sido obtenidas al llevar a cabo la sintesis y
posterior combustion de particulas ZIF-67, un subtipo de MOFs con estructura zeolitica
y ligandos tipo imidazolato.

Tras sintetizar y caracterizar los carbones mediante difraccion de rayos X,
microscopia e isotermas de adsorcion, se ha realizado el estudio y seleccién del
eluyente, seguido de una optimizacién multivariante del resto de variables que influyen
en la microextraccion: volumen de eluyente, efecto de la fuerza idnica, pH de la

muestra, y tiempos de agitacion para la extraccion y elucion.

Una vez obtenido el extracto, éste ha sido derivatizado e inyectado en un GC-MS
para la separacién y cuantificacién de los analitos, bajo las condiciones especificadas en

el capitulo anterior.

La repetitividad y reproducibilidad del sistema han sido estudiadas obteniéndose
resultados satisfactorios, con RSDs entre 2,7 y 5,9% para los estudios intra-day, y entre

4,6 y 9,5% para los estudios inter-day.
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Finalmente, cabe mencionar que el uso de las microparticulas magnéticas ha
permitido automatizar la pu-SPE evitando algunos de los inconvenientes mas comunes
en este tipo de sistemas, como la obstruccion de los canales que conduce a

sobrepresiones.
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6.2 Articulo original

A continuacion se adjunta el articulo original "In-syringe dispersive u-SPE of estrogens
using magnetic carbon microparticles obtained from zeolitic imidazolate frameworks”
de A. Gonzalez, J. Avivar, F. Maya, C. Palomino Cabello, G. Turnes Palomino y V.
Cerda, asi como su material suplementario, publicados en Analytical and Bioanalytical
Chemistry 409 (2017) 225-234.
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Abstract Herein, we propose for the first time the use of
magnetic porous carbons (MPCs) derived from zeolitic
imidazolate frameworks (ZIFs) for the automated in-syringe
magnetic dispersive micro-solid phase extraction (D-u-SPE)
of environmental pollutants prior to their analysis using GC-
MS. MPCs with dual porosity are obtained from the direct
combustion of the ZIF-67, obtaining robust and magnetic
porous carbons on the micrometer scale. As proof of con-
cept, this material has been applied for the automated D-p-
SPE of estrogens (estrone, 17f-estradiol, and 17«-
ethynylestradiol) cataloged as Contaminants of Emergent
Concern by the Environmental Protection Agency of the
United States (US-EPA). The automation of the system pro-
vided a good precision given the low relative standard devi-
ations (RSDs) obtained, ranging from 2.70 to 5.90 % for
intra-day precision and from 4.6 to 9.55 % for inter-day
precision. Furthermore, the clean-up and preconcentration
of the sample is easy and quick, as the in-syringe magnetic
D-u-SPE is carried out in less than 20 min. The high poros-
ity, magnetism, and good stability of the MPCs facilitated
the automation of the SPE in dispersive mode enabling
the analysis of samples with a complex matrix without
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which is available to authorized users.
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backpressure or problems related with the clogging of the
instrumentation conduits. The applicability of the method to
wastewater samples has been demonstrated given the good
recoveries attained ranging from 86 to 115 %.

Keywords Dispersive microsolid phase extraction - Magnetic
porous carbons - Zeolitic imidazolate frameworks -
Automation - Gas chromatography—mass spectrometry -
Estrogens

Introduction

Estrogens are a group of natural and synthetic steroid hor-
mones with endocrine-disrupting properties. Estrogens cause
adverse health effects in organisms or its progeny, as conse-
quence of changes in their endocrine function [1, 2].
Therefore, some of these compounds as estrone (E1), 173-
estradiol (E2), and 17«-ethynylestradiol (EE2) have been
cataloged as Contaminants of Emerging Concern by the
Environmental Protection Agency of the United States (US-
EPA) [3].

During recent years, the determination of contaminants like
synthetic and natural hormones in sewage treatment plant ef-
fluents and surface waters is more demanded, since this kind
of pollutants arising from domestic and industrial sources
have been found in sewage treatment plant effluents in Asia,
Europe, and North America [4]. In municipal sewage efflu-
ents, these have been identified as responsible for the majority
of moderate and serious pollution incidences in the freshwater
environment [5, 6].

Different techniques have been used for the determination
of estrogens [7-9]. Among them, gas chromatography—mass
spectrometry (GC-MS) is one of the most desirable tech-
niques for this purpose as it allows simultaneous separation
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and identification of both synthetic and natural estrogens [4,
10]. However, a previous step of sample clean-up and ana-
lyte preconcentration is required prior to sample injection
into the chromatograph in order to attain matrix removal
and subsequently the enrichment of the analyte and the im-
provement of the method sensitivity. This is of great interest
when dealing with complex matrix samples, such as waste-
waters, where the analytes of interest are present at low
concentration and the components of the sample matrix can
damage the chromatographic instruments. Liquid-liquid ex-
traction (LLE) [11] and solid-phase extraction (SPE) [2, 12]
have been widely used for this purpose. SPE is preferred
over LLE, since SPE is faster and more environmentally
friendly than LLE. In this sense, advances are being made,
e.g., with the development of new materials such as porous
carbons [13], porous polymers [14], or metal-organic frame-
works (MOFs) and related compounds [15, 16], which are
being studied as sorbents for pollutants extraction and
preconcentration.

Zeolitic imidazolate frameworks (ZIFs) are a subclass of
MOFs composed of tetrahedrally coordinated metallic centers
linked by imidazole-based ligands [17, 18]. Their excellent
properties such as high porosity and water stability make them
suitable for the extraction of organic pollutants from aqueous
samples. For example, the use of ZIF-8 (Zn(Melm),, Melm =
2-methylimidazole) crystals has been explored for the extrac-
tion of phthalate esters [19, 20], benzotriazoles [21], and es-
trogens [22] from water samples. An interesting approach in
the use of ZIFs for SPE application is the direct carbonization
of ZIF-67 (CoMelm) in an inert atmosphere, obtaining highly
stable and magnetic porous carbons (MPCs) [23]. MPCs de-
rived from ZIF-67 enable magnetic solid-phase extraction
[24], a variation of the classical SPE that has received much
attention as the sorbent can be readily isolated from the sample
using a magnet after stirring [25]. Furthermore, problems with
the column blocking and pressure are avoided. Magnetic
solid-phase extraction can be automated using flow analysis
techniques, in packed format [26] and more recently in dis-
persive mode [27]. Automation by flow analysis techniques
affords high throughput, decreasing the human exposure to
hazardous chemicals, and developing more environmental
friendly procedures obtained due to process downscaling
[28, 29].

Herein, we propose for the first time the combination of in-
syringe magnetic dispersive micro-solid phase extraction
(magnetic D-u-SPE) with GC-MS for the determination of
estrogens. MPCs have been synthesized from micrometric
ZIF-67 crystals, and their applicability for the sample clean-
up and preconcentration of estrogens has been studied.
Experimental parameters involved in the extraction process
have been optimized, and different eluents have been tested.
The applicability of the proposed system to wastewater sam-
ples has also been evaluated.

@ Springer

Experimental
Chemicals, solutions, and samples

All solutions were prepared in distilled water from a Milli-Q
system (Millipore, Bedford, MA, USA) (resistivity
>18 MQ cm) or in GC-grade methanol (Scharlau,
Barcelona, Spain).

Cobalt chloride (CoCl,) was purchased from Scharlau, and
polyvinylpyrrolidone (PVP) and 2-methylimidazole (Melm)
were purchased from Sigma-Aldrich (Sigma-Aldrich,
Madrid, Spain). Chloroform, trichloroethylene, and acetoni-
trile (Scharlau) were tested as eluents. Sodium chloride (NaCl)
of analytical reagent grade (Scharlau) was used to adjust the
ionic strength of the samples and standards. Estrone (E1), (3-
estradiol (E2), 17«x-ethynylestradiol (EE2), and estrone 3-
methyl ether (internal standard, IS) were purchased from
Sigma-Aldrich. Stock solutions of estrogens were prepared
by accurately weighing the appropriate mass of each com-
pound and by dissolving it in methanol obtaining a final con-
centration of 500 mg L™'. Stock solutions were kept in the
dark at —20 °C. Working standard solutions containing either
mixtures or individual compounds were prepared daily by
dilution of the stock solutions in chloroform (for the direct
injection of the solution into the gas chromatograph), or in
water containing 3 mol L' NaCl and adjusted to pH 4.6 using
NaOH 0.1 mol L™". N,0-bis(trimethylsilyl)trifluoroacetamide
with trimethylchlorosilane (BSTFA + TMSC, 1 %) was used
as derivatization reagent, and pyridine as a solvent, both pur-
chased from Sigma-Aldrich.

Wastewater samples collected from the inlets (samples 1
and 2) and outlets (samples 3 and 4) of the sewage treatment
plant of Palma de Mallorca (Balearic Islands, Spain) were
stored at 4 °C in plastic bottles. Due to the presence of solid
particles, samples were centrifuged, and the supernatant liquid
was filtered through 0.22-pum nylon filters before analysis.
They were adjusted to pH 4.6 using NaOH 0.1 mol L™" and
prepared in a final solution containing 3 mol L' NaCl.

Synthesis and characterization of the zeolitic imidazolate
framework-derived dual magnetic porous carbons

The preparation of magnetic porous carbons (MPCs) with
dual porosity is divided in two main steps, i.e., the synthesis
of ZIF-67 particles and their subsequent carbonization. In a
first step, ZIF-67 particles were prepared according to a pre-
viously reported method [30]. CoCl, (519 mg), PVP
(600 mg), and MeIM (2630 mg) were dissolved in 80 mL of
methanol under stirring. The obtained solution was left at
room temperature for 12 h without stirring. The resulting
bright purple powder was separated by centrifugation, washed
three times with methanol, and dried at 80 °C. In a second
step, ZIF-67 crystals were carbonized under a nitrogen flow at
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800 °C for 3 h (heating rate 2 °C min™"). After the calcination
treatment, the bright purple powder is converted into a black
magnetic powder corresponding to the MPCs. The MPCs
were washed several times with acetone and water before use.

Powder X-ray diffraction data were collected using CuKa
(A =1.54056 A) radiation on a Siemens D5000 diffractometer.
Particle morphology was analyzed by scanning electron mi-
croscopy (SEM) and transmission electron microscopy
(TEM) using a Hitachi S-3400N microscope operated at
15 kV and a Hitachi ABS microscope operated at 100 kV,
respectively. Nitrogen adsorption isotherms were measured
at 77 K using a TriStar 3020 (Micromeritics) gas adsorption
analyzer. The samples were previously outgassed under a dy-
namic vacuum (ca. 10~> mbar) overnight at 393 K. Ultrahigh
purity N5 (99.992 %) was supplied by Air Products. Data were
analyzed using the Brunauer—Emmett-Teller (BET) model to
determine the specific surface area.

In-syringe magnetic D-p-SPE system and software

A schematic depiction of the in-syringe magnetic D-p-SPE
system is shown in Fig. 1. An automatic burette (CRISON,
Alella, Spain) coupled to a selection valve (SV) (Sciware
Systems, Bunyola, Spain) are the basic elements of the pre-
treatment system. The automatic burette is equipped with a
5-mL glass syringe (S) (Hamilton, Switzerland) where the
D-u-SPE takes place. The syringe has a three-way solenoid
valve (N-Research, Caldwell, NJ, USA) placed at the head
enabling multicommutation operations. The step motor shows
a speed range of 1024-20 s for total displacement, corre-
sponding to 40,000 steps. Thus, the module allows precise
handling of microliters and a wide flow rate range (0.057—
30 mL min ', depending on the syringe volume 1-10 mL).
The burette is placed upside down using a homemade burette
holder.

A magnetic stirring-assisted system (MSA) [31] is
mounted on the syringe to allow a rapid dispersion of the
MPC particles. The MSA system (Sciware Systems) is com-
posed of a small magnetic bar (10 mm length, 3 mm diameter)
placed inside the syringe, an external stirring support placed

around the syringe’s body (14 mm i.d., 30 mm o.d.) with two
small magnets facing each other creating a rotating magnetic
field, a motor connected with the external agitation support by
a rubber band, which forces the rotation of the external sup-
port when activated, and a circuit controlled through one of
the burette external outputs that controls both the start/stop
and the motor revolutions. A schematic depiction of the
MSA system can be found elsewhere [32]. When the motor
is switched on, the ring starts to rotate and with it the magnetic
bar inside the syringe, forcing the dispersion of the magnetic
particles through the sample. Once the extraction is done, the
motor is switched off, and the particles are attracted by the
magnetic bar. Thus, the aqueous sample can be discarded
while the particles remain inside the syringe (Fig. 2 and
Video S1 in the Electronic Supplementary Material, ESM).

The “off” position of the three-way solenoid valve of the
syringe is connected to the central port of a selection valve
(SV), as can be seen in Fig. 1. The peripheral ports of the SV
contain the fraction collector equipped with amber chromato-
graphic vials containing 300-pL inserts and the reagents used
to carry out the in-syringe magnetic D-u-SPE and the cleaning
of the system, as follows: water (port 1), fraction collector
(port 2), sample (port 3), air (port 4), chloroform (eluent, port
5), acetone (port 6), and waste (port 8).

The manifold is composed of poly(tetrafluoroethylene)
(PTFE) tubing of 0.8 mm i.d. for reagents and sample aspira-
tion. Instrumental control was done with the software
AutoAnalysis 5.0 (Sciware Systems). This software permits
the automatic control of the flow manifold used including the
agitation system through a very simple interface for non-
specialized users.

Automated in-syringe magnetic D-u-SPE
and derivatization procedure prior GC analysis

First, 10 mg of the magnetic particles (MPCs) are weighed and
introduced inside the syringe (S). Afterwards, in-syringe mag-
netic D-p-SPE is carried out. The detailed procedure of the in-
syringe magnetic D-u-SPE is depicted in Table 1. Thus, the
selection valve (SV) is positioned in its port 3 and 4.5 mL of

Fig.1 Schematic depiction ofthe Waste H)0 GC-MS
in-syringe magnetic D-u-SPE MPC particles - ¥
system for estrogens extraction immobilized on 5 o
and preconcentration prior GC a magnetic bar sV g8 1 Fraction collector
analysis. M motor, S syringe, SV f 04 2
selection valve, V three-way ‘ ]
solenoid valve e | T 6 30/

———— Acetone % 4 Autosampler

Chloroform N
eluent; r
on off ( )
O
Stopper
@ Springer
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Fig. 2 Scheme of the in-syringe
magnetic D-p-SPE procedure:
particles are immobilized on the
magnetic bar (a). When the
agitation system is activated,
particles are dispersed through the
sample (b). When the agitation
system is stopped, particles are
attracted by the magnetic bar (c).
The aqueous sample is dispensed
to the waste while the particles are
retained inside the syringe (d).
The eluent is loaded (e). The steps
(b), (c), and (d) are repeated,
dispensing the eluent to the
fraction collector

®
Py — — ;——; p
a b c d e

the sample are loaded into the syringe at 2.5 mL min ' assisted system is activated and the MPC particles are dis-
through the “off” position of the three-way solenoid valve  persed throughout the sample. During agitation, V is in its
(V) located at the head of the syringe. Then, the magnetic-  “on” position, which is closed with a stopper to prevent

Table 1 Detailed analytical —
procedure of the in-syringe Multisyringe SV (port) W)
magnetic D-p-SPE method for

estrogens extraction 1 Start loop

2 Empty S Dispense 4.9 mL 8 Off
3 Load sample Pick up 4.5 mL 3 Off
4 Stir - 3 On
5 Wait 12 min — 3 On
6 Stop stirring - 3 On
7 Wait 2 min - 3 On
8 Dispense sample Dispense 4.5 mL 8 Off
9 Load water Pick up 4.5 mL 1 Off
10 Stir - 1 On
11 Wait 1 min - 1 On
12 Stop stirring - 1 On
13 Wait 1 min - 1 On
14 Dispense water Dispense 4.5 mL 8 Off
15 Load air Pick up 3 mL 4 Off
16 Dispense air Dispense 3 mL 8 Off
17 Load eluent (chloroform) Pick up 0.3 mL 5 Off
18 Load air Pick up 0.6 mL 4 Off
19 Stir 4 On
20 Wait 6 min 4 On
21 Stop stirring 4 On
22 Wait 4 min 4 On
23 Dispense eluent Dispense 0.9 mL 2 Off
24 MPC and syringe rinsing procedure

25 Repeat loop (n=3)

S syringe, SV selection valve, V three-way solenoid valve

@ Springer
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particles going out the syringe because of the agitation move-
ment. After 12 min, the agitation is stopped, and the particles
are attracted by the magnetic bar. After 2 min, the sample is
clear again and can be discarded by setting V in its “off”
position and SV in the port 8 (waste). Next, the syringe is
filled with water at 5 mL min”" (port 1 of the SV) and the
MSA system is activated during 1 min to remove non-retained
species from the matrix of the sample. Again, MSA is stopped
and after 1 min the water is discarded (SV port 8). Then, SV is
positioned in port 4 (air), and 3 mL of air are aspirated and
then dispensed to the waste (port 8) to dry the particles and the
central tubing. Afterwards, the elution of estrogens is per-
formed. Then, 300 puL of the eluent (chloroform, port 5) are
loaded into S, followed by 600 pL of air to push the chloro-
form that stays in the central tubing. Afterwards, the MSA
system is activated for 6 min. After 4 min without agitation,
the chloroform droplet is dispensed in a fraction collector (port
2 of the SV). Then a cleaning procedure of the system and the
particles is performed. It consists on rinsing S and the particles
with acetone (port 6) and then with water (port 1). Finally,
100 pL of the organic droplet are manually collected using a
micropipette and derivatized inside an amber vial using the
conditions optimized in our previous work [32], i.e., 150 uL
of BSTFA, 45 puL of Py, and 5 uL of IS at room temperature.
After at least 30 min, derivatized samples are injected into the
GC-MS.

GC analysis

A GC-MS (Agilent 7890 with mass spectrometer HP 5973C,
Agilent Technologies, Palo Alto, CA, USA) was used for the
determination of the analytical parameters and samples anal-
ysis. The MS is operated in the electron impact (EI) mode
(70 eV). System control and data acquisition are achieved
with HP ChemStation Software. Helium (99.999 %) is
employed as carrier gas at the flow rate of 1.0 mL min .
Furthermore, 1 pL of derivatives is injected and separated
on a 30 mx0.25 mm i.d. X 0.25 mm film thickness DBS
(methyl 5 % phenyl polysiloxane) GC column with the fol-
lowing temperature program: initially from 100 °C (holding
1 min) at a rate of 20 °C min ! to 200 °C, then increasing at a
rate of 5 °C min ' to 280 °C and holding for 8 min, with a total
run of 30 min and 7 min of solvent delay. The injection port is
operated in pulsed splitless mode with an injection tempera-
ture of 280 °C. The EI ion source, the quadrupole mass ana-
lyzer, and the interface temperatures are maintained at 230,
150, and 280 °C, respectively.

The MS is equipped with the mass spectral library NIST
MS search 2.0. It was tuned to m/z 69, 219, and 502 for the EI
corresponding to perfluorotributylamine. It was operated in
the total ion current mode, scanning from m/z 50 to 550 for
identification purposes. The mass peaks that offer the highest
intensity for each compound were selected in order to obtain
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the highest sensitivity, and the acquisition was carried out in
the selected ion monitoring mode. Quantitative ions for each
analyte were set as follows: IS: 160, 199, 284; E1: 73, 218,
257,342; E2: 73, 129, 285, 416; and EE2: 285, 425, 440 m/z.

Optimization experiments were carried out with a GC-FID
(Agilent 7890 A, Agilent Technologies, USA).

Results and discussion
Characterization of the MPCs

As stated above, the preparation of magnetic porous carbons
(MPCs) was based on a previously reported method [30]. ZIF-
67, a Co-based ZIF, was selected as the precursor and it was
carbonized directly in the absence of any additional carbon
source.

The powder X-ray diffraction pattern (XRD) of the pre-
pared ZIF-67 crystals (Fig. 3a) showed good crystallinity
and was in good agreement with previous reports [30]. After
the carbonization process, the characteristic peaks of the ZIF-
67 are no longer present in the XRD pattern, while new dif-
fraction lines are now observed at higher diffraction angles
(Fig. 3a). The new XRD peaks are assigned to carbon with a
graphitic structure (20 <30), Co face-centered-cubic (fcc)
nanocrystals (20 >40), and CoO nanoparticles due to the ox-
idation of the Co nanocrystals present on the surface of the
carbon (20 =36). The obtained carbons have magnetic prop-
erties. The morphology of the obtained materials was investi-
gated by using scanning electron microscopy (SEM) and
transmission electron microscopy (TEM). As revealed by
SEM images, the ZIF-67 crystals obtained as precursor mate-
rial for the preparation of MPC have rhombic dodecahedron
shape and micrometric size (Fig. 3b; examples at different
magnifications are shown in Figs. S1 to S4 in the ESM).
The MPC particles obtained from ZIF-67 have a distorted,
bumpy surface as showed by SEM (Fig. 3c and ESM
Figs. S5 and S6). From the TEM images (Fig. 3d and ESM
Fig. S7), we can observe the presence of the Co and CoO
nanoparticles dispersed in the carbon matrix.

Nitrogen adsorption and desorption isotherms at 77 K for
the prepared MPC are depicted in Fig. 4. The precursor ZIF-
67 is highly microporous, and after carbonization part of the
microporous structure partially collapses. However, part of the
micropores remain after carbonization, as shown by the nitro-
gen adsorption at lower P/Po values (<0.1). Besides that, the
measured isotherms showed hysteresis, which is attributed to
the presence of interparticle mesoporosity. The precursor ZIF-
67 crystals grow partially interconnected (ESM Figs. S2 to
S4) as small aggregates, which persist after the carbonization
(ESM Fig. S6), which could be a possible explanation for the
observed hysteresis loop. A surface area of 233 m> g was
measured from the MPCs. The presence of dual porosity in the
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Fig. 3 X-ray diffraction patterns

of the ZIF-67 sample and the a ZIF-67 derived MPC

MPCs obtained from ZIF-67 (a). —ZIF-67
SEM images of the ZIF-67
crystals (b) and the ZIF-67-
derived MPC (¢). TEM
micrograph of the ZIF-67 derived
MPC (d) -
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obtained MPC can be beneficial to extract organic molecules
with a size larger than the micropores of MPC.

Selection of the eluent

Chloroform, trichloroethylene and acetonitrile were tested as
eluents. An aqueous solution containing 5 mg L' of a mixture
of the studied estrogens was processed with the proposed in-
syringe magnetic D-u-SPE system. Results are showed in
Fig. 5 where the relative intensity for each eluent and analyte
is represented. Relative intensity is calculated assigning
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Fig. 4 Nitrogen adsorption and desorption isotherms of the prepared
MPC
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100 % to the maximum area for each estrogen and relating
the others to this value. Chloroform was selected as eluent for
further assays since it provided the highest extraction efficien-
cies in all cases.

In-syringe magnetic D-pu-SPE optimization

After the selection of chloroform as eluent, a series of exper-
iments were conducted to optimize the variables of the
system using both univariate and multivariate optimization
techniques.

Multivariate designs are useful to get relevant information
about the effect of the variables within the experimental do-
main selected, and the variance of the estimated response in
every point of the domain is better than that obtained by

Study of the Eluents

100.0% 100.0% 100.0%

E1 E2 EE2
® Chloroform O Trichloroethylene @ Acetonitrile

Fig. 5 Selection of the solvent for the elution of the selected estrogens
from the MPC. Results are expressed as relative intensity (%) assigning
100 % to the solvent showing the best elution performance
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Table 2 Figures of merit of the
proposed in-syringe magnetic D-

El

E2

EE2

u-SPE automated system
combined with GC-MS detection Quantitation ions (m/z)
Retention time (min)

LOD (ugL™

LOQ (ugL™

Linear range (ug L")
Calibration curve

Correlation coefficient
Intra-day precision (%) (n=8)
Inter-day precision (%) (n=15)

73,218,257, 342

73,129, 285, 416

73, 285, 300, 425, 440

18.27 18.81 20.35

22 38 26

75 12.8 8.8

7.5-1000 12.8-1000 8.8-1000
y=0.077x+0.023 1=0.045x y=0.066x—9-10"°
0.99 0.97 0.97

2.7 59 5.6

46 9.5 7.7

univariate methods [33]. The statistical software Statistica 7.0
(Statsoft, Tulsa, USA) was used for the multivariate analysis
design and data processing. First, a half-fraction factorial
screening (2¥ ), including three center points, was performed
to find out the parameters that had a significant effect upon the
analytical response. The variables studied were the volume of
chloroform (300—1000 uL), the concentration of NaCl in the
sample (influence of salting-out effect) (0.5-3 mol L"), the
pH of the sample (4-8), the extraction time (5-15 min), and
the elution time (5-15 min). The sample volume was fixed at
3.6 mL to carry out this study. Peak areas of the estrogens
divided by the peak area of the IS were used as response
signal. Data were adjusted to a two-way interaction model
achieving a R* higher than 0.99 for all the tested estrogens.
The curvature was significant for E1 and EE2. In order to
evaluate the best conditions for all the estrogens, the desirabil-
ity function was obtained (ESM Fig. S9). As can be seen, all
the analytes showed the same tendency, and all the variables
had a significant effect upon the signal. The volume of chlo-
roform had a negative effect. The average analytical signals
decreased about 40 % in the studied range when increasing the
volume, so it was fixed at 300 uL (the lowest value of the
studied range) as it could not be further lowered because of
system limitations. The concentration of NaCl had a positive
effect (60 % increase when increasing NaCl concentration), so
it was also fixed to the highest studied value, 3 mol L' The
ranges of the other variables were readjusted according to the
screening results to apply a response surface face-centered
central composite design (CCD) and attain their critical
values. pH of the sample and extraction and elution times
had negative effects. Thus, their ranges were readjusted to
3-5, 1-6 min, and 1-6 min, respectively. Then, the CCD
was performed and the desirability chart was studied (ESM
Fig. S10). As can be seen, a maximum for the pH (4.6) was
achieved so this optimum value was selected for further as-
says. However, the extraction and elution time did not adjust
to a quadratic model so we decided to study their influence in
a univariate approach (ESM Fig. S11). First, the extraction
time was fixed at 6 min (the maximum value studied during
the optimization, as the desirability graphic showed that it had
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a positive effect) and different elution times up to 12 min were
tested. Data showed that the signal decreased after 6 min of
elution time, probably due to readsorption of the estrogens on
the particles, so the elution time was fixed at 6 min. Then,
extraction times were evaluated up to 15 min. A maximum
signal was achieved at 12 min. Thus, an extraction time of
12 min was selected for further assays.

Method evaluation

In order to evaluate the performance of the proposed method,
its figures of merit were studied (Table 2). The linear working
range was established from the LOQ to the highest standard
analyzed. The studied estrogens can be quantified in a wide
range of concentrations, i.e., 7.5-1000 pg L' of El, 12.8-
1000 pg L' of E2, and 8.8-1000 pug L' of EE2. These
results are obtained using a sample volume of 4.5 mL.
However, the extraction step can be performed several con-
secutive times [27], increasing further the enrichment of the
analytes in the solid support prior to the elution step, and
concomitantly increasing the sensitivity of the method.
Precision was evaluated analyzing sample 1 (inlet of the
sewage treatment plant of Palma de Mallorca) spiked with
0.1 mg L" of each estrogen. Intra-day precision is expressed
as the relative standard deviation (RSD) obtained when ana-
lyzing sample 1 in eight consecutive determinations within the
same day. Despite of the high complexity of the matrix of the
sample, RSDs of 5.89 % or less were obtained for the studied
estrogens, demonstrating the high reproducibility of the pro-
posed technique for the SPE of estrogens in samples with a
complex matrix. Inter-day precision corresponds to the RSD
of sample 1 analyzed during five different days. For all the
analytes, RSDs <9.55 % were obtained. Furthermore, better
precision is attained in the present method comparing with
previous described methods for estrogens determination. For
example, Socas-Rodriguez et al. [34] reported similar LODs
but higher RSDs (19 %) exploiting magnetic nanoparticles as
sorbent, and Wang et al. [22] obtained RSDs <13.9 % using
ZIF-8. Lopez de Alda et al. [2] achieved RSDs up to 19 %
using a C18 column for distilled water. Moreover, they
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Fig. 6 GC-MS chromatogram 60000
obtained for sample 1 (blue) and
sample 1 spiked with 0.25 mg L™
of the derivatized studied 50000
estrogens (red). 1 estrone (E1), 2
173-estradiol (E2), and 3 17~
thynylestradiol (EE2
ethynylestradiol ( ) 40000
-5
g
S 30000
3
<
20000
10000
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reported limited applicability of their methodology to more
complex samples such as wastewater samples.

Regarding to the time necessary to perform the clean-up
and preconcentration of the sample, all the process can be
carried out in less than 60 min, including the extraction, the
elution, the collection of the organic drop, and the system and
particles cleaning. Moreover, no carry-over was observed with
the detailed cleaning procedure. Taking into account only the
D-u-SPE time (extraction, time for the particles to be attracted
by the magnet, discard of the sample, and elution with chlo-
roform), it takes less than 20 min, which is lower than the time
reported in previous solid phase microextraction methods
which ranged from 27 [35] to 68 min [36]. Moreover, the fact
that the whole procedure is performed automatically results in
a low reagent consumption and simple method that can per-
form the sample pretreatment unattended, what results in a
significant time saving for the analyst. All these features prove
that the developed method suits the demand of green analyt-
ical procedures.

Application to wastewater samples

Four wastewater samples from the inlets (samples 1 and 2)
and outlets (samples 3 and 4) of a sewage treatment plant in
Palma de Mallorca (Balearic Islands, Spain) were analyzed to
evaluate the applicability of the proposed method to this kind
of sample matrix. Figure 6 shows an example of a chromato-
gram of sample 1 with and without spiking. No estrogens were
detected in the samples, which were subsequently spiked at
two different levels with each of the studied estrogens
(0.1 mg L™! (level 1) and 0.25 mg L ! (level 2)). Results for
sample analysis are shown in Table 3. The recoveries obtained

@ Springer

1
Sample
’ Spiked sample
2 3
|
|
185 19 19.5 20 20.5 21 215
Time (min)

for the spiked samples are between 89 and 109 % for sample 1
(inlet 1), 86—109 % for sample 2 (inlet 2), 95-110 % for
sample 3 (outlet 1), and 90-115 for sample 4 (outlet 2).
Besides, the accuracy of the method was tested using sam-
ple 1, and as can be seen in Table 2, good intra-day and inter-
day precisions were obtained. This confirms the applicability
of the proposed method to this kind of complex sample ma-
trix. The use of ZIFs-derived MPCs also offers some other
advantageous features, such as their simple and automated
dispersion and collection from the sample matrix both in the
extraction and elution steps and the possibility of performing
the overall extraction process in a closed syringe container.

Table 3 Recoveries of estrogens from wastewater samples with the
proposed in-syringe magnetic D-u-SPE GC-MS method. Levels of spike:
level 1 =0.1 mg L', level 2=0.25 mg L™'. Sample conditions: pH 4.6,
3 mol L' NaCl added

Sample Analyte Recovery (%)
Level 1 Level 2
Sample 1 (inlet 1) El 109 100
E2 93 89
EE2 92 100
Sample 2 (inlet 2) El 109 102
E2 104 105
EE2 86 106
Sample 3 (outlet 1) El 110 104
E2 96 98
EE2 105 95
Sample 4 (outlet 2) El 105 97
E2 105 115
EE2 90 105
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Conclusions

In this work, we present an automatic, simple, and time-saving
system for the safe handling of complex and potentially
toxic samples (wastewaters) enabling the extraction and
preconcentration of estrogens, as proof of concept of applica-
tion of MPCs for the D-u-SPE extraction of organic pollut-
ants. To the best of our knowledge, this is the first reported
method for estrogens determination based on automatic D-pt-
SPE using magnetic porous carbons derived from ZIFs as
sorbents. The developed integrated system allows the use of
the synthesized magnetic porous carbons for the in-syringe
magnetic D-p-SPE by their dispersion throughout the aqueous
sample and their magnetic collection after the extraction.
Several extraction parameters affecting magnetic D-u-SPE
have been optimized using both univariate and multivariate
optimization techniques to obtain the maximum extraction
efficiency. The automatic in-syringe magnetic D-u-SPE tech-
nique has been successfully used as a front end to GC-MS
avoiding the need to dry the eluate before derivatization and
injection. The applicability of the method to complex matrices
as wastewater samples has been demonstrated given the low
RSDs and good recoveries obtained.

We envision the use of advanced magnetic porous mate-
rials in combination with modern flow-based techniques as an
approach with a large potential for the handling and sample
pretreatment of complex samples. Further work in this topic
will be directed toward the preparation of other novel carbon
structures using ZIFs as templates, the modification of their
surface properties, as well as their implementation in other
extraction modes developing novel approaches for chemical
analysis in the environmental field.
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6.2.1 Material suplementario (Supplementary Material)

El material suplementario publicado se encuentra a continuacion.
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Fig. SISEM imageof the prepared ZI-67 crystals

Fig. S2SEM image bthe prepared ZI-67 crystals
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Fig. S3SEM image of the prepared z-67 crystals

Fig. SASEM image of the prepared Z-67 crystals
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Fig. S6SEM imageof the prepared IPC
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Fig. STTEM imageof the prepared IPC

Fig. SBTEM imageof the prepared IPC
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Profiles for Predicted Values and Desirability
Vol Chloroform Extraction time Elution time pH NaCl Desirability
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Fig. S9 Desirability chart for all the studied estrogens in the half-fraction factorial screening.
Plotting from left to right: the volume of chloroform, the extraction time, the elution time, pH
and NaCl concentration; from up to down: the response signal for E1, E2 and EE2 and finally the
desirability function aiming to find the best response for all the studied estrogens. The red line
shows the critical value for each variable according to the desirability. The green line shows the
experimental data and the blue line the best value obtained according to the goals established.
E1l: estrone, E2: PBrestradiol, EE2: 1d-ethynylestradiol
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Fig. S10Desirability chart for all the estrogens in the face centered central composite design.
Plotting from left to right: pH, the extraction time and the elution time; from up to down: the
response signal for E1, E2 and EE2 and finally the desirability function aiming to find the best
response for all the studied estrogens. The red line shows the critical value for each variable
according to the desirability. The green line shows the experimental data and the blue line the
best value obtained according to the goals established. E1: estrone, E2: 17p-estradiol, EE2: 17a-
ethynylestradiol
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CAPITULO 7

Desarrollo de un sistema SIA-LOV
combinado con derivatizacion en el
inyector-LVI-PTV-GC-MS para el
analisis de estrogenos en agua de mar






Sistema SIA-LOV — in-port derivatization -LVI-PTV-GC-MS estrégenos

7.1 Introduccion y discusion

En este capitulo se presenta el primer procedimiento para la determinacion de
estrogenos en agua de mar que combina la técnica SIA-LOV para el pretratamiento de
la muestra con una derivatizacion del extracto en el inyector y analisis por LVI-PTV-
GC-MS.

El hecho de llevar a cabo la extraccion en fase microsélida con un sistema SIA-
LOV da como resultado un método rapido, simple y respetuoso con el medio ambiente,
ya que se reducen considerablemente los volumenes de disolventes organicos, y con
ello, los residuos generados. Ademas de este bajo consumo de disolventes, la cantidad
de resina necesaria para realizar la extraccion es del orden de los miligramos, y la
microcolumna formada en el sistema puede reutilizarse hasta 50 veces antes de ser
renovada, por lo que representa un método mucho mas econdémico que los

pretratamientos manuales tradicionales.

Como se ha comentado anteriormente, este tipo de analitos requieren de una
derivatizacion previa al analisis por cromatografia de gases. Asi, una vez obtenido el
extracto, se ha realizado la reaccion correspondiente mediante la técnica de
derivatizacion en el inyector (in-port derivatization). De este modo, se han disminuido
aun mas los tiempos de tratamiento de muestra y el gasto de reactivos, a la vez que se
consigue un método mas seguro para el analista, puesto que los agentes derivatizantes
no son manipulados en cada analisis, sino que se encuentran permanentemente en un

vial del automuestreador del cromatografo.

Para la determinacion de los estrogenos se ha llevado a cabo una inyeccion de
grandes volumenes (large volumen injection, LVI) utilizando un inyector de tipo
vaporizador con temperatura programable (programmable temperature vaporization,
PTV). Adicionalmente, el uso de este inyector ha permitido la optimizacion de
diferentes variables que afectan a la reaccion de derivatizacion, como son la temperatura

inicial del inyector o la presion de venteo.

Los parametros analiticos del método han sido estudiados, consiguiendo resultados

satisfactorios en términos de sensibilidad y precision, con limites de deteccidn del orden
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de las partes por billén (0,05 — 0,31 pg L™) y RSDs menores al 7% para la repetitividad
y 8,8% para la reproducibilidad.

Finalmente, el método ha sido aplicado con éxito a muestras reales de agua de mar,

obteniendo recuperaciones de entre el 91 y el 110%.
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7.2 Articulo original

A continuacion se adjunta el articulo original "Estrogens determination exploiting a
SIA-LOV system prior in-port derivatization-large volume injection-programmable
temperature vaporization-gas chromatography” de A. Gonzalez, S. Clavijo y V. Cerda,
asi como su material suplementario, enviados el 7 de marzo de 2018 para su publicacién

en Talanta.
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ABSTRACT

In this work, we present a method for the clean-up, preconcentration and
quantification of the four most widely found estrogens (estrone E1, estradiol E2, estriol
E3 and ethynyl estradiol EE2) in seawater samples. A sequential injection analysis-lab
on valve system (SIA-LOV) has been developed to perform the microsolid phase
extraction (USPE) of the analytes in a fully automated way. After testing different resins
and solvents, C18 resin with acetonitrile (ACN) as eluent have been chosen as they
provided the best results. Several parameters affecting the extraction have been studied
and optimized. Besides, extraction column lifetime has also been checked as it is
indicative of the number of consecutive analysis that the column is able to perform
before replacing it. Results showed that the same column can be used up to 50 times.
Then, the derivatization of the extracts has been performed unattended by exploiting an
in-port derivatization of the analytes with N-methyltrimethylsilyltrifluoroacetamide
(BSTFA) prior their quantification using large volume injection with programmable

temperature vaporization gas chromatography (LVI-PTV-GC-MS).

Keywords: Estrogens; automation; microsolid phase extraction; in-port derivatization;

programmable temperature vaporization; gas chromatography-mass spectrometry
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1. INTRODUCTION

During recent years the presence of estrogens in the aquatic environment has raised
great concern. Some natural estrogens, as estrone (E1), 17p-estradiol (E2), and estriol
(E2), and synthetic ones, like 17a-ethynylestradiol (EE2), have been catalogued as
Contaminants of Emerging Concern by the Environmental Protection Agency of the
United States (US-EPA) [1] since they have endocrine-disrupting properties and can
cause adverse health effects in organisms or its progeny, as consequence of changes in

their endocrine function [2,3].

Many techniques have been used for the determination of estrogens, i.e. enzyme-
linked immunosorbent essay (ELISA) [4], radioimmunoassay [5], and chromatography
[6,7]. Among them, gas chromatography-mass spectrometry (GC-MS) is one of the
preferred techniques as it allows the simultaneous separation and identification of both
natural and synthetic estrogenic steroids [8]. However, before the injection in the
chromatograph a previous step of sample clean-up and analytes preconcentration is
mandatory in order to attain matrix removal and also a preconcentration of the analytes,
which are expected to be in very low concentrations in the environment. Liquid-liquid
extraction (LLE) and solid phase extraction (SPE) are widely used for this purpose.
Usually, LLE methods require the use of large volumes of volatile organic solvents,
while SPE is faster and more environmentally friendly. For this reason, SPE is
preferred over LLE. Both off-line [9] and on-line [10,11] SPE methods have been
reported for the determination of estrogens in water samples. Furthermore, the
combination of SPE with flow analysis techniques offers important advantages as the
minimizing of the sample and reagents consumption (green chemistry) and also the
improvement in the precision of the method. Besides, a significant decrease of time and

cost per analysis is achieved. Within this context, a lab on valve system (SIA-LOV) has



been developed to carry out he uSPE of the studied analytes. LOV technique is
especially suitable when dealing with SPE pretreatment, because it permits the use of
smaller amounts of resin (compared with conventional SPE) and its automated
transport in the system to renew the microcolumn when necessary with a high degree of

repeatability [12].

As it is widely known, estrogens are non-volatile compounds; hence
derivatization is needed for their quantification using gas chromatography. Typically,
derivatization reactions are carried out off-line, requiring additional time before sample
analysis and leading to experimental errors such contamination of the samples or a loss
of sample due to evaporation and re-suspension steps [13]. On-line derivatization [14]
can reduce the time needed to process the sample, decrease the amount of reagents used
and increase the efficiency and speed of the analysis [15]. In-port derivatization is one
of these on-line approaches, which involves introducing both the derivatization reagent
and the sample directly into the GC inlet, where the reaction takes place in gas-phase.
The reagent and sample can be injected manually, what requires the presence of the
analyst to start each analysis [16], or using a software-controlled autosampler that
allows the sequential injection of the sample and reagents, giving better repeatability
results since no analyst intervention is needed [13]. In the present work, the second
option has been exploited. Moreover, in order to study the variables affecting the
derivatization reaction, the injection has been carried out by using programmable
temperature vaporization technique (PTV-GC-MS) [17]. During the injection, the inlet
is kept cool while solvent vaporization occurs. Solvent vapours are separated from
analytes through venting of the vapour in the liner, and then the inlet is heated up
quickly to transfer the sample into the column using a temperature controlled program.

Besides, this technique enables injecting up to hundreds of microliters of the extract
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(Large Volume Injection, LVI) instead to the conventional 1 to 2 pL, increasing

method sensitivity.

Therefore, the aim of this work is to accomplish a uSPE exploiting a SIA-LOV
system prior in-port derivatization-LVI-PTV-GC-MS analysis to carry out the
extraction, preconcentration and determination of estrogens in seawater samples.
Several parameters affecting both the uSPE and the chromatographic analysis have been
studied and optimized. The applicability of the proposed method to seawater samples

has been evaluated.
2. EXPERIMENTAL
2.1 Chemicals, solutions, samples and materials

All solutions were prepared in distilled water from a Milli-Q system (Millipore,
Bedford, MA, USA) (resistivity > 18 MQ cm) or in GC-grade methanol (Scharlau,

Barcelona, Spain).

Hexane, acetone and acetonitrile (Scharlau) were tested as eluents. Sodium
chloride (NaCl) of analytical reagent grade (Scharlau) was used to adjust the ionic
strength of the standards. Estrone (E1), B-estradiol (E2), 17a-ethynylestradiol (EE2),
estradiol (E3) and estrone 3-methyl ether (internal standard, 1S) were purchased from
Sigma-Aldrich (Sigma-Aldrich, Madrid, Spain). Stock solutions of estrogens were
prepared by accurately weighing the appropriate mass of each compound and by
dissolving it in methanol obtaining a final concentration of 1000 mg L™. Stock solutions
were kept in the dark at -20 °C. Working standard solutions containing either mixtures
or individual compounds were prepared daily by dilution of the stock solutions in

acetonitrile (for the direct injection of the solution into the gas chromatograph), or in



water containing 23.9 g/L NaCl and adjusted to pH= 6.0 using NaOH 0.1 mol L™ and
HCI 0.1 mol L™. For the derivatization, N,O-bis(trimethylsilyl)trifluoroacetamide with
trimethylchlorosilane (BSTFA+TMCS, 1%) was used as derivatization reagent, and
pyridine (Py) as a solvent, both purchased from Sigma-Aldrich. Derivatization solution
was prepared daily by mixing 150 pL BSTFA+TMCS, 45 L of Py and 5 pL of IS into
an amber vial, which was placed in the chromatograph autosampler to perform the in-

port derivatization.

Resins tested were obtained from SPE cartridges of BOND ELUT C18 sorbent
(Agilent Technologies, Palo Alto, CA, USA) and OASIS HLB sorbent (Waters

Corporation, Milford, MA, USA).

Seawater samples collected from four different locations in Mallorca (Balearic
Islands, Spain) were stored at 4 °C in amber glass bottles. Due to the presence of solid
particles, samples were filtered through 0.22 pm nylon filters before analysis. Finally,

they were adjusted to pH= 4.6 using NaOH 0.1 mol L™ and HCI 0.1 mol L™.
2.2 SIA-LOV manifold and software

A schematic depiction of the developed SIA-LOV system is shown in Figure 1. The
basic elements of the pretreatment system were an automatic burette (SM) (CRISON,
Alella, Spain) equipped with a 5-mL glass syringe (S) (Hamilton, Switzerland) and
coupled through a holding coil to the central port of a LOV (Sciware Systems, Bunyola,
Spain) mounted atop of an eight-port selection valve (SV) (Sciware Systems). In order
to support organic solvents, the LOV is fabricated from Ultem encompassing eight
microchannels (1.5mm i.d. and 28.0mm length, excepting the resin reservoir and
column channels made of 3.0mm i.d.). One of the LOV channels (port 5) served as

microcolumn position. The column is filled in with 0.05 mg of C18 resin, loaded from a
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suspension of the resin in MeOH contained in a 3 mL plastic syringe (resin reservoir)
mounted vertically in port 8. To prevent the resin from escaping, the outlet of the
column channel was furnished with a 35um pore diameter glass frit, allowing the
solutions to flow while retaining the resin. The rest of the LOV peripheral ports
contained the reagents used to carry on the USPE, as follows: water (port 1), MeOH

(port 2), air (port 3), sample (port 4), ACN (port 6) and waste (port 7).

The manifold is composed of poly(tetrafluoroethylene) (PTFE) tubes with 0.8 mm
I.d., excepting the holding coil, with 1.5 mm i.d., for reagents and sample aspiration.
Instrumental control is performed with the software AutoAnalysis (Sciware Systems),
which permits the automatic control of the flow manifold used through a very simple

interface.
2.3 Automated SIA-LOV procedure

The analytical procedure is detailed in Table 1. First, the LOV is positioned in port 1
and 2.0 mL of water are loaded at 2.0 mL min™ into the holding coil (HC). Then, the
USPE is performed by loading 2.0 mL of the sample (port 4) into the HC at 2.0 mL min™*
and dispensing them to the column (port 5) at 1.5 mL min™’. After, the washing of the
column to eliminate possible interferences is carried out by aspirating 2.0 mL of water
(port 1) at 2.0 mL min™ and dispensing them on the column (port 5) at 1.0 mL min™.
To discard the water inside the LOV channels before the elution, 1 mL of air is picked-
up through port 3 at 1.0 mL min™* and dispensed to the column (port 5) at 0.6 mL min™.
Afterwards, the elution is performed by aspirating 0.2 mL of ACN (port 6) at 2.0 mL
min™ and sending them to the column (port 5) at 1.0 mL min™. The extract is pushed

with 0.15 mL of ACN through the LOV column channel to collect it into a

chromatographic vial. Finally, the reconditioning of the column is carried out by



sequentially aspirating and passing through the column 1.0 mL of MeOH (port 2) and
1.0 mL water (1 mL) at 0.6 mL min™. The collected extracts are evaporated to dryness
under a nitrogen steam, redissolved with 0.2 mL of ACN and placed in the GC-MS

autosampler to carry out the in-port derivatization prior LVI-PTV-GC-MS analysis.
2.4 In-port derivatization-LVI-PTV-GC-MS analysis

A GC-MS (Agilent 7890 with mass spectrometer HP 5973C) equipped with a
Programmable Temperature Vaporization injector and an ultra-inert splitless liner
(Agilent 5190-2293) was used for the determination of the analytical parameters and
samples analysis. The MS operated in the electron impact (EI) mode (70 eV). The El
ion source, the quadrupole mass analyzer, and the interface temperatures were
maintained at 230, 150, and 280 °C, respectively. System control and data acquisition
were achieved with HP ChemStation Software. Helium (99.999%) was employed as

carrier gas at the flow rate of 1.0 mL min™.

As mentioned above, in-port derivatization and large volume injection were
simultaneously performed. Thus, sandwich injection was carried out by sequentially
aspirating 25 pL of the derivatization solution and 25 pL of the sample, allowing an air
gap of 2 pL between them. Then, LVI-PTV was operated in solvent vent mode and with
the following optimized conditions: Injector initial temperature was set at 100 °C, and a
vent pressure of 10 psi was applied. The solvent was purged out with a vent flow of 25
mL min™ within 1 min. Then, the injector temperature increased at 300 °C min™ to 300
°C and held during 5 min. Analytes were separated on a 30 m x 0.25 mm i.d. x 0.25 mm
film thickness DB5 (methyl 5% phenyl polysiloxane) GC column with the following

temperature program: start at 100 °C for 1 min, increase at 20 °C min™ to 200 °C, then
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increase at 5 °C min* to 280 °C and held for 8 min, with a total run of 30 min and 7

min of solvent delay.

The MS is equipped with the mass spectral library NIST MS search 2.0. It was
tuned to m/z 69, 219, and 502 for the EI corresponding to perfluorotributylamine. It was
operated in the total ion current mode, scanning from m/z 50 to 550 for identification
purposes. The mass peaks that offer the highest intensity for each compound were
selected in order to obtain the highest sensitivity, and the acquisition was carried out in
the selected ion monitoring mode. Quantitative ions for each analyte were set as
follows: IS: 160, 199, 284; E1: 73, 218, 257, 342; E2: 73, 129, 285, 416; EE2: 73, 285,

300, 425, 440; E3: 73, 129, 147, 311, 345 m/z.

3. RESULTS AND DISCUSSION

3.1 Selection of the resin and eluent

Selection of the resin and eluent was performed on-line with aqueous solution
containing 0.5 mg L™ of each estrogen. A poly(divinylbenzene-co-N-vinylpyrrolidone)
sorbent (Oasis HLB) [18] and an octadecyl sorbent (BOND ELUT C18) [19] were
compared, while hexane, acetone and acetonitrile were studied as eluent solvents. 30 mg
of each resin (prepared in 1 mL MeOH as a suspension) were aspirated from the resin
reservoir and dispensed into the column channel. The column was conditioned using 1
ml of MeOH followed by 1 mL of water; the flow rate used to propel solutions towards
the column was set at 0.6 mL min™. Afterwards, 5 mL of the aqueous solution were
dispensed through the column. Next, the analytes were eluted using 0.5 mL of each
tested solvent, and the collected eluate was evaporated to dryness and then redissolved

into 0.5 mL of the corresponding solvent. Finally, 100 uL of the extract were manually



derivatized inside an amber vial adding 150 pL of BSTFA, 45 pL of Py and 5 pL of IS.
After 30 minutes, the derivatized samples were injected into the gas chromatograph.

Hexane was discarded for system limitations, as it was too dense. Among
acetonitrile and acetone, the first one had a better performance, since when using
acetone the chromatograms showed lack of reproducibility. Taking into account these
results, ACN was selected as eluent.

Regarding the resin, both OASIS and C18 showed extraction capacity. To evaluate
the results, the signals obtained with each resin (peak area) were statistically compared
with a t-test. The results showed that there were no significant differences at the 95%
confidence level for E1 and EE2. However, for E2 and E3 the differences between the
signals were statistically significant, obtaining higher peak areas when using C18 resin.
Moreover, with C18 the achieved RSDs were lower than with OASIS (RSD< 5.4% and

9.6%, respectively). Thus, C18 sorbent with ACN as eluent were finally chosen.
3.2 uSPE optimization

The main variables affecting the uSPE procedure were tested in order to study their
influence on the clean-up and preconcentration efficiency. The selected variables and
their initial value were: amount of sorbent (30 mg), sample pH (6), sample volume (5
mL), sample loading flow-rate (0.6 mL min™), washing solution volume (5 mL),
washing solution flow-rate (0.6 mL min™), eluent solvent volume (0.5 mL) and eluent
solvent flow rate (0.6 mL min™). Once each variable was optimized (following the
presented sequence) it was fixed for further studies. Sample solution was prepared
dissolving 23.9 g/L of NaCl in Mili-Q water (seawater salinity) [20] and spiking 0.5 mg
L™ of each estrogen. Peak areas of the estrogens divided by the peak area of the IS were

used as response signal (Relative Peak Area, RPA).
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3.2.1 Amount of sorbent

Different amounts of resin were tested, i.e. 30, 50 and 80 mg. As can be seen in
Figure 2A, 50 mg showed the best performance for all the analytes. Thus, 50 mg of C18

sorbent were chosen as optimum.
3.2.2  Washing solution composition, volume and flow rate

First, the composition of the washing solution was studied, using real sea samples
filtered and spiked with 0.5 mg L™ of each estrogen. Pure water and water with 2%, 5%
and 10% of ACN were tested. The results showed that the addition of ACN provided no
significant improvement with respect to matrix effects, as the peak areas obtained when
washing the column with pure water after real samples extraction were equal to those

obtained with Mili-Q standards. Thus, water was selected as washing solution.

Next, its volume and flow rate were also optimized. Volumes of 2, 4, 6 and 8 mL
were studied. As can be seen in Figure 2B, 8 mL of water showed the best performance.
However, we compared the areas obtained with 8 mL and 2 mL (as 2 mL is the more
convenient volume for us, since it shortens the procedure) using a t-test. The results
showed that, at the 95% confidence level, there were no significant differences between
the signals. For this reason, we selected 2 mL as the optimum volume of washing

solution.

Then, 0.6, 0.8, 1.0, 1.2 and 1.5 mL min™ were tested as washing solution flow rate.
As it is shown in Figure 2C, 0.6 mL min™ gave the higher peak areas, but there were
statistically equal to those areas obtained with 0.8 mL min™® and 1.0 ml min™.
Therefore, 1.0 mL min-1 was selected as optimum washing solution flow rate in order

to achieve a higher frequency of analysis.



3.2.3 Sample pH, volume and flow rate

The influence of the pH of the sample was studied. Sample pH was adjusted to 4.5,
6.0 and 8.0 using NaOH 0.1 mol L™*and HCI 0.1 mol L™, Optimum pH was set at pH= 6
since it gave the best performance, as it is shown in Figure 2D. Then, different sample
volumes (2, 4, 6, 8, 10, 15 and 20 mL) were tested (Figure 2E). As expected, the signals
increased when increasing sample volume. Nonetheless, when normalizing the results
(dividing each area by its corresponding sample volume) we can observe that the effect
is not significant. Therefore, 2 mL of sample were selected for further essays to
decrease the analysis time. In case that lower detection limits were needed for the
samples, sample volume can be get increased until 20 mL, the highest volume tested.
Next, sample flow rates between 0.6, 0.8, 1.0, 1.2 and 1.5 mL min™ were checked
(Figure 2F). There were no significant differences between the signals; hence 1.5 mL

min™ was used in further essays to decrease analysis time.
3.2.4 Eluent volume and flow rate

Different ACN volumes (0.2, 0.4 and 0.6 mL) and flow rates (0.6, 0.8, 1.0, 1.2 and 1.5
ml min™) were evaluated. As it is shown in Figure 2G, the highest signals were obtained
when using 0.2 mL of ACN. Then, 0.2 mL was set as optimum ACN volume.
Regarding flow rate, no significant differences were found in the peak areas (Figure
2H). However, the reproducibility decreases when increasing flow rate. Thus, 1.0 mL

min was chosen as a compromise solution.

3.3 Resin durability
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Column lifetime is indicative of the number of analysis that can be performed without
changing the column, and it is also related to the repeatability of the method. Results

obtained revealed that the column can be used up to fifty times with a RSD<11%.

3.4 In-port derivatization-LVI-PTV optimization

3.4.1 Injection volume

Different volumes were tested to perform the large volume injection, i.e. 20, 50 and
100 pL, under the following chromatographic conditions (given by the tool “Solvent
Elimination Calculation” from ChemStation Sofware): 90°C for injector initial
temperature, 570 °C min™ for injector heating rate, 44 mL/min for vent flow, 0.3 psi for
vent pressure and 0.2 min for vent time. Results showed peak areas were comparable
when injecting 50 and 100 pL. However, when injecting 50 pL peaks were well defined
and more reproducible than with 100 pL, probably due to a saturation caused when
injecting the highest volume. Taking into account these results, 50 uL was chosen as

optimum injection volume.
3.4.2 Multivariate optimization

Multivariate designs were used to study the parameters affecting the analytical
signal [21]. The statistical software Statistica 7.0 (Statsoft, Tulsa, USA) was employed
for the entire multivariate optimization. First, a full factorial screening (2k) was
performed, including three center points per block, to find out which parameters had a

significant effect upon the response. RPA were used as response signal.

In order to evaluate the best conditions for all the analytes, individual responses
were transformed into a single one using the mathematical-statistical equations

indicated by Derringer and Suich [22]. The individual desirability function of each



estrogen was calculated according to Equation 1, where y; represents the analytical
signal; L represents the lower signal and H the upper signal obtained. Then, the overall
desirability (D) was calculated by determining the geometric mean of individual

desirability (di) (Equation 2).

i—L)
d TL) (Eq. 1)
D dy xdy, Xds..d )"k (Eq. 2)

The variables and ranges studied were: vent flow (25-100 mL min™), injector initial
temperature (60-100 °C), injector heating rate (300-900 °C min™), vent pressure (2-10

psi) and vent time (0.5-1 min).

As can be seen in the screening desirability chart (Figure S1, Supporting
Information), all the estrogens had the same tendency. According to the results
obtained, the studied ranges were readjusted to apply a response surface face-centered
central composite design (CCD) and attain their critical values. Pareto charts showed
that injector heating rate and vent time had no significant effect upon the signal; hence
they were fixed at their optimum value showed in the desirability graphic (300 °C min™
and 1 min, respectively). Vent flow had a negative effect, so it was fixed at 25 mL min™
as it could not be further lowered because of system limitations. Regarding injector
initial temperature and vent pressure, they showed a positive effect. Thus, their ranges
were increased to 80-120 °C and 8-12 psi, respectively. Then, CCD design was carried
out. As it is shown in the obtained desirability chart (Figure S2), the optimum values
were 100 °C for injector initial temperature and 10 psi for vent pressure, which were
used in further assays. The experimental domains studied and optimum values obtained

are presented in Table S1.
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3.5 Method evaluation

In order to evaluate the performance of the proposed method, its figures of merit

were studied and listed in Table 2.

Linear working range has been established from the LOQ to the highest standard
analyzed. As can be seen in Table 2, the studied estrogens can be quantified in a wide
range of concentrations, i.e. 0.3-500 pg L™ of E1, 0.4-500 pg L™ of E2, 1.1-500 pg
L of EE2 and 0.2-500 pg L * of E3. These ranges have been obtained using a sample
volume of 2 mL; however, higher sample volumes have been tested and it can be
increased until 20 mL to increase the enrichment of the analytes and concomitantly the

sensitivity of the method.

Precision was evaluated analysing sample 1 (seawater from Port de Séller in
Mallorca) spiked with 10 pg L™ of each estrogen. Intra-day precision corresponds to
the RSD obtained when analysing the sample in 7 consecutive determinations within the
same day (n=7). As it is shown in the table, RSDs < 7.0% were achieved. Inter-day
precision is expressed as the RSD of the sample analyzed during six different days (n =

6). For all the analytes, RSDs of 8.8% or less were attained.

A comparison with previously r eported methods for estrogens determination has
been listed in Table 3. As can be seen, lower [7] or similar LODs [23-26] have been
achieved; LODs are expressed in mass since the volume of sample used in the proposed
method is considerably lower. Moreover, the recoveries achieved when applying the
developed method to the analysis of real samples are much better than the ones obtained

with previous SPE-LVI-PTV-GC-MS methods [23,24].



On the other side, the presented USPE procedure can perform the sample
treatment unattended, which results in a significant time saving for the analyst, and
consumes lower amounts of reagents (from 5 [25] to 10 times [7] less reagent
consumption) and also smaller amounts of resin (50 mg that can be used to perform up
to 50 extractions, instead of the single-use C18 commercial cartridges containing 500
mg of sorbent). All these features prove that the method suits the demand of green
analytical procedures, while the good recoveries and precision obtained ensures the

applicability of the method to the analysis of environmental samples.
3.6 Application to seawater samples

The applicability of the proposed method was evaluated by analysing four seawater
samples from different locations in Mallorca, Balearic Islands, Spain (Sample 1: Port de
Séller; Sample 2: Portitxol; Sample 3: Ca’n Pere Antoni; Sample 4: Son Moll, Cala
Ratjada). Figure 3 shows an example of a chromatogram of a sample with and without
spiking. No estrogens were detected in the samples, which were subsequently spiked at
two different levels with each of the studied analytes, i.e. 10 pg L™ (low level) and 50
ug L™ (high level). Results are shown in Table 4. As can be seen, recoveries ranged
from 96 to 105% for Sample 1, 91 to 108% for Sample 2, 92 to 110% for Sample 3 and
92 to 107% for Sample 4. Furthermore, as explained previously, Sample 1 was used to
study the accuracy of the method, showing a satisfactory intra-day and inter-day

precision. Therefore, the applicability of the method to this kind of samples is validated.
4. CONCLUSION

A SIA-LOV-in-port derivatization-LVI-PTV-GC-MS method has been developed to
carry out the analysis of estrogens in seawater samples. To the best of our knowledge

this is the first method for estrogens determination combining an automated sample
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pretreatment with on-line derivatization of the extract and LVI-PTV-GC-MS analysis.
Performing the uSPE using a SIA-LOV system has proved to be rapid and
environmentally friendly, since the amount of organic solvents needed is drastically
reduced compared to traditional SPE procedures. Besides, due to the small amount of
resin used and its long durability, the method has proved to be more economical than
batch methods which utilize ten times more resin for only one extraction. Furthermore,
the renewal of the extraction microcolumn is carried out in a fully automated way;
hence no intervention of the analyst is required, resulting in a simple and reproducible
method which can be performed unattended. After the automatic extraction and
preconcentration, a large volume injection technique with programmable temperature
vaporizer in combination with GC-MS has been exploited. In-port derivatization has
been carried out prior separation, representing an important saving in terms of reagents
consumption, sample preparation time and time per analysis. Several parameters
affecting both the preconcentration and the chromatographic analysis have been studied
and optimized, and the method has proved to be a useful tool to determine estrogens in

seawater samples given the good precision and recoveries obtained.
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Tables

Table 1. Detailed analytical procedure of the SIA-LOV procedure to perform the

automatic USPE of the estrogens. S: Syringe; SV: Selection valve.

Syringe SV

1 Start Loop

2 Load water Pick up 2.0 mL 1
3 Load sample Pick up 2.0 mL 4
4 Dispense sample to the Dispense 2.0 mL 5

column

5 Load water Pick up 2.0 mL 1
6 Wash column Dispense 2.0 mL 5
7 Load air Pick up 1.0 mL 3
8 Dry column and channel Dispense 1.0 mL 5
9 Load ACN Pick up 0.35 mL 6
10 Elution Dispense 0.35 mL 5
11 Load MeOH Pick up 1.0 mL 2
12 Dispense MeOH Dispense 1.0 mL 5
13 Load water Pick up 1.0 mL 1
14 Dispense water Dispense 1.0 mL 5
15 Repeat Loop (n=3)
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Table 2. Figures of merit of the proposed SIA-LOV system combined with in-port

derivatization-LVI-PTV-GC-MS analysis.

El E2 EE2 E3
LOD (ug L™ 0.10 0.12 0.31 0.05
LOQ (ug L™ 0.34 0.39 1.05 0.17

L'”eariﬁnge (hg 0.3-500 0.4-500 1.1-500 0.2-500

Calibration curve y = 1.646x + 0.018 y = 1.439x y = 0.540x + 0.012 y = 3.372x
Correlation 0.999 0.975 0.998 0.998

coefficient
Intra-day
precision (%) 5.6 6.8 6.0 7.0
(n=7)
Inter-day
precision (%) 6.7 8.8 6.3 7.8
(n=6)
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Table 4. Recoveries of estrogens from seawater samples with the proposed method.
Levels of spike: Level 1= 10 pg L™, Level 2= 50 ug L ™. Sample conditions: pH= 6.

Recovery (%)

Sample Analyte Level 1 Level 2
E1 99 96
sample 1 E2 103 102
EE2 98 104
E3 105 100
E1 103 108
E2 105 99
Sample 2 EE2 98 104
E3 95 01
E1 110 92
E2 106 94
Sample 3 EE2 102 95
E3 98 93
E1 107 104
E2 106 95
Sample 4 EE2 92 98
E3 97 102
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Figure captions

Figure 1. Schematic depiction of the developed SIA-LOV system for estrogens
extraction and preconcentration prior in-port derivatization-LVI-PTV-GC-MS analysis.

HC: Holding Coil; S: Syringe; SM: Syringe Module; SV: Selection Valve

Figure 2. Results of the LOV-SPE optimization. A) Amount of C18; B) Washing
solution volume ; C) Washing solution flow rate; D) Sample pH; E) Sample volume; F)

Sample flow rate; G) ACN volume; H) ACN flow rate.

Figure 3. Chromatogram obtained for sample 2 (red) and sample 2 spiked with 50 g L!

of the studied estrogens (blue). (1) E1, (2) E2, (3) EE2 and (4) E3.
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Figure 2.

A) Amount of C18 in the column
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Figure 3.
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Sistema SIA-LOV — in-port derivatization -LVI-PTV-GC-MS estrégenos

7.2.1 Material suplementario (Supplementary Material)

El material suplementario enviado para su publicacion se encuentra a continuacion.
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Table S1. Variables and ranges studied in the screening and the central composite

design and optimum values.

Injector

Vent flow (mL  Injector Ti  heating Vent \{ent
min™) (°C) rate (°C pressre time
min’) (psi) (min)
Screening 25-100 60-100 300-900 2-10 0.5-1
Central Composite 25 80-120 300 8-12 1
esign
Optimum values 25 100 300 10 1
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Figure S1. Screening desirability chart for all the estrogens and the calculated overall
desirability (D). Plotting from left to right: vent flow, injector initial temperature,
injector heating rate, vent pressure and vent time; from up to down: the response signal
for E1, E2, EE2 and E3, and finally the desirability function aiming to find the best
response for all the studied estrogens. E1: estrone, E2: 17pB-estradiol, EE2: 17a-

ethynylestradiol.
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Figure S2. Desirability chart for all the estrogens and the calculated overall desirability
(D) in the face centered central composite design. Plotting from left to right: injector
initial temperature and vent pressure; from up to down: the response signal for E1, E2,
EE2 and E3, and finally the desirability function aiming to find the best response for all
the studied estrogens. E1: estrone, E2: 17B-estradiol, EE2: 17a-ethynylestradiol, E3:

estriol.
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Conclusiones

Conclusiones

En la presente tesis doctoral se han desarrollado nuevas metodologias para el analisis de

contaminantes emergentes y prioritarios en muestras de interés ambiental.

Los métodos propuestos han demostrado ser una excelente alternativa para la
determinacion de compuestos fendlicos y estrogenos. En todos los casos se ha
conseguido llevar a cabo el pretratamiento de la muestra de forma automatizada,
simplificando asi una etapa del analisis normalmente imprescindible y que conlleva un
gran consumo de tiempo. Ademas, al ser procedimientos miniaturizados se reducen
considerablemente los volumenes de reactivos y muestras necesarios, con lo que se
abarata el coste por analisis a la vez que se producen cantidades menores de residuos,

resultando en métodos mas sostenibles.

En este contexto, se han utilizado diferentes técnicas de microextraccion para el
desarrollo de los protocolos analiticos, tales como DLLME, u-SPE y LOV. A fin de
conseguir la mayor eficiencia posible en esta etapa, y con ello una mejor sensibilidad de
los métodos, se han utilizado técnicas de optimizacion univariantes y multivariantes
para estudiar el efecto de una gran cantidad de variables que afectan significativamente
al proceso de extraccion, como pueden ser el tipo y volumen de disolvente organico, el

tipo y cantidad de resina o las caracteristicas de la muestra.

Por otro lado, el uso de la cromatografia ha proporcionado la resolucion necesaria
para determinar estos analitos. En el desarrollo de los métodos se ha trabajado para
mejorar los andlisis cromatograficos tradicionales, acoplando el sistema de
pretratamiento con la separacion cromatografica, o bien disminuyendo el nimero de

etapas y el tiempo necesario para llevar a cabo el analisis por GC-MS.

Asi, se ha desarrollado un sistema para la determinacion de seis compuestos
fenolicos catalogados como contaminantes prioritarios. La cromatografia multijeringa,
una técnica mas econdémica y sencilla que los sistemas HPLC tradicionales, ha

demostrado ser una herramienta Util para el andlisis de fenoles. Ademas, esta técnica
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ofrece la posibilidad de trabajar a bajas presiones, lo que permite su combinacién con
un sistema in-syringe-MSA-DLLME. Este acoplamiento ha hecho posible automatizar
todas las etapas del analisis (preconcentracion, separacion, deteccion y cuantificacion),
dando lugar a un unico analizador compacto con el que se pueden monitorizar estos
analitos de forma precisa en diferentes matrices de aguas ambientales: agua de grifo,

agua mineral, agua de pozo y lixiviados.

Por otro lado, se han propuesto tres métodos para el analisis de diversos estrogenos

listados como contaminantes emergentes.

En el primero de ellos, se hace uso de nuevo de la técnica in-syringe-MSA-DLLME
para la extraccion y preconcentracion en linea de los analitos, seguida de la separacion y
cuantificacion por cromatografia de gases. En este caso, se han aprovechado las
posibilidades que ofrece el sistema MSFIA disefiado y las caracteristicas del extractante
seleccionado para evitar uno de los pasos mas comunes para el analisis por
cromatografia de gases, el secado del extracto bajo corriente de nitr6geno. De este
modo, se reduce aun mas el tiempo necesario para llevar a cabo el protocolo analitico.
El método se ha aplicado con éxito al analisis de muestras complejas: aguas de entrada

y salida de una estacion depuradora de aguas residuales.

En segundo lugar, se han sintetizado y caracterizado microparticulas a partir de la
combustion de cristales de ZIF-67, un subtipo de MOFs con estructura zeolitica, las
cuales se han utilizado como fase sélida para el desarrollo de un sistema in-syringe
dispersive Yu-SPE. Las caracteristicas magnéticas de estas microparticulas han permitido
utilizar el sistema MSA para forzar su dispersion a traves de la matriz de la muestra,
ademas de mantener las particulas en el interior de la jeringa cuando descartamos la
muestra tras la extraccién, de modo que puedan ser reutilizadas. A continuacion, el
extracto ha sido directamente derivatizado e inyectado en un GC-MS para la separacién
y cuantificacion de los compuestos. El procedimiento se ha utilizado satisfactoriamente

para la determinacion de estrégenos en aguas residuales.

El tercer protocolo analitico desarrollado para estrogenos se basa en la utilizacion
de un sistema SIA-LOV para su extraccion en fase microsolida en agua de mar. Como

en los casos anteriores, estos analitos requieren de una reaccion de derivatizacion previa
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a su andlisis por cromatografia de gases. En este caso, se ha llevado a cabo una
derivatizacion en el inyector mediante la técnica in-port derivatization, seguida de una
inyeccion de grandes volimenes utilizando un inyector de tipo vaporizador con
temperatura programable (LVI-PTV). El hecho de realizar la reaccion de derivatizacién
dentro del inyector supone una considerable disminucion del uso de los agentes
derivatizantes y del tiempo necesario para que se dé la reaccion, ademas de evitar la
manipulacion de estos reactivos en cada analisis, por lo que es un método mas rapido y

seguro para el analista.

En resumen, se han desarrollado varios sistemas automatizados para determinar
contaminantes de interés ambiental. El alto grado de automatizacion de los
procedimientos propuestos supone ventajas como la reduccion del coste y tiempo por
analisis, asi como del consumo de reactivos y muestra, con lo que se disminuye el
impacto ambiental. La exactitud y precision de los métodos propuestos han sido
comprobadas, y se han aplicado con éxito a muestras reales.

189






Conclusiones

Conclusions

In the present doctoral thesis new automated methodologies for the analysis of emergent

and priority pollutants in environmental samples have been developed.

The proposed methods have proved to be useful alternatives for the determination
of phenolic and estrogenic compounds. All the sample pretreatments have been carried
out in an automated way, simplifying this time-consuming step of the analysis which is
normally essential. In addition, since they are miniaturized procedures, the volumes of
reagents and sample are drastically reduced which decreases the cost per analysis and

waste generation, resulting in more environmentally-friendly methods.

In this context, different microextraction techniques such as DLLME, p-SPE and
LOV have been used to carry out the analytical protocols. In order to achieve the
highest efficiency in this stage and increase the sensitivity of the methods, univariate
and multivariate optimization techniques have been exploited to study several factors
affecting the extraction, i.e. extraction solvent and its volume, kind and amount of resin

or sample characteristics.

Besides, chromatographic techniques have provided the resolution needed to
determine these analytes. During the methods development, work has been done to
improve the traditional chromatographic analysis either coupling the pretreatment
system with the chromatographic separation or by decreasing the number of steps and
the time required to perform the GC-MS analysis.

Thus, a system for the determination of six phenolic compounds catalogued as
priority pollutants has been developed. Multisyringe chromatography, a simpler and
more affordable technique than HPLC, has proved to be a great tool for phenols
quantification. Moreover, this approach allows low pressure separations, which permits
its combination with an in-syringe-MSA-DLLME system. This coupling has allowed
the integration of all the analytical steps (extraction and preconcentration, separation,
detection and quantification) in a single analyser which lets the precise monitoring of

191



192

Capitulo 8

the analytes of interest in different matrices: tap water, mineral water, well water and

leachate.

Furthermore, three methodologies for the analysis of estrogenic compounds listed

as emergent pollutants are proposed.

For the first estrogens method, an in-syringe-MSA-DLLME system has been used
for the on-line extraction and preconcentration of the analytes prior to their separation
and quantification by gas chromatography. The characteristics of the designed system
and of the selected extractant solvent have been exploited to avoid the stage of drying
the extract before GC-MS determination. In this way, the time needed to carry out the
analytical protocol is further reduced. The method has been successfully applied for the
analysis of complex samples, i.e. wastewater samples from the inlets and outlets of a

sewage treatment plant.

On the other hand, magnetic carbon microparticles obtained from the combustion of
ZIF-67 crystals, a subclass of MOFs with zeolitic structure, have been synthesized and
characterized. These microparticles have been used as solid phase in an in-syringe
dispersive u-SPE system. Since these microparticles are magnetic, a MSA system has
been used to force their dispersion through the sample, as well as to maintain them
inside the syringe while discarding the aqueous sample after the extraction, so they can
be reused. Next, the extract has been directly derivatized and injected into the GC-MS.
This procedure has been satisfactorily applied for estrogens determination in wastewater

samples.

Finally, the last analytical procedure developed for estrogens determination is based
in a SIA-LOV system, which has been used to perform their microsolid phase extraction
in seawater samples. As in the previously presented methods, these analytes require a
derivatization reaction before their GC-MS analysis. In this case, an on-line
derivatization has been performed using in-port derivatization technique, followed by a
large volume injection using a programmable temperature vaporization injector (LV1-
PTV). The fact of carrying out the derivatization reaction on-line has led to a significant

decrease of the amount of derivatization agents used, and also of the time needed for the
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reaction to occur. Besides, the manipulation of these reagents before each analysis is

avoided, resulting in a faster and safer method.

To sum up, several automated systems for the determination of pollutants of
environmental interest have been developed. The high degree of automation of the
proposed procedures provides great advantages such as a noteworthy decrease of the
cost and time per analysis with minimal reagents and sample consumption, thus
reducing the environmental impact. The methods have proved to be accurate and

precise, and they have been successfully applied to real environmental samples.
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