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Abstract / Resumen 

 

There has been unprecedented growth in measurement techniques over 

the last few years and, at the same time, the requirements of the measurements 

have become more and more demanding. In this context, sample preparation 

is still necessary to achieve the required sensitivity and selectivity standards. 

New (nano)materials have emerged as useful tools in sample preparation to 

improve existing techniques or to give way to new ones. In this way, this Thesis 

examines new sample preparation methods based on (nano)materials for the 

analytical determination of compounds of environmental and clinical interest.  

The first chapter is an introduction that summarizes the importance of 

sample preparation, especially in the clean-up and pre-concentration steps. 

Also, it shows an overview of the possibilities that using new (nano)materials 

offer in these steps, not only in terms of selectivity and sensitivity, but also from 

the economic and environmental points of view.  

The second chapter displays the materials, equipment and methodologies 

used in this Thesis, including synthesis, modification and conditioning of 

(nano)materials. 

The third chapter presents a method based on dispersive liquid-liquid 

microextraction for the determination of cortisone and cortisol from human 

saliva samples. An ionic liquid, instead of an organic solvent, was used as 

extractant. The selectivity and sensitivity of the method fitted the physiological 

levels of the analytes in saliva, so it could be applied to real saliva samples. 

The fourth chapter presents the use of pristine and differently modified 

nanomaterials as sorbents in new dispersive solid phase extraction techniques, 

such as magnetic solid phase extraction (chapters IV.I and IV.II) and bar 

adsorptive microextraction (chapter IV.III) for the clean-up and pre-

concentration of emerging pollutants (pharmaceuticals) from water samples of 

diverse nature. 

The fifth and sixth chapters report the use of magnetic cellulose 

nanoparticles as sorbents in two new dispersive solid phase extraction 
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techniques. In chapter V, magnetic solid phase extraction was used for 

extraction and pre-concentration of mercury species in water samples and, in 

chapter VI, sorptive bar solid dispersive microextraction was used for nine 

polychlorinated biphenyls in fruit juice samples.  
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En los últimos años ha habido un crecimiento de las técnicas de medida 

sin precedentes y, al mismo tiempo, los requerimientos de las medidas se han 

vuelto cada vez más exigentes. En este contexto, la preparación de muestra 

sigue siendo necesaria para obtener la sensibilidad y selectividad adecuadas. 

Los nuevos (nano)materiales han emergido como herramientas útiles en la 

preparación de muestra para mejorar las técnicas ya existentes o para dar 

lugar a otras nuevas. En este sentido, esta tesis examina nuevos métodos de 

preparación de muestra basados en (nano)materiales para la determinación 

analítica de compuestos de interés clínico y medioambiental. 

El primer capítulo es una introducción que resume el papel de la 

preparación de muestra, especialmente en las etapas de purificación y 

preconcentración. También muestra una vision de las posibilidades que ofrece 

el uso de (nano)materiales en estas etapas, no solo en términos de sensibilidad 

y selectividad, sino también desde los puntos de vista económico y 

medioambiental. 

El segundo capítulo muestra los materiales, los equipos y las 

metodologías utilizadas en esta tesis, incluyendo las síntesis, modificaciones y 

acondicionamiento de los (nano)materiales. 

El tercer capítulo presenta un método basado en microextracción líquido-

líquido dispersiva con líquido iónico para la determinación de cortisona y 

cortisol en muestras de saliva humanas. Se utiliza como extractante un líquido 

iónico en lugar de un disolvente orgánico. La sensibilidad y selectividad del 

método encaja con los niveles fisiológicos de los analitos en saliva, por lo que 

pudo aplicarse en muestras reales de saliva. 

El cuarto capítulo presenta el uso de nanomateriales, sin y con diferentes 

modificaciones, como adsorbentes en las nuevas técnicas dispersivas de 

extracción en fase sólida, como la extracción en fase sólida magnética 

(capítulos IV.I y IV.II) y la microextracción por adsorción en barra agitadora 

(chapter IV.III) para purificar y la preconcentrar contaminantes emergentes 

(medicamentos) en muestras de agua de diversa naturaleza. 

Los capítulos V y VI explican el uso de las nanopartículas magnéticas de 

celulosa como adsorbentes en dos nuevas técnicas dispersivas de extracción 
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en fase sólida. En el capítulo V, se usa extracción en fase sólida magnética 

para la extracción y preconcentración de especies de mercurio en muestras de 

agua y en el capítulo VI, se usa microextracción dispersiva en fase sólida sobre 

barra agitadora para el caso de nueve bifenilos policlorados en zumos de 

frutas. 
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Aim / Objetivo 

 

The general aim of this Doctoral Thesis is to examine the possibilities that 

new (nano)materials have to improve traditional sample preparation techniques 

or even give way to new ones, in order to face the more and more demanding 

need of analytical information in the environmental and clinical fields. More 

specific aims are: 

I. Assessment of ionic liquids as solvents in dispersive liquid-liquid 

extraction. 

II. Assessment of pristine and magnetically modified multiwalled 

carbon nanotubes and cellulose nanoparticles as sorbents in new 

dispersive solid phase extraction techniques. 

III. Assessment of ionic liquid modified magnetic cellulose 

nanoparticles as sorbents in magnetic solid phase extraction. 

IV. Development and validation of a new analytical method for the 

determination of cortisone and cortisol in saliva, using ionic liquid 

as solvent.  

V. Development and validation of new analytical methods based on 

nanomaterials for the clean-up and pre-concentration of traditional 

and emerging pollutants in water samples of diverse nature and 

other aqueous samples. 
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El objetivo general de esta tesis doctoral es examinar las posibilidades 

que ofrecen algunos nuevos (nano)materiales para mejorar técnicas de 

preparación de muestra tradicionales o incluso para dar lugar a otras nuevas, 

con el fin de hacer frente a la cada vez más exigente necesidad de información 

analítica en los campos medioambiental y clínico. 

Objetivos más específicos son: 

I. Evaluación de líquidos iónicos como disolventes en extracción 

líquido-líquido dispersiva. 

II. Evaluación de nanotubos de carbono de pared multiple y 

nanopartículas de celulosa con y sin modificación de tipo 

magnético como adsorbentes en nuevas técnicas de extracción en 

fase sólida dispersivas. 

III. Evaluación de las nanopartículas magnéticas de celulosa 

modificadas con líquido iónico como adsorbentes en extracción en 

fase sólida magnética. 

IV. Desarrollo y validación de un nuevo método analítico para la 

determinación de cortisona y cortisol en saliva, utilizando líquido 

iónico como disolvente. 

V. Desarrollo y validación de nuevos métodos analíticos basados en 

nanomateriales para la purificación y preconcentración de 

contaminantes tradicionales y emergentes en muestras de agua 

de diversa naturaleza y otras muestras acuosas. 
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CHAPTER I                             

 

 

INTRODUCTION 
 

This general introduction summarizes the importance of sample 

preparation by providing an overview of most their strategies in terms of sample 

extraction, pre-concentration and/or clean-up. It is addressed to three main 

points. The first one provides the importance of sample preparation from an 

analytical point of view. The second one shows the main goals of sample 

preparation in terms of sample clean-up and/or pre-concentration. The third one 

presents a sequence of different approaches through discussion several 

examples of analytical techniques where sample preparation is critical and can 

be used to improve analytical measurements. This point also gives an overview 

of the advantages of using new materials such as ionic liquid and magnetic and 

non-magnetic nanomaterials in various techniques of sample preparation within 

the scope of this Thesis. 
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I.1. The importance of sample preparation 

Despite the great technological advances of analytical instruments 

(chromatography, spectroscopy, microscopy, sensors, etc.), nearly every 

sample needs a particular type of preparation before analysis because the 

samples collected from environment, organisms and several sources have very 

complex matrices and may reduce the ability of qualitative and quantitative 

identifications of the target analytes in the sample. In most cases, the sample 

is completely unsuitable for direct analysis. Even if a sample was suitable for 

analysis without pretreatment, often the analyte concentrations are too low for 

detection.  

Sample preparation consists of one or more steps necessary to modify 

the sample for delivering the analytes in a convenient form to the measurement 

technique or to improve the analysis results. It is an intermediate step between 

sample collection and data analysis that is affected by both sides of the 

process. Sample preparation step is considered to be the bottleneck of the 

analysis because it is estimated that about 80% of the total time of the analytical 

process is spent on preparing samples before instrumental analysis (Chen et 

al. 2008), which includes physical and chemical operations for the extraction of 

interest compounds from samples. Sample preparation is dependent upon: the 

analyte and its concentration level, the sample matrix, the instrumental 

measurement technique and the required sample size. Sample preparation 

may have various purposes, such as homogenization of the raw sample, 

sample dissolution, resampling for further reduction of sample size, reaction 

with some chemical species, dilution, extraction, sample fractionation, clean-

up, pre-concentration of the analyte content and others.  

Different strategies have been developed for increasing the sensitivity and 

selectivity of the analytical method without the need for more expensive or 

complex detection systems. Sample preparation plays a key role in achieving 

these goals through promoting the selectivity by isolating the analyte from 

matrix interfering species (clean-up) and increasing the sensitivity by 

enrichment (pre-concentration) the analyte from a large sample volume which 
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leads to lower limits of detection (LOD) and consequently lower limits of 

quantification (LOQ) (Locatelli et al. 2012).  

I.2. Clean-up and pre-concentration systems 

The elimination of undesired matrix components from the sample is known 

as sample clean-up. However, the clean-up methods are not always capable to 

eliminate totally the undesired matrix components and some of these 

undesirable compounds interfere with the target analytes resulting in a negative 

impact on the analysis. Because the samples collected from natural 

environment, living bodies and many other sources have very complex sample 

matrices and their analysis is difficult or even impossible without any 

pretreatment, clean-up stage (or stages) is (are) inevitable (Martins et al. 2013). 

Taking into consideration that, when the matrix is cleaner, the results of the 

analysis are better.   

There are many clean-up procedures that are used to reduce or delete 

the undesired matrix components. In general, most of them depend on the 

principle of separation as described below (Moldoveanu and David 2015): 

1. Mechanical separations processes, such as centrifugation, 

filtration, sedimentation sieving, membrane filtration and flotation. 

The first three techniques are typically used for the separation of 

solids from a liquid and remove the part of sample that may be 

undesired for the analysis. Sieving is typically used to separate the 

large particles from smaller ones. Membrane filtration may be used 

for the fractionation at molecular level based on differences in the 

molecular weight of the sample components, while flotation 

technique is used for the separation of hydrophobic materials from 

hydrophilic ones. 

2. Physical separation such as distillation, filtration, vaporization, 

precipitation and crystallization. These techniques are based on 

the difference in physical properties of analytes and matrix (such 

as boiling point, melting point, solubility, etc.) in which each 

component keep its individual identity and properties. 
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3. Solvent extraction techniques include a variety of procedures in 

which the analytes and possibly part of the matrix are extracted in 

a suitable solvent. The most common and traditional solvent 

extraction procedure is liquid-liquid extraction (LLE), in which the 

sample stays in a liquid and the target analytes are transferred from 

one liquid into another liquid.  

4. Sorbent extraction techniques are based on the use a solid material 

for retaining the target analytes from the solution or removing the 

undesired components from the sample. A common and 

conventional sorbent extraction procedure is solid phase extraction 

(SPE), in which the analytes are eluted from the sorbent using a 

different solvent.  

5. Membrane separation processes allow relative free passage of one 

component while retaining another and therefore, they can be used 

for sample clean-up. Several techniques can be considered as 

membrane separations such as osmosis, dialysis, pervaporation 

and gas separation. 

Other techniques used for the sample clean-up are ultracentrifugation, 

separation in an electric field, ion exchange and ionic flotation. 

Pre-concentration is a common term for several processes used to 

increase the concentration (amount) of the target analytes. It is an important 

step in analytical measurements, particularly when the analysis is being done 

at the trace level. A variety of pre-concentration strategies have been reported, 

aiming at decreasing LODs. The pre-concentration process usually includes the 

denudation of main components from the undesired ones and reduce the 

volume of solvent in which the analytes are present (Rao, Metilda, and Gladis 

2006). However, common pre-concentration techniques may increase the 

concentration of target compounds and that of interferences, so a clean-up step 

is necessary either before or after the pre-concentration step. 

Sample clean-up are usually associated with the pre-concentration of the 

analytes in the processed sample. This is not always the case, and in some 

instances the sample pre-concentration is necessary. Sample pre-

concentration techniques are performed using the same procedures as those 
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for sample clean-up. In most cases, sample pre-concentration of the analytes 

in the sample can be considered a clean-up process because it minimizes the 

ratio of the presence of the matrix in the sample. Whereas, the processed 

sample may be subject to a pre-concentration process when part of the matrix 

is eliminated. The end result, using appropriate techniques, is sometimes 

possible to satisfy both selectivity and sensitivity demands.  

I.3. Liquid and solid phase extraction techniques 

The correct choice of sample preparation method is dependent 

fundamentally on the physical and chemical properties of the target analytes, 

their concentrations, the complexity of the sample matrices and the technique 

that will be used for the determination (Ridgway, Lalljie, and Smith 2007). The 

ideal sample preparation technique should include minimal working steps, be 

environmentally friendly and economical (Abdel-rehim et al. 2001). There are 

many techniques for sample preparation, but only the ones related to the scope 

of this Thesis will be discussed. 

I.3.1. Liquid-Liquid Extraction (LLE)  

LLE (also called solvent extraction) is one of the classical and most 

commonly used technique for the extraction of analytes from liquid samples. 

This is due to a number of characteristics, mainly simplicity and reasonable 

selectivity. It is used in many analytical applications including pharmaceutical, 

chemical, environmental and others (Warade et al. 2011).  

I.3.1.1. Conventional LLE  

The conventional LLE is based on the different solubilities of the analytes 

to be separated between two immiscible liquids (or phases). Usually, one is 

aqueous phase and the other is an organic solvent, both having immiscible in 

each other as shown in Fig. I.1. The aqueous sample, which contains the 

analytes is agitated in the presence of an extracting solvent. After agitation, the 

sample solvent mixture settles, then two layers of liquid appear clearly. The 

analytes from the aqueous sample will have passed into this extracting solvent. 

The equilibrium state between both layers is described through the partition 

coefficient of the analyte (KD), which can be expressed mathematically by:  
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KD = C1/C2 

where C1 and C2 are the concentrations of the compound in the organic and 

aqueous layers, respectively. KD gives a quantitative measure of how an 

organic compound will distribute between aqueous and organic phases, where 

the higher value of KD, higher the solute will reside in the organic phase. Then, 

the layer of interest is physically separated and the extraction process can be 

repeated on the remaining liquid after adding fresh solvent to ensure the 

complete extraction of an analyte into the required phase (Soliman, Pedersen, 

and Suffet 2004). 

 

Fig. I.1. Simplified scheme of the LLE procedure. 

 

Several factors are important when choosing LLE as a sample preparation 

technique such as solvent, pH and salt addition. The selection of solvent is a 

very important issue to achieve the goal of extraction of the compounds of 

interest. Usually, the addition of salt to the aqueous solution increases the ionic 

strength, which makes the organic compounds to be transferred with higher 

recoveries in the organic phase. pH can have an effect in changing the polarity 

and therefore partitioning of a compound in the aqueous and organic layers. 

Although, LLE is a versatile sample preparation technique and is used in 

several analytical applications, it is time-consuming, labor-intensive, unable to 

extract polar compounds and allow the formation of emulsion. In addition, the 

use of large quantities of toxic organic solvents leads to the production of 
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hazardous laboratory waste (AL-Hadithi, Saad, and Grote 2011). Thus, there is 

an increasingly important revolutionary trend in LLE technique that avoid or 

minimize these shortcomings.  

I.3.1.2. Dispersive liquid-liquid microextraction (DLLME) 

In recent years, based on the advantage of the microextraction 

techniques, a new approach of LLE named as dispersive liquid-liquid 

microextraction (DLLME) has been employed as an effective sample 

preparation technique. DLLME is a miniaturized LLE method introduced by 

Rezaee et al in 2006 as a novel alternative technique for the extraction and 

preconcentration of organic compounds from aqueous samples (Rezaee et al. 

2006). It has grown recently and their applications have attracted the attention 

of researchers in different areas. 
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DLLME is based on a triple solvent system, in which a disperser solvent 

is injected along with the extraction solvent into the aqueous sample. Briefly, a 

typical DLLME procedure consists of the following operations (Sajid and 

Alhooshani 2018). Fig. I.2 shows the process. 

i. The mixture of the extraction solvent and disperser solvent is rapidly 

injected into the sample. 

ii. The formation of a dispersion of tiny fine droplets of the extractant in the 

solution. 

iii. The mixture is centrifuged to obtain the sedimented phase, which is 

enriched with analytes, and finally is collected with a microsyringe for 

determination. 

Fig. I.2. A general scheme for the DLLME procedure. Adapted from (Herrera-Herrera et al. 
2010). 

 

The advantages of DLLME are simplicity of operation, rapidity, low time 

and cost, high enrichment factor (EF), low consumption of organic solvents and 

it meets most aspects of green analytical chemistry (Gilart et al. 2014; Herrera-

Herrera et al. 2010; Hu et al. 2013). In addition to, the dispersive mode improves 

the extraction efficiency by increasing the contact surface between the 

extractant and the sample which is desirable in high throughput sample 

preparations. Thus, many review articles have covered the application of 

DLLME for various matrices and analytes since the introduction of the 

technology (Herrera-Herrera et al. 2010; Kocúrová et al. 2012; Mousavi, Tamiji, 

and Khoshayand 2018; Saraji and Boroujeni 2014; Soledad et al. 2015; Viñas 

et al. 2014).  
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Several parameters influence the extraction efficiency in DLLME, 

including type and volume of the extraction solvent, type and volume of the 

disperser solvent, pH, ionic strength, extraction time and centrifugation time 

(Dadfarnia, Mohammad, and Shabani 2010; Rezaee, Yamini, and Faraji 2010; 

Zgoła-Grześkowiak and Grześkowiak 2011). Among them, the extraction and 

dispersive solvents are the most important. A suitable extraction solvent has to 

be immiscible in water and high extraction capability for the analytes of interest. 

The dispersive solvent has to be miscible with both extraction and aqueous 

phases to generate a cloudy solution that increases the interaction between the 

two phases (Al-Saidi and Emara 2014; Herrera-Herrera et al. 2010).  

However, the selection of the extraction and disperser solvents become 

the most limiting aspect, because there are only a few organic solvents that 

meet these requirements. Many improvements have been introduced to 

overcome these drawbacks which include the application of vortex or 

ultrasound if the extraction solvent less dense than water (Kocúrová et al. 2012; 

López-Darias et al. 2010; Yiantzi et al. 2010), the use of DLLME with 

simultaneous derivatization of analytes (Nuhu, Basheer, and Saad 2011; Zgoła-

Grześkowiak and Grześkowiak 2011) and the combination of DLLME with other 

macro- and microextractions techniques (Moreda-Piñeiro and Moreda-Piñeiro 

2015; Sajid and Alhooshani 2018). 

Because the commonly used organic solvents in DLLME are highly toxic 

and limited in the extraction of different compounds with different polarities, 

searching for other available solvents is unavoidable. In recent years, ionic 

liquids (ILs) have begun to gain popularity as an environmentally friendly 

alternative to traditional organic solvents. There are many slightly different 

definitions in literature for ILs. The most widespread claims that ILs are ionic 

salts that melt near and below room temperature. They show negligible vapor 

pressure, variable viscosity, high thermal stability and tunable viscosity and 

miscibility with water and organic solvents (Baghdadi and Shemirani 2008). 

Their low melting points are achieved by combining a bulky asymmetric cation 

and a large anion into the structure, which prevents the ions from packing 

uniformly. The chemical structures of the most commonly used ILs are 

described in Fig. I.3. 
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Fig. I.3. Structures of common a) cations and b) anions of ILs (Samanidou 2018). 

 

ILs are often called modeling solvents, because they have a variety of ions 

to choose from to obtain an IL with the desired physicochemical properties such 

as density, viscosity, miscibility and melting point. These properties are 

adequate to be used in analytical chemistry, particularly in sample preparation 

techniques (Ho et al. 2014; Liu, Jiang, and Jönsson 2005). Other important 

advantages of ILs versus organic solvents are biodegradable, non-flammable, 

low toxicity and easy recycling.     

One of the main advantages that ILs possess relative to conventional 

organic solvents is the ability to combine different functional groups within the 

IL structure that interact with the target analytes. (Joshi and Anderson 2012). 

Taking into account the properties of ILs as extraction solvents, the combination 

of ILs with DLLME is an extraordinary approach to solve problems which cannot 

be easily addressed through an individual procedure. An ILs- DLLME method 

was first proposed to determine a group of organophosphorus pesticides in 

environmental samples and for the extraction of mercury from water samples 

by Zhou et al (Zhou et al. 2008) and Baghdadi and Shemirani (Baghdadi and 

Shemirani 2008), respectively. Liu and coworkers developed IL-DLLME 

combined with HPLC for the determination of insecticides in water samples 

using the IL 1-hexyl-3-methylimidazolium hexafluorophosphate as the 

extraction solvent (Liu et al. 2009). After that, the technique has been used in 

several modes, such as conventional, temperature controlled (TC), ultrasound-

assisted (US), microwave-assisted (MA), vortex-assisted (VA) and in-situ IL-

DLLME which have been summarized in recent reviews (Rykowska, Ziembli, 
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and Nowak 2018; Trujillo-Rodríguez et al. 2013). These modes have been 

successfully used for the extraction and identification of different analytes from 

a variety of samples such as water, food, cosmetic, environmental, biological 

and others. Table I.1 summarizes some published works, in which IL-DLLME is 

used in different applications. 
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Table I.1. Applications of diverse mode of IL-DLLME in environmental and food 

samples. 

Mode  Analyte Sample 

matrices 

Analytical  

technique 

Reference 

Conventional Parabens Water GC-MS (Cacho et al. 

2016) 

Conventional Pesticides Water HPLC-UV (He et al. 

2009) 

Conventional Emerging 

contaminants 

Water HPLC-UV (Yao et al. 

2011) 

Conventional Formaldehyde Water UV-Vis (Arvand et 

al. 2012) 

Conventional Aryloxyphenoxy-

propionate 

herbicides 

Soy milk and 

soy sauce 

HPLC-DAD (Lubomirsky, 

Padró, and 

Reta 2016) 

Conventional Pesticides Bananas HPLC-DAD (Ravelo-

Pérez et al. 

2009) 

     

Conventional Phenols Aqueous 

cosmetics 

CE-UV (He et al. 

2009) 

Conventional Thallium species Water ETAAS (Escudero et 

al. 2012) 

TC-IL 

DLLME 

Organophosphorus 

pesticides 

Water HPLC-UV (Zhou et al. 

2008) 

 

TC-IL 

DLLME 

Phenols Water HPLC-DAD (Zhou et al. 

2011) 

     

TC-IL 

DLLME 

Hg (II) Water UV-Vis (Baghdadi 

and 

Shemirani 

2008) 

TC-IL 

DLLME 

Ag nanoparticles Water and hair GFAAS (Absalan et 

al. 2011) 
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In situ IL-

DLLME 

Organophosphorus 

pesticides 

Water GC-MS (Cacho et al. 

2018) 

 

In situ IL-

DLLME 

PAHs Aqueous extract 

of toasted 

HPLC-UV-

FD 

(Germán-

Hernández 

et al. 2012) 

     

In situ IL-

DLLME 

Ag (I) Photographic 

and X-ray waste 

UV-Vis (Vaezzadeh, 

Shemirani, 

and Majidi 

2012) 

US-IL 

DLLME 

Aromatic amines Water HPLC-UV (Zhou, 

Zhang, and 

Xiao 2009) 

US-IL 

DLLME 

Cd (II) Water ETAAS (Li et al. 

2009) 

VA-IL 

DLLME 

Glucocorticoids Water HPLC-UV (Qin et al. 

2013) 

VA-IL 

DLLME 

Organophosphorus 

pesticides 

Apple and pear HPLC-UV (Zhang et al. 

2012) 

VA-IL 

DLLME 

Co (II) Water and 

pharmaceuticals 

ETAAS (Berton and 

Wuilloud 

2011) 

     

 

I.3.2. Solid-Phase Extraction (SPE) 

SPE or, as it is often known liquid-solid extraction is a widely used 

technique for sample clean-up, enhancement of the analytical sensitivity, 

selectivity or both and pre-concentration of a variety of compounds and 

elements prior to their quantification (Buszewski and Szultka 2012). It is a very 

active area in the separation science that was developed in the mid-1970s as 

an alternative approach to LLE (Henion, Brewer, and Rule 1998; Liska 2000).   

The SPE principle is similar to LLE, which involves the partitioning of 

compounds between a liquid mobile phase (sample matrix or solvent with 
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analytes) and a solid stationary (sorbent) phase, instead of two immiscible liquid 

phases, as in LLE (Huck and Bonn 2000). In SPE, the target analytes flowing 

with the liquid sample are reserved and retained through their interaction with 

the solid sorbent material, then they are recovered by elution from the sorbent 

using the appropriate solvent. 

SPE is a more efficient sample preparation process than LLE, it is faster 

and easier to obtain a higher recovery of the target analyte by using a reduced 

volume of reagents, generating less toxic waste. Moreover, SPE does not need 

the phase separation required for LLE, which that eliminates errors associated 

with variable or inaccurate extraction volumes (Camel 2003). This technique is 

easy to perform, can be automated and the SPE sorbents can be reused 

(Ngeontae, Aeungmaitrepirom, and Tuntulani 2007).  

I.3.2.1. Conventional SPE 

The most popular approach of conventional SPE consists of an open 

polypropylene or polyethylene syringe barrel containing a sorbent material 

packed between frits, which are used to hold the adsorbent in place and to act 

as a particulate filter (Majors 2001). A general construction of the cartridge 

device is shown in Fig. I.4.  

 

Fig. I.4. SPE cartridge. 

 

SPE cartridges are available in different sizes of sorbent materials 

(D.A.Wells 2000). Silica-based with chemically bonded functional groups and 

polymers such as styrene-divinylbenzene and polymethacrylate are the most 
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common used packing materials (Calderilla et al. 2018). A typical SPE 

procedure involves four steps (Erger and Schmidt 2014), as shown in Fig. I.5: 

1. Conditioning the stationary phase, by passing an appropriate solvent 

through the sorbent to wet the packing material. 

2. Loading the samples and the analytes onto the SPE cartridge, the 

analytes must have a greater affinity for the solid phase than for the 

sample matrix in order to be partitioned between these two phases. 

3. Washing the sorbent to remove the interferences, while retaining the 

analyte. 

4. Eluting the analyte of interest.  

 

 

Fig. I.5. SPE cartridge extraction steps. 

 

The sorbents in SPE are packaged in different formats including free 

disks, disks in syringe barrels-cartridge, a 96-well microliter plate and the SPE 

pipette tips (Biziuk 2006; Płotka-Wasylka et al. 2016). The selection of the 

sorbent depends on the type of interaction between the sorbent and the target 

analyte, which include hydrogen bonding and dipole-dipole forces (polar 

interactions), van der Waal's forces (nonpolar or hydrophobic interactions) and 

cation and anion exchange (Biziuk 2006). Low-specific sorbents include 
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surface modified silica, porous polymers materials such as polystyrene-

divinylbenzene (PS-DVB) resins and carbon are the most commonly used 

(Poole 2003). Among them, surface modified silica has a wide number of 

applications in different fields, but it suffers from some limitations. One of the 

most important ones is a limited stability in the case of aqueous samples with 

low or high pH, which restricts its use to mild conditions. Another important one 

is the lack of selectivity. So, the emerging new class-specific and compound-

specific sorbents for SPE are essential.   

I.3.2.2. New sorbents in SPE 

Various materials have been used as sorbents for SPE such as 

surfactant-modified sorbents (Moral et al. 2008), mixed-mode polymeric 

sorbents (Emotte et al. 2012), molecular recognition sorbents (Gao, Li, and 

Zhang 2010), natural polymers (Stevenson 2000) and others. Among them, 

nanostructured materials have gained increasing attention over the years as 

analytical chemists begun to recognize their importance in their field. 

Nano is a prefix meaning extremely small. It comes from a Greek word, 

which means "dwarf". Nanoscience and Nanotechnology are the study and 

application of matter, particles and structures at the nanoscale level (from1 

to100 nm). At nanoscale, the physicochemical properties are different from the 

same materials at micro or macro scale (Etheridge et al. 2013), and the major 

aim to achieving the nanoscale level is to take advantage of their extraordinary 

properties. The distinct behaviors of particle size at nanoscale compared to 

macro and micro-materials are due to the importance of quantum and surface 

boundary effects, which make nanomaterials (NMs) have a very large surface 

area and high particle number per unit mass (Yang, Feng, and Müllen 2011). 

NMs can be classified based on their dimension (D), morphology, 

chemical composition and agglomeration. Classification according to their 

dimension is the most common property (Fig. I.6), which includes: (i) 0D ( 

metallic nanoparticles (NPs), carbon dots and quantum dots), (ii) 1D 

(nanotubes, nanowires, nanoribbons, nanorods, nanobelts and hierarchical 

nanostructures) (iii) 2D (branched structures, nanoplates, nanoprisms, 
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nanowalls, nanosheets and nanodiscs) and (iv) 3D (nanocoils, nanoballs 

(dendritic structures), nanopillars, nanocones, and nanoflowers).  

 

 

 

 

 

 

Fig. I.6. Classification of NMs based on their dimension of nanostructure. Extracted from 
reference (Pokropivny and Skorokhod 2007).  

 

The optical, electronic, catalytic and mechanical properties resulting from 

minimizing the dimensions of macro and micrometer to the nanometer scale 

have attracted a lot of attention in the exploitation of these materials as tools in 

the analytical process, and particularly, in sample preparation. (Valcárcel, 

Simonet, and Cárdenas 2008). In this regard, a wide variety of NMs have been 

used as sorbents in SPE (Andrade-Eiroa et al. 2016). In the following sections, 

several selected examples will be presented in order to point out the analytical 

potential of this group of NMs in SPE. 

I.3.2.2.1. Carbon-based NMs 

The carbon-based NMs have been used as promising adsorbents since 

the discovery of fullerene C60 in 1985 (Kroto et al. 1985). The development of 

these NMs has been one of the most important trends in sample preparation, 

and particularly in SPE due to their exceptional behavior in extraction and pre-

concentration of compounds in different sample matrices. The structures of 

carbon-based NMs allow them to interact with several compounds via non-

covalent forces, including electrostatic forces, hydrogen-bonding, Van der 

Waals forces, π- π stacking and hydrophobic interactions (Zhang et al. 2013). 

Among carbon based NMs, carbon nanotubes (CNTs), fullerene and graphene 

(G)/graphene oxide (GO) are the most commonly used as sorbents. 

1D 2D 0D 3D 



21 
 

CNTs are 1D NMs formed by rolling a layer of graphene sheets into a 

cylindrical shape with single wall (single walled carbon nanotubes, SWCNTs) 

or multiple walls (multiwalled carbon nanotubes, MWCNTs) as it is illustrated in 

Fig. I.7. CNTs have been the most used carbon-based NMs in sample 

preparation, because they have large adsorption surface and can be easily 

functionalized with different molecules to provide a more selective interaction 

with the target analytes. Moreover, the sorptive mass capacity of CNTs, 

especially MWCNTs make them a good candidate for use as sorbent materials. 

There is a remarkable increase in use of CNTs as solid sorbents in SPE (Tian 

et al. 2013). 

Both non-modified and functionalized CNTs as SPE sorbents have gained 

increasing attention to extract both inorganic and organic analytes (Ravelo-

Pérez et al. 2010). For example, SWCNTs used as SPE packed into a 

microcolumn for the pre-concentration of trace Cu, Co and Pb in the biological 

and environmental samples (Chen et al. 2009), while SWCNT disks were used 

in SPE to extract bisphenol A, 4-n-nonylphenol, and 4-tert-octylphenol from 

several natural water samples (Niu et al. 2008). MWCNTs-packed cartridge as 

adsorbent used for the determination of several phthalate esters from water 

samples (Cai et al. 2003).  

 

Fig. I.7. Schematic representation of SWCNTs and MWCNTs. Adapted from (Martins-Júnior 
et al. 2013). 

 

Fullerenes are polyhedral nanostructures in which sp2 carbons are 

bonded to three carbon neighbors in an arrangement of five-membered and six-
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membered rings, as shown in Fig. I.8. Fullerenes have a large specific surface 

area and large delocalized electron system can form strong π- π stacking 

interaction with compounds having electron donors groups (Liu et al. 2011). 

Although they are insoluble in aqueous and organic media, their lower 

aggregation tendency facilitates their use as sorbents in miniaturized SPE 

procedures.  

The adsorption properties of fullerenes have been widely employed in the 

development of analytical applications. They have been used as sorbent 

materials in SPE methods for the extraction and preconcentration of trace metal 

species (Muñoz, Gallego, and Valcárcel 2004), N-nitrosamines (Jurado-

Sánchez, Ballesteros, and Gallego 2009) and organic compounds (Serrano 

and Gallego 2006) in water samples.  

Fig. I.8. Structure of fullerene. Adapted from (Nizina et al. 2017). 

 

Graphene (G) is a type of carbonaceous material consisting of a single 

layer of carbon atoms arranged in a hexagonal lattice. It has shown large 

surface area, excellent optical transparency and thermal conductivity (Biró, 

Nemes-Incze, and Lambin 2012). It is non-polar, hydrophobic and poor SPE 

sorbents due to their lack of solubility in most solvents and there are no suitable 

functional groups on its surface to correlate with other groups. This disorder is 

overcome by powerful oxidation of G with various oxygen containing 

functionalities such as carboxyl, epoxide, carbonyl and hydroxyl groups to form 

graphene oxide (GO) (Fig. I.9). G-based material has become a superior 

candidate as SPE sorbent. It was used as SPE sorbents by packing into a 

commercial cartridge to extract chlorophenols and heavy metals in water 
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samples (Chang et al. 2012; Liu et al. 2011). Wang et al. analyzed lead in 

environmental water and vegetable samples by G-based SPE (Wang et al. 

2012). Due to the excellent adsorptive properties, G can be used as adsorbent 

in very small amounts and quantitative recovery can be achieved with small 

volume of eluent.  

 

Fig. I.9. Molecular structure of (i) graphene, (ii) graphene oxide. Adapted from (Mishra et al. 
2018). 

 

I.3.2.2.2. Silica nanoparticles (SiNPs)  

SiNPs, also known as silicon dioxide NPs are promising for analytical 

applications owing to their high surface areas, low toxicity, thermal stability and 

various modifications (Bapat et al. 2016). Pristine and surface modified SiNPs 

have been used as the sorbent in SPE. For examples, Reddy et al. have been 

prepared SPE cartridges using SiNPs for the pre-concentration of pesticide 

residues in environmental water samples (Reddy et al. 2016). 1-(2-pyridylazo)-

2-naphthol modified SiO2 NPs have been developed for the pre-concentration 

of trace amounts of Cd(II) in water samples (Khokhar 2003). In the same 

regard, different modification of SiNPs have been used for the pre-

concentration of some toxic heavy metal ions such as Hg(II), Cu(II), Zn(II), 

Mn(II) and Ni(II) (Jal, Patel, and Mishra 2004; Kaur and Gupta 2009b, 2009a; 

Thabano et al. 2009).  
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I.3.2.2.3. Nanocellulosic nanoparticles 

In recent years, the use of new sorbents from renewable natural resources 

has become the focus of many researchers to solve serious environmental 

problems which impacts on aquatic life and human health. Nanocellulose (NC) 

obtained from native cellulose, is advantageous over others in terms of their 

impressive properties such as biodegradability, compatibility, large surface 

area, lightness, high porosity, easy regeneration, low cost, reactive surface, 

mechanical and thermal stability (Dufresne 2013; Kargarzadeh et al. 2018; 

Ruiz-Palomero, Soriano, and Valcárcel 2017). These properties in combination 

with its quick, cheap and easy production, make NC a trendy and prodigy NM. 

There are various categories of NC, which can be mainly divided into 

nanocrystalline cellulose (NCC), cellulose nanowhisker (CNW), and cellulose 

nanofibril (CNF) (Habibi, Lucia, and Rojas 2010).  

As shown in Fig. I.10, NC can simultaneously act as an object (analyte) in 

the sample and a tool in the same analytical process (Ruiz-Palomero, Soriano, 

et al. 2017). The first criterion relies on the analytical consideration of NC as 

analyte, which lies through the integration of NC in different products such as 

cosmetic and food. In this regard, monitoring of NC was demonstrated using 

asymmetric flow field-flow fractionation (AF4) (Guan et al. 2012). Another study 

highlighted the extraction of NC by IL and cationic surfactant from cosmetics 

and foodstuff and their size has been characterized using AF4 (Ruiz-Palomero, 

Laura Soriano, and Valcárcel 2017). The second criterion includes the 

consideration of NC as analytical tool to improve the selectivity and sensitivity 

of the analytical processes, where the main roles of NC are as sorbent materials 

in separation techniques and as component of sensors.  

In fact, pristine NC has not yet been widely used as SPE sorbent. The 

easy surface modification of NC plays an important role to be used in several 

applications. NC functionalized with oxolane-2,5-dione has been used as SPE 

adsorbent for simultaneous separation and preconcentration of trace amounts 

of metals from wastewater samples (Brenda et al. 2011) and gasoline samples 

(Nomngongo et al. 2013). The interesting and unique properties of NC make 

them well suited for use in sensors. For instance, NC containing pyrene was 
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synthesized and employed as a chemosensor for Fe3+ in environmental and 

biological systems (Zhang et al. 2012).  

 

 

Fig. I.10. Schematic illustration of the analytical applications of NC. Extracted from the 
reference (Ruiz-Palomero, Soriano, et al. 2017). 

 

I.3.2.2.4. Polymer-based nanomaterials 

Molecularly imprinted polymers (MIPs) are cross-linked synthetic 

polymers obtained by co-polymerization of a functional monomer and a cross-

linker in the presence of a template molecule via either covalent or non-covalent 

interaction (hydrogen bond, ionic and/or hydrophobic interaction) with a cross-

linking agent (Hu et al. 2013; Turiel and Martín-Esteban 2009). After 

polymerization, the monomer is cleaved from the template molecule (Fig. I.11). 

 

Fig. I.11. Preparation and recognition procedure for MIP. 
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The use of MIPs as selective sorbents for SPE was first reported in 1994 

(Sellergren 1994). In this work, a polyacrylate-based polymer was used for the 

extraction of pentamidine from water and urine. Since then, MIPs became 

popular sorbents for SPE, proposing the so called molecularly imprinted 

polymer solid phase extraction (MIPSPE). For instance, MIPSPE was used in 

the isolation of steroids (progesterone, testosterone, and 17β-estradiol) from 

human urine samples (Gadzała-Kopciuch, Ričanyová, and Buszewski 2009). 

Over the years, MIPSPE showed affinity for selective extraction of different 

trace analytes in complex matrices due to their high selectivity, chemically 

stable and reusability. There is recent review reported by Boulanouar et 

al.(Boulanouar et al. 2018), which focuses on the presentation of polymerization 

methods used to produce MIPs and their performance as SPE sorbents for the 

determination of organophosphorus pesticides in real samples. 

Dendrimers are another class of polymers. The name is derived from the 

Greek word “dendron” and means “tree”, which indicates their unique tree-like 

branching architecture. These nanostructures consist of a central core, 

branches and an exterior surface with functional surface groups as shown in 

Fig. I.12. An interesting feature of these polymers is that their surfaces can be 

chemically modified for the desired application (Bagheri, Manouchehri, and 

Allahdadlalouni 2017; Moghimi, Hunter, and Murray 2005). 

 

Fig. I.12. Synthesis of dendrimers. Adapted from (Singh, Dar, and Hashmi 2014). 

 

The application of dendrimers as SPE sorbents has received considerable 

attention in recent decades for its great potential application. Li et al. have been 

used mesoporous silica functionalized with dendrimers as a mixed-mode anion-
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exchange sorbent for pre-concentration and clean-up of acid drugs in human 

urine samples (Li et al. 2015).  

I.3.2.2.5. Metallic and metal oxide nanomaterials 

Metallic and metal oxide NMs, also known as NPs, exhibit excellent 

performance as sorbent materials too. Metal oxide NPs such as Al2O3, TiO2, 

MnO, ZrO2, CeO2 and Fe3O4 modified with functional coatings have been used 

as SPE sorbents for the adsorption, extraction, and pre-concentration of trace 

element species from environmental water samples (Azzouz et al. 2018). 

Among them, magnetic NPs (MNPs) show a growing research interest, 

because they can provide high surface area-to-volume ratio, easy surface 

modification and strong magnetism, as will be seen in other sections later. 

The main advantage of SPE is that the analytes adsorbed onto the SPE 

(cartridge, column, disc) can be stored for a certain duration without 

decomposition or change in their concentration or component. Compared to 

LLE, SPE can extract a wide range of organic analytes (non polar and very 

polar) from biological, food and environmental samples. Moreover, SPE 

requires smaller volumes of organic solvents than LLE (Picó et al. 2007). 

Another important advantage over conventional LLE is that, SPE achieves high 

extraction efficiency and high EFs (Benito-Peña et al. 2006).  

However, the main drawback of SPE is its lack of selectivity (Baggiani, 

Anfossi, and Giovannoli 2007), which makes it unsuitable for samples with 

complex matrices. SPE procedure also has drawbacks, it consumes a lot of 

time when loading a large sample volume and the need of several steps before 

achieving a concentrated extract convenient for analysis. Furthermore, the 

samples with large amounts of particulate materials may clog the frit and 

impede the solvent flow through the cartridge.   

In recent years, major attention has been paid to improve and develop this 

technique to minimize the consumption of solvents, miniaturization and 

simplification of sample preparation procedures.  
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I.3.3. New modes of SPE 

The new modes of SPE are developed for enhancing the capability of SPE 

regarding sample clean-up and/or pre-concentration and for simplification too. 

All of them share the characteristic of using a solid-phase sorbent, which are 

described in the following sections.  

I.3.3.1. Dispersive solid-phase extraction (DSPE) 

DSPE is an alternative SPE mode introduced by Anastassiades et al. as 

a successful method to increase the selectivity of the analytical procedure 

(Anastassiades et al. 2003). It is based on the addition of the sorbent material 

into a sample solution that is stirred and centrifuged. The analytes are extracted 

in the solution and not in a column or cartridge. Once the dispersion process is 

completed, the analytes are separated from the extract by centrifugation or 

filtration and then eluted from the adsorbents by using suitable solvent (Fontana 

et al. 2011). This analytical approach, which operates under the dispersion 

technology as DLLME, has proven to be a remarkable and effectiveness 

alternative for trace analysis of several classes of compounds.  

Compared to conventional SPE, DSPE avoids passing the extract through 

a column. This technique was described as QuEChERS, which is the 

abbreviation of quick, easy, cheap, effective, rugged and safe. (Fontana et al. 

2011; Posyniak, Zmudzki, and Mitrowska 2005). DSPE has attracted particular 

attention lately and has been successfully applied for several kinds of samples 

(using different sorbents). DSPE methodology overcomes problems such as 

column packing, but it suffers from lack of selectivity which easily leads to 

undesirable consequences. Plus, the collection of dispersed solid sorbents 

requires the use of high speed centrifugation and/or filtration which may lead to 

precipitation of undesired interferences and loss of some target analytes (Tian 

et al. 2013). It has been used for the extraction of trace Be(II) from water and 

street dust samples using tannic acid functionalized graphene as sorbent 

material (Yavuz, Tokal, and Patat 2018) and for the determination of folic acid 

in food extracts using MIPs as sorbent (Panjan et al. 2018).  
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I.3.3.2. Magnetic solid phase extraction (MSPE) 

This mode is a special kind of DSPE based on the use of solids with 

magnetic properties, generally MNPs. This technique was introduced in 1999 

(Šafařıḱová and Šafařıḱ 1999) for the pre-concentration of organic compounds 

from large volumes of samples. It has garnered widespread attention in several 

fields of analytical science. The significant advantages of MSPE are: 

i. Dispersion of MNPs in sample solution rather than packaged in 

SPE cartridge. 

ii. Improve the extraction rates by increasing the direct contact area 

between the sorbent and the sample. 

iii. Simplification the collection of sorbent material after the extraction 

by using an external magnetic field instead of centrifugation and/or 

filtration. 

 MNPs are a class of nanometer sized material which can be manipulated 

by a magnetic field. They tagged to the target analytes can be isolated from the 

original matrix very quickly using a magnetic field and do not agglomerate after 

removal of the field (Hu, He, and Chen 2015). MNPs are synthesized with a 

wide range of magnetic materials such as iron, nickel, cobalt, magnetite or 

maghemite and their oxides with ferromagnetic or superparamagnetic 

properties (X. S. Li et al. 2013). Among MNPs, iron oxides like magnetite 

(Fe2O3) and maghemite (Ɣ-Fe3O4), have been mostly used owning to their high 

magnetic moments, small size, high surface area, biocompatibility and ease of 

preparation process compared to other MNPs based metals and alloys (Chen 

and Li 2012). They can be synthesized by different methods, namely chemical, 

physical and biological (Xu et al. 2014). Co-precipitation method (Petcharoen 

and Sirivat 2012), hydrothermal reaction (Ozel and Kockar 2015), oxidative 

precipitation (Wan and Li 2015), sol–gel synthesis technique (Wang et al. 

2015), aerosol route (Singhal and Chandra 2007) and organic precursor 

method (Mohamed et al. 2010). 

The chemical co-precipitation method of Fe3+ and Fe2+ under basic 

condition is widely used for the preparation of magnetite as a magnetic core. 

The method involves the dissolution of a mixture of a solution of FeCl3·6H2O 
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and FeCl2·4H2O in Milli-Q water under nitrogen atmosphere with a mechanical 

stirring at 70 - 85 oC followed by an immediate addition of aqueous ammonia. 

Then, the black precipitate which consists of MNPs are separated magnetically 

and washed (Petcharoen and Sirivat 2012). 

Iron oxide NPs are easily oxidized in the air leading to loss of magnetism 

(Chen, Wang, and Tong 2011). Additionally, they tend to aggregate due to their 

large surface area. To overcome these difficulties, MNPs can be coated with 

several compounds. The modification of MNPs surface with a wide range of 

organic/inorganic layers can be used also to improve their compatibility and 

stability, prevent the magnetic core from oxidation and enhancing the potential 

of MNPs in applications by improving the contact with media. Furthermore, the 

addition of an appropriate functional group can improve the adsorption 

properties of the material and, more importantly, increase the selectivity 

towards the target analytes (Vasconcelos and Fernandes 2017). This process 

involves the synthesis of core (Fe2O3 or Ɣ-Fe3O4), the coating of the magnetic 

core and the modification of the shell structure. Fig. I.13 shows various types 

of coatings, which can be coated to MNPs surfaces. Fabrication of MNPs have 

been reviewed in several recent reviews (He et al. 2017; Hemmati, Rajabi, and 

Asghari 2018; Xie et al. 2014). 

 

 

Fig. I.13. Scheme of MNP showing the core, shell of various compositions and the coated 
surface with different functional groups. 
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MNPs show low toxicity compared to other sorbents and easy chemical 

modification of their surfaces using a wide range of techniques (Lu, Salabas, 

and Schüth 2007; Lucena et al. 2011).  

In MSPE, MNPs are added to the sample solution, the target analytes are 

adsorbed on the surface of the MNPs, and they are isolated from the aqueous 

solution by an external magnetic field. The target analytes are desorbed from 

the sorbent surface by using an appropriate eluent. After completion of the 

extraction stage, the sorbent can be regenerated and the extract is submitted 

to the following steps in the analytical process. (Giakisikli and Anthemidis 

2013). Fig. I.14 shows the steps in MSPE process.  

 

Fig. I.14. A general scheme for the MSPE procedure. Adapted from (Chen et al. 2011). 

 

The most important applications of MNPs have been their use as selective 

sorbent materials in analytical process for clean-up and/or pre-concentration 

(Absalan, Asadi, et al. 2011). The use of MNPs in MSPE can significantly 

shorten the time of the extraction process by avoiding the need for 

centrifugation or filtration and reduce the use of organic solvents. Moreover, 

MSPE sorbents can be reused several times, which enhances economy of use 

and decreases waste generation. This technique is also characterized by its 

based on dispersive technology that allows MNPs to be distributed 

homogeneously in the solution, so large volume of sample can be used and, 

thereby, high pre-concentration is possible. The application of MNPs for MSPE 
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in biological, environmental and food samples is reviewed (Wierucka and Biziuk 

2014).  

I.3.3.2.1. Magnetic cellulose nanoparticles (MCNPs) 

The design of biodegradable MNPs for use in analytical applications is a 

very important advance. MCNPs have been widely applied in catalysis (Kaushik 

and Moores 2016), bioseparation (Ullah et al. 2016) and medical applications 

(Xiong et al. 2013). Based on the studies presented, the use of MCNPs as 

sorbent is SPE is still scarce. For instance, pristine MCNPs were applied for the 

extraction of Sudan dyes from food samples (Benmassaoud et al. 2017). Donia 

et al. (Donia, Atia, and Abouzayed 2012) and Sun et al. (Sun et al. 2014) used 

MCNPs functionalized with amino group for the removal of different metal ions 

from wastewater. In another study, MCNPs modified with IL was used for the 

adsorption of Congo red dye (Beyki, Bayat, and Shemirani 2016).   

Very recently, MCNPs have been utilized for extracting neonicotinoid in 

milk samples (Adelantado, Ríos, and Zougagh 2018); in that study, MCNPs 

were dispersed into the sample solutions to adsorb the IL containing the 

analytes and then separated from the matrix with a magnetic field.  

I.3.3.2.2. Magnetic carbon nanotubes (MCNTs) 

Introduction of MCNTs paved the way for the emergence of new 

approaches in sample preparation. The properties of CNTs in combination to 

MNPs pointed out before, made them capable to extract many organic and 

inorganic compounds (Liang et al. 2014). MNPs coated with MWCNTs have the 

advantages of high mechanical strength, stability under acidic conditions, lack 

of swelling and large surface areas.  

The advantages of MSPE based on MWCNTs have led to the proposal of 

several analytical applications. MWCNT-MNPs showed excellent affinity and 

high selectivity for the determination and pre-concentration of antiepileptic 

drugs and sotalol in biological matrices (Ansari and Masoum 2018; Zhang et al. 

2018). Various types of estrogens were determined in honey, tap, river and 

mineral waters (Guan et al. 2010), as well as in milk (Ding et al. 2011). In 2012 

Tang et al. proposed a new method to the HPLC and AAS for the determination 
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of pesticides in wastewater by employing MWCNT-MNPs as sorbent (Tang et 

al. 2012). Also, this approach was used for the determination of lead (II) and 

manganese (II) in lipstick, rice and urine samples (Daneshvar Tarigh and 

Shemirani 2013). MWCNT-MNPs have been also used for the determination of 

different analytes in clinical, environmental and food samples. Some examples 

are given in Table I.2. 
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Table I.2. Selected examples of MSPE based on MWCNT-MNPs for clinical, 

environmental and food samples.  

Sorbent Analyte Matrix Analytical 

technique 

Reference 

MWCNT@Silica@Fe3O4 Diethylstilbestrol, 

Estrone, estriol 

Waters, 

honey 

MEKC-UV (Guan et 

al. 2010) 

MWCNT@Fe3O4 Quinolones Human 

plasma 

UPLC-PDA (Morales-

Cid et al. 

2010) 

MWCNT@Silica@Fe3O4 Ethinyloestradio, 

hexestrol, 

estradiol 

Milk HPLC-

UV/FLD 

(Ding et al. 

2011) 

MWCNT@Fe3O4 PAHs Edible 

oils 

GC-MS (Zhao et al. 

2011) 

MWCNT@ MIP@Fe3O4 4-Nonylphenol Water HPLC-UV (Chen et 

al. 2012) 

MWCNT@ MIP@Fe3O4 Gatifloxacin Serum HPLC-DAD (Xiao et al. 

2013) 

MWCNT@ MIP@Fe3O4 Naproxen Human 

urine 

UV-Vis (Madrakian 

et al. 2013) 

MWCNT@Fe3O4 Sulfonamide Eggs LC-MS/MS (Xu et al. 

2013) 

MWCNT@Fe3O4 Pyrethroids 

 

Tea HPLC-UV (Gao and 

Chen 

2013) 

MWCNT@Fe3O4 Pesticides Tea GC-MS (Deng et 

al. 2014) 

MWCNT@ MIP@Fe3O4 lysozyme Eggs UV-Vis (Gao et al. 

2015) 

MWCNTs@PIL@ Fe3O4 Cu, Zn-

superoxide 

dismutase 

Blood UV-Vis (Wen et al. 

2016) 

MWCNT@Fe3O4 PAHs Water UHPLC-

UV/FLD 

(Corps 

Ricardo et 

al. 2017) 
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MWCNT@Fe3O4 MMHg Water GC-pyro-

AFS 

(Corps et 

al. 2018) 

     

MWCNT-COOH @Fe3O4 Herbicides Wheat 

flour 

HPLC-DAD (Li, Zhang, 

and Shi 

2018) 

  

I.3.3.3. Stir bar-sorptive dispersive microextraction (SBSDME) 

SBSDME is another special operation in dispersive mode (Benedé et al. 

2014). This novel technique combines the principles of stir bar sorptive 

extraction (SBSE) (Baltussen et al. 1999) and DSPE (Anastassiades et al. 

2003), mediated by MNPs as ideal sorbent material. It consists of a magnetic 

stir bar coated with MNPs by means of physical forms, which is placed into the 

sample. At high stirring rate MNPs are completely dispersed into the solution 

as in DSPE, whereas at low stirring rate MNPs with the analytes come back to 

the surface of the stir bar as in SBSE (Fig. I.15). 

 

Fig. I.15. Scheme of SBSDME. 

SBSDME offers several advantages over its parent techniques, namely, it 

needs lower extraction time than SBSE and extraction and back-extraction are 

easier than in DSPE because manual intervention is minimal. Moreover, most 

importantly, SBSDME shows great versatility because MNPs can be selected 

depending on the analytes and samples (Benedé et al. 2016a). Benedé and 

coworkers successfully used this technique for the determination of lipophilic 

UV filters in environmental waters using oleic acid coated cobalt ferrite 

(CoFe2O4@oleic acid) MNPs as sorbent materials (Benedé et al. 2014, 2016a). 

In a subsequent study, they showed the versatility of SBSDME by using a 
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magnetic CoFe2O4@SiO2-nylon 6 composite as sorbent for the same purpose 

(Benedé et al. 2016b). A recent study in this area deals with the utilization of a 

magnetic composite made of CoFe2O4 MNPs embedded into a mixed-mode 

weak anion exchange polymer for the determination of diphenyl phosphate in 

urine samples of nail polish users (Benedé et al. 2019).  

 SBSDME holds great promise for sample preparation in terms of 

adsorption efficiency and time saving, but this approach has not been widely 

used, maybe due to its recent emergence.  

I.3.3.4. Bar adsorptive microextraction (BAµE) 

BAµE is a new mode of SPE, which introduced in 2010 as a novel 

solventless sample preparation technique (Neng, Silva, and Nogueira 2010) for 

trace analysis of non-polar and polar compounds in aqueous media. This 

microextraction technique operates under the floating sampling technology 

mode. It consists of bar-shaped with flexible nylon-based supports coated with 

sorbent phases fixed using convenient adhesive film, as depicted in Fig. I.16.  

 

Fig. I.16. Schematic representation of BAµE technique. 

 

This mode presents several advantages comparatively to other sorption-

based methods, including the use of low amounts of organic solvents required 

(µL level) and the possibility of selecting the most convenient sorbent coating 

such as, activated carbons (ACs), styrene–divinylbenzene (S-DVB), modified 

pyrrolidone polymer (PP), n-vinylpyrrolidone polymer (NVP), PS-DVB and 

others according to the target compounds involved (Ahmad et al. 2014; Almeida 

and Nogueira 2012, 2015).  
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The combination of BAμE methodology and microliquid desorption (μLD) 

provides an efficient environment-friendly sample preparation technique 

because, compared to traditional extraction methods, the amount of organic 

solvent required is almost negligible (Almeida, Strzelczyk, and Nogueira 2014).  

Nogueira et al. have been used this technique to compare the selectivity 

of different sorbent phases towards different pollutants in water matrices. PP 

showed high selectivity towards fungicides (Almeida and Nogueira 2012), 

whereas ACs were set for parabens (Almeida and Nogueira 2014). To date, 

BAμE accounts for numerous reports in a wide range of applications, such as 

environmental, food and clinical analysis, as summarized in Table I.3. 
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Table I.3. Analytical applications of BAµE technique. 

Sorbent Analyte Matrix Analytical 

technique 

Reference 

PS-DVB Carbonyl compounds Water HPLC-DAD (Neng and 

Nogueira 

2010) 

ACs Ibuprofen and clofibric 

acid 

Water and 

urine 

HPLC-DAD (Neng et al. 

2011a) 

ACs Triazinic herbicides Water HPLC-DAD (Neng et al. 

2011b) 

PS-DVB PPCPs Water GC-MS (Neng and 

Nogueira 

2012) 

ACs Morphine and codeine Urine HPLC-DAD (Goncalves 

et al. 2012) 

PP 

 

Fungicides Water and 

wine 

GC-MS (Almeida 

and 

Nogueira 

2012) 

PP and ACs Benzophenone- UV 

filter 

Water, 

aftershave, 

sun cream 

and urine 

HPLC-DAD (Almeida et 

al. 2013) 

     

ACs Insecticide repellents Water GC-MS (Almeida et 

al. 2014) 

PS-DVB Phenol Water HPLC-DAD (Neng and 

Nogueira 

2014) 

NVP Testosterone and 

epitestosterone 

Urine HPLC-DAD (Ahmad et 

al. 2014) 

MAX Phenolic acids Food CE-DAD (da Rosa 

Neng, 

Sequeiros, 

and 
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Florêncio 

Nogueira 

2014) 

PS-DVB Agrochemicals Water and 

wine 

GC-MS (Bernarda 

et al. 2015) 

NVP Mitragynine Urine HPLC-DAD (Neng et al. 

2015) 

MIP Triazines Corn HPLC-DAD (Felipe 

Nascimento 

Andrade et 

al. 2015) 

Cork Benzophenone, 

triclocarban and 

parabens 

Water HPLC-DAD (Dias et al. 

2015) 

PP Steroid sex hormones Water and 

urine 

HPLC-DAD (Almeida 

and 

Nogueira 

2015) 

PP NSAIDs Water and 

urine 

CE–DAD (Ahmad et 

al. 2016) 

PS-DVB Sulfonamide 

antibiotics 

Water HPLC-DAD (Ide et al. 

2016) 

Cork Hexanal and heptanal Urine HPLC-DAD (Oenning et 

al. 2017) 

NVP Triclosan, 

carbamazepine, 

diclofenac, 17α-

ethinylestradiol and 

17β-estradio 

Water HPLC-DAD (Ahmad et 

al. 2017) 

NVP 

 
 
 
PS                 

Antidepressant agents 

 
 
 
Benzodiazepines 

Plasma and 

urine 

 
Urine, 

plasma and 

serum 

LC-MS/MS 

 
 
 
HPLC-DAD 

(Ide and 

Nogueira 

2018) 

(Ahmad 

and 

Nogueira 

2019) 
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CHAPTER II              

 

 

 

MATERIALS, EQUIPMENT AND METHODS 

 

“What you get by achieving your goals is not as 

important as what you become by achieving your 

goals.” 

Henry David Thoreau 

 

 

This chapter describes the analytical tools used in all experimental works 

of this Thesis, namely chapters III, IV, V and VI, including reagents, standard 

solutions and the preparation of the samples. It also includes the 

instrumentation, equipment and other materials used.  
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II.1. Standards and reagents 

Standards and reagents used to prepare the solutions involved in the 

experimental work of this Thesis were of analytical purity or higher and they are 

listed in Table II.1. Stock standard solutions of the analytes were prepared into 

the proper solvent and kept preserved from light at a temperature of 4 ⁰C. The 

working solutions were prepared daily by appropriate dilution of the 

corresponding stock solutions.  

The solvents used in the experimental work are listed below: 

§ Ultrapure water (purification system Milli-Q Gradient A10, Millipore, 

USA). 

§ LC-MS grade water. 

§ Methanol (MeOH), HPLC purity grade, Sigma-Aldrich. 

§ Acetonitrile (MeCN), HPLC purity grade, Sigma-Aldrich. 

§ Dichloromethane (DCM), ≥ 99.8 %, Sigma-Aldrich. 

§ Isooctane, 99.8 %, Scharlab. 

§ Isopropanol, 99.8 %, Scharlab; 

§ Tetrahydrofuran (THF), 99.9 %, Scharlab. 

§ Sodium tetraethylborate, 97.0 %, Sigma-Aldrich. 

§ Acetone, HPLC purity grade, Panreac. 

§ Hexane, HPLC purity grade, Sigma-Aldrich. 

§ 1-butyl-3-methylimidazolium hexafluorophosphate [C4MIM][PF6], ≥ 97.0 

%, Sigma Aldrich. 

These solvents were used to prepare standard solutions of the analytes, 

as extractants, as reaction medium or as mobile phase. The mobile phases 

were filtered using a vacuum filtration system through 0.2 μm polyamide 

membrane filters (Sartorius Stedim Biotech GmbH, Göttingen, Germany). 
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Table II.1. Reagents used in the experimental work. 

Reagents Purity (%) State at (25 ºC) Supplier 

Synthesis of magnetic cellulose nanoparticles 

Microcrystalline 

cellulose  

≥ 98.0 Solid Sigma Aldrich 

Iron (II) sulphate 

heptahydrate 

≥ 98.0 Solid Sigma Aldrich 

Cobalt (II) chloride 97.0 Solid Sigma Aldrich 

Sodium hydroxide ≥ 99.5 Solid Scharlab 

Potassium nitrate 99.9 Solid Sigma Aldrich 

Synthesis of magnetic multi-walled carbon nanotubes 
Iron (III) chloride 

hexahydrate 

≥ 99.0 Solid Sigma Aldrich 

Multi-walled carbon 

nanotubes 

95.0 Solid Nano-Lab 

Ethylene glycol 99.8 Liquid Sigma Aldrich 

Sodium acetate ≥ 99.0 Solid Sigma Aldrich 

Acid-base reagents 
Hydrochloric acid 

Phosphoric acid 

Nitric acid 

Acetic acid 

Phosphoric acid 

37.0 

≥ 99.0 

69.0 

99.8 

≥ 99.0 

Liquid 

Liquid 

Liquid 

Liquid 

Liquid 

Scharlab 

Scharlab 

Scharlab 

Scharlab 

Scharlab 

Sodium hydroxide ≥ 99.5 Solid Scharlab 

Sodium dihydrogen 

phosphate 

99.0-102.0 Solid Scharlab 

Ammonium acetate ≥ 98.5 Solid Sigma Aldrich 

Analytes 
Ibuprofen ≥ 98.0 Solid Sigma Aldrich 

Diclofenac ≥ 98.0 Solid Sigma Aldrich 

Naproxen ≥ 98.0 Solid Sigma Aldrich 

Paracetamol ≥ 98.0 Solid Sigma Aldrich 

Mefenamic acid 98.0 Solid Sigma Aldrich 

Gemfibrozil 99.0 Solid Sigma Aldrich 

Ketoprofen 98.0 Solid Sigma Aldrich 

Cortisone ≥ 98.0 Solid Sigma Aldrich 
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Cortisol ≥ 98.0 Solid Sigma Aldrich 

Methylmercury chloride ≥ 99.0 Solid Strem Chemicals 

Mercury (II) chloride ≥ 99.0 Solid Merck 

Polychlorinated 

biphenyls (PCBs) 

≥ 98.0 Standard (10 mg 

L-1 in isooctane)  

Dr. Ehrenstorfer, 

GmbH 

Used as interferences 
Iron ≥ 99.0 Solution  

(2 % HNO3)  

Inorganic Ventures 

Manganese ≥ 99.0        Solution  

(3 % HNO3) 

Inorganic Ventures 

Humic acid ≥ 99.0 Solid Sigma Aldrich 
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II.2. Samples  

The samples analyzed in the experimental work were: 

§ Water samples: 

• Toledo province (Spain): tap, river and dam water. 

• Almadén mining district (Ciudad Real, Spain): river water. 

• Lisbon (Portugal): tap, surface, sea and waste water. 

§ Fruit juices samples from local supermarket (Toledo, Spain). 

§ Saliva samples from healthy volunteers. 

The different samples were prepared as follows: 

§ Water samples: In all cases, samples were collected after the sampling 

bottle was rinsed three times with water before it was filled up, then 

filtered through Millipore nylon membrane filters (0.45 µm) and stored in 

amber-glass bottles in the dark at 4 °C until their analysis. Water 

samples from Almadén mining district were acidified with 0.5 % glacial 

acetic acid for stabilization of mercury species before filtration and 

storage. 

§ Saliva samples were obtained with a Salivette® (Sarstedt, Nümbrecht, 

Germany), with an insert containing a sterile polyester swab. Salivettes 

containing saliva were centrifuged at 2,000 g for 10 min. 

§ Fruit juice samples were centrifuged at 3,000 g for 5 min. Then, the 

supernatant was filtered through a 0.45 µm membrane.  
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II.3. Instruments and apparatus  

The different instruments and apparatus reported in this Thesis are listed 

and described in this section. 

 

II.3.1. Spectrophotometer (UV-Vis) 

A spectrophotometer UV-Vis model Uvi Light & UVIKON XS reference 

0M8307, SECOMAM (Fig. II.1) was used to measure the maximum wavelength 

absorption of the studied analytes. The UV-Vis spectral range is approximately 

190 to 900 nm. 

 
 

Fig. II.1. Illustration of the spectrophotometer UV-Vis. 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



66 
 

II.3.2. High-performance liquid chromatography system (HPLC) 

An Agilent 1200 SL HPLC system (Agilent Technologies, Waldbronn, 

Germany) which includes a binary pump, a thermostated column compartment, 

a UV–Vis and a FL detector was used for chromatographic analysis in this 

Thesis.  

An Agilent 1100 series HPLC system (Agilent Technologies, Germany) 

constituted by a vacuum degasser, a quaternary pump, a thermostated column 

compartment and a diode array (DAD) detector was also used to identify and 

quantify the target compounds.  

The data analysis was carried out using Agilent Chemstation software 

(Agilent Technologies). Fig. II.2 shows the system. 

 

 
 

Fig. II.2. System scheme of Agilent 1200 SL HPLC. 
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II.3.3. Gas chromatograph coupled to atomic fluorescence detector via 

pyrolysis (GC-pyro-AFS) 

A gas chromatograph (GC, Shimadzu GC-2010) coupled to an atomic 

fluorescence detector (AFS, Millenium Merlin 10025 P.S. Analytical) via a 

pyrolysis unit was used for Hg speciation analysis, as shown in Fig. II.3. The 

eluted mercury species were transferred to the detector through a pyrolysis 

oven which converts the different mercury species to atomic mercury vapour. 

The pyrolysis unit is provided with a temperature control module. The analytical 

column ending was linked to a deactivated silica capillary tube (50 cm long) 

through a deactivated universal press-tight connector (Teknokroma, San Cugat 

del Valles, Spain). The data were acquired by Speciation Application Millenium 

Systems Software (P.S. Analytical, United Kingdom) and processed by 

Microcal Origin 5.0 (Microcal Software Inc., Northampton, MA, USA).  

 
 

Fig. II.3. Illustration of GC-pyro-AFS. 
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II.3.4. Gas chromatography–mass spectrometry system (GC-MS) 

A gas chromatograph (GC, Agilent 6850, Agilent Technologies, Tokyo, 

Japan) equipped with mass spectrometer (MS, Agilent 5975B) was used (Fig. 

II.4).  

 
Fig. II.4. Illustration of the GC-MS. 
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II.3.5. Inductively coupled plasma-mass spectrometry system (ICP-MS) 

A Thermo Electron Model X Series II ICP-MS, equipped with a H2/He 

collision cell (CCT) was used (Fig. II.5). 

 

 

Fig. II.5. Illustration of the ICP-MS. 
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II.3.6. Combustion analyzer  

A CHN analyser (micro N/C, Analytik Jena, Germany) was used for the 

determination of total organic carbon (TOC) (Fig. II.6). The temperature of the 

TOC furnace is factory-adjusted and set to 680 ºC. The system was calibrated 

by using standard solutions prepared from a 1000 mg L-1 potassium hydrogen 

phthalate solution. 

 

Fig. II.6. CHN analyser system. 
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II.4. Other instruments, apparatus and materials 

• A Crison portable conductimeter (Crison, Spain). 
 

• A Crison 2001 pH-meter (Crison, Spain).  
 

• Analytical balance (Mettler, USA).  

• Ultrasonic baths (from Selecta, Spain and Branson, Switzerland). 

• A ZX3 vortex stirrer (Velp Scientifica, Italy). 

• Multipoint agitation plate (Variomag H+P Labortechnik Multipoint 15, 

Germany). 

• Magnetic hotplate stirrer (Bunsen MC-8, Germany). 

• A heating module with an evaporating unit (Reacti-Therm; Pierce, 

Rockford, USA). 

• Centrifuge (Selecta, Spain). 

• Polyethelene hollow cylindrical tubes (Unimark, Portugal).  

• Microsyringes (Hamilton, Switzerland). 

• Micropipettes (Biohit, Finland). 

• Centrifuge tubes (Selecta, Spain). 

• Magnet of NdFeB (Eclipse Magnetics, UK). 

• Salivette® with an insert containing a sterile polyester swab (Sarstedt, 

Nümbrecht, Germany). 
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II.5. Methodologies 

The most relevant methodologies and procedures used in the 

experimental work are described in this section. 

II.5.1. Synthesis, characterization and conditioning of MCNPs 

The synthesis of MCNPs was carried out as described elsewhere (Li, 

Zhao, and Liu 2013). Fig. II.7 illustrates the procedure. Briefly, 20 mg of 

microcrystalline cellulose were dispersed in 200 mL of a freshly prepared 

aqueous solution of FeSO4 and CoCl2 with molar ratio [Fe]/[Co] = 2. These were 

allowed to swell for 15 min to ensure that a homogeneous distribution was 

obtained inside the cellulose networks and then the system was heated at 90 

ºC for 3 h to promote further transformation of soluble initial iron/cobalt 

hydroxides to insoluble iron/cobalt oxyhydroxide complexes. NC network was 

then transferred to 200 mL of an aqueous solution containing 1.32 mol L-1 

NaOH and KNO3 ([Fe2+]/[NO3−] = 0.44) at 90 ºC for further 8 h. After the two 

solutions were mixed, a black precipitate of NPs was formed immediately. 

Then, the particle-functionalized networks were freeze-dried to generate the 

ferromagnetic aerogel nanocomposites. Then, all supernatant water was 

removed by applying an external magnet and the resultant solid was dried in 

the oven at 80 ºC for 8 h.  

The characterization of the MCNPs was reported previously by SEM (Li 

et al. 2013; Olsson et al. 2010). Based on these articles, the average size of 

the nanocomposite around 30 nm and good distribution of the magnetic 

particles onto NC structure is achieved. The bond between MNPs and NC is 

strong enough to resist applied mechanical energy such as shaking or 

sonication. 

For conditioning, MCNPs were vortexed for 1 min with 1 mL of ultrapure 

water three times and then two times with 1 mL of MeCN. 
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Fig. II.7. Scheme of the synthesis of MCNPs. 

 

II.5.2. Modification of MCNPs with ionic liquid 

The modification of MCNPs with 1-butyl-3-methylimidazolium hexafluoro 

phosphate [C4MIM][PF6] IL was carried out as follows: 150 μL mixture of 

[C4MIM][PF6] (50 μL) and MeOH (100 μL) were added to 50 mg of activated 

MCNPs in a 15 mL vial. The mixture was vortexed at room temperature for 5 

min in order to form a homogenous dispersion of IL coated MCNPs.  

II.5.3. Synthesis, characterization and conditioning of MWCNT-MNPs 

The magnetic MWCNT composites were prepared by in situ high-

temperature decomposition of the magnetic precursor (Morales-Cid et al. 2010) 

with some modifications as depicted in Fig. II.8. Briefly, 0.014 mg of FeCl3·6H2O 

and 0.004 g of MWCNTs were suspended in 0.75 mL of ethylene glycol in a 

glass vial. Then, 0.036 g of sodium acetate was added. The resulting solution 

was allowed to stand at room temperature for 30 min. Then, the glass vial was 

heated in an oven at 200 °C for 24 h, in order to complete the reaction. After 

cooling to room temperature, the product was washed for 5 times with 1 mL of 

ultrapure water. After being separated by applying a magnet, the MWCNT-

MNPs obtained can be stored in ultrapure water (1 mL) or dried at 80 °C until 

needed.  

The characterization of the MWCNT-MNPs material by SEM and TEM 

was reported previously (Morales-Cid et al. 2010; Moreno, Zougagh, and Ríos 

2016). According to these papers, the average size of MNPs is 25 nm. These 
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are attached onto MWCNTs surfaces and look like nodes growing from the 

tubes (compared with pure MWCNTs).  

The conditioning of MWCNT-MNPs was carried out with 3 × 1 mL of MeCN 

and then washed with 3 × 1 mL of ultrapure water. The vial was vortexed for 1 

min after each solvent addition. 

 

 
 

Fig. II.8. A scheme of synthesis of MWCNTs-MNP. 
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II.5.4. Preparation of MWCNT coated BAµE devices and conditioning 

The BAµE devices were lab-made according to a previous work (Neng, 

Silva, and Nogueira 2010), where the bar was prepared by coating polyethylene 

hollow cylindrical tubes (15 mm length and 3 mm diameter) with adhesive films 

(0.5 mm thickness), followed by covering it with MWCNTs powder through 

manual rolling. The resulting device is shown in Fig. II.9. After being produced, 

these devices were stored at room temperature in closed glass flasks.  

BAµE devices were conditioning with ultrapure water three times and 

dried with a lint-free tissue before use. 

 

 
Fig. II.9. A scheme of synthesis of BAµE device coated with MWCNTs. 
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II.6. Performance parameters 

The performance of the developed methodologies in this Thesis in general 

is evaluated by adsorption efficiency (AE), enrichment factor (EF), pre-

concentration factor (PF) and extraction recovery (ER). AE was calculated as 

the difference between the initial concentration of the analyte in the sample and 

the remaining content in the aqueous phase after the adsorption. EF was 

calculated as the ratio of the final analyte concentration (after pre-

concentration) and the initial concentration of analyte within the sample. PF was 

determined as the ratio of the highest sample volume and the lowest final 

volume. For evaluating the accuracy of the method, ER was calculated as the 

percentage of total amount of analyte which was desorbed or extracted. 

Mathematically, they can be described as follows: 
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IONIC LIQUID DISPERSIVE LIQUID-LIQUID 

MICROEXTRACTION COMBINED WITH LC-UV-Vis FOR 
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III.1. Introduction 

The determination of corticosteroids is very important for explaining their 

diverse physiological roles in biological system. Cortisone and cortisol are 

major natural glucocorticoids synthesized from cholesterol in the adrenal 

glands. They have important physiological functions because of their anti-

inflammatory and immunosuppressive properties (Lee et al. 2010). The 

measurement of cortisone and cortisol can be used as a biological indicator of 

psychological stress, in the diagnosis of adrenal insufficiency, and they have 

become biomarkers for diagnosis of Cushing’s syndrome and the Addison’s 

disease (Demitrack et al. 1991; Nieman et al. 2008)  

Cortisol is inactivated to cortisone by the 11β-hydroxysteroid 

dehydrogenase type 2 (11β-HSD2), which is present in kidney, colon, placenta 

and in the salivary glands (Perogamvros et al. 2009). The deficiency in 

performance of 11β-HSD2 has a negative effect in the circulating level of 

cortisol and cortisone, resulting in hypertension and hypokalemia (Quinkler and 

Stewart 2003). Salivary cortisol is strongly correlated with the serum free 

cortisol amount and may be a more accurate marker of cortisol status because 

it is not affected by the levels of binding proteins (Jones et al. 2012; Ouweland 

et al. 2010). Thus, salivary cortisol often reflects free cortisol serum, taking into 

account that the secretion of cortisone and cortisol is higher early in the morning 

and lower during the night (Restituto et al. 2008). Compared to serum, hair and 

urine, saliva is a better biological sample because it has a stress-free collection 

properties, non-invasive sampling, stable, easy transportation and storage ( 

Whembolua et al. 2006). 

Several analytical techniques have been used for the determination of 

cortisol from human saliva, e.g. immunochemical assays (Anfossi et al. 2002; 

Sesay et al. 2013). Although these assays are simple, inexpensive to run and 

require small volumes of saliva, they suffer from lack of selectivity resulting from 

the cross reactivity with other structurally similar steroids (Mezzullo et al. 2016). 

Liquid chromatography coupled to tandem mass spectrometry (LC–MS/MS) 

has become the technique of choice for steroid analysis because of its high 

sensitivity, and ability to analyze multiple steroids simultaneously (Kushnir et al. 
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2011), but it is expensive, sophisticated and it is not easily available in a routine 

laboratory (Magda et al. 2017). Saliva is a complex biological sample and 

exhibits strong matrix effect. Moreover, cortisone and cortisol in saliva samples 

are present at low µg L−1 levels. Sample preparation involving extraction, pre-

concentration and/or clean-up steps is necessary to achieve adequate 

selectivity and physiological salivary cortisone and/or cortisol levels. 

Conventional sample preparation techniques such as SPE (Antonelli et al. 

2015; Mcwhinney, Briscoe, Jacobus P J Ungerer, et al. 2010) and LLE 

(Mezzullo et al. 2016) have been used for this purpose.	These techniques are 

laborious, time-consuming and often require organic solvents. However, these 

problems can be solved by using modern techniques such as DLLME. This 

technique especially welcomes using ILs as solvent to replace the organic 

solvents used in conventional modes. This increases the trend towards green 

analytical chemistry. Moreover, the performance of IL-DLLME technique gives 

better results compared to the traditional microextraction methods. 

Following this trend, this chapter is focused on the development of an 

analytical methodology involving the use of IL-DLLME for the extraction and 

pre-concentration of cortisone and cortisol from human saliva samples. 
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III.2. Chromatographic separation conditions 

An Agilent 1200 SL HPLC system with UV-Vis (as described in chapter 

II.3.2) was used for the chromatographic analysis. A Kromasil C18 column 

(Análisis Vínicos, Tomelloso, Spain) of 125 × 4.6 mm and 5 µm particle size 

was used throughout the work. The mobile phase was water:MeOH (40:60) at 

a flow rate of 1 mL min−1. Both components were filtered through 0.2 μm 

polyamide membrane filters (Sartorius Stedim Biotech GmbH, Göttingen, 

Germany) prior to use. The injection volume was 20 μL. The detector was set 

at 254 nm for both analytes. 

III.3. Results and discussion 

III.3.1. Optimization of IL-DLLME parameters 

The optimization was carried out with 10 mL of a standard solution of 200 

µg L−1 of each analyte placed in a centrifuge tube. A mixture of 70 mg of IL and 

100 μL MeOH was injected rapidly into the aqueous phase with a 1.0 mL 

microsyringe. Immediately, a cloudy solution was formed in the centrifuge tube. 

It was vortexed for 2 min and centrifuged for 5 min. After that, fine droplets of 

the extraction solvent were concentrated in the bottom of the tube and was 

carefully withdrawn by using a microsyringe, transferred to a vial and dissolved 

in 100 μL of MeOH prior to injection to the LC-UV-Vis system. 

The suitable ILs for extractions in water samples should show low 

solubility in water, higher density than water and compatibility with the mobile 

phase. 1-Alkyl-3-methylimidazolium hexafluorophosphate ILs meet all these 

requirements (Huddleston et al. 2001). Among the possible candidates, 1-butyl-

3-methylimidazolium hexafluorophosphate [C4MIM][PF6] was selected because 

it shows lower viscosity than ILs with longer alkyl chains. The more viscosity, 

the greater the volume of methanol to dissolve the extracted phase to make it 

compatible with the mobile phase and, consequently, the lower PF. The 

optimization of the parameters that affect ER was carried out one by one while 

maintaining the rest of the conditions. All experiments were carried out in 

triplicate. Table III.1 summarizes the initial and interval values studied to 

evaluate performance of extraction and determine the best conditions.  



84 
 

 

Table III.1. List of the studied variables. 

Variable Initial Interval studied 

NaCl (% w/v) 0 0 – 25 

pH Not adjusted 2– 12 

Amount of IL (mg) 70 50 – 130 

Dispersive solvent MeOH MeCN, MeOH, THF 

Volume of dispersive solvent (μL) 100 100 – 600 

Vortex time (min) 2 0.25 – 3 

Centrifugation time (min) 5 1 – 10 
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III.3.1.1. Ionic strength 

In conventional LLE with organic solvents, it is well known that the addition 

of salt enhances the extraction of neutral species, but the opposite effect can 

also occur when an IL is used for extraction (Sun, Shi, and Chen 2011). The 

influence of ionic strength was studied adding NaCl (0–25 %, w:v) to the 

standard solution. As shown in Fig. III.1, the ER of both analytes increases up 

to 20 % (w:v) of NaCl and, beyond this point, ER decreases. This can be due 

to the prevalence of the salting out effect up to 20 % of NaCl, which enhances 

extraction, and the prevalence of the solubility of IL in water for greater 

concentrations, which hinders extraction. Consequently, 20 % was selected as 

suitable concentration of NaCl and was used for successive experiments. 

 

Fig. III.1. Influence of ionic strength on extraction recovery of cortisone and cortisol using IL-
DLLME. Standard deviations are plotted as error bars. 
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III.3.1.2. Influence of pH 

The influence of pH on ER was evaluated from 2 to 12 by using 0.5 M 

phosphate buffer. In this study, the maximum ERs were achieved at pH 8. The 

changes in ERs along the pH range studied cannot be attributed to changes in 

the ionization of analytes because the pKa values of cortisone and cortisol are 

around 12.6. Therefore, the changes in ERs must be related to factors that 

affect the IL because it is an amphiphilic molecule. As a result, pH 8 fixed with 

0.5 M phosphate buffer was selected as optimum. 

III.3.1.3. Amount of IL 

The optimization of the amount of IL was carried out by measuring weight 

instead of volume because of its high viscosity. Thus, different amounts of IL 

(50, 70, 90, 110 and 130 mg) were used in the extraction of a standard solution 

at pH 8 containing 20 % w:v of NaCl. As can be seen in Fig. III.2, 90 mg of IL 

provided the highest ER for cortisone and cortisol, so this amount was selected 

for further experiments. 

 

Fig. III.2. Influence of amount of IL on extraction recovery of cortisone and cortisol using IL-
DLLME. Standard deviations are plotted as error bars. 
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III.3.1.4. Volume of dispersive solvent 

The crucial points for the selection of the dispersive solvent are the 

miscibility in both the IL phase and the aqueous sample and the capacity to 

form a distinctly cloudy solution. MeCN, THF and MeOH were tested as 

dispersive solvents. MeOH yielded the highest ER for both analytes and, 

thereby, this solvent was selected as suitable. The volume of MeOH had to be 

optimized because it causes changes in the volume of the droplet and in 

solubility of IL in water. Different volumes of MeOH in the range of 100 to 600 

μL were tested in the extraction. As shown in Fig. III.3, the ER increased up to 

the maximum for 150 μL and then it decreased for greater volumes, probably 

due the increased solubility of IL in the aqueous sample. Consequently, 150 μL 

of MeOH was chosen as the optimum for dispersion of IL in the DLLME system. 

 

Fig. III.3. Influence of volume of MeOH on extraction recovery of cortisone and cortisol using 
IL-DLLME. Standard deviations are plotted as error bars. 
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III.3.1.5. Vortex and centrifugation times 

In order to increase the dispersion of the IL into the aqueous solution, 

vortex agitation was used to accelerate the formation of a fine cloudy dispersive 

mixture, which enhances homogeneity in the extraction. Thus, vortex time was 

varied from 0.25 to 3 min. It was found that the ER of the analytes increased 

slightly with increasing the vortexing time and reached the highest for 2 min, so 

this time was selected as optimum (Fig. III.4). Likewise, the influence of 

centrifugation time on ER was studied from 1 to 10 min. This step is necessary 

to separate the extracted phase from the aqueous solution. The minimum time 

that provided the highest ER was 2 min and this time was selected. 

 

 

Fig. III.4. Influence of vortex time on extraction recovery of cortisone and cortisol using IL-
DLLME. Standard deviations are plotted as error bars. 
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III.3.2. Optimum procedure of IL-DLLME 

The optimized experimental conditions are 10 mL of 0.5 M phosphate 

buffer (pH 8) and 20 % (w:v), 90 mg of IL, 100 µL of MeOH, 2 min of vortex, 

and 2 min of centrifugation. The general scheme of the process is depicted in 

Fig. III.5. 

 

Fig. III.5. Scheme of the IL-DLLME analytical method. 

 

III.3.3. Analytical figures of merit 

The figures of merit are summarized in Table III.2. The LODs and LOQs 

were calculated from a chromatogram corresponding to a standard at 5 μg L-1 

after the IL-DLLME process using a signal-to-noise (S/N) ratio of three and ten, 

respectively. The values were in the range of tenths of μg L-1, which are 

adequate for regular salivary levels of cortisone and cortisol (Bozovic, Racic, 

and Ivkovic 2013; Nieman et al. 2008). Linearity was evaluated by measuring 

standard solutions of cortisone and cortisol in the range from 5 to 500 μg L-1 

after being submitted to the IL-DLLME treatment. The determination 

coefficients (R2) were close to 1 and the intercepts were not significantly 

different from zero (Student’s t-test, p = 0.05). Precision was evaluated by 

submitting standards of 5 and 50 μg L-1 to the extraction method six times in a 

day (intraday precision) and in three consecutive days (interday precision) with 

values below 8 %. 

LC-UV-Vis 
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Saliva samples were spiked at 5, 10 and 90 μg L-1 of cortisone and cortisol 

to assess accuracy and precision. These spiked samples were analysed in 

duplicate and the ERs were calculated after the native levels of the analytes 

were corrected with non-spiked samples. As shown in Table III.2, the ERs were 

around 100 % in all cases with SD below 6.1 % (units of ER). In these 

experiments, EFs were up to 6.3 (cortisone) and 5.0 (cortisol), close to the PF, 

which is estimated to be 5.6. 
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Table III.2. Analytical figures of merit. Standard deviation of intercepts and slopes in parenthesis. Extraction recoveries as average 

± standard deviation (n = 4). 

  A: peak area (area units); c: concentration (µg L
−1

). 

 

 

 

 

 

 LOD/LOQ 

(μg L-1) 

Calibration curves                                                R2     Intra/Interday 

Precision (RSD %) 

ER in spiked samples (%) 

   5 μg L-1 50 μg L-1 5 μg L-1
 10 μg L-1

 90 μg L-1
 

Cortisone 0.11/0.37 A = -0.1 (± 0.5) + 0.226 (± 0.002) c 0.9996 3.8/5.7 2.8/5.7 101.0 ± 2.5 102.0 ± 2.5 115.8 ± 3.0 

Cortisol 0.16/0.54 A = 0.1 (± 0.5) + 0.224 (± 0.003) c 0.9995 5.5/7.6 4.2/7.8 83.3 ± 1.6 89.7 ± 3.4 90.8 ± 6.1 
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III.3.4. Comparison with literature 

A comparison of the present method with reported LC methods is shown 

in Table III.3. The present method offers one of the best precisions. The LOQ 

is the lowest with UV-Vis detector and in the same range as with MS/MS 

detectors in most cases. It is a time saving method in comparison to the LLE 

and SPE methods, and particularly to the ones that include an additional 

evaporation step. Moreover, it is the method with the least amount of organic 

solvents used. 
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Table III.3. Comparison of methods for the determination of cortisone and cortisol in saliva by LC. 

a Values of LODs because LOQs were not reported. b Deviation from target (%). 

Detection Extraction Evaporation Organic 
solvents 

LOQ (μg L-1)  RSD 
(%) 

ER 
(%) 

Reference 

Cortisol Cortisone 
MS/MS SPE - 2 mL 0.272 0.181 < 8.9 83.3 – 126.7 (Jones et al. 2012) 

MS/MS LLE Yes > 3 mL 0.039 0.039 < 15.4 68.2 – 97.9 (Mezzullo et al. 2016) 

MS/MS SPE Yes > 1 mL 0.2 1 < 8.6 66.5 – 102.5 (S.-H. Lee et al. 2010) 

MS/MS SPE - > 1 mL 0.185 0.199 < 6 90 – 115 (Antonelli et al. 2015) 

MS/MS SPE Yes > 3 mL 0.218 0.218 < 7.8 Not reported (Mcwhinney, Briscoe, 

Jacobus P.J. Ungerer, et 

al. 2010) 

MS/MS SPE - 550 μL 0.185 0.199 < 10 95 – 116 (Antonelli et al. 2016) 

MS/MS SPE - > 350 μL 0.005 0.003 < 10.8 93 – 105 (Gao, Stalder, and 

Kirschbaum 2015) 

MS/MS SPE - > 1.5 mL 0.14 0.28 < 10.3 < 12b (Perogamvros et al. 

2009b) 

MS/MS SPE Yes > 1.4 mL 0.005 0.010  < 20 80 – 120 (Magda et al. 2017) 

UV-Vis SPE Yes > 5 mL 0.036a 0.073a < 13.1 88 – 99 (De Palo et al. 2009) 

UV-Vis µEPS Yes 500 μL 5 5 < 5.2 82.1 – 84.6 (Saracino et al. 2014) 

UV-Vis IL-DLLME - 250 μL 0.54 0.37 < 7.8 83.3 – 115.8 This work 
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III.3.5. Analysis of human saliva samples 

The proposed method was applied to the determination of cortisone and 

cortisol in human saliva samples from 9 healthy volunteers. Samples were 

collected at 7:30 – 8:00 a.m. (morning) and at 10:00 – 11:00 p.m. (evening). As 

an example, Fig. III.6 shows a chromatogram corresponding to morning saliva 

sample from one volunteer overlapped with a chromatogram of a 5 μg L-1 

standard of cortisone and cortisol, after being both submitted to the IL-DLLME 

process. 

 

 

Fig. III.6. Chromatogram of standard solution of 5 μg L−1 (dashed line) and morning saliva 
sample (solid line) after the IL-DLLME process. 
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The individual results can be found in Table III.4, but they are summarized 

in Table III.5 together with concentration ranges for healthy adults given in 

literature (Antonelli et al. 2015; S.-H. Lee et al. 2010; De Palo et al. 2009). 

 

Table III.4. Concentrations of cortisone and cortisol in saliva samples of nine 

volunteers expressed as average ± standard deviation (n = 3). 

Volunteer 

Morning concentration 

 (μg L-1) 

Evening concentration 

 (μg L-1) 

  Cortisone Cortisol Cortisone Cortisol 

Male 1 6.1 ± 0.6 3.8 ± 0.6 2.7 ± 0.7 1.5 ± 0.2 

Male 2 5.4 ± 0.6 3.4 ± 0.5 2.7 ± 0.6 1.3 ± 0.1 

Male 3 6.7 ± 0.6 4.2 ± 0.4 2.6 ± 0.7 1.0 ± 0.1 

Male 4 5.2 ± 0.5 2.6 ± 0.5 1.5 ± 0.6 0.7 ± 0.1 

Male 5 5.4 ± 0.4 2.2 ± 0.4 2.4 ± 0.6 0.9 ± 0.2 

Female 1 8.7 ± 0.4 3.4 ± 0.3 2.6 ± 0.8 0.8 ± 0.1 

Female 2 9.4 ± 0.6 5.4 ± 0.5 3.1 ± 1.0 1.7 ± 0.2 

Female 3 8.3 ± 0.3 2.9 ± 0.3 2.7 ± 0.9 0.9 ± 0.1 

Female 4 3.4 ± 0.4 1.5 ± 0.4 2.4 ± 0.4 0.9 ± 0.1 
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Table III.5. Concentrations of cortisone and cortisol in saliva and cortisol/cortisone ratio in this work in comparison to reported 

intervals for healthy adults in literature. 

aAverage ± standard deviation; bMedian (non-parametric interval as central at 95 %); cn = 12 

 

 

 

 n Morning concentration 
(μg L-1) 

Evening concentration 
(μg L-1) 

Cortisol/Cortisone ratio 

  Cortisone Cortisol Cortisone Cortisol Morning Evening 
This worka 9 6.5 ± 1.9 3.3 ± 1.1 2.5 ± 1.1 1.1 ± 0.3 0.5 ± 0.1 0.4 ± 0.1 
(Walker et al. n.d.)a 22 7.57 ± 1.84 1.91 ± 0.72 2.80 ± 1.32 0.30 ± 0.24 0.25 ± 0.39 0.10 ± 0.18 
(Miller et al. 2013)b 91 9.2 (3.7–15.3) 3.0 (1.0–7.0) 1.7 (0.5–4.7) 0.3 (0.2–0.9) 0.3 (0.2–0.6) 0.2 (0.1–0.4) 
(Lee et al. 2010)a 15 9.5 ± 3.2 1.56 ± 0.56 4.0 ± 1.4 0.90 ± 0.54 0.4 ± 0.2 1.0 ± 1.5c 
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The concentration ranges obtained in this work are comparable to the 

ones reported previously for cortisone and cortisol in the morning and in the 

evening. According to Student’s t test for two samples, the concentrations of 

cortisone and cortisol were significantly higher in the morning than in the 

evening (p < 0.001). This agrees with the expected circadian variations. Also, 

the concentration of cortisone was higher than that of cortisol (p < 0.001) in 

both morning and evening. This is also observed in the data taken from the 

selected references. The cortisol/cortisone ratio was < 1 in the morning and in 

the evening. The cortisol/cortisone range found in this work lies within the 

ranges reported in literature. Moreover, this ratio was not significantly higher in 

the morning than in the evening (p > 0.01). 

III.4. Conclusions 

IL-DLLME combined with LC-UV-Vis has been used for the first time for 

the determination of cortisone and cortisol in human saliva. The present method 

provides high selectivity, quantitative ERs and adequate EFs to achieve 

biologically relevant levels. Some important advantages of the present method 

are i) typical SPE/LLE operations such as cartridge conditioning, elution and 

evaporation are avoided, which is highly time saving, ii) no need for 

sophisticated instrumentation, iii) LOQ of the same order of magnitude as in 

some MS/MS methods, and iv) it can be considered as environmentally friendly 

because of the use of IL and also because it requires only a little amount of 

organic solvent per sample. 
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CHAPTER IV       

 

 

 

SAMPLE PREPARATION BASED ON NANOSTRUCTURED 

MATERIALS AS SORBENTS FOR THE EXTRACTION AND 

PRE-CONCENTRATION OF EMERGING POLLUTANTS IN 

WATERS  
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Introduction 

In the last few decades, a wide range of chemical compounds have been 

detected in water bodies worldwide. Most of them are known as emerging 

pollutants (EPs). They are synthetic or naturally occurring chemicals that are 

not commonly covered by standard monitoring and regulatory programs but 

they have the potential to enter the environment and cause threatens to the 

living organisms (Pe et al. 2008). EPs are used in everyday products such as 

personal-care products, pharmaceuticals, steroids and hormones, pesticides 

and surfactants.  

Pharmaceuticals have attracted a great deal of attention during the last 

decade because of their widespread use and continuous release to the aquatic 

environment. They can enter the environment during their manufacture, 

through hospital wastes or the disposal of unused or expired drugs and 

veterinary activities (Kümmerer 2009; Nikolaou, Meric, and Fatta 2007). 

Pharmaceuticals are generally bioactive compounds that are often soluble in 

water and therefore can be found in waste and natural waters, including ground, 

surface, river, sea and drinking waters (Barra, Topp, and Grenni 2015; Li 2014). 

The most commonly used group of pharmaceuticals around the world are 

analgesic and nonsteroidal anti-inflammatory drugs (NSAIDs) (Macià et al. 

2007). They are well-known drugs that are used for the treatment of fever and 

mild pain and are obtainable without prescription. Among them, as shown in 

Table IV, paracetamol (PAR), ketoprofen (KET), diclofenac (DIC), naproxen 

(NAP), ibuprofen (IBU) and mefenamic acid (MEA) are some the most 

commonly used NSAIDs (Fent, Weston, and Caminada 2006; Macià et al. 

2007). Another group is fibrates, they are prescribed for reducing the 

triglyceride levels and to reduce the incidence of coronary heart disease 

(Manzoori and Amjadi 2003). An example of such a group is gemfibrozil (GEM) 

(Sierra Villar et al. 2013).  
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Table IV. List of the selected compounds. 

 

The elimination of these compounds during wastewater treatment 

processes is rather low and as a result, they can be found in surface, ground 

and drinking waters at levels from ng L�1 to μg L�1 (Stumpf, Ternes, and Wilken 

1999; Ternes 1998). Several analytical methodologies used for quantifying 

pharmaceuticals in environmental matrices use GC, LC or capillary 

Compound  Biological 

activity 

pKa Log P Structure 

 

NAP 

 

NSAID 

 

4.2 

 

3.0 

 

 

IBU 

 

NSAID 

 

4.9 

 

3.8 
 

 

DIC 

 

NSAID 

 

4.0 

 

4.3 

 
 

MEA 

 

NSAID 

 

3.9 

 

5.4 

 
 

KET 

 

NSAID 

 

3.9 

 

3.6 

 
 

GEM 

 

Blood lipid-

regulating 

agent 

 

4.4 

 

4.4 
 

 

PAR 

 

Analgesic 

 

4.5 

 

0.9 
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electrophoresis (CE) with conventional detectors or hyphenated to MS 

detectors (Buchberger 2007). Despite the high sensitivity and selectivity of 

these techniques, sample clean-up and/or pre-concentration prior to 

instrumental analysis are crucial steps in the detection of these drugs in real 

water samples because of the complexity of these matrices and the low 

concentration. SPE has been traditionally used for the extraction of 

pharmaceuticals from water with satisfactory analytical figures, but it is time 

consuming, labor-intensive and can be relatively expensive (Babi and Mutavd 

2010; Buchberger 2011; Wille et al. 2012).  

In this sense, this chapter is focused to the development of analytical 

methodologies involving the use of magnetic and non-magnetic NMs as 

analytical tools in the detection and determination of some selected 

pharmaceuticals in water samples of diverse nature. This aspect is depicted in 

this chapter by the following works: 

IV.1. Magnetic cellulose nanoparticles coated with ionic liquid as a 

new material for the simple and fast monitoring of emerging 

pollutants in waters by magnetic solid phase extraction.  

IV.2. Magnetic multi-walled carbon nanotubes as a valuable option 

for the preconcentration of non-steroidal anti-inflammatory 

drugs in water. 

IV.3. Bar adsorptive microextraction coated with multi-walled carbon 

nanotube phases – Application for trace analysis of 

pharmaceuticals in environmental water matrices. 
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IV.1. Magnetic cellulose nanoparticles coated with ionic liquid as a new 

material for the simple and fast monitoring of emerging pollutants in 

waters by magnetic solid phase extraction 
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IV.1.1. Introduction 

Analytical Nanoscience and Nanotechnology has actively contributed to 

sample preparation by providing new NMs with interesting features to be 

exploited in traditional extraction techniques (Lucena et al. 2011). Among them, 

NC has emerged as one of the most interesting NMs for this goal due to its 

great properties as sorbent material. Moreover, the introduction of magnetic 

properties to NC through combination with MNPs produces a hybrid material 

which can be used in MSPE (Vasconcelos and Fernandes 2017).  

More recently, surface functionalization has been used to modify MNPs, 

leading to an increased versatility of the technique even improving the 

selectivity towards the analytes. Several specific functional ligands have been 

connected or coated to the surface of MNPs prior to their use as sorbent 

materials for MSPE (Ríos and Zougagh 2016). The use of MCNPs holds great 

promise in MSPE because they exhibit negative charge on the surface, which 

gives way to electrostatic interactions and could make the functionalization 

easy and rapid. The combination of ILs with MCNPs through the amphiphilic 

characteristics of the ILs and their electrostatic interaction with the magnetic 

nanomaterial is generated in a simple manner, which avoids long anchoring 

processes that occur in other MNPs. This approach would result in efficient and 

rapid setup of a hybrid sorbent material with very interesting analytical 

characteristics for extraction and also the advantages of being environmentally 

friendly.  

In this sense, this work aims to use MCNPs modified with IL as a sorbent 

for MSPE in the determination of PAR, NAP, IBU and DIC in tap, river and dam 

water samples.  
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IV.1.2. Chromatographic separation conditions 

An Agilent 1200 SL HPLC system with a UV-Vis and a FL detector (as 

described in section II.3.2) was used for the chromatographic analysis. A 

Kromasil C18 column (Análisis Vínicos, Tomelloso, Spain) of 125 × 4.6 mm and 

5 µm particle size was used throughout the work. Gradient separation was 

carried out using water (containing 0.1 % acetic acid, v:v) and MeCN, as A and 

B solvents, respectively. The gradient program started as: 20 % of B, then 

increased to 100 % at t = 4 min and kept constant for 8 min. The flow rate was 

1 mL min−1 and the injection volume was 10 μL. DIC, NAP and PAR were 

monitored and quantified at their wavelengths of maximum absorption, 275, 

227 and 243 nm respectively. IBU was determined using a FL detector set at 

220 and 290 nm as excitation and emission wavelengths, respectively. 

IV.1.3. Quality control 

Student's “t” test was used for the assessment of the intercepts of the 

calibration curves. Procedural blanks consisting of ultrapure water were 

submitted to the analytical methodology for quality control purposes at the 

same time and with the same sorbent as samples in all experiments. 

IV.1.4. Results and discussion 

IV.1.4.1. Optimization of the adsorption and desorption parameters 

The optimization was carried out as follows: for adsorption, IL and 

dispersive solvent were added to 50 mg of conditioned MCNPs and vortexed 

for 5 min. Then, 5 mL solution with the analytes at 10 mg L−1 in phosphate 

buffer at pH 2.5 was added and vortexed for 5 more min. Finally, the magnet 

was applied and the liquid phase was injected into the HPLC system. After 

adsorption, 1 mL of MeOH was added to the vial that contains MCNPs and 

vortexed for 5 min. A magnet was placed in the lower part of the vial and, finally 

an aliquot of the supernatant was injected into the HPLC system. 

The optimization of the parameters that affect adsorption and desorption 

was carried out one by one while maintaining the rest of the conditions. The 

selected IL was [C4MIM][PF6]. The variables and interval studied conditions are 

listed in Table IV.1.1. The optimization of the adsorption and desorption 
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conditions was performed using standards of 10 mg L−1 of all analytes in 

ultrapure water with vortex stirring. All results were obtained from the mean 

value of three experiments. 

 

Table IV.1.1. List of the interval studied conditions for adsorption and 

desorption. 

Variable Interval 

A
ds

or
pt

io
n 

Dispersive solvent MeCN, MeOH 

Volume of dispersive solvent (μL) 100 – 1000 

Volume of IL (μL) 0 – 100 

pH 1.5, 2.5, 7.0 

NaCl (g L-1) 0 – 20 

Vortex time (min) 0 – 10 

Sample volume (mL) 5 – 20 

Amount of MCNP (mg) 20 – 100 

D
es

or
pt

io
n 

Solvent MeCN, MeOH, NaOH, 

buffer* 

Volume of solvent (mL) 0.25 – 5 

Type of energy Vortex, sonication 

Time (min) 5 – 20 

 *Phosphate buffer 0.5 M at pH 12. 

 

IV.1.4.1.1. Adsorption 

The pKa values of IBU, DIC and NAP are about 4.2 and that of PAR is 

9.5, so the analytes should be uncharged below pH 4.2. ILs are amphiphilic 

molecules with a somehow unpredictable behavior towards analytes of 

different polarity (Lui et al. 2011). Thus, adsorption was evaluated at pH 1.5 

and 7.0. The results showed that AE at pH 1.5 were significantly higher than at 

7.0, which means that [C4MIM][PF6] interacts best with the uncharged species 

of the analytes. Therefore, pH 1.5 was selected as suitable. 

Interactions of the IL with the analytes are known to increase when a 

solvent helps IL disperse in the aqueous solution. Methanol and MeCN were 
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tested as dispersive solvents with similar results but MeOH was used 

throughout the work. 

The modification of MCNPs with IL did not affect greatly the adsorption of 

IBU or NAP, as shown in Fig. IV.1.1. On contrary, a sharp increase in the 

adsorption of DIC and PAR was found. In this last case, the adsorption only 

took place in IL modified MCNPs. The maximum AE of PAR and DIC (~100 %) 

was at 25 μL and remained constant beyond this point. However, 50 μL of IL 

was selected as suitable volume to be within a reasonable safety margin. 

Fig. IV.1.1. Influence of the volume of IL on IL-MCNP adsorption efficiency of a standard 
solution of PAR, NAP, IBU and DIC. Standard deviations are plotted as error bars. 
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In the study of the influence of the volume of MeOH on the adsorption, 

the results showed that the maximum AE occurred with 100 μL of MeOH and 

that the adsorption decreased with larger volumes for NAP and IBU (Fig. 

IV.1.2). 

Fig. IV.1.2. Influence of the volume of MeOH on IL-MCNP adsorption efficiency of a standard 
solution of PAR, NAP, IBU and DIC. Standard deviations are plotted as error bars. 

 

In general, the addition of salt reduces the solubility of the analytes in the 

aqueous sample and enhances the extraction of neutral species in organic 

solvents. However, the opposite effect can also occur when an IL is used as 

extractant solvent (Sun, Shi, and Chen 2011). In this work, the effect of ionic 

strength on AE was evaluated by increasing the concentration of NaCl in the 

aqueous phase from 0 to 20 g L−1 with the result that AE decreased as the 

concentration of NaCl increased. Consequently, it was decided not to add 

NaCl. 

Also the effect of the vortex time was studied from 0 to 10 min. The 

adsorption of PAR and DIC increased sharply up to 1 min and then the increase 

was mild for longer times. As for NAP and IBU, the AE increased up to 5 min 

and then decreased with longer time. Consequently, a vortex time of 5 min was 

selected. 

Finally, the amount of MCNP and the initial volume of sample were 

studied. AE increased sharply with the amount of MCNP from 20 to 50 mg and 

beyond this point, up to 100 mg, it remained constant for DIC and PAR and 
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decreased moderately for IBU and NAP. Consequently, 50 mg was the 

selected amount of MCNP. As for initial volume, it was studied for 5, 10 and 20 

mL and the maximum AE was for 10 mL. 

IV.1.4.1.2. Desorption 

The main feature for desorption is to provide the maximum ER. Methanol 

and MeCN were initially tested as they are commonly used for this purpose. 

However, the analytes could not be desorbed. Then, NaOH and phosphate 

buffer solutions, both at pH 12, were also tested because at this pH, the 

analytes are anionic compounds, which would increase solubility in the 

desorption phase. The analytes were only desorbed in 5 mL of 0.5 M 

phosphate buffer (pH 12) after vortexing for 5 min, but the ER were variable 

and below 10 % for PAR and DIC (Fig. IV.1.3). In order to increase ER, 

sonication was evaluated for desorption. As shown in Fig. IV.1.3, the use of 5 

min sonication instead of vortex increased the ER of the analytes uniformly (33 

– 36 %). Then, the sonication time was studied from 5 up to 20 min. The best 

extraction recoveries (42 – 59 %) were obtained for 10 min. 

Fig. IV.1.3. Influence of type of energy (5 min) on extraction recovery of a standard solution 
of PAR, NAP, IBU and DIC at 10 mg L�1. Standard deviations are plotted as error bars. 
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Another key feature is the desorption volume, which should be the lowest 

possible to allow the highest PF, which is the ratio of the initial to the final 

volume. As shown in Fig. IV.1.4, the ER increased as the final volume was 

reduced. The minimum volume that can be handled comfortably was 250 µL 

and so it was selected. Since the initial volume of sample was set at 10 mL and 

the final volume was 250 µL, the analytes could ideally be concentrated 40 

times.  

Fig. IV.1.4. Influence of volume of 0.5 M phosphate buffer (pH 12) desorption solution (10 
min sonication) on extraction recovery of a standard solution of PAR, NAP, IBU and DIC at 

10 mg L-1. Standard deviations are plotted as error bars. 
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A chromatogram of a standard of 500 μg L-1 is shown in Fig. IV.1.5 and 

compared with the same standard after being submitted to the optimised MSPE 

process. 

 

Fig. IV.1.5. Chromatogram of a standard solution of PAR, NAP, IBU and DIC at 500 μg L-1 
before and after the MSPE process with IL-MCNP. 
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IV.1.4.2. Optimum procedure of MSPE  

The final conditions that include adsorption and desorption are depicted 

in Fig. IV.1.6. 10 mL of sample and 1 mL of 0.5 M of phosphoric acid (pH 1.5) 

were added to the vial containing 150 μL mixture of [C4MIM][PF6] (50 μL) and 

MeOH (100 μL), vortexed for 5 min and allowed to stand for 2 min. The IL-

MCNPs were separated from the solution by an external magnet, and the 

solution was discarded. The desorption of the analytes was carried out in 250 

μL of 0.5 M phosphate buffer (pH 12) after sonication for 10 min. Finally, the 

liquid phase was injected into the chromatographic system. 

  

Fig. IV.1.6. Scheme of the MSPE analytical method. 

 

IV.1.4.3. Analytical figures of merit 

The present method was characterized in terms of sensitivity, linearity 

and precision. The LODs were calculated from a chromatogram corresponding 

to a standard of 50 μg L−1 after the MSPE process. The LODs, which were 

defined using a S/N ratio of three, are listed in Table IV.1.2 and varied from 3.2 

μg L−1 (DIC) to 7.2 μg L−1 (NAP). The calibration graphs were constructed for 

each analyte using aqueous standards between the LOQ, calculated as the 

concentration that provides an analytical signal ten times higher than the S/N 

ratio, and 1000 μg L�1. R2 were in the range 0.9985–0.9997 for all analytes 

(Table IV.1.2). The intercepts were not statistically different from zero, 

according to the Student's “t” test. The precision of the method was studied by 
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duplicate injection of two sets of six standards at two concentrations (50 and 

100 μg L�1) after they were submitted to the MSPE method. The relative 

standard deviations (RSD) varied between 1.4 % (NAP) and 7.6 % (DIC) for 50 

μg L�1, and between 3.5 % (IBU) and 7.1 % (PAR) for 100 μg L�1. Therefore, 

the precisions obtained for both levels are adequate and comparable. 

 

Table IV.1.2. Analytical figures of merit. 

 LOD (μg L-1) LOQ (μg L-1) R2 RSD (%)a 

IBU 4.3 15 0.9997 5.3/3.5 

DIC 3.2 11 0.9997 7.6/6.2 

NAP 7.2 24 0.9985 1.4/4.9 

PAR 5.8 19 0.9986 7.0/7.1 
a Values for standards of 50 and 100 μg L-1, respectively. 

The LODs reported in this work are in the low μg L�1 range, like in other 

works about similar compounds in water using IL modified MNPs (Casado-

Carmona et al. 2016). Since levels up to 10 and 13.8 μg L�1 of IBU in surface 

water and wastewater effluents, respectively, have been reported (Bueno et al. 

2012), these LODs are suitable. As for precision, in similar papers, the reported 

RSDs have been below 7.96 % (J. Lu, F. Ye, X. Huang, L. Wei, D. Yao, S. Li, 

M. Ouyang 2017) and 8.3 % (Casado-Carmona et al. 2016). 

IV.1.4.4. Analysis of water samples 

The proposed method was applied to the determination of the analytes in 

tap, river and dam water samples collected from Toledo province (Spain) as 

explained in section II.2. The concentration of all the analytes was below the 

LODs in all samples. Then, two independent aliquots of each sample were 

spiked at 50 μg L�1 and other two at 100 μg L�1, and each aliquot was analysed 

by duplicate with the optimized MSPE procedure. Average EFs (n = 12) were 

calculated in spiked aliquots of the river, dam and tap water samples, and were 

29.0 (NAP), 29.2 (DIC), 29.3 (PAR), and 34.2 (IBU). The quantification was 

carried out by means of the calibration curve and the application of the average 

EFs. As shown in Table IV.1.3, the ERs were from 85 to 116 %, and were in a 
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comparable range regardless of the type of water. In other works reporting the 

determination of emerging pollutants in water using IL modified MNPs, 

recoveries of 86.3–107.5 % (J. Lu, F. Ye, X. Huang, L. Wei, D. Yao, S. Li, M. 

Ouyang 2017) and > 87 % (Casado-Carmona et al. 2016) were obtained, which 

are in the same range as the ones obtained in the present study. 

 

Table IV.1.3. Extraction recovery, expressed as average ± standard deviation 

(n = 4), in water samples spiked with the analytes at 50 and 100 μg L-1. 

 ER (%) at 50 μg L-1 ER (%) at 100 μg L-1 

 Tap River Dam Tap River Dam 

IBU 116.2 ± 5.0 104.8 ± 3.7 96.6 ± 6.5 112.6 ± 1.0 96.2 ± 3.7 95.5 ± 1.4 

DIC 102.9 ± 2.2 94.7 ± 8.5 96.0 ± 2.6 108.7 ± 1.8 92.7 ± 5.4 96.0 ± 7.1 

NAP 97.4 ± 3.1 99.2 ± 7.5 95.4 ± 1.5 115.7 ± 1.9 103.2 ± 2.4 95.7 ± 1.0 

PAR 92.3 ± 1.7 94.5 ± 9.9 85.7 ± 4.1 107.6 ± 1.3 85.4 ± 3.3 84.7 ± 1.7 

 

IV.1.4.5. Reusability 

In order to assess the reusability of the sorbent, two tap water samples 

spiked at 50 and 100 μg L−1 each, were analysed four times successively with 

the same sorbent. After each use, the sorbent was washed with 2 × 1 mL of 

ultrapure water with vortex agitation for 1 min and dried at 80 °C. In both levels, 

the ERs were over 85 % for all analytes in the first two uses. In the third use, 

the extraction recoveries were over 85 % for IBU, DIC and PAR. In the fourth 

cycle, the ERs were all under 85 %. 
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IV.1.5. Conclusions 

The use of MCNPs modified with [C4MIM][PF6] IL for the determination 

of emerging pollutants in natural waters offers some advantages over existing 

MSPE methods. Firstly, the modification of the magnetic material is generated 

in a simple manner thanks to the electrostatic interaction between MCNPs and 

the IL, which avoids long anchoring processes that occur in other MNPs. 

Secondly, the present method provides limits of detection in the low μg L�1 

range, adequate EFs, and quantitative ERs in a short time. MCNPs can be 

reused twice with quantitative ERs of all analytes. Finally, this approach is 

environmentally friendly because cellulose is a renewable material, the IL is not 

toxic, and little volume of organic solvent (100 μL of MeOH) is required. 
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IV.2.1. Introduction 

CNTs have become one of the most widely used sorbent materials in 

analytical process due to their unique electronic, mechanical and chemical 

properties (Herrera-Herrera et al. 2012). In particular, the case of MWCNTs in 

combination with MNPs represents an interesting modification introduced 

recently. These composites can be synthesized in a simple manner and 

integrate the unique physiochemical properties of MWCNTs with the properties 

of MNPs, which make them excellent adsorption materials for MSPE (Herrera-

Herrera et al. 2013).  

The magnetic MWCNT composites have been applied in combination 

with chromatographic techniques for the determination of diverse types of 

environmental pollutants (Daneshvar Tarigh and Shemirani 2013; Jiao et al. 

2012). Recently, NSAIDs have been determined in water samples by MSPE 

using MNPs modified differently to seek both quantitative extraction and ease 

of dispersion of the sorbents (Alinezhad et al. 2018; Wang et al. 2017).  

The aim of this work is to develop and validate a MSPE method for the 

determination of IBU, NAP, and DIC in water samples, using MNPs modified 

with MWCNTs as sorbents. This approach takes advantage of the inherent 

features of MSPE in terms of simplification of sample preparation and fast 

dynamics in mass transfer in conjunction with the adsorption capacity of 

MWCNTs for organic compounds.   
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IV.2.2. Chromatographic separation conditions 

The chromatographic separation conditions were the same as in section 

IV.1.2). 

IV.2.3. Results and discussion 

IV.2.3.1. Optimization of the adsorption and desorption parameters 

The optimization was carried out as follows: in a 20 mL glass vial, 5 mL 

of sample at 2 mg L�1 of all analytes was added to 5 mg of MWCNT-MNPs and 

the mixture was vortexed for 10 min. Then, an external magnet was placed at 

the bottom of the vial and the separation of the supernatant from the composite 

was achieved in 1 min. After discarding the supernatant, the analytes were 

desorbed from the MWCNT-MNPs in 5 mL of MeCN by vortexing for 5 min. 

Finally, 10 μL of this solution were injected into the HPLC system. 

The optimization of the parameters that affect adsorption and desorption 

was carried out one by one while maintaining the rest of the conditions. All the 

experiments were carried out by triplicate and the average was calculated. 

IV.2.3.1.1. Adsorption 

The chemical parameters that might affect the adsorption are pH and 

ionic strength. The pH determines the charge of the analytes and, 

consequently, AE. Thus, adsorption was studied at pH 7.0 and 1.5. The AE 

was 100 % for NAP and DIC, and 50 % for IBU at pH 1.5, but negligible for all 

analytes at pH 7.0. The pKa values of IBU, DIC and NAP are about 4.2, so the 

analytes should be uncharged below that pH and prone to interact with 

MWCNT-MNPs. Therefore, pH 1.5 was selected for successive experiments. 
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As for ionic strength, the addition of salt reduces the solubility of the 

analytes in the aqueous sample and enhances the extraction of neutral species 

(M. Khoeini Sharifabadi et al. 2014; Luo et al. 2012). In this work, the effect of 

ionic strength on AE was evaluated by increasing the concentration of NaCl in 

the aqueous phase from 0 to 25 % (w:w). As shown in Fig. IV.2.1, the AE of 

NAP and DIC was 100 % along the range, while that of IBU increased up to 

100 % for 10 % NaCl. Consequently, a concentration of 10 % was enough for 

the quantitative adsorption of all analytes. 

Fig. IV.2.1. Influence of the concentration of NaCl on adsorption efficiency at pH 1.5 and 10 

min vortex agitation. Error bars are standard deviations (n = 3). 

 

Finally, the vortex time and the amount of MWCNT-MNPs were reduced 

to find out if it was possible save time and sorbent. The AE decreased with the 

vortex time, so this could not be reduced. Consequently, a vortex time of 10 

min was kept. On contrary, when the amount of MWCNT-MNPs was decreased 

from 5.0 to 2.5 mg, the AE remained around 100 % for all analytes. Therefore, 

10 min of vortex time and 2.5 mg of composite were selected as suitable. 
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IV.2.3.1.2. Desorption 

Desorption was monitored by ER, defined as percentage of total 

analyte that is desorbed. Initially, the analytes were desorbed in 5 mL of 

MeCN for 5 min with vortex agitation. Under these conditions, the ERs were 

from 40 to 80 %. An additional desorption step was carried out under the 

same conditions, but the overall ERs did not increase significantly. 

Therefore, it was decided to omit this additional desorption step because it 

doubles the time and the volume of the desorbed phase and, consequently, 

evaporation and reconstitution would be necessary, which would increase 

the analysis time and could give way to analyte loss. 

The influence of the type of energy on desorption was studied too. Thus, 

sonication was compared to vortex agitation, both for 5 min. The ERs for NAP 

and DIC were within the standard deviation range regardless of the type of 

energy, but the ER of IBU increased with sonication, so this type of energy was 

selected as suitable. 

Phosphate buffer (0.1 M, pH 12.0), MeCN and THF were tested as 

desorption solvents. Phosphate buffer at pH 12.0 was tested because, at this 

pH, the analytes are charged compounds, which would increase solubility in 

this aqueous phase. However, the ERs were below 30 %. The ERs of NAP and 

IBU were about 60 % with THF and about 50 % with MeCN. The ER of DIC 

was greater than 95 % with THF and about 80 % with MeCN. Consequently, 

THF was selected for further experiments. 

Another key feature in desorption is PF. The final volume should be as 

low as possible to achieve the maximum PF, but it should be comfortable to 

handle, too. This is especially important in MSPE because MNPs are dispersed 

in the desorption solvent, which has to be separated from them without filtering 

or centrifuging. This separation can be troublesome if the volume of the 

desorption solvent is too low in relation to the amount of MNPs. Thus, 1 mL 

was the lowest volume that could be handled comfortably, so this volume was 

selected. Since the sample volume was 5 mL, the PF was 5. 

Nevertheless, the ERs obtained using a final volume of 1 mL were lower 

than it was for a final volume of 5 mL in the same conditions. The reason for 
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this may be that, since there is five times less THF to desorb the same amount 

of analytes, the mass transfer from the MNPs to the THF phase takes place 

more slowly. Because of this situation, the influence of the sonication time on 

the ER for a volume ratio of 5:1 (Vsample:Vdesorbed phase) was studied from 5 to 40 

min (Fig. IV.2.2). The results indicated that the highest ERs for all analytes 

were achieved in 30 min, so this time was considered as optimum. 

 

 

Fig. IV.2.2. Influence of sonication time on extraction recovery of a standard of 2 mg L-1 of all 
analytes. Desorption with 1 mL of THF. Error bars are standard deviations (n = 3). 
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IV.2.3.2. Optimum procedure of MSPE 

The optimum operational conditions for the adsorption and desorption are 

depicted in Fig. IV.2.3 and were pH 1.5, NaCl (10 %), 2.5 mg of MWCNT-

MNPs, 10 min vortex, 1 mL of THF as desorption solvent and sonication for 30 

min. These conditions enable the simultaneous extraction and determination 

of NAP, IBU and DIC in water samples. 

 

Fig. IV.2.3. Scheme of optimum conditions for all method. 

 

IV.2.3.3. Analytical figures of merit 

The figures of merit are summarized in Table IV.2.1. The LODs and LOQs 

were calculated from a chromatogram of a 50 μg L-1 standard after the MSPE 

process, using a S/N ratio of three and ten, respectively. LODs were in the low 

μg L-1 range. Calibration curves were constructed using aqueous standards 

between 50 and 1000 μg L-1 before and after the MSPE process. R2 were close 

to 1 in all cases. In this work, EFs were calculated as the ratio of the slopes of 

the calibration curves (after/before MSPE). The values obtained were close to 

5, the PF. Precision was evaluated by triplicate injection of two standards at 

100 and 200 μg L-1 after the MSPE procedure. RSDs were below 6.1 % (DIC) 

for 100 μg L-1, and below 2.1 % (NAP) for 200 μg L-1. 

 



133 
 

Table IV.2.1. Analytical characterization of the method. Slope values for 

concentrations in μg L-1 are in significant figures. EF is the ratio of the slopes 

for each analyte (after/before MSPE). RSDs for n = 6. 

 

LOD/LOQ 
(μg L-1) 

Calibration 
parameters 

before MSPE 

Calibration 
parameters 
after MSPE 

EF RSD (%) 
 

Slope R2 Slope R2  100  
     μg L-1      

    200 
    μg L-1 

DIC 9.8/33 0.0052 0.9973 0.0240 0.9994 4.6 6.1 1.6 

NAP 6.0/20 0.067 0.9991 0.32 0.9860 4.8 2.6 2.1 

IBU 8.4/28 0.0068 0.9980 0.0281 0.9995 4.1 2.3 1.3 

 

IV.2.3.4. Analysis of water samples 

The method was applied to the determination of the analytes in the same 

water samples as in section IV.1.5.5. Since all analytes were below the LODs 

in all samples, two independent aliquots of each sample were spiked at 100 μg 

L-1, two other at 200 μg L-1, and each aliquot was analysed by duplicate. 

Quantification was carried out by means of the response factors obtained from 

standards. As shown in Table IV.2.2, ERs were close to 100 % in all cases. 

 

Table IV.2.2. Extraction recovery, expressed as average ± standard deviation 

(n = 4), in natural water samples spiked with the analytes. 

 ER at 100 μg L-1 ER at 200 μg L-1 

 Tap River Dam Tap River Dam 

IBU 93.4 ± 2.1 84.2 ± 1.7 101.5 ± 3.9 81.3 ± 1.0 84.5 ± 6.0 97.0 ± 3.6 

DIC 88.4 ± 5.4 89.4 ± 2.0 84.0 ± 6.3 93.4 ± 1.5 84.4 ± 1.2 95.9 ± 2.5 

NAP 87.0 ± 2.3 90.0 ± 2.9 101.5 ± 6.5 91.7 ± 1.9 87.4 ± 2.2 99.4 ± 1.1 
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As an example, a chromatogram of a standard solution at 200 μg L-1 is 

shown in Fig. IV.2.4 and compared with a dam water sample spiked at 0 and 

200 μg L-1 after the MSPE process.  

 
Fig. IV.2.4. Chromatograms of a standard solution of 200 μg L−1 (dashed line) and dam water 

spiked at 0 and 200 μg L−1 after the MSPE process (dotted and solid line, respectively). 

 

IV.2.3.5. Reusability 

The reusability of the MWCNT-MNPs was estimated by monitoring the 

ER changes of target analytes during consecutive adsorption–desorption 

cycles under the experimental optimized conditions for the same sorbent. After 

each cycle, the sorbent was washed three times with 1 mL of ultrapure water 

and vortexed for 1 min. Then, the MWCNT-MNPs were dried at 100 °C for 

about 24 h and then conditioned as described in section II.4.5. The results 

showed that the maximum ER of all analytes could be obtained when the 

sorbent was reused up to 5 times. The ERs began to decrease beyond this 

point, with maximum ER below 60 % in the seventh time. Therefore, MWCNT-

MNPs can be reused at least 5 times without significant loss of analytical 

performance. 
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IV.2.3.6. Comparison with literature 

A comparison of the present method with recent works that use Fe3O4 

MNPs modified differently for the determination of NSAIDs in water is shown in 

Table IV.2.3. The LODs achieved with this method are in the same range as in 

other methods with (UV-Vis or FL) detection except the one reported by 

Alinezhad et al., with lower LODs, but it must be pointed out that additional 

evaporation and reconstitution steps are included after the MSPE (Alinezhad 

et al. 2018). Obviously, the LODs are lower with MS/MS detection (Wang et al. 

2017).  

The present method shows the highest EFs in relation to PFs and also a 

low sample volume. Contrary to usual preparation of magnetic sorbents, which 

normally consists of multistep sequential reactions for synthesis of MNPs, 

coating and functionalization, the synthetic process of the sorbent used in this 

work is simple because it is achieved in one single step that includes MNP 

generation and functionalization with MWCNTs. Moreover, it is important to 

highlight that in the present work, 2.5 mg of sorbent can be used for 5 analysis, 

whereas in Wang et al., 30 mg of sorbent can be used for 6 times (Wang et al. 

2017). An amount of 30 mg could be used for 60 analyses in the present work, 

thereby achieving a high economy of sorbent and reducing waste generation. 

 

 

 

 

 

 

 



136 
 

Table IV.2.3. Comparison of MSPE methods based on MNPs modified differently for the determination of NSAIDs in water by LC. 

n.r: not reported. 

Detection Sorbent (amount) Sample 
volume (mL) 

EF/PF LOD (μg L-1) RSD (%) Reuse 
(times) 

Reference 

UV Fe3O4-CTAB 

(10 mg) 

20 36.70-38.49/100 2 – 7 3.98 – 9.83 n.r. (M. Khoeini 

Sharifabadi 

et al. 2014) 

UV Fe3O4@SiO2-MPTMS-DDA 

(20 mg) 

4 25.4-36.0/40 0.3 – 1.5 0.2 – 8.0 n.r. (Ma, L., Li, 

Q., Li, J., 

Xu 2018) 

UV Fe3O4-C18/Diol 

(25 mg) 

5 n.r.b/50 0.32 – 1.44 2.3 – 19.1 n.r. (Luo et al. 

2015) 

UV/FL Fe3O4@NC-[C4MIM][PF6] 

(50 mg) 

10 29-34.2/40 3.2 – 7.2 1.4 – 7.6 4 (Abujaber 

et al. 2018) 

MS/MS Fe3O4/MIL-101(Cr) 

(30 mg) 

50 n.r./250 0.003 – 0.06 0.4 – 10.8 6 (Wang et al. 

2017) 

UV Fe3O4@SiO2-PAMAM 

(25 mg) 

50 701-835/1000 0.05 – 0.08 6.1 – 9.0 n.r. (Alinezhad 

et al. 2018) 

UV/FL Fe3O4- MWCNTs 

(2.5 mg) 

5 4.1-4.8/5 6.0 – 9.8 1.3 – 6.1 5 This work 
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IV.2.4. Conclusions  

The use of MWCNT-MNPs as MSPE sorbents for the determination of 

NSAIDs in natural waters has been reported. The main advantages of the 

present method are LODs in the low μg L-1 range, adequate EFs, and 

quantitative recoveries. Additionally, the low amount of the sorbent and its 

reusability improves the method economy and makes it more environmentally 

friendly than the reported ones. 
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IV.3. Bar adsorptive microextraction coated with multi-walled carbon 

nanotube phases. Application for trace analysis of pharmaceuticals 

in environmental water matrices 
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IV.3.1. Introduction 

In order to eliminate the restrictions of classical sample preparation 

techniques and reach an ideal one, miniaturization of extraction techniques is 

a promising option. Different ways of miniaturization give way to several modes. 

Among them, BAµE has been proposed as an alternative sample preparation 

technique for trace analysis of polar and nonpolar analytes in aqueous media, 

operating under the floating sampling technology (Neng, Silva, and Nogueira 

2010). In accordance with the principles of green chemistry, this analytical 

approach minimizes the liquid desorption volume and uses less amounts of 

sorbent phase (Almeida and Nogueira 2014). 

The possibility to choose the most favorable sorbent phase according to 

the target analytes and specific application opens the door to use this technique 

for multiple purposes (Almeida, Ahmad, and Nogueira 2017). In the case of 

pharmaceuticals, they have been determined in biological and environmental 

samples by BAμE using different sorbent coatings (Ahmad et al. 2014, 2016; 

Almeida et al. 2017; Goncalves et al. 2012). 

 The present work aims to evaluate the performance of BAμE using 

MWCNTs as coatings due to their properties, which makes them highly efficient 

sorbent materials for a wide range of applications (Trojanowicz 2006). 

Therefore, this study presents, for the first time, the development and validation 

of an analytical method for the simultaneous determination of four 

pharmaceuticals KET, DIC, MEA and GEM in water samples using BAμE 

coated with MWCNTs followed by micro liquid desorption (μLD), which means 

that the solvent volume is in the μL scale.  
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IV.3.2. Chromatographic separation conditions 

An Agilent 1100 series HPLC system equipped with DAD detector (as 

described in section II.3.2) was used. A Kinetex C18 column (150 mm × 5.0 mm, 

2.4 µm; Phenomenex, Torrence, USA) was used throughout the work. The 

samples were analysed using an isocratic condition of 20 % ultra-pure water 

(containing 2.5 % acetic acid) and 80 % of MeOH as mobile phase. The detector 

was set at 276 nm and the column temperature at 20 ºC. The injection volume 

was 20 µL with a draw speed of 200 µL min-1 and the flow rate was set at 0.5 

mL min-1. An adequate separation is achieved in less than 10 min. 

 

IV.3.3. Result and discussion 

IV.3.3.1. Optimization assays 

The general procedure with the initial conditions of the BAµE-µLD 

methodology was performed by placing 25 mL of a 10 µg L-1 standard in 

ultrapure water adjusted to pH 4.0 in a sampling glass flask, followed by the 

introduction of a BAµE device, previously coated with MWCNTs (as described 

in section II.4.6) and a conventional teflon magnetic stirring bar. The flask was 

sealed with a rubber cap and stirred for 2 h at room temperature, ca. 25 ºC, with 

a multipoint agitation plate at 1,000 rpm. Then, the BAµE device was removed 

from the sample with clean tweezers, dried with tissue paper, placed into a 

glass insert containing 100 μL of MeCN:MeOH (1:1, v:v) for 30 min under 

sonication. Finally, the BAµE device was removed, the vial was closed using a 

crimper and placed into the chromatographic system for injection. 

The optimization of the parameters that affect the efficiency of BAμE-μLD 

technique was carried out using a univariate strategy. Peak areas were used 

during the optimization of microextraction and back-extraction parameters. All 

experiments were carried out in triplicate and average data were calculated. 
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IV.3.3.1.1. Back-extraction conditions 

The back-extraction was carried out by μLD. This low volume enables high 

pre-concentration and reduces the use of solvents. In this work, 100 μL was 

considered as suitable once it enables a high PF of 250 and it is also the 

minimum volume that can be handled comfortably. Additionally, sonication was 

used to accelerate the back-extraction process (Almeida, Strzelczyk, and 

Nogueira 2014; Neng et al. 2010). 

The desorption solvent must have enough strength to promote a complete 

stripping of the target compounds from the sorbent, so it must be carefully 

selected. Acetonitrile, MeOH and a mixture of MeCN:MeOH (1:1, v:v) were 

tested as they are commonly used for this purpose (Neng et al. 2011). The peak 

areas of all pharmaceuticals increased when MeOH was used as desorption, 

and therefore, it was selected for further experiments.   

The influence of sonication time of μLD was studied using 15, 30 and 60 

min. As shown in Fig. IV.3.1, the use of 30 min sonication provides the highest 

peak areas for all analytes. Consequently, this time was selected as the optimal 

sonication time in the back-extraction step. 

 

Fig. IV.3.1. Influence of sonication time on the peak areas of the four pharmaceuticals in 
aqueous media by BAμE(MWCNT)-μLD/HPLC-DAD. Error bars are standard deviations (n = 

3). 
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IV.3.3.1.2. Microextraction conditions 

Microextraction is based on the equilibrium of the interaction between the 

analytes from the bulk sample and the sorbent phase. Therefore, equilibrium 

time plays an important role in the microextraction process. In order to 

determine the value of this parameter, different assays at times in the range 

from 1 to 16 h were carried out. The results indicated that the highest extraction 

for all analytes was achieved in 3 h and that longer extraction times resulted in 

a decrease (Fig. IV.3.2). This result could be explained because organic 

compounds, namely non-polar analytes (log P > 3.5), can adsorbed onto the 

glass walls of the sampling flask after long contact time, which decreases 

microextraction efficiency (Nogueira 2015). Therefore, 3 h was chosen as the 

optimum equilibrium time and was used in the subsequent experiments. 

 

 

Fig. IV.3.2. Influence of equilibrium time on the peak areas of the four pharmaceuticals in 
aqueous media by BAμE(MWCNT)-μLD/HPLC-DAD. Error bars are standard deviations (n = 

3). 
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pharmaceuticals were the highest when using a stirring speed of 1,000 rpm and 

therefore it was selected as optimum.  

The matrix characteristics that can have a significant effect on extraction 

efficiency, in particular the pH, ionic strength and polarity were also studied. 

Firstly, the effect of pH on the microextraction process was evaluated at pH 2.0, 

4.0, 5.5, 8.0, and 11.0. The data obtained and depicted in Fig. IV.3.3 show that 

the peak areas of all pharmaceuticals reached a maximum at pH 5.5. Thus, the 

pH of the sample was set at this value in the subsequent analyses. 

 

Fig. IV.3.3. Influence of pH on the peak areas of the four pharmaceuticals in aqueous media 
by BAμE(MWCNT)-μLD/HPLC-DAD. Error bars are standard deviations (n = 3). 
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Ionic strength often exerts effect on the extraction. On one hand, an 

increase in ionic strength can decrease the solubility of the analytes in the 

sample forcing them towards the sorbent phase (“salting-out” effect). On the 

other hand, an increase in ionic strength can hinder the mass transfer from the 

solution to the sorbent. In these experiments, the ionic strength was optimized 

by adding different concentrations of NaCl (from 0 to 20 %; w:v). The peak 

areas were maximum without adding NaCl (Fig. IV.3.4), which indicates that 

the resistance to the mass transfer prevails over the “salting-out” effect, and 

therefore, the salt was discarded. 

 

Fig. IV.3.4. Influence of ionic strength on the peak areas of the four pharmaceuticals in 
aqueous media by BAμE(MWCNT)-μLD/HPLC-DAD. Error bars are standard deviations (n = 

3). 

 

Microextraction efficiency can also be hindered by the adsorption of 

analytes on the walls of the glass sampling vial (“wall-effect”) (Ahmad et al. 

2016). This phenomenon is known to be more pronounced for non-polar 

compounds and it can be overcome by modifying the matrix polarity through 

the addition of an organic modifier, such as MeOH. Therefore, assays were 

performed with the addition of MeOH (from 0 to 20 %, v:v) in the bulk matrix. 

The highest peak areas were obtained when the process was carried out 
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IV.3.3.2. Optimum procedure for BAμE-µLD 

The optimum experimental conditions obtained were as follows. 

Microextraction stage: 3 h (1,000 rpm), pH 5.5. Back-extraction stage: 100 μL 

of MeOH and 30 min under sonication. The scheme for the procedure is 

presented in Fig. IV.3.5. 

 

Fig. IV.3.5. Scheme of analytical method. 

 

IV.3.3.3. Analytical figures of merit 

The analytical figures of merit are summarized in Table IV.3.1. The 

instrumental LODs and LOQs were estimated using a S/N ratio of 3 and 10, 

respectively, from a chromatogram corresponding to a 20 µg L-1 standard. 

Taking into account that the PF is 250, the LODs and LOQs of the method 

ranged from 0.02 to 0.05 µg L-1 and 0.08 to 0.16 µg L-1, respectively. The 

linearity of the developed method was estimated using 25 mL of standards at 

seven concentration levels from 35.0 µg L-1 to 1,000.0 µg L-1, which were 

submitted to the method. R2 ranged from 0.9930 to 0.9988. Precision was 

evaluated with two 25 mL standards of 35.0 and 600.0 µg L-1 in ultrapure water, 

after being submitted to the method. Intra-day precision was assessed by 

means of continuous injections during the same day (n = 6), whereas inter-day 

precision was measured on six consecutive days (n = 18). As shown in Table 

IV.3.1, the results for intra- and inter-day precision showed RSD values lower 

than 9.7 %.  
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The BAµE devices were designed for single examination only because 

they are cheap, easy to prepare and contamination is avoided. 
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Table IV.3.1. LODs, LOQs, calibration curves, R2, intra- and inter-day precision at 35.0 and 600.0 μg L-1, respectively. Standard 

deviations of intercepts and slopes in parentheses. 

A: peak area; c: concentration in μg L-1. 

 LOD (µg L-1) LOQ (µg L-1) Calibration curves R2 Precision (RSD, %) 

     Intra-day Inter-day 

KET 0.02 0.08 A = 7.5 (3.6) 102 + 15.57 (0.76) c 0.9930 4.4/4.3 6.3/7.7 

DIC 0.02 0.08 A = 5.1 (3.5) 102 + 28.46 (0.74) c 0.9980 8.0/5.0 9.4/7.6 

MEA 0.02 0.08 A = -0 7 (1.1) 102 + 12.02 (0.24) c 0.9988 3.9/6.6 3.2/5.4 

GEM 0.05 0.16 A = -4.1 (1.3) 102 + 7.20 (0.28) c 0.9954 3.5/5.8 7.9/9.7 
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IV.3.3.4. Analysis of water samples 

The BAµE(MWCNTs)-μLD/HPLC-DAD methodology was applied for the 

determination of the target analytes in tap, sea, surface and waste water 

samples collected from the metropolitan area of Lisbon (Portugal) as explained 

in section II.2. Aliquots of all of them were submitted to analysis and the results 

showed that the concentrations of all analytes were below the LODs. Then, the 

samples were spiked at 5.0, 50.0 and 300.0 µg L-1. The ERs obtained, 

calculated through the external calibration, were from 70.2 ± 3.1 to 117.3 ± 2.9 

% (Table IV.3.2). The recovery range was steady regardless of the type of 

sample matrix. Furthermore, a good linearity of the response of all analytes in 

all samples was obtained (R2 > 0.9914). 
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Table IV.3.2. Extraction recoveries (%, ± RSD) in real water samples at three 

spiking levels (n = 4), as well as R2, obtained at the optimized experimental 

conditions. 

 R2 5.0 µg L-1 50.0 µg L-1 300.0 µg L-1 

Tap water     

KET 0.9995 84.7 ± 4.7 92.4 ± 3.1 87.2 ± 4.3 

DIC 0.9975 82.7 ± 2.7 101.1 ± 0.9 98.2 ± 0.9 

MEA 0.9997 89.7 ± 6.8 112.1 ± 4.1 117.3 ± 2.9 

GEM 0.9966 70.4 ± 0.7 97.6 ± 0.3 89.7 ± 4.8 

Sea water     

KET 0.9988 77.2 ± 0.7 84.9 ± 0.5 86.7 ± 0.8 

DIC 0.9914 117.2 ± 4.4 84.2 ± 6.6 107.8 ± 0.2 

MEA 0.9976 76.6 ± 5.2 104.4 ± 1.3 83.5 ± 2.7 

GEM 0.9976 72.0 ± 3.1 101. 6 ± 2.1 94.0 ± 0.7 

Surface water     

KET 0.9959 81.0 ± 1.9 88.9 ± 0.8 94.8 ± 3.7 

DIC 0.9920 115.7 ± 2.2 84.2 ± 6.6 105.5 ± 1.5 

MEA 0.9951 73.8 ± 3.8 89.6 ± 2.7 90.6 ± 5.5 

GEM 0.9909 70.2 ± 4.5 98.2 ± 0.7 86.5 ±0.3 

Waste water     

KET 0.9994 76.2 ± 1.5 77.7 ± 0.2 87.1 ± 5.5 

DIC 0.9987 75.9 ± 4.7 83.5 ± 0.6 94.4 ± 4.7 

MEA 0.9991 86.5 ± 1.2 105.0 ± 1.8 108.0 ± 3.4 

GEM 0.9973 73.3 ± 1.6 77.3 ± 3.8 86.8 ± 4.3 
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As an example, Fig. IV.3.6 depicts three chromatograms of waste water 

samples spiked at 5.0 μg L−1, 50.0 μg L−1 and without spiking, after 

BAµE(MWCNTs)-μLD/HPLC-DAD under the optimized experimental 

conditions. 

 

Fig. IV.3.6. Chromatograms obtained from assays in waste water samples spiked with 5.0 μg 
L-1 (dashed line), 50.0 μg L-1 (solid line) and without spiking (dotted line) by BAμE(MWCNT)-

μLD/HPLC-DAD, under optimized experimental conditions (λ = 276 nm). 
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IV.3.3.5. Comparison with literature 

A comparison of the proposed method with other ones based on 

microextraction techniques is presented in Table IV.3.3. As can be observed, 

the proposed methodology provides a significant reduction of the extraction 

time in comparison with other BAµE methods for similar compounds and 

samples. This can be explained by the large surface/volume ratio of the 

MWCNTs due to their nanostructured nature. It must also be emphasized that 

the amount of organic solvent (100 μL) is the least and the PF (250) is the 

greatest amongst the other reported works. Moreover, the present method 

provided better ERs when compared to SBSE coated with polydimethylsiloxane 

(PDMS) (Pintado-Herrera, González-Mazo, and Lara-Martín 2013; Silva, 

Portugal, and Nogueira 2008) or a hydrophilic polymer based on poly(n-

vinylpyrrolidone)-co-divinylbenzene (NVP-co-DVB) (Bratkowska et al. 2011) 

and polyurethane (PU) (Silva et al. 2008). Nevertheless, the developed 

methodology presented ERs in the same range as in solid phase 

microextraction (SPME) coated with MWCNT (Wan Ibrahim et al. 2018) and 

butyl-methacrylate (BMA) (Liu et al. 2015), as well as in SBSE coated with IL 

(Fan et al. 2014). It also presents similar ERs when compared to other BAμE 

approaches coated with divinylbenzene (DVB) (Almeida et al. 2017) or n-

vinylpyrrolidone (NVP) (Ahmad et al. 2017). In general, the LODs of the present 

work are in the range of the other BAµE methods and below the ones 

corresponding to SBSE methods with UV-Vis or DAD detection systems. 
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Table IV.3.3. Comparison of the LOD, extraction recovery, pre-concentration factor, back-extraction solvent volume and extraction 

time obtained in this work and other microextraction techniques for the determination of the four studied pharmaceuticals in real water 

samples. 

Microextraction 
technique 

Analytes 
Instrumental 

system 
LOD 

(μg L-1) 
ER (%) PF 

Back-extraction 
solvent volume 

(μL) 

Extraction 
time 
(min) 

Ref. 

BAμE(MWCNT) 
KET, DIC, GEM, 

MEA 
HPLC-DAD 0.02-0.05 70.4-117.3 250 100 180 

This 

work 

BAμE(NVP) DIC HPLC-DAD 0.02-0.1 100.8 125 200 960 

(Ahmad 

et al. 

2017) 

BAμE(DVB) KET, DIC, MEA HPLC-DAD 0.05-0.12 92.2-101.0 250 100 960 

(Almeid

a et al. 

2017) 

iSAME(CTAB) DIC CE-UV 0.08 100.9 100 2000 15 

(Vijaya 

Bhaska

r Reddy 

et al. 

2018) 
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SBSE(IL) KET HPLC-UV 0.23-0.31 81.0-110.8 100 100 30 

(Fan et 

al. 

2014) 

SBSE(NVP-co-

DVB) 
DIC 

LC-

(ESI)MS/MS 
0.01 67.0-75.0 50 1000 240 

(Bratko

wska et 

al. 

2011) 

SBSE(PDMS) DIC, GEM, MEA HPLC-DAD 1.5-1.7 34.6-73.4 125 1500 240 

(Silva 

et al. 

2008) 

SBSE(PDMS) DIC, MEA GC-MS 0.001-0.037 21.0-29.0 50 200 480 

(Pintad

o-

Herrera 

et al. 

2013) 

SBSE(PU) DIC, GEM, MEA HPLC-DAD 0.7-1.3 48.0-84.0 125 5000 360 

(Silva 

et al. 

2008) 

SPME(BMA) KET, DIC CEC-UV 15.5-19.0 75.8-84.4 5 1000 
Not 

reported 

(Liu et 

al. 

2015) 
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SPME(MWCNT) DIC, MEA HPLC-UV 0.9-8.1 94.3-109.7 100 100 30 

(Wan 

Ibrahim 

et al. 

2018) 
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IV.3.4. Conclusions 

In the present work, BAμE coated with MWCNTs was applied for the first 

time. The use of MWCNTs for coating saves time in the microextraction step in 

relation to other sorbents that have been combined with BAμE devices. The 

combination of BAμE(MWCNTs) with μLD and HPLC-DAD provided a high pre-

concentration as well as quantitative recoveries for the trace analysis of KET, 

DIC, MEA and GEM in tap, sea, surface and waste water samples. Moreover, 

the developed methodology is easy to operate, highly cost-effective and almost 

solvent free (100 μL), so it is a remarkable alternative to other dedicated 

microextraction techniques. 
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V.1. Introduction 

Over the past decades, the development of mining and chemical 

manufacturing led to emergence and spreading of several pollutants in 

ecosystems. Among the different contaminants, heavy metals are classified as 

most hazardous due to their accumulation in living organisms and high toxicity 

(Zou et al. 2016). The presence of heavy metals in water has become an area 

of considerable environmental concern presenting serious risks to the 

biosphere and human health.  

Mercury is one of the most polluting elements. It has been placed in the 

priority list of the most toxic and harmful environmental pollutants according to 

European legislation (Anon 2008). It can enter the environment from major 

sources such as anthropogenic releases, natural deposits in soils and 

atmospheric deposition from these two sources (Pittman et al. 2011). In nature, 

mercury exists mainly at trace and ultra-trace levels in forms of elemental, 

inorganic and organic mercury (Mehdinia, Roohi, and Jabbari 2011). Mercury 

species can be converted from one form to another. Inorganic mercury (Hg2+) 

can undergo biomethylation by reversible reactions, resulting in the formation 

of monomethylmercury (MMHg) (Leopold, Foulkes, and Worsfold 2010). In 

general, mercury in organic forms is more toxic than in inorganic species. 

MMHg is considered as the most toxic one among all mercury species. It acts 

as a neurotoxin that bioaccumulates and biomagnifies in aqueous (Gochfeld 

2003). 

The World Health Organization has set the maximum level of mercury in 

drinking water at 1 μg L−1, while US Environmental Protection Agency has set 

it at 2 μg L−1 (Aragay, Pons, and Merkoc 2011). According to European Union 

legislation, 0.07 μg L−1 is the maximum allowable concentration for mercury in 

surface waters (Zhu et al. 2017). Nevertheless, due to the different behavior 

and toxicity of the mercury species, sometimes the determination of total 

mercury concentrations in the environment is not enough. Consequently, the 

development of reliable methodologies for mercury speciation analysis at 

trace/ultra-trace levels and its application to environmental water samples are 

of particular significance. 
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For this purpose, a variety of separation techniques have been proposed 

such as LC, GC, and CE coupled to ICP-MS, CV-AFS and CV-AAS (Amde et 

al. 2016). However, these techniques need to be combined with convenient 

pre-concentration and/or clean-up steps in sample preparation to achieve very 

low concentrations in samples with complex matrices. Several approaches, 

including SPE (Han et al. 2011), SPME (Shirkhanloo et al. 2017), liquid phase 

microextraction (LPME) (Chen et al. 2015) have been used for speciation of 

mercury in waters. Among them, SPE is a commonly used one due to its 

advantages of simple operation and the availability of many adsorbent 

materials. However, as mentioned in section I.3.2.2.5, SPE is usually time-

consuming and labor intensive. Recently, MSPE method as an alternative to 

SPE has been adopted for speciation of Hg in water samples. 

Up to now, most MSPE methods applied for the analysis of Hg species in 

water samples are based on sorbents which are expensive, based on not 

environmentally friendly raw materials or which need complex synthesis and 

functionalization of MNPs (Faraji, Yamini, and Rezaee 2010; Li et al. 2014; 

Lopez-Garcia, Vicente-Martinez, and Hernandez-Cordoba 2015; Ma et al. 

2016; Zhang et al. 2016; Zhu et al. 2017). Furthermore, some of them only 

enable the selective adsorption and determination of one mercury species 

(Corps Ricardo et al. 2018; Jiang et al. 2017; Xiang et al. 2013; Zhai et al. 2010; 

Zhang, Sun, and Yang 2014; Ziaei, Mehdinia, and Jabbari 2014).  

The development of fast and reliable MSPE methodologies using eco-

friendly sorbents and simple analytical tools which could simultaneously 

preconcentrate mercury species becomes an analytical challenge. In this way, 

this chapter is focused on the development and application, for the first time of 

an efficient procedure of MSPE based on the use of MCNPs, an 

environmentally friendly sorbent, for the simultaneous determination of MMHg 

and Hg2+ in tap water and three river water samples collected from the Almadén 

mining district (Ciudad Real, Spain), placed around the major mercury mines 

worldwide. 
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V.2. Instruments 

Mercury speciation analysis was performed with GC-pyro-AFS (section 

II.3.3). A non-polar capillary column (DB-5, 15 m × 0.25 mm × 0.25m, J&W 

Scientific, Folson, USA) and helium were used as carrier gas. Argon was used 

as make-up and sheath gas for the AFS detector. Table V.1 shows the 

operating conditions of GC-pyro-AFS.  

 

Table V.1. Operating conditions for GC-pyro-AFS system. 

Column DB-5, 15 m × 0.25 mm × 0.25 µm 

Injector type Split/ Splitless 

Injector volume (µL) 2.0 (in splitless mode) 

Injector temperature (°C) 300 

Temperature program 

 

40 °C (2.5 min), 20 °C min-1 to 90 

°C, 100 °C min-1 to 200 °C (1 min). 

 

He carrier gas flow (mL min-1) 3.0 

Pyrolyser  

Pyrolysis temperature (°C) 800 

Atomic fluorescence detector  

Make-up gas flow (mL min-1) 150 

Sheath gas flow (mL min-1) 300 

AFS 1000 

Filter factor 16 
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ICP-MS (section II.3.5) was used for the determination of total metal 

contents. Table V.2 shows the operating conditions of ICP-MS. 

 

Table V.2. Operating conditions for ICP-MS system. 

Rf power 1400 W 

Plasma gas flow (Ar) 15 L min-1 

Auxiliary gas flow (Ar) 

 

0,73 L min-1 

Nebulizer gas flow (Ar) 

 

0,9 L min-1 

Isotopes monitored 

 

55Mn, 56Fe, 103Rh 

Dwell time 10 ms 

 

ACHN analyser (section II.3.6) was employed for the determination of total 

organic carbon. 

V.3. Results and discussion 

V.3.1. Optimization of the MSPE conditions 

The optimization of the parameters that affect adsorption and desorption 

was carried out one by one while maintaining the rest of the conditions. A 

volume of 5 mL of a standard solution at 20 µg L−1 of MMHg and Hg2+ was 

added to 10 mg of MCNPs and vortexed for 30 min. The magnetic 

nanomaterials were separated rapidly from the solution by applying an external 

magnet and the supernatant was decanted. Then, the desorption was carried 

out in hexane after derivatization. All results were obtained from the mean value 

of three experiments. 

 

 

 



169 
 

V.3.1.1. Adsorption 

The first parameter to be optimized was the pH. This is a critical parameter 

because mercury species have to be stabilized after sampling by addition of an 

acid preservative. Typically, strong acids such as HNO3 or HCl are used for this 

purpose. However, as the subsequent adequation of mercury species for 

analysis should be performed in an acetic-acetate buffered medium, it was 

considered that acetic acid, which has also been proposed as an appropriate 

agent for stabilization and preservation of mercury species in waters, would be 

the best option to adjust the pH without the addition of new ions to the sample. 

The effect of pH on the adsorption of analytes was investigated over the pH 

range of 1–6. The lowest pH showed unsatisfactory results since AEs were 

between 60-70 % for both species at pH of 1 and below 80 % at pH of 2. The 

AE of both species was around 95 % at pH 3, and then dropped gradually to 74 

% and 77 % for MMHg and Hg2+, respectively, when pH values increased up to 

6. Thus, pH 3 adjusted with a 0.5 % CH3COOH solution was selected for the 

simultaneous adsorption of the two target mercury species. 
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The adsorption time was also investigated to seek the minimum time that 

is enough to get quantitative results securely. Thus, times from 5 to 30 min of 

vortex agitation were studied whilst keeping constant the other conditions. As 

shown in Fig. V.1, the AE of MMHg and Hg2+ increased apparently with the 

increasing of adsorption time and achieved the maximum value from 20 min 

with no further significant change in the studied range. However, the selected 

time was 25 minutes to ensure a security margin in which quantitative 

adsorption is obtained. 

Fig. V.1. Influence of the vortex time on adsorption efficiency of a standard solution of MMHg 
and Hg2+ at 20 µg L−1. Standard deviations (n = 3) are plotted as error bars. 
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The optimum amount of MCNPs for the quantitative adsorption of mercury 

species was evaluated from 5 to 40 mg. Effective adsorption of MMHg and Hg2+ 

was found from 10 mg onwards, as shown in Fig. V.2, which demonstrates the 

potential of MCNPs as sorbent even when a small amount is used. Therefore, 

10 mg was chosen because it allows the quantitative adsorption of both 

mercury species with a minimum consumption of material.  

Fig. V.2. Influence of the amount of MCNPs on adsorption efficiency of a standard solution of 
MMHg and Hg2+ at 20 µg L−1. Standard deviations (n = 3) are plotted as error bars. 

 

In order to achieve high PF, a large volume of sample is required. To study 

the effect of sample volume on the adsorption of the target mercury species, 

water solutions (5, 10, and 15 mL) containing MMHg and Hg2+ at 20 µg L−1 

each, were submitted to the procedure. The results exhibited that the AE had 

no significant change for both species in the range of 5–10 mL (≥ 90 %) but it 

decreased when the sample volume increased to 15 mL (~ 80 %). Hence, 

sample volume of 10 mL was fixed for subsequent experiments. 
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V.3.1.2. Desorption and derivatization 

The analysis of mercury species based on a chromatographic separation 

by GC requires a previous transformation of the ionic mercury species into their 

volatile derivatives, which is usually performed through derivatization. This 

process involves two steps: 1) the reaction with the derivatizing reagent 

(ethylation, in this case) in which the derivatives of mercury species are 

generated, and 2) the extraction of derivatized species into an organic solvent, 

which will be injected into the GC. The incorporation of this additional step after 

the desorption of mercury species from the sorbent would make the whole 

sample preparation more tedious and time consuming. For that reason, it would 

be most interesting to develop a strategy which includes both desorption and 

derivatization in a single step. 

Therefore, preliminary experiments were devoted to the selection of a 

suitable reagent for the simultaneous desorption and extraction of derivatized 

mercury species. The derivatization was carried out by ethylation with NaBEt4 

(6 %) in acetic-acetate buffer at pH 3.9. Several reagents (hexane, DCM and 

isooctane), previously reported as adequate for the extraction of mercury 

species after derivatization, were tested. It was observed that the use of DCM 

caused the loss of magnetic properties of MCNPs which led to difficulties in the 

separation of MCNPs and the organic layer. In contrast, both isooctane and 

hexane allowed an easy removal of the organic phase, even though the 

desorption ability of hexane was higher than that of isooctane with ER values 

ranging 25-32 % for isooctane and 39-44 % for hexane. Consequently, hexane 

was chosen as an adequate solvent for the simultaneous desorption of the 

ethylated mercury species. Regarding the volume of organic solvent, the 

minimum volume that can be handled comfortably was 1 mL, so this was set 

for all the experiments. Therefore, the derivatization and extraction were 

performed by using 1 mL of acetic-acetate buffer (0.1 M, pH 3.9), 0.25 mL of 

NaBEt4 (6 %) and 1 mL of hexane. 

The parameters affecting desorption were initially studied under the 

previously optimized adsorption conditions. Thus, to assess the ER, 5 mL of a 

MMHg and Hg2+ standard solution (pH 3) at 20 µg L−1 were adsorbed onto 10 
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mg of MCNPs by vortexing during 25 min. Then, the MCNPs with the adsorbed 

mercury species were separated by the magnet and the reagents needed for 

ethylation and desorption were added. Thus, the target mercury species were 

simultaneously derivatized and desorbed in hexane as previously described 

after 10 min of sonication. Working under these conditions, the ERs were not 

quantitative, so some parameters were re-evaluated focusing now in the 

desorption step.  

New experiments were carried out with a sample volume of 10 mL 

increasing the amount of sorbent from 10 to 25 mg, and it was observed that 

the ER of both mercury species went up to 90 %. Therefore, 25 mg of the 

sorbent was chosen as the optimum amount of MCNPs for volumes of sample 

equal or higher than 10 mL. 

To improve the ER for the two analytes, the desorption/sonication time 

was assessed from 5 to 20 min. The best ER was obtained for 15 min (Fig. 

V.3). This is due to the complete mass transfer of both mercury species from 

the sorbent towards the organic solvent reached at that time. 

Fig. V.3. Influence of sonication time on extraction recovery of a standard solution of MMHg 
and Hg2+ at 20 µg L−1. Standard deviations (n = 3) are plotted as error bars. 
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species can be achieved, which simplifies considerably the sample preparation 

step and this is one of the main operational advantages of the present method. 

 

V.3.2. Optimum procedure of MSPE  

Under the optimum conditions, for adsorption of mercury species, 10 mL 

of sample was added to 25 mg of activated MCNPs in a 15 mL vial and vortexed 

for 25 min. The mixture was exposed to a strong magnet during 2 min. After 

that time, the solution became limpid and the supernatant solution was 

completely decanted. Then, 1 mL of the decanted solution obtained after the 

adsorption step was added 5 mL of acetic-acetate buffer (0.1 M, pH 3.9), 1 mL 

of hexane and 0.25 mL of NaBEt4 (6 %). Then, the mixture was manually 

shaken for 5 min and centrifuged for 5 min at 600 g. The organic layer was 

stored at -20 ºC until analysis by GC-pyro-AFS. 

For desorption and ethylation of the analytes, 1 mL of acetic-acetate buffer 

(0.1 M, pH 3.9), 1 mL of hexane and 0.25 mL of NaBEt4 (6 %) were added to 

the vial containing the MCNPs with the adsorbed mercury species and 

sonicated for 15 min. The liquid phase was centrifuged at 600 g for 5 min. The 

organic layer containing the ethylated derivatives of mercury species was 

stored at -20 ºC until analysis. The organic extract could be further concentrated 

up to 30 times by evaporation with nitrogen stream to achieve a volume of 25-

30 µL. Finally, the organic layer was injected into the GC-pyro-AFS where the 

analytes were separated in less than 5 min. A general scheme of all method is 

shown in Fig. V.4. 
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Fig. V.4. Scheme of the analytical method. 

 

V.3.3. Analytical figures of merit 

The analytical performance of the developed procedure was evaluated. 

The LOD and LOQ were established as the sample concentration that caused 

a peak with a height 3-fold and 10-fold the base line noise level, respectively. 

The procedural LODs were 4.0 pg mL−1 and 5.6 pg mL−1, while LOQs were 13.3 

pg mL−1 and 18.6 pg mL−1 for MMHg and Hg2+, respectively. 

Precision was evaluated as the relative standard deviation (% RSD) of 

replicate measurements of intra-day (n = 4) and inter-day assays (n = 4). Intra-

assay precision was calculated after injections during the same day of samples 

from four independent experiments, whereas inter-assay precision was 

measured on 4 consecutive days. The RSD (%) values for MMHg and Hg2+ at 

1 µg L−1 and 10 µg L−1, respectively, were 4.8 and 3.1 % for intra-day precision, 

and 6.7 and 4.8 % for inter-day precision, demonstrating the adequate 

repeatability and reproducibility.  

Batch to batch reproducibility was also investigated by using MCNP 

composite sorbents corresponding to three independent synthesis. These 

different nanomaterials were used for the extraction of standards of MMHg and 

Hg2+ at 20 µg L−1 with comparable ER values for both mercury species (% RSD 

was lower than 5 %). It was also demonstrated that there were no statistically 
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differences between the obtained recoveries using the different batches (p= 

0.05, Student's t-test).  

To evaluate the selectivity of the method, the potential interference of co-

existing ions and organic matter was also investigated. For this purpose, 10 mL 

of the water containing 1.0 µg L−1 of MMHg and 10 µg L−1 of Hg 2+ were spiked 

with different amounts of Fe3+, Mn2+ and humic acid as simulator of natural 

organic matter and then subjected to the whole analytical procedure. As shown 

in Table V.3, the ERs in presence of the other metal ions were in the range of 

86.0–98.5 % for MMHg and 83.5–92.0 % for Hg2+, which means that the 

interferences from these potential co-existing metal ions are negligible. 

Although a slight decreasing trend in recoveries with increasing concentrations 

of humic acid was observed (Table V.3), ERs higher than 80 % were found 

even at high concentration (100 mg L-1) of humic acid, which proves that this 

new approach for mercury speciation was applicable to the analysis of 

environmental water samples with complex matrices. 

 

Table V.3. Study of metals and organic matter (simulated with humic acid) 

interferences in the determination of mercury species. 

 

Interferent Tested levels                
(mg L−1) 

ER (%) 

MMHg                  
(1.0 µg L−1) 

Hg2+                                 

(10 µg L−1) 

Fe 0.10 
0.50 

86.0 ± 2.1 
92.0 ± 7.1 

92.0 ± 2.8 
88.0 ± 5.7 

Mn 0.10 
0.50 

98.5 ± 7.8 
95.0 ± 1.4 

91.0 ± 4.9 
83.5 ± 2.1 

Humic acid 
1 
10 
100 

96.0 ± 9.9 
92.5 ± 3.5 
84.0 ± 1.4 

92.0 ± 2.8 
89.0 ± 0.7 
79.5 ± 2.1 

 

V.3.4. Reusability assessment 

The potential reuse of the nanocomposite is an important factor for the 

assessment of the performance of the sorbent. The reusability of the MCNPs 

was studied by performing several adsorption and desorption cycles repeatedly 
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under the optimized experimental conditions. The adsorption of Hg2+ was 

quantitative up to the fifth cycle and dropped to 75 % in the sixth one, whereas 

a slight decrease on MMHg adsorption was already observed after reusing the 

MCNPs five times, and this decreasing trend continued in the sixth cycle. 

Nevertheless, considering the whole MSPE procedure, it was found that the 

MCNPs can be reused up to four times with quantitative recoveries of mercury 

species in the range of 86–95 %. ERs below 80 % (76-78 %) were reported for 

both species after reusing the MCNPs five times. 

V.3.5. Analysis of water samples 

The developed method was applied to water samples with different 

matrices. Thus, three river water samples collected from the Almadén mining 

district (Ciudad Real, Spain) and tap water were analyzed. The 

physicochemical properties of water samples for tap and Almadén mining 

district (ALM-1 to ALM-3) are described in Table V.4. Both pH and conductivity 

were measured in situ. Total organic carbon (TOC) contents were analysed in 

aliquots of the samples taken before filtration and acidification and total 

concentrations of mercury, iron and manganese were determined by ICP-MS 

in the filtered and acidified waters. The pH values in river waters were between 

7.4 and 8.3, whereas the pH of tap water was slightly more acidic. As for 

conductivity, ALM-1 showed a value almost 2-fold higher (~500 μS cm−1) than 

the rest of the samples (200-300 μS cm−1). Regarding the organic matter, there 

were no large differences in TOC levels in Almadén waters, with values ranging 

from 34 to 41 mg L−1, whereas the concentration in tap water was considerably 

lower (<10 mg L−1). The most remarkable differences in the physicochemical 

characteristics of the studied water samples were reported in metal ions 

contents with variable concentrations of Fe and Mn for each sample. 
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Table V.4. Physicochemical characteristics of water samples. 

 

 

 

 

 

 

 

Sample GPS coordinates 
 Physicochemical characterization 

pH 
Conductivity 

 (μS cm−1) 

Fe                

(μg L−1) 

Mn                      

(μg L−1) 

TOC              

(mg L −1) 

Tap water - 

 

6.48 227 < LOD < LOD 8.2 ± 1.3 

ALM-1 

38°43'54.626"N 

4°41'21.873"W 
8.19 508 0.741 ± 0.046 0.820 ± 0.030 41.3 ± 0.4 

ALM-2 

38°44'21.899"N 

4°48'50.829"W 
7.43 276 6.05 ± 0.21 6.73 ± 0.13 34.4 ± 0.3 

ALM-3 

38°45'28.836"N 

4°45'52.504"W 
8.27 329 18.92 ± 0.83 1.95 ± 0.14 38.4 ± 0.1 
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The natural concentrations of mercury species were in all cases below the 

corresponding LOD. Thus, these samples were spiked at two concentration 

levels (0.1 and 1 µg L−1 for MMHg and 1 and 10 µg L−1 for Hg2+) to investigate 

the performance of the established MSPE procedure. Duplicate aliquots of 10 

mL of each real water sample were submitted to analysis. The ERs summarized 

in Table V.5, revealed that the mean ERs for MMHg and Hg2+ were quantitative 

in all cases with values ranging from 81 to 98 %.  

 

Table V.5. Extraction recoveries of spiked MMHg and Hg2+ (mean ± standard 

deviation, n = 4). 

 

 
 
 
Sample 

ER (%) 

Spike level 1 Spike level 2 

MMHg 
(0.1 µg L−1) 

Hg2+                 
(1.0 µg L−1) 

MMHg               
(1.0 µg L−1) 

Hg2+                  
(10 µg L−1) 

Tap water 91.0 ± 1.7 89.5 ± 7.8 91.5 ± 2.1 86.5 ±2.1 

ALM-1 80.8 ± 2.5 86.5 ± 3.9 90.5 ± 1.8 90.0 ± 4.2 

ALM-2 91.1 ± 2.2 82.5 ± 0.7 91.5 ± 0.7 96.6 ± 1.6 

ALM-3 92.0 ± 7.1 86.3 ± 3.8 93.0 ± 4.2 98.0 ± 1.1 
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As an example, Fig. V.5 illustrates chromatograms obtained from an 

Almadén water sample (ALM-3) spiked at a concentration level of 0.1 and 1 µg 

L−1 for MMHg and Hg2+, respectively, before and after the application of the 

MSPE, demonstrating the high efficiency for pre-concentration of mercury 

species of the proposed method.  

Fig. V.5. Chromatogram of a spiked ALM-3 water sample at 0.1 µg L−1 MMHg and 1.0 µg L−1 
Hg2+ before and after the MSPE procedure. 

 

V.3.6. Comparison with literature 

A comparison with other MSPE procedures previously used for mercury 

speciation in water samples is summarized in Table V.6. The present work 

offers important advantages related to: (i) the use of a biodegradable and 

environmentally friendly nanocomposite as sorbent; (ii) the easy synthesis of 

MCNPs without the need for an additional modification or functionalization; (iii) 

the possibility of simultaneous extraction of MMHg and Hg2+; (iv) the high 

preconcentration efficiency for both mercury species; and (v) a considerable 

save of time in the sample preparation step due to the simultaneous desorption 

and derivatization of mercury species in a single step. 
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It is remarkable that this new approach is the only one using a sorbent 

based on the combination of magnetic nanoparticles with a renewable and eco-

friendly nanomaterial such as nanocellulose for MSPE, as opposed to the SiO2 

based nanoparticles that are used in most works (Jiang et al. 2017; Ma et al. 

2016; Xiang et al. 2013; Zhai et al. 2010; Zhang et al. 2016; Zhu et al. 2017). 

In addition, these SiO2 based magnetic sorbents usually need to be 

functionalized, which tends to make the synthesis longer and more 

complicated. Regarding the selectivity, the present method allows the 

simultaneous extraction and preconcentration of the two main mercury species 

(MMHg and Hg2+), which has been achieved previously only in a few cases (Ma 

et al. 2016; Zhang et al. 2016; Zhu et al. 2017).  

The present method shows the highest PF when compared to the other 

reported works. It can also be observed that the lowest LODs are reached by 

methods based on the coupling of a separation technique with ICP-MS 

detection (Jiang et al. 2017; Ma et al. 2016; Zhang et al. 2016; Zhu et al. 2017). 

Nevertheless, the LODs achieved in the present work, with spectroscopic 

detection, are still in the low pg mL-1 range.   
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Table V.6. Comparison of different MSPE procedures recently used for the determination of mercury species in water samples.  

   

Type of 
magnetic 
(Fe3O4) 
sorbent 

Functionalization Target species Analytical 
technique 

PF LOD                             
(pg mL-1) 

Reference 

NC No MMHg, Hg2+ GC-pyro-AFS 300 4 - 5.6 This work 

CNTs No MMHg GC-pyro-AFS 150 5.0 (Corps Ricardo et al. 2018b) 

AuNPs No Hg2+ CV-AFS 80 1.5 (Zhang, Sun, and Yang 2014) 

SiO2 γ-MPTS MMHg, Hg2+ ICP-MS 50 1.6 – 1.9 (Ma et al. 2016) 

SiO2 γ-MPTS PhHg, MMHg, Hg2+ HPLC-ICP-MS 200 0.5 – 0.7 (Zhu et al. 2017) 

SiO2 Thiol MMHg, Hg2+ HPLC-ICP-MS 200 0.3 – 1.0 (Zhang et al. 2016) 

SiO2 IIMN MMHg CE-ICP-MS 250 0.08 (Jiang et al. 2017) 

SiO2 Thiol Hg2+ CV-AAS 16.6 60 (Xiang et al. 2013) 

SiO2 1,5-DPC Hg2+ CV-AAS 100 60 (Zhai et al. 2010) 

γ-MPTS: γ-mercaptopropyltrimethoxysilane; IIMN: ion-imprinted copolymer; DPC: diphenylcarbazide.        
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V.4. Conclusion 

MCNPs have been used for the first time in this work for trace element 

speciation analysis. The developed methodology based on MSPE–GC-pyro-

AFS allows to achieve the simultaneous extraction and preconcentration of two 

mercury species (MMHg and Hg2+) in water samples by using MCNPs as 

sorbent. It is remarkable that simultaneous desorption and derivatization are 

achieved in one step, which greatly simplifies the sample preparation process. 

This approach offers several advantages compared to the existing MSPE 

procedures related to the use of an eco-friendly (reusable and renewable) 

sorbent that can be easily synthesized. The method also gathers the benefits 

of MSPE in terms of easy separation of the analytes from the sorbent, low 

consumption of reagents and low cost, as well as the analytical requirements 

of high selectivity for the target species, good anti-interference ability and very 

low detection limits. For all these reasons, this procedure is a new interesting 

and advantageous alternative for mercury speciation analysis of water 

samples. 
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VI.1. Introduction 

Persistent organic pollutants (POPs) are toxic organic chemical 

substances that stay stable in the environment over long periods of time after 

being used in agriculture and industry (Varjani, Gnansounou, and Pandey 

2017). They require careful attention because of their ubiquity, high toxicity and 

tendency to accumulate in food chains with negative impacts on human health 

and the environment. Although the production and usage POPs have been 

banned after the Stockholm Convention, they can still be found in water, food, 

soil and even in human (Sapozhnikova and Lehotay 2013).  

 Polychlorinated biphenyls (PCBs) are a category of chlorinated aromatic 

hydrocarbon compounds which are now known as a part of the POPs, and have 

209 congeners with varying numbers and placement of chlorine atoms bonded 

to their biphenyl structures (Zeng et al. 2012). The PCB congeners are 

sometimes separated into indicators (i.e., 28, 52, 101, 138, 153, 180) and 

dioxin-like congeners (i.e., 77, 126, 169). The indicator PCBs can vary with the 

contaminated source, whereas their toxicity is less than that of dioxin-like PCBs 

(Kim et al. 2004). Table VI.1 shows the CAS number, chemical name and 

molecular structure of the selected PCBs for study in this chapter. 
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Table VI.1. CAS number, IUPAC name and molecular structure of the PCB’s. 

Conger no. CAS no. IUPAC full chemical name Structure 

28 7012-37-5 2,4,4'-Trichlorobiphenyl 

 

52 35693-99-3 2,2',5,5'-Tetrachlorobiphenyl 

 

101 37680-73-2 2,2',4,5,5'-Pentachlorobiphenyl 

 

138 35065-28-2 2,2',3,4,4',5'-Hexachlorobiphenyl 

 

153 35065-27-1 2,2',4,4',5,5'-Hexachlorobiphenyl 

 

180 35065-29-3 2,2',3,4,4',5,5'-Heptachlorobiphenyl 

 

77 32598-13-3 3,3',4,4'-Tetrachlorobiphenyl 

 

126 57465-28-8 3,3',4,4',5-Pentachlorobiphenyl  

 

169 

 

32774-16-6 

 

3,3',4,4',5,5'-Hexachlorobiphenyl  

 

 

PCBs have been used in a multitude of application including dielectric and 

coolant fluids in electrical apparatus, capacitor and transformers, paper, paint 

industry, etc. PCBs can be found in air, water, soil, and food after they are 

released into the environment due to their manufacture, use and disposal. 

Because they are highly resistant to degradation, they remain in the ecosystem 

for a long time and give way to bioaccumulation and biomagnification through 

the food chain (Borja et al. 2005).  
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Several health effects are associated to the exposure to PCBs such as 

childhood leukemia (Ward et al. 2009), pancreatic disorder due to decreased 

insulin production (Jensen et al. 2014), neurological behavioral problems 

(Faroon, Jones, and Rosa 2000) and endocrine system disruption (Boas, Feldt-

Rasmussen, and Main 2012).  

Therefore, the development of highly sensitive and reliable methodologies 

for the determination of trace levels of PCBs is required for the monitoring of 

PCBs in the environment. Chromatographic techniques are commonly used for 

the determination of PCBs, especially GC, HPLC and CE (Lei et al. 2016). 

However, the quantification of PCBs in real matrices is challenging for direct 

chromatographic analysis due to their low levels in aqueous samples (ng mL-1 

range) and the complex nature of the matrices in which these analytes are 

present (Zhang et al. 2004). Thus, in most cases, pre-concentration sample 

preparation steps are necessary before the instrumental analysis. 

Conventional methods based on LLE (Ozcan 2011) and SPE (Westbom 

et al. 2004) and membrane extraction (Szymczyk et al. 2013) have been used 

for the determination of PCBs in environmental and food samples, but they 

suffer from important disadvantages. In recent years, new sample preparation 

techniques have been developed for this purpose such as DLLME (Hu et al. 

2009), SPME (Wu, Yang, and Yan 2014), MSPE (Peng et al. 2015) and SBSE 

(Tölgyessy, Vrana, and Šilhárová 2013b). Among these methods, SBSE has 

many merits such as high adsorption capacity, high sensitivity, good 

reproducibility and being a solvent free technique. It has been used for the 

analysis of PCBs in different samples (Hu et al. 2013; Prieto et al. 2008; 

Tölgyessy, Vrana, and Šilhárová 2013), however it suffers from some 

limitations, such as the limited coating material (PDMS) and long extraction 

times. Therefore, the development of novel coatings are urgent for 

improvement of SBSE technique. 

The introduction of magnetic properties through incorporation with MNPs 

to produce hybrid materials has been employed to improve SBSE. This has 
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given way to a new technique, SBSDME, which is based on the combination of 

stir bar SBSE and DSPE, as described in section I.3.3.3. The use of MNPs in 

SBSDME holds great promise for sample preparation in terms of adsorption 

efficiency and time save. Moreover, SBSDME shows great versatility because 

MNPs can be selected depending on the analytes and samples (Benedé et al. 

2016). 

Following this way, in this chapter, MCNPs were used for the first time in 

SBSDME for the determination of nine PCBs in fruit juice samples.  
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VI.2. Chromatographic conditions 

A GC-MS system (as described in section II.3.4) was used. A 30 m HP-

5MS (J&W Scientific, Folsom, USA) fused silica capillary column (0.25 mm I.D., 

0.25 μm film thickness) was used for separation with helium as carrier gas at a 

flow rate of 1 mL min-1. The oven temperature program was: 100 °C (2 min) – 

5 °C min−1 – 180 °C (2 min) – 1.5 °C min−1 – 200 °C – 20 °C min−1 – 250 °C – 

30 °C min−1 – 280 °C (4 min) – 300 °C (20 min). The ionization was carried out 

by electronic impact at 70 eV. The selected ions for each PCB were as follows: 

m/z 256, 258 (PCB 28); m/z 290, 292 (PCB 52); m/z 326, 328 (PCB 101); m/z 

360, 362 (PCBs 138, 153 and 169); m/z 394, 396 (PCB 180); m/z 290, 292 

(PCB 77); m/z 326, 328 (PCB 126). 

VI.3. Results and discussion 

VI.3.1. Optimization of SBSDME parameters 

The parameters that affect the extraction of the nine target PCBs by 

SBSDME which were studied were amount of magnetic sorbent, in this case 

MCNPs, ionic strength, pH and stirring time. The parameters studied in back-

extraction were type of solvent and stirring time. The optimization was carried 

out with 5 mL of ultrapure water containing 10 ng mL-1 of all analytes. This 

solution was added to a beaker with 5 mg of MCNPs, diluted with ultrapure 

water to 50 mL and stirred for 5 min at room temperature with a 2 cm long x 0.7 

cm diameter stir bar. Medium/high stirring speed (ca. 700 rpm) was used to 

separate MCNPs from the stir bar and enable their dispersion into the solution, 

thereby facilitating the adsorption of the compounds. By stopping the stirring, 

MCNPs quickly returned on the stir bar. Then, the coated stir bar was 

transferred with plastic tweezers from the solution to a vial containing 3 mL of 

hexane and stirred for 3 min for the back-extraction of the analytes. The extract 

was transferred to a GC autosampler vial and injected into the GC-MS system. 

Each experiment was carried out in triplicate. 
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VI.3.1.1. Amount of MCNPs 

The first parameter to be optimized was the amount of sorbent because it 

has a direct effect on mass transfer. However, the limit is the amount that can 

be attached/detached completely in/from the stir bar in the working conditions. 

Different amounts of MCNPs ranging from 2.5 to 10 mg were used to extract 

the analytes. As shown in Fig. VI.1, ERs increased sharply along the interval 

tested in all cases, and 10 mg of sorbent provided the highest ERs (40 – 74 %). 

Although these ERs were not quantitative, 10 mg was selected for further 

experiments because, above this amount, incomplete attraction of MCNPs to 

the stir bar was observed. 

 

Fig. VI.1. Influence of the amount of MCNPs on extraction recovery of PCBs. Standard 
deviations (n = 3) are plotted as error bars. 
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VI.3.1.2. Ionic strength 

The addition of salt produces two opposite consequences in extraction. 

On one hand, it can increase extraction by enhancing the partitioning of the 

analytes onto the sorbent, that is the salting-out effect. On the other hand, it 

increases viscosity of the aqueous phase, which hinders mass transfer and, 

consequently, extraction decreases (Liao, Wang, and Luo 2014; Pérez et al. 

2016). The effect of ionic strength on the ERs was studied using NaCl within a 

concentration range of 0 – 10 % (w/v) and the results are shown in Fig. VI.2. 

As can be seen, the addition of NaCl has a negative effect on the ERs of all 

PCBs, which means that the increase in viscosity of the aqueous solution 

prevails over the salting-out effect. Therefore, the SBSDME process was 

carried out without addition of salt. 

 

Fig. VI.2. Influence of percentage of NaCl on extraction recovery of PCBs. Standard 
deviations (n = 3) are plotted as error bars. 
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VI.3.1.3. Effect of pH 

In general, pH of sample solution can affect extraction by changing the 

forms of the target compounds and the species and density of charges on the 

sorbent. In this case, the effect of pH on PCBs is expected to be limited because 

these compounds have no acid-base properties, but its influence on the sorbent 

should be assessed. Thus, extractions at pH 5, 7 and 9 were studied, and pH 

7 was selected as suitable. 

VI.3.1.4. Extraction time 

SBSDME is a time dependent process, so a sufficient stirring time is 

required to get maximum extraction. The effect of extraction time (stirring time) 

on ERs was investigated from 3 to 15 min. As can be seen in Fig. VI.3, the best 

ERs for all analytes were obtained at 10 min, while longer times did not improve 

the extraction. Therefore, this time was selected as optimum. 

Fig. VI.3. Influence of extraction time on extraction recovery of PCBs. Standard deviations (n 
= 3) are plotted as error bars. 
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VI.3.1.5. Back-extraction conditions 

The back-extraction of the analytes is affected by both the solvent type 

and the volume. The solvent has to be able to dissolve the analytes and be 

compatible with the following step, which is evaporation to dryness. In this case, 

hexane was selected because it meets both requirements. As for solvent 

volume, the minimum volume of hexane needed to immerse the MCNPs coated 

stir bar in the vial where back-extraction takes place was 3 mL, so this volume 

was selected as suitable. 

The stirring time for back-extraction is another key parameter to release 

the analytes from the MCNPs coated stir bar. Different stirring times (1.5, 3 and 

5 min) were studied and the results showed that, in general, ERs increase with 

stirring time and that the maximum ERs were obtained for 5 min (Fig. VI.4). 

Therefore, 5 min was selected as optimum time for back-extraction. 

Fig. VI.4. Influence of back-extraction time on extraction recovery of PCBs. Standard 
deviations (n = 3) are plotted as error bars. 
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VI.3.2. Optimum procedure of SBSDME 

The workflow of SBSDME with optimum conditions of parameters is 

depicted in Fig. VI.5. A volume of 5 mL of solution/sample was diluted with 

ultrapure water to 50 mL in a beaker with10 mg of MCNPs coating the stir bar 

and stirred for 10 min at 700 rpm to disperse the MCNPs into the solution. Once 

the stirring was finished, the MCNPs rapidly returned on the stir bar by magnetic 

attraction. Then, the coated stir bar was transferred with plastic tweezers from 

the solution to a vial containing 3 mL of hexane and stirred for 5 min at 700 rpm 

for back-extraction of the analytes. The extract was transferred to a GC 

autosampler vial, where it was evaporated to dryness with a nitrogen stream, 

reconstituted with 50 μL of hexane and injected into the GC-MS. 

 

Fig. VI.5. Scheme of the SBSDME analytical method based on MCNPs. 

 

VI.3.3. Reusability  

The reusability of the sorbent was evaluated by monitoring the ERs of the 

analytes during consecutive runs under the optimized conditions. The MCNPs 

coated stir bar was washed twice with hexane and dried at room temperature 

after each run before it was reused. The results showed that the sorbent can 

be reused at least 5 times without significant loss of the ERs (< 10 %) for all 

analytes. 
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VI.3.4. Analytical figures of merit 

The present method was characterized in terms of sensitivity, linearity and 

precision and the results are in Table VI.2. The LODs and LOQs of the method 

were calculated from a chromatogram corresponding to standard solution at 20 

ng mL-1 using a signal-to-noise ratio of three for LOD and ten for LOQ. 

Considering that PF is 100, the LODs and LOQs in juice were estimated to be 

in the range 2.1 – 54 ng L-1 and 7.0 – 180 ng L-1, respectively.  

The linearity range was established by injecting a series of standards at 

six levels from 10 to 1000 ng mL-1 of the target PCBs in the GC-MS. In all cases, 

R2 were close to 1 and the intercepts were statistically not different from zero 

according to Student’s t-test. As for precision, four replicates of 50 mL of a 

standard solution at 0.05 ng mL-1 of all PCBs were submitted to the SBSDME 

procedure in two consecutive days. In terms of RSDs, intra-day precision 

ranged from 1.7 % to 8.8 % and inter-day precision from 3.4 % to 9.3 %. 

 

Table VI.2. Analytical characterization of the method. RSDs for n = 4. 

PCB LOD/LOQ 

(ng L-1) 

Calibration curve R2 Precision (RSD, %)b 

Intra-day Inter-day 

28 4.1/13.7 A = 171.4c - 2124.9 0.9995 6.2 8.8 
52 5.4/18.0 A = 124.0c - 1431.5 0.9988 8.4 9.3 
101 10.5/35.0 A = 119.9c - 1871.8 0.9985 3.7 4.4 
153 48/160 A = 123.9c - 2935.9 0.9945 5.4 3.4 
138 5.9/19.8 A = 91.3c - 1199.2 0.9996 4.1 6.8 
180 3.6/12.0 A = 91.3c - 1923.2 0.9950 8.8 3.6 
77 54/180 A = 187.1c - 4275.8 0.9962 1.7 3.4 
126 10.5/35.0 A = 37.9c - 34.8 1.0000 4.7 6.5 
169 2.1/7.0 A = 154.8c - 3382.1 0.9947 7.2 6.3 

A: peak area (area units); c: concentration (ng mL-1). 
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VI.3.5. Application to juice samples 

The current method was applied to the determination of the nine target 

PCBs in commercial pineapple (n = 1) and orange (n = 5) juices. The 

concentrations of all analytes were below LODs in both samples. To evaluate 

the accuracy of the method, the samples were spiked at 1 and 2 ng mL-1 and 

submitted to analysis. ERs ranged from 70.4 % to 108.0 % with average EFs 

from 74.6 to 98.5, which were close to the PF (100) (Table VI.3).  

 

Table VI.3. Extraction recoveries as average ± standard deviation and average 

enrichment factors in juice samples spiked at 1 and 2 ng mL-1. 

PCB EF ER (%) at 1 ng mL-1 (n = 3)  ER (%) at 2 ng mL-1 (n = 3) 

Pineapple Orange Pineapple Orange 

28 87.0 87.8 ± 9.0 77.6 ± 5.5 87.0 ± 0.8 86.6 ± 8.6 
52 83.0 91.5 ± 5.7 82.7 ± 6.7 83.0 ± 4.9 87.5 ± 7.7 
101 98.0 97.0 ± 3.7 90.9 ± 6.8 98.6 ± 2.0 101.0 ± 6.7 
153 92.8 77.8 ± 8.7 81.9 ± 5.4 92.8 ± 5.8 83.1 ± 2.2 
138 98.2 98.7 ± 9.3 86.2 ± 9.4 98.2 ± 3.2 89.7 ± 6.2 
180 74.6 74.9 ± 6.1 98.3 ± 8.0 74.6 ± 6.1 70.4 ± 7.6 
77 90.3 92.9 ± 0.5 90.8 ± 5.3 90.3 ± 0.4 86.8 ± 9.3 
126 86.5 108.0 ± 2.7 106.1 ± 7.3 86.5 ± 1.3 84.0 ± 9.1 
169 86.5 78.1 ± 5.8 79.8 ± 4.9 86.5 ± 10.3 90.4 ± 10.0 
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As an example, Fig. VI.6 shows the chromatograms of a non-spiked 

pineapple juice sample and a spiked one at 1 ng mL-1. 

Fig. VI.6. Chromatogram of pineapple juice non-spiked (dashed line) and spiked at 1 ng mL-1 
(solid line) after the SBSDME process. 

 

VI.3.6. Comparison with literature 

Different magnetic NMs have been used as sorbents for the determination 

of trace levels of PCBs in water samples, such as molecular organic 

frameworks (Chen et al. 2013), carbon based materials (Cao et al. 2013; Zhang 

et al. 2015), fatty acids (Pérez et al. 2015), aliphatic chains (Fan et al. 2017) 

and others (Li et al. 2016; Liao et al. 2014; Qin et al. 2018). Nevertheless, to 

our best knowledge, there is only one paper reporting a method to determine 

PCBs in juice samples, in which oleate modified magnetite NPs were used 

(Pérez et al. 2016). In that method, 100 mg of magnetic sorbent were used for 

the determination of indicator PCB congeners, and LODs and LOQs in the 

range of ng L-1 were achieved with a triple quadrupole MS/MS instrument. In 

the present work, the amount of sorbent was lower, 10 mg, three dioxin-like 

congeners (PCBs 77, 126 and 169) apart from 6 indicator congeners were 
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determined, and LODs and LOQs in the same range, ng L-1, have been 

achieved with a simpler instrument, a single quadrupole MS. 

VI.4. Conclusion 

In this work, MCNPs have been used as sorbents in SBSDME for the first 

time as sample preparation strategy. MCNPs provide excellent sorbent 

properties, the raw material is cheap and comes from renewable sources. The 

main advantages of SBSDME are low extraction times, easy extraction and 

back-extraction, decrease in the manual intervention and the ability to select 

sorbent coatings depending on the application. Therefore, the use of MCNPs 

in SBSDME shows a high potential for a wide range of analytes. 

This approach has been applied to the extraction and preconcentration of 

nine PCBs in juice samples. Up to present, literature about this topic using 

magnetic extraction techniques is scarce. Under the optimized conditions, the 

developed method showed a wide linearity range, adequate EFs, low limits of 

detection and quantitative extraction recoveries. Thus, it is a competitive and 

advantageous alternative to traditional techniques used for preconcentration of 

these compounds. 

 

 

 

 

 

 

 

 

 



203 
 
 

 

 

References 

Benedé, Juan L., Alberto Chisvert, Dimosthenis L. Giokas, and Amparo 
Salvador. 2016. “Determination of Ultraviolet Filters in Bathing Waters by 
Stir Bar Sorptive–dispersive Microextraction Coupled to Thermal 
Desorption–gas Chromatography–mass Spectrometry.” Talanta 147:246–
52. 

Boas, Malene, Ulla Feldt-Rasmussen, and Katharina M. Main. 2012. “Thyroid 
Effects of Endocrine Disrupting Chemicals.” Molecular and Cellular 
Endocrinology 355(2):240–48. 

Borja, Josephine, Donna Marie Taleon, Joseph Auresenia, and Susan 
Gallardo. 2005. “Polychlorinated Biphenyls and Their Biodegradation.” 
Process Biochemistry 40(6):1999–2013. 

Cao, Xiaoji, Jiaoyu Chen, Xuemin Ye, Feifei Zhang, Lingxiao Shen, and Weimin 
Mo. 2013. “Ultrasound-Assisted Magnetic SPE Based on Fe3O 4-Grafted 
Graphene for the Determination of Polychlorinated Biphenyls in Water 
Samples.” Journal of Separation Science 36(21–22):3579–85. 

Chen, Xiangfeng, Ning Ding, Hao Zang, Hoisze Yeung, Ru Song Zhao, 
Chuange Cheng, Jianhua Liu, and T. W. Domini. Chan. 2013. 
“Fe3O4@MOF Core-Shell Magnetic Microspheres for Magnetic Solid-
Phase Extraction of Polychlorinated Biphenyls from Environmental Water 
Samples.” Journal of Chromatography A 1304:241–45. 

Fan, Yu-Han, Shou-Wen Zhang, Shi-Bin Qin, Xiao-Shui Li, Yuan Zhang, and 
Shi-Hua Qi. 2017. “Facile Preparation of Hexadecyl-Functionalized 
Magnetic Core-Shell Microsphere for the Extraction of Polychlorinated 
Biphenyls in Environmental Waters.” Analytical and Bioanalytical 
Chemistry 409(13):3337–46. 

Faroon, Obaid, Dennis Jones, and Christopher D. E. Rosa. 2000. “Effects of 
Polychlorinated Biphenyls on the Nervous System 2.” Toxicology and 
Industrial Health 16:305–33. 

Hu, Cong, Man He, Beibei Chen, and Bin Hu. 2013. “A Sol–gel 
Polydimethylsiloxane/Polythiophene Coated Stir Bar Sorptive Extraction 
Combined with Gas Chromatography-Flame Photometric Detection for the 
Determination of Organophosphorus Pesticides in Environmental Water 
Samples.” Journal of Chromatography A 1275:25–31. 

Hu, Jia, Yanyan Li, Wei Zhang, Huili Wang, Changjiang Huang, Minghua 
Zhang, and Xuedong Wang. 2009. “Short Communication Dispersive 
Liquid-Liquid Microextraction Followed by Gas Chromatography – Electron 
Capture Detection for Determination of Polychlorinated Biphenyls in Fish.” 
Separation Science 32:2103–8. 

Jensen, Tina K., Amalie G. Timmermann, Laura I. Rossing, Mathias Ried-



204 
 
 

 

 

Larsen, Anders Grøntved, Lars B. Andersen, Christine Dalgaard, Oluf H. 
Hansen, Thomas Scheike, Flemming Nielsen, and Philippe Grandjean. 
2014. “Polychlorinated Biphenyl Exposure and Glucose Metabolism in 9-
Year-Old Danish Children.” The Journal of Clinical Endocrinology & 
Metabolism 99(12):E2643–51. 

Kim, Mee Kyung, Sooyeon Kim, Seonjong Yun, Myoungheon Lee, Byunghoon 
Cho, Jongmyung Park, Seongwan Son, and Okkyung Kim. 2004. 
“Comparison of Seven Indicator PCBs and Three Coplanar PCBs in Beef, 
Pork, and Chicken Fat.” Chemosphere 54(10):1533–38. 

Lei, Yun, Man He, Beibei Chen, and Bin Hu. 2016. “Polyaniline/Cyclodextrin 
Composite Coated Stir Bar Sorptive Extraction Combined with High 
Performance Liquid Chromatography-Ultraviolet Detection for the Analysis 
of Trace Polychlorinated Biphenyls in Environmental Waters.” Talanta 
150:310–18. 

Li, Qiu Lin, Lei Lei Wang, Xia Wang, Ming Lin Wang, and Ru Song Zhao. 2016. 
“Magnetic Metal-Organic Nanotubes: An Adsorbent for Magnetic Solid-
Phase Extraction of Polychlorinated Biphenyls from Environmental and 
Biological Samples.” Journal of Chromatography A 1449:39–47. 

Liao, Qie Gen, Dong Gen Wang, and Lin Guang Luo. 2014. “Chitosan-Poly(m-
Phenylenediamine)@Fe3O4 Nanocomposite for Magnetic Solid-Phase 
Extraction of Polychlorinated Biphenyls from Water Samples.” Analytical 
and Bioanalytical Chemistry 406(29):7571–79. 

Ozcan, Senar. 2011. “Analyses of Polychlorinated Biphenyls in Waters and 
WasteOzcan, Senar. 2011. ‘Analyses of Polychlorinated Biphenyls in 
Waters and Wastewaters Using Vortex-Assisted Liquid-Liquid 
Microextraction and Gas Chromatography-Mass Spectrometry.’ Journal of 
Separat.” Journal of Separation Science 34(5):574–84. 

Peng, Xi Tian, Li Jiang, Yan Gong, Xi Zhou Hu, Li Jun Peng, and Yu Qi Feng. 
2015. “Preparation of Mesoporous ZrO2-Coated Magnetic Microsphere 
and Its Application in the Multi-Residue Analysis of Pesticides and PCBs 
in Fish by GC-MS/MS.” Talanta 132:118–25. 

Pérez, Rosa Ana, Beatriz Albero, José Luis Tadeo, Encarnación Molero, and 
Consuelo Sánchez-Brunete. 2015. “Application of Magnetic Iron Oxide 
Nanoparticles for the Analysis of PCBs in Water and Soil Leachates by 
Gas Chromatography-Tandem Mass Spectrometry.” Analytical and 
Bioanalytical Chemistry 407(7):1913–24. 

Pérez, Rosa Ana, Beatriz Albero, José Luis Tadeo, and Consuelo Sánchez-
Brunete. 2016. “Oleate Functionalized Magnetic Nanoparticles as Sorbent 
for the Analysis of Polychlorinated Biphenyls in Juices.” Microchimica Acta 
183(1):157–65. 

Prieto, A., N. Etxebarria, O. Zuloaga, L. A. Fernández, O. Telleria, and A. 



205 
 
 

 

 

Usobiaga. 2008. “Simultaneous Preconcentration of a Wide Variety of 
Organic Pollutants in Water Samples.” Journal of Chromatography A 
1214(1–2):1–10. 

Qin, Shi Bin, Yu Han Fan, Xiao Shui Li, Yuan Zhang, and Shi Hua Qi. 2018. 
“Rapid Preparation of Methyltrimethoxy-Modified Magnetic Mesoporous 
Silica as an Effective Solid-Phase Extraction Adsorbent.” Journal of 
Separation Science 41(3):669–77. 

Sapozhnikova, Yelena and Steven J. Lehotay. 2013. “Multi-Class, Multi-
Residue Analysis of Pesticides, Polychlorinated Biphenyls, Polycyclic 
Aromatic Hydrocarbons, Polybrominated Diphenyl Ethers and Novel 
Flame Retardants in Fish Using Fast, Low-Pressure Gas Chromatography-
Tandem Mass Spectrometry.” Analytica Chimica Acta 758:80–92. 

Szymczyk, K., M. Rzepkowska, A. Szterk, M. Roszko, M. W. Obiedzin, and 
Toxic Substances. 2013. “Seasonal and Geographical Variations in Levels 
of Polychlorinated Biphenyls ( PCB ) and Polybrominated Diphenyl Ethers 
( PBDE ) in Polish Butter Fat Used as an Indicator of Environmental 
Contamination.” Food Additives & Contaminants 30(1):181–201. 

Tölgyessy, Peter, Branislav Vrana, and Katarína Šilhárová. 2013. “An Improved 
Method for Determination of Polychlorinated Biphenyls and 
Polybrominated Diphenyl Ethers in Sediment by Ultrasonic Solvent 
Extraction Followed by Stir Bar Sorptive Extraction Coupled to TD-GC-
MS.” Chromatographia 76(3–4):177–85. 

Varjani, Sunita J., Edgard Gnansounou, and Ashok Pandey. 2017. 
“Comprehensive Review on Toxicity of Persistent Organic Pollutants from 
Petroleum Re Fi Nery Waste and Their Degradation by Microorganisms.” 
Chemosphere 188:280–91. 

Ward, Mary H., Joanne S. Colt, Catherine Metayer, Robert B. Gunier, Jay 
Lubin, Vonda Crouse, Marcia G. Nishioka, Peggy Reynolds, and Patricia 
A. Buffler. 2009. “Residential Exposure to Polychlorinated Biphenyls and 
Organochlorine Pesticides and Risk of Childhood Leukemia.” 
Environmental Health Perspectives 117(6):1007–13. 

Westbom, Rikard, Lars Thörneby, Saioa Zorita, Lennart Mathiasson, and 
Erland Björklund. 2004. “Development of a Solid-Phase Extraction Method 
for the Determination of Polychlorinated Biphenyls in Water.” Journal of 
Chromatography A 1033(1):1–8. 

Wu, Ye Yu, Cheng Xiong Yang, and Xiu Ping Yan. 2014. “Fabrication of Metal-
Organic Framework MIL-88B Films on Stainless Steel Fibers for Solid-
Phase Microextraction of Polychlorinated Biphenyls.” Journal of 
Chromatography A 1334:1–8. 

Zeng, Shaolin, Yuting Cao, Weiguo Sang, Tianhua Li, Ning Gan, and Lei 
Zheng. 2012. “Enrichment of Polychlorinated Biphenyls from Aqueous 



206 
 
 

 

 

Solutions Using Fe 3 O 4 Grafted Multiwalled Carbon Nanotubes with Poly 
Dimethyl Diallyl Ammonium Chloride.” 6382–98. 

Zhang, Jiabin, Ning Gan, Muyun Pan, Saichai Lin, Yuting Cao, Dazhen Wu, 
and Nengbing Long. 2015. “Separation and Enrichment of Six Indicator 
Polychlorinated Biphenyls from Real Waters Using a Novel Magnetic 
Multiwalled Carbon Nanotube Composite Absorbent.” Journal of 
Separation Science 38(5):871–82. 

Zhang, Zulin, Jun Huang, Gang Yu, and Huasheng Hong. 2004. “Occurrence 
of PAHs, PCBs and Organochlorine Pesticides in the Tonghui River of 
Beijing, China.” Environmental Pollution 130(2):249–61. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



207 
 
 

 

 

 CONCLUSIONS / CONCLUSIONES 

 

“After a certain high level of technical skill is achieved, 

science and art tend to coalesce in esthetics, 

plasticity and form. The greatest scientists are artists 

as well.” 

                                              Albert Einstein 

 

The research developed in this Doctoral Thesis is focused on the 

development and validation of sample preparation methods with new 

techniques for the determination of compound of interest in the environmental 

and clinical fields. 

The conclusions of this work have been compiled taking into account 

their general and specific connotations.  
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General conclusions 

The main achievement of this Doctoral Thesis has been to provide new 

analytical methodologies for sample preparation in the environmental and 

clinical fields. This has been achieved with new (nano)materials, which offer 

exceptional properties as solvents and sorbents, some of them giving way to 

new analytical techniques. The clean-up and enrichment of analytes have 

improved in such a way that the analytical properties of sensitivity and 

selectivity of these new methodologies are better than in the ones reported 

previously. Moreover, a special effort has been made to seek cost-effective and 

environmentally friendly approaches through low solvent consumption and the 

reuse of sorbents, some of them coming from renewable sources. 

Specific conclusions 

• Ionic liquid dispersive liquid-liquid microextraction combined with LC-

UV-Vis for the fast and simultaneous determination of cortisone and 

cortisol in human saliva samples. 

Ionic liquid dispersive liquid–liquid microextraction was used for the first 

time for the extraction and pre-concentration of cortisone and cortisol 

from human saliva samples. This approach allows the determination of 

both compounds by LC-UV-Vis/FLD at physiological levels, presenting 

several advantages including fewer sample preparation steps, faster 

sample throughput, ease of performance compared to traditional 

methodologies and no need for sophisticated instrumentation. In 

addition, this method can be considered as environmentally friendly due 

to the use of IL and the little amount of organic solvent per sample. 

• Magnetic cellulose nanoparticles coated with ionic liquid as a new 

material for the simple and fast monitoring of emerging pollutants in 

waters by magnetic solid phase extraction. 

A rapid and sensitive procedure for magnetic solid phase extraction 

based on magnetic cellulose nanoparticles coated with 1-butyl-3 

methylimidazolium hexafluoro phosphate ionic liquid as sorbent material 



210 
 
 

 

 

for the determination paracetamol, ibuprofen, naproxen and diclofenac 

in natural waters has been developed. In the presented approach, the 

modification of the magnetic material is generated in a simple manner 

thanks to the electrostatic interaction between magnetic cellulose 

nanoparticles and the ionic liquid. The results have demonstrated that 

this method is sensitive, efficient, easy to operate and environmentally 

friendly because MCNPs come from a renewable material, the IL is not 

toxic, the sorbent is reusable and little volume of organic solvent is 

required. 

• Magnetic multi-walled carbon nanotubes as a valuable option for the 

preconcentration of non-steroidal anti-inflammatory drugs in water. 

A new application of magnetic nanoparticles modified with pristine multi-

walled carbon nanotubes as sorbents in a magnetic solid phase 

extraction method for sample pre-concentration of ibuprofen, naproxen 

and diclofenac in natural water samples before HPLC–UV-Vis/ 

determination has been developed. The method is a simple due to the 

fact that the synthesis and functionalization of the sorbent are achieved 

in one single step. Moreover, the low amount of the sorbent and its 

reusability improves the method economy and makes it more 

environmentally friendly. 

• Bar adsorptive microextraction coated with multi-walled carbon 

nanotube phases - Application for trace analysis of pharmaceuticals in 

environmental water matrices. 

The combination of bar adsorptive microextraction, using multi-walled 

carbon nanotubes as sorbent phase for the first time, and liquid 

desorption followed by HPLC-DAD was successfully applied for the 

analysis of trace levels of ketoprofen, diclofenac, gemfibrozil and 

mefenamic acid in water samples of diverse nature. This new analytical 

approach allows adequate pre-concentration factors, is easy to operate, 

cost-effective and environmentally friendly because it requires little 

amount of organic solvent and sorbent material. 
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• Simple and rapid procedure for the simultaneous extraction and pre-

concentration of mercury species using magnetic cellulose 

nanoparticles. 

Magnetic cellulose nanoparticles have been successfully used for the 

first time for mercury speciation analysis in water samples. The 

developed magnetic solid phase extraction method enables the 

simultaneous extraction and pre-concentration of monomethylmercury 

and inorganic mercury. This approach offers several advantages 

compared to the similar methods in terms of low consumption of 

reagents, good anti-interference ability and the use of a reusable and 

environmentally friendly sorbent that can be easily synthetized. 

• Magnetic cellulose nanoparticles as sorbents for stir bar-sorptive 

dispersive microextraction of polychlorinated biphenyls in juice samples. 

Magnetic cellulose nanoparticles were incorporated to stir bar-sorptive 

dispersive microextraction for the first time. The method was applied to 

the determination of polychlorinated biphenyls in fruit juice samples prior 

to gas chromatography–mass spectrometry with adequate enrichment 

and quantitative recoveries. This approach features a highly reduced 

manual intervention and it is environmentally friendly as sorbents come 

from renewable source.  

To conclude, the author has achieved the aims set and showing the 

applicability of the methods developed and validated. 
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Conclusión general 

El principal logro de esta tesis doctoral ha sido proporcionar nuevas 

metodologías analíticas para la preparación de muestra en los campos 

medioambiental y clínico. Ello se ha conseguido con nuevos (nano)materiales, 

que presentan propiedades excepcionales como adsorbentes y disolventes, 

dando lugar alguno de ellos a nuevas técnicas analíticas. La purificación y 

preconcentración de analitos ha mejorado de tal manera que las propiedades 

analíticas de sensibilidad y selectividad de estas metodologías son mejores 

que en métodos descritos previamente en bibliografía. Además, se ha puesto 

un especial énfasis en buscar la economía y el respeto por el medio ambiente 

en los desarrollos de esta tesis mediante el uso de bajos volúmenes de 

disolventes y la reutilización de adsorbentes, algunos de los cuales proceden 

de fuentes renovables. 

Conclusiones específicas 

• La microextracción líquido-líquido dispersiva con líquido iónico se ha 

usado por primera vez para la extracción y preconcentración de 

cortisona y cortisol en muestras de saliva humana. Esta estrategia 

permite la determinación de ambos compuestos LC-UV-Vis a niveles 

fisiológicos, presentando varias ventajas como la disminución en el 

número de etapas en la preparación de muestra y facilidad de manejo 

en comparación con otras metodologías. Además, este método se 

puede considerer respetuoso con el medio ambiente debido al uso del 

líquido iónico y la poca cantidad de disolvente orgánico necesaria por 

muestra. 

• Se ha desarrollado y validado un método sensible y rápido basado en 

extración en fase sólida magnética con nanopartículas magnéticas de 

celulosa modificadas con líquido iónico para la determinación de 

paracetamol, ibuprofeno, naproxeno y diclofenaco en aguas de diversa 

naturaleza. En este método, la modificación del material magnético se 

realiza de una manera simple gracias a la interacción electrostática 
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entre la celulosa magnética y el líquido iónico, que evita largos procesos 

en su anclaje. Los resultados han demostrado que este método es 

sensible, eficiente y fácil de manejar, no requiere equipamiento 

específico y es respetuoso con el medio ambiente porque las 

nanopartículas magnéticas de celulosa se generan a partir de un 

material renovable, el líquido iónico no es tóxico, el adsorbente 

resultante se puede reutilizar y se requiere tan solo un pequeño volumen 

de disolvente orgánico. 

• Se ha desarrollado una nueva aplicación de las nanopartículas 

magnéticas modificadas con nanotubos de carbono como adsorbents 

en un método por extracción en fase sólida magnética para la extracción 

y preconcentración ibuprofeno, naproxeno y diclofenaco en aguas de 

diversa naturaleza. La determinación se ha llevado a cabo mediante 

HPLC con detección UV-Vis y fluorescencia. El método es simple 

porque la síntesis y funcionalización del adsorbente se consigue en un 

solo paso. Además, la baja cantidad de adsorbente utilizado y su 

reusabilidad mejoran la economía del método y lo hacen respetuoso con 

el medio ambiente. 

• La microextracción por adsorción en barra agitadora utilizando 

nanotubos de carbono de pared multiple como adsorbente en 

combinación con microdesorción con disolvente orgánico se ha usado 

por primera vez para la determinación de ketoprofeno, diclofenaco, 

gemfibrozilo y ácido mefenámico en muestras de aguas de diversa 

naturaleza. Esta nueva estrategia analítica permite obtener factores de 

preconcentración adecuados, facilidad de manejo, ecoomía de uso y 

además es respetuosa con el medio ambiente por la baja cantidad de 

disolvente orgánico y de material adsorbente. 

• Las nanopartículas magnéticas de celulosa se han utilizado por primera 

vez para el análisis de especiación de mercurio en muestras de agua. 

El método de extracción en fase sólida magnética puesto a punto 

permite la extracción y preconcentración de monometilmercurio y 
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mercurio inorgánico de manera simultánea. Esta estrategia ofrece 

varias ventajas en comparación con métodos similares en lo que 

concierne a bajo consume de reactivos, capacidad de evitar los efectos 

de las posibles interferencias y en la reutilización del adsorbente, que 

se puede sisntetizar de manera relativamente sencilla y además 

procede de una fuente removable. 

• Por primera vez, las nanopartículas magnéticas de celulosa se han 

incorporado como adsorbentes en microextracción dispersiva por 

adsorción en barra agitadora. El método se ha aplicado a la extracción 

y preconentración de bifenilos policlorados en zumos de fruta antes de 

su determinación mediante cromatografía de gases acoplada a 

espectrometría de masas. Además de un enriquiecimiento adecuado y 

unas recuperaciones cuantitativas, esta estrategia presenta una 

reducida intervención manual y es respetuosa con el medio ambiente al 

utilizar adsorbents que se pueden reutilizar y que se pueden obtener de 

una fuente removable. 
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