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“Come as you are, as you were 

As I want you to be 

As a friend, as a friend 

As an old enemy 

Take your time, hurry up 

Choice is yours, don't be late 

Take a rest as a friend 

As an old memoria” 

 

Nirvana (Nevermind, 1991) 
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ABSTRACT 

 Water is essential for humankind not only for its direct consumption but also for 

its multiple applications in industry or agriculture, among others. The presence of 

undesirable substances or pollutants directly affects its quality. Therefore, it is of 

paramount importance to develop analytical methodologies which permit the detection 

and/or quantification of different species or compounds that can restrict their usage. 

 The research presented in this thesis is focused on the design, preparation and 

characterization of new analytical methodologies based on functionalized membranes for 

the preconcentration and speciation of pollutants in the aqueous environment. 

 Frequently, the direct analysis of environmental samples cannot be achieved due 

to the high complexity of the matrix, or because the concentration of the different 

compounds is found below the technique’s detection limit. Thus, a previous 

preconcentration step is needed that allows separation and/or preconcentration in order to 

remove interferences and/or improve compound detection at low levels. It is also 

important to obtain information about the different chemical species present in the 

sample, as toxicity is often species-related. The design of devices which allow the 

miniaturization and automation of the whole process as well as enabling in situ analysis 

is also relevant. 

 Taking into account all the aforementioned aspects, in this thesis we have 

developed simple and innovative analytical methods based on polymer inclusion 

membranes (PIMs) for water sample treatment in order to facilitate its analysis. Hence, 

we have developed a PIM-based device, using Aliquat 336 as the carrier, which has 

allowed satisfactory arsenate determination in groundwater samples. Besides, an 

analogous membrane has been coupled into a flow analysis system allowing the online 

detection and determination of arsenate. Furthermore, the use of a commercial sorbent 

based on titanium dioxide, named Adsorbsia As600, has been explored and has shown 

great retention capacity towards both inorganic arsenic species. The use of minicolumns 

embedded with this sorbent has facilitated the detection of total arsenic in water samples. 

 We have focused not only on the preparation of PIMs but also on the 

characterization of physicochemical and electrochemical properties by modifying the 

ionic liquid (IL), using Aliquat 336 as a carrier. Depending on the hydrophilic nature of 

the membrane, the results have shown a direct impact on its efficiency in transport 

systems. Furthermore, in order to reduce the impact on the environment, a new PIM 
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preparation methodology has been developed that avoids the use of harmful solvents and 

at the same time uses polymers from renewable or biodegradable sources for the first 

time. 

 PIMs containing D2EHPA as the carrier, have been used as an emerging technique 

to conduct zinc speciation studies from a nutrient solution. Results have shown that the 

metal flow through the membrane is proportional to its free fraction, despite the presence 

of various organic ligands. Moreover, we have related PIM results with the internalization 

of metal in the roots of potato plants (Solanum tuberosum), showing that different 

processes intervene in the internalization of metal in plants that are not observed in 

chemical systems. 

 Finally, another innovative application of PIMs has been presented based on its 

satisfactory use as a sorbent for the preconcentration of three pesticides. The membrane 

used is only made up of polymer and plasticizer, without the addition of a carrier agent. 

This analytical methodology has facilitated the analysis of pesticides at trace levels in 

river water samples. 
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RESUM 

L’aigua és un bé essencial i necessari per la humanitat, no només pel seu consum 

directe, sinó també pel seus usos industrials o agrícoles, entre d'altres. La presència de 

substàncies no desitjables o contaminants afecta directament la seva qualitat. Cal doncs, 

disposar de metodologies analítiques que permetin la seva anàlisi per tal de detectar i/o 

quantificar diferents espècies o compostos que poden limitar el seu ús.  

La investigació que es presenta en aquesta tesi es centra en el disseny, la 

preparació i caracterització de noves metodologies analítiques basades en membranes 

funcionalitzades per a la preconcentració i l’especiació de contaminants al medi aquós. 

Freqüentment, l'anàlisi directe de mostres ambientals no es pot dur a terme, ja 

sigui degut a la complexitat de la matriu o bé perquè la concentració dels compostos 

d'interès a analitzar, es troba per sota del límit de detecció de la tècnica. Per això, és 

necessària una etapa prèvia que permeti la separació i/o preconcentració per tal d'eliminar 

les interferències i/o millorar la seva detecció a nivells baixos de concentració. D'altra 

banda, també es important obtenir informació sobre les diferents espècies químiques 

presents a la mostra, ja que sovint la toxicitat hi està estretament relacionada. A més, es 

important dissenyar dispositius que permetin la miniaturització i automatització dels 

processos i que també permetin l'anàlisi in situ. 

Tenint en compte tots els aspectes anteriorment anomenats, en aquesta tesi s’han 

desenvolupat mètodes analítics simples i innovadors basats en membranes d'inclusió 

polimèrica (PIMs) per al tractament de mostres d’aigua per tal de facilitar-ne la seva 

anàlisi. Així, s’ha desenvolupat un dispositiu basat en PIM, utilitzant Aliquat 336 com a 

agent portador, el qual ha permès la satisfactòria determinació d'arsenat en aigües 

subterrànies. També, una membrana similar s'ha acoblat en un sistema d'anàlisi en continu 

permetent la detecció i determinació online d'arsenat. D’altra banda, s'ha explorat la 

utilització d’un sorbent comercial basat en diòxid de titani, anomenat Adsorbsia As600, 

el qual ha demostrat una gran capacitat per la retenció d’ambdues formes d'arsènic 

inorgàniques. Així, utilitzant minicolumnes amb aquest sorbent s’ha facilitat la detecció 

d’arsènic total en mostres d’aigua. 

S’ha fet èmfasi en la preparació de PIMs així com en la caracterització de les 

propietats fisicoquímiques i electroquímiques tot modificant el líquid iònic (LI), Aliquat 

336  utilitzat com a agent portador. Els resultats obtinguts han demostrat que en funció el 

caràcter hidrofílic de la membrana té un impacte directe sobre la seva eficàcia en sistemes 
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de transport. També, per tal de reduir l'impacte sobre el medi ambient, s’ha desenvolupat 

una nova metodologia de preparació de PIMs que evita l’ús de dissolvents nocius i a la 

vegada s'han utilitzat, per primera vegada, polímers de fonts renovables o biodegradables.  

Es presenta també l’ús de PIMs, contenint D2EHPA com a agent extractant, com 

a tècnica emergent per realitzar estudis d’especiació de zinc contingut en una dissolució 

nutrient. Els estudis han demostrat que el flux de metall a través de la membrana és 

proporcional a la fracció lliure d'aquest, tot i la presència de diversos lligands orgànics. 

Tanmateix, els resultats obtinguts amb PIM s'han relacionat amb la internalització de 

metall a les arrels de plantes de patata (Solanum tuberosum), demostrant que diferents 

processos intervenen en la internalització de metall a les plantes els quals no s'observen 

en sistemes químics. 

Finalment,  s'ha presentat una altra innovadora aplicació de les PIMs basada en la 

seva satisfactòria utilització com a sorbent per a la preconcentració de tres pesticides. La 

membrana utilitzada només està constituïda de polímer i plastificant, sense l'addició d'un 

agent portador. Aquesta metodologia analítica ha facilitat l'anàlisi de pesticides a nivells 

traça en mostres d’aigua de riu. 
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RESUMEN 

El agua es un bien preciado y necesario para la humanidad, no solo por su 

consumo directo sino también por sus usos industriales o agrícolas, entre otros. La 

presencia de substancias no deseadas o contaminantes afecta directamente a su calidad. 

Por ello, se necesitan metologías analíticas que permitan su análisis para poder detectar 

y/o cuantificar las diferentes especies o compuestos que puedan limitar su uso. 

La investigación que se presenta en esta tesis se centra en el diseño, la preparación 

y caracterización de nuevas metodologías analíticas basadas en membranas 

funcionalizadas para la preconcentración y especiación de contaminantes en medio 

acuoso. 

Frecuentemente, el análisis directo de muestras ambientales no se puede llevar a 

cabo, debido a una alta complejidad de la matriz o bien porque la concentración de los 

compuestos de interés a ser analizados se encuentra por debajo del límite de detección de 

la técnica. Por ello, es necesaria una etapa previa que permita la separación y/o 

preconcentración para poder eliminar las interferencias y/o mejorar su detección a niveles 

bajos de concentración. Por otra parte, también es importante obtener información sobre 

las diferentes especies químicas presentes en la muestra, ya que la toxicidad está 

estrechamente relacionada en función de la especie. Además, es importante diseñar 

dispositivos que permitan la miniaturización y automatización de los procesos y que 

también permitan el análisis in situ. 

Teniendo en cuenta todos los aspectos anteriormente mencionados, en esta tesis 

se han desarrollado métodos analíticos simples e innovadores basados en membranas de 

inclusión polimérica (PIM) para el tratamiento de muestra de agua con el fin de facilitar 

su análisis. De este modo se ha desarrollado un dispositivo basado en PIM, utilizando 

Aliquat 336 como agente portador, el cual ha permitido la satisfactoria determinación de 

arsenato en aguas subterráneas. También, una membrana similar ha sido acoplada en un 

sistema de análisis en continuo permitiendo la detección y determinación online de 

arsenato. Por otra parte, se ha explorado la utilización de un adsorbente comercial basado 

en dióxido de titanio, llamado Adsorbsia As600, el cual ha demostrado una alta capacidad 

para la retención de ambas formas inorgánicas de arsénico. De este modo, la utilización 

de minicolumnas conteniendo el adsorbente han facilitado la detección de arsénico total 

en muestras de agua. 
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Se ha hecho énfasis en la preparación de PIMs así como en la caracterización de 

las propiedades fisicoquímicas y electroquímicas mediante la modificación del líquido 

iónico (LI), Aliquat 336, utilizado como agente portador. Los resultados obtenidos han 

demostrado que en función del carácter hidrofílico de la membrana, este afecta 

directamente a su eficacia en sistemas de transporte. También, por tal de reducir el 

impacto sobre el medio ambiente, se ha desarrollado una nueva metodología de 

preparación de PIMs que evita la utilización de disolventes nocivos y a su vez utiliza por 

primera vez, polímeros de fuentes renovables o biodegradables. 

Se presenta también el uso de PIMs, conteniendo D2EHPA como agente 

extractante, como técnica emergente para la realización de estudios de especiación de 

zinc en disoluciones nutrientes. Los estudios han demostrado que el flujo de metal a través 

de la membrana es proporcional a la fracción libre de este, aun con la presencia de 

diversos ligandos orgánicos. Del mismo modo, los resultados obtenidos con PIM se han 

relacionado con la internalización de metal en raíces de plantas de patata (Solanum 

tuberosum), demostrando que diferentes procesos intervienen en la internalización de 

metal en las plantas los cuales no se observan en sistemas químicos. 

Finalmente, se ha presentado otra innovadora aplicación de las PIMs basada en su 

satisfactoria utilización como adsorbente para la preconcentración de tres pesticidas. La 

membrana utilizada solo está formada por polímero y plastificante, sin la adición de un 

agente portador. Esta metodología analítica ha facilitado el análisis de pesticidas a 

concentraciones traza en muestras de agua de río. 
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Water is essential for humankind and its management throughout history has 

contributed to the development of our society. As one of our principal resources, its 

supply must be kept at a satisfactory level to avoid major impacts on people’s well-being 

[1]. Nevertheless, an ever-increasing world population as well as industrial growth and 

development, have led to considerable pressure on the environment, threatening the 

integrity of freshwater resources. There is a finite supply of freshwater and only less than 

a half of one percent of all the water on earth is available, the largest reserve being 

groundwater. The remaining amount is seawater, stored frozen in polar ice or too 

inaccessible for practical usage [2]. Moreover, accessibility to clean water has been 

considered by organizations such as United Nations Children’s Fund (UNICEF), the 

United Nations (UN) and the World Health Organization (WHO) as one of the biggest 

challenges of this century. In July 2010, the UN General Assembly recognized the human 

right to water and sanitation. Every human being should have access to enough water, 

which must be safe, acceptable, affordable and physically accessible [3,4]. 

Water scarcity can be defined as a situation in which insufficient water resources 

are available to satisfy long-term average requirements and similarly [5] as the 

overexploitation of water resources when demand for water is higher than water 

availability [6]. Nearly 20% of the world’s population (1.2 billion people) live in areas of 

physical water scarcity [7] and this has an important impact on the socio-economic 

development and prosperity in many different countries [8]. Indeed, water is 

progressively being degraded in terms of quality, increasing the cost of treatment and 

threatening human and ecosystem health [7].  

 Safe drinking water, as defined by the WHO, is one that does not represent any 

significant risk to health over a lifetime of consumption, including different sensitivities 

that may occur at different life stages, such as infancy, early childhood or old age [9]. 

Therefore, one of the target goals of WHO included in the 2030 agenda for drinking water 

is to improve water quality by reducing pollution, eliminating dumping and minimizing 

the release of hazardous chemicals and materials, with the aim of reducing by half the 

proportion of untreated wastewater and substantially increasing recycling and safe reuse 

globally [10].  

Waters must be free from pathogens and elevated levels of harmful pollutants in 

order to be considered safe for drinking purposes. At a global scale, the faecal matter 

(microbial contamination) and the amount of arsenic and fluoride are the highest priority 

parameters regarding the risk to human health [10]. Microbial contamination is a 



Chapter 1 – General Introduction 

 12 

 

universal concern, whereas the risk of contamination with arsenic and fluoride is greater 

in some parts of the world than others. Several countries have adopted national drinking 

water quality standards aligned with the ones reported by the WHO [9]. However, 

estimation of water quality is only available for 45% of the global population, which 

suggests that compliance with the standards is low in many developing countries [10,11]. 

In Europe, the legal tool of mandatory application to all members of the European 

Union (EU) is the European Water Framework Directive (WFD), namely Directive 

2008/105/EC of the European Parliament and of the Council of 16 December 2008, which 

establishes the environmental quality standards in the field of water policy [12]. In 

accordance with this directive, groundwater represents the largest, less contaminated 

freshwater reserve of the EU [13].  In the particular case of Catalonia (Spain), the Catalan 

Water Agency (ACA) is the public entity of the Government of Catalonia in charge of 

water policies based on the WFD principles. All these organizations are of paramount 

importance in promoting the implementation of monitoring programs and improving fate 

and risk assessment tools and policies to control pollutants as a base for sustainable water 

resource management.  

 

 

1.1 The occurrence and problem of pollutants in the environment 

1.1.1 Oxyanions 

An oxyanion is a chemical compound with a general chemical formula AxOyz-, 

where A represents a chemical element and O an oxygen atom. A different number of 

oxyanions, such as nitrate, molybdate, selenite, selenate, chromate and arsenate, can be 

toxic to humans or wildlife at µg/L to mg/L concentrations [14]. Among all these 

elements, chromium and arsenic species have been extensively investigated in numerous 

works because of their carcinogenic potential, which poses a risk to human health. Taking 

into account they are charged molecules, they tend to be highly soluble in water [15].  

 

1.1.1.1 Arsenic 

Arsenic (As) was discovered and isolated for the first time by the German, 

Albertus Magnus in 1250 [16]. Arsenic is a metalloid known historically for its toxicity 
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and was extensively used as a poison in ancient Greece and Rome. It gained popularity 

among the royalty and nobility for its lack of colour, odour, or taste as well as its 

widespread occurrence in nature. Moreover, it has earned several nicknames throughout 

history such as the “king of poisons” or “inheritance powder”, because of its use in 

disposing of spouses or relatives.  

Arsenic is one of the most abundant and ubiquitous trace elements on earth, and 

it can be found in the air, natural waters, rocks and soils. It is mobilized through a 

combination of natural processes as well as through a range of anthropogenic activities 

[17]. The most important anthropogenic inputs are from smelter operations and fossil-

fuel combustion. It is released into the atmosphere through inputs from wind erosion, 

volcanic emissions, low-temperature volatilization from soils, marine aerosols and 

pollution and is returned to the earth’s surface by wet and dry deposition [18].  

Arsenic belongs to group 15 and has the atomic number 33 on the periodic table, 

and its atomic weight is 74.92 unified atomic mass unit (u). It is placed between 

phosphorus and antimony and has more non-metal than metal characteristics, and 

therefore, tends to form more anions than cations species. In the environment, arsenic can 

be found in different chemical compounds, depending on oxidation states: As(V) 

(arsenate), As(III) (arsenite), As(0) (elemental As) and As(-III) (arsenide). The most 

common inorganic forms in aqueous medium are As(III) as H3AsO30, HAsO32- and 

H2AsO3- whereas As(V) is found as H3AsO40, H2AsO4-, HAsO42- and AsO43-. As(V) is 

predominant in oxygen-rich waters, whereas As(III) is the main species in reducing or 

anaerobic environments. Taking into account that As(III) is more toxic than As(V) 

species, waters from a reducing environment present a higher toxicity compared to those 

from oxidizing environments. The distribution of these inorganic species depends on the 

redox conditions, the biological activity and on the pH. The different species of arsenic 

depending on pH are shown in Figure 1.1 for both As(V) and As(III). 
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Figure 1.1 Speciation of arsenite (As(III)) and arsenate (As(V)) as a function of pH (arsenic 

concentration 1mM). 

 

Inorganic arsenic compounds can be methylated by different living organisms 

such as bacteria, fungi, or yeasts, and be turned into organic compounds such as 

monomethylarsonic acid (MMA), dimethylarsinic acid (DMA), and gaseous derivatives 

of arsine [19]. These organic compounds are less toxic than the inorganic forms and they 

are likely to be found in living organisms as well as arsenobetaine (AsB), which is the 

main source of arsenic in fish and seafood [20]. These organic compounds are mostly 

common in waters affected by industrial pollution or influenced by biological activity 

[18]. The most toxic arsenic compound is arsine (AsH3), which is a colourless toxic gas 

[8], followed by arsenites, arsenates and organic arsenic compounds. 

The main source of arsenic mobilization in the environment comes from As-

enriched minerals. The main arsenic ore is arsenopyrite (FeAsS), as it contains around 

46% of arsenic by mass [21]. This mineral is found in thermal reservoirs and in some 

metamorphic and magmatic rocks. The principal mechanism of arsenic mobilization 

occurs due to the decomposition of FeAsS according to Eq. (1.1) [22]: 

 

FeAsS + 13 Fe3+ + 8H2O = 14 Fe2+ + SO42- + 13 H+ + H3AsO4  (1.1) 

FeAsS oxidation is catalyzed by ferrooxidans bacteria, which also oxidizes ferrous 

(Fe(II)) turning into ferric ion (Fe(III)). 

The chemistry of arsenic and sulphur has some analogies, and therefore, there are 

many other sulphide minerals such as pyrite, galena, marcasite, chalcopyrite, among 
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others, which contain more than 10% As by mass [23]. Indeed, arsenic is also present in 

metal oxides and hydrous minerals either belonging to the mineral structure or as an 

adsorbed species. It is retained on the surface of manganese oxides, hydrous aluminum, 

calcite and hydrous iron oxides. Some examples of such kinds of oxide minerals are 

hematite, magnetite, ilmenite, Fe(II) oxides or Fe(III) oxyhydroxides [24–26]. 

Nevertheless, rich phosphate minerals are much less abundant than the above mentioned 

oxide minerals, so their contribution to As concentration in most sediments is minor [18]. 

In the case of Europe, the average concentration of arsenic in topsoil is estimated 

at 7.0 mg kg-1, although background concentration can depend significantly on soil 

conditions [27]. The distribution of arsenic topsoil concentrations in Spain is shown in 

Figure 1.2. 

 

Figure 1.2 Distribution of arsenic in the Spanish topsoil [28]. 

 

A large number of aquifers all around the globe have been reported to bear high 

arsenic concentrations [18]. More than half of the world’s population depends on 

groundwater as their drinking-water source and among this population (over 100 million 

people), groundwater represents their only available drinking-water source [29].  
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Elevated arsenic concentrations in groundwater have been found in 105 countries 

around the globe. One of the most severe threats is found in South-East Asia, such as in 

Bangladesh, India (especially in West Bengal), or in Vietnam, where over 100 million 

people are at risk of arsenic-related diseases due to groundwater contamination [30–32]. 

In these areas, polluted groundwater with an elevated arsenic content, is used for crop 

irrigation, such as rice or vegetables, and therefore, consumption of food grown in these 

soils causes a life-threatening problem for millions of people [27] (see Figure 1.3). 

Moreover, the presence of arsenic in different groundwaters has been identified in New 

Zealand, France, Chile, United States of America (USA) [29,33] and also in Spain [34].  

 

 

Figure 1.3 World population exposed to elevated levels of arsenic in groundwater [35]. 
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• Regulation and health implications  

The evidence of the toxicological effects of arsenic has led the maximum arsenic 

concentration for human consumption recommended by the WHO to be established at 10 

µg L-1. However, in many developing countries, the WHO has established a limit of 50 

µg L-1, as a result of economic constraints and the difficulty of analytical determination 

when arsenic is present at very low concentrations [9,10]. On applying the WHO 

guideline of 10 µg L-1, more than 100 million people are at risk, and out of these more 

than 45 million people, mainly in developing countries in Asia, are at risk of being 

exposed to more than 50 µg L-1 [33]. On a minor scale, the presence of this pollutant has 

also been detected in different areas in the northeast of Catalonia (Spain). Hence, different 

municipalities have set up arsenic removal water treatment plants in order to achieve 

satisfactory levels based on the coprecipitation of arsenate with iron(III) salts [36,37].  

Moreover, maximum levels of arsenic in food have been established by 

Commission Regulation (EU) No 2015/1006 [38], which was applicable from 1 January 

2016 onwards. Apart from drinking water, grain-based processed products, such as wheat 

bread, rice, milk and dairy products, are the main sources of exposure for the general 

population in Europe. Children under 3 years of age are the most exposed to inorganic 

arsenic because they consume more rice-based products. Indeed, certain ethnic groups or 

people following a gluten-free diet, who have relatively higher intakes of rice, or are high 

consumers of algae-based products, can exceed their tolerable weekly intake of inorganic 

arsenic [39]. 

Inorganic arsenic compounds are classified by the International Agency for 

Research on Cancer (IARC) in Group 1 (carcinogenic to humans) on the basis of 

sufficient evidence for carcinogenicity in humans and limited evidence for 

carcinogenicity in animals [40]. The acute toxicity of arsenic compounds in humans is 

predominantly a function of their rate of removal from the body.  

The regular consumption of water polluted with arsenic can cause skin, lung, 

bladder and kidney cancer, as well as changes in pigmentation, neurological disorders, 

muscle weakness, loss of appetite, nausea and diabetes [41]. Moreover, there is emerging 

evidence of negative impacts on foetal and infant development, as birth weight is reduced. 

Humans can be exposed to arsenic by inhalation, skin absorption, and ingestion of food 

and water. Inhalation may occur due to industrial emissions, tobacco smoke or gas from 

electricity-generating combustion plants. Regarding ingestion, studies have been carried 
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out in which the gastrointestinal tract rapidly absorbs arsenic, and its effects depend on 

the source of arsenic [42]. On the other hand, the risk associated with skin absorption is 

relatively low compared to that of ingestion. 

 

• Uses of arsenic 

Despite its toxicity, arsenic is still being used in various applications, although 

increasingly less over time. Arsenical pesticides and insecticides, such as lead arsenate, 

zinc arsenate, calcium arsenate, zinc arsenite, Paris green and magnesium arsenate, have 

been extensively used in numerous countries for decades until the development of 

dichlorodiphenyltrichloroethane (DDT) [43–45]. Among the different applications, 

arsenic-based pesticides have been used as herbicides, insecticides, cotton desiccants, 

defoliants, and soil sterilants. Inorganic arsenic pesticides were stopped being applied on 

USA crops in 1993. However, organic forms were allowed until 2009, when the 

Environmental Protection Agency (EPA) issued a cancellation order to eliminate and 

terminate gradually the use of organic arsenical pesticides by 2013. The only exception 

was monosodium methanearsonate (MSMA), a broadleaf weed herbicide, which is still 

allowed on cotton crops. Conversely, the herbicide disodium methanearsonate (DSMA, 

or cacodylic acid), used on cotton fields was banned under the aforementioned EPA 

organic arsenical product regulation [46,47]. Other organic arsenical products such as 

roxarsone or arsanilic acid are used as animal feed additives to increase weight gain, 

enhance productivity or disease control in the poultry and swine industries [48–51]. 

One of the main applications of this element has been as a preservative to protect 

wood from microorganisms, fungi and insects. These products consist of a mixture of 

arsenic oxides, chromium and copper. Chromated-copper-arsenate (CCA) has been 

extensively used for several years in Europe and North America [52]. In 2003, CCA’s 

manufacturers voluntarily discontinued producing this compound for homeowner users, 

although no prohibition has been established and only recommendations to use the new 

generation of preservatives has been advised by the EPA [53]. 

In addition, gallium and indium arsenides (GaAs and InAs) are important 

semiconductor materials, which have different applications in laser devices, solar panels 

or light-emitting diodes (LEDs). Besides, arsenic is also used as an additive in lead alloys 

and, in small amounts, helps to inhibit brass corrosion [46,54]. 
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1.1.1.2 Chromium 

Chromium (Cr) was discovered in 1797 by the French chemist Nicholas Louis 

Vauquelin, who studied the composition of a mineral with an intense red colour 

discovered in a gold mine in Siberia. Its name comes from the Greek chroma, which 

means colour, because of the colouration of all its compounds, either as solids or 

dissolved [55]. Chromium belongs to group 6 of transition metals and has the atomic 

number 24 on the periodic table, and its atomic weight is 52.00 u. It can present different 

oxidation states, ranging from neutral Cr(0) to oxidized Cr(VI) species, Cr(VI) and Cr(III) 

being the most frequent oxidation states. In water environments, Cr(III) exists as Cr3+ and 

Cr(OH)2+ cationic species or Cr(OH)3 whereas Cr(VI) exists as various anionic species, 

such as Cr2O72−, HCrO4− and CrO42− [56,57]. Figure 1.4 depicts Cr(VI) speciation as a 

function of pH. 

 

Figure 1.4 Speciation of chromate (Cr(VI)) as a function of pH (chromium concentration 1mM). 
 

Chromium is relatively abundant in the Earth's crust, although its elemental form 

is very scarce. It is the Earth’s 21st most abundant element and the 6th most abundant 

transition metal. The main chromium ore is iron(II) chromite, FeCr2O4, found mainly in 

South Africa (with 96% of the world’s reserves), Russia and the Philippines. Less 

common sources include crocoite, PbCrO4, and chrome ochre, Cr2O3. The gemstones 

emerald and ruby owe their colours to traces of chromium [55]. This element is present 

in a great variety of minerals and rocks with different origins (e.g., igneous, metamorphic, 

0

0.2

0.4

0.6

0.8

1

0 2 4 6 8 10 12 14

α

pH

H2CrO4

HCrO4-

Cr2O72-

CrO42-



Chapter 1 – General Introduction 

 20 

 

sedimentary) and its oxidation state and isotope composition provide valuable 

information on the genesis, redox conditions and mineralization history of the Earth’s 

materials [57]. 

The average concentration of chromium in ambient air is normally below 20 ng 

m-3, although in indoor air areas with permitted cigarette smoking, this level can be 

increased by 10 to 400 times. Soils usually contain 10 to 90 mg Kg-1 and chromium levels 

in surface waters tend to oscillate between concentrations of less than 1 µg L-1 and up to 

about 30 µg L-1, with an average value of 10 µg L-1 [58–60]. 

 

• Regulation and health implications  

Cr(III) is considered an essential trace element for the proper functioning of living 

organisms, whereas Cr(VI) is highly toxic and can produce mutagenic and carcinogenic 

effects in humans. During wastewater treatment, the less toxic Cr(III) often changes its 

oxidation state and turns into a more toxic species, Cr(VI). The toxicity of Cr(VI), which 

has been reported to be 100-1000 times more toxic than Cr(III), is remarkable even at low 

concentrations. Therefore, the WHO recommends a maximum level of Cr(VI) of 5 µg L-

1 in waste water. Moreover, many countries have regulations regarding the maximum 

permissible concentration of Cr(VI) and total chromium in natural or drinking water. In 

Spain, the permissible concentration of total chromium in drinking water is 50 µg L-1 

[61]. 

 

• Uses of chromium   

Nowadays, the global production of chromium is increasing as a result of the huge 

range of different applications of this element. A great number of chromium applications 

are related to enhancing the resistance of materials to physical and chemical agents. Some 

of these applications are leather tanning, metallurgy, metal finishing, pigments, wood 

protection, electroplating, catalysis and electrical and electronic equipment, or as a 

magnetic agent (in the manufacture of audio or video tapes), despite its toxicity [62]. 

However, the main industry that benefits from the advantages of this phenomenon is the 

galvanization industry, which makes coatings with a layer of chromium by means of an 

electrolytic process. This process generates large volumes of residual water with a high 

Cr(VI) content that must be treated [58]. Chromium can also enter drinking water supply 
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systems via corrosion inhibitors used in water pipes and containers or via contamination 

of underground water leaching from sanitary landfill [63]. 

Other frequent applications are based on its resistance, as in the production of 

stainless steel, which normally contains a minimum of 10.5% chromium (traditionally 11 

or 12%). Thus, it has considerable corrosion resistance when compared to steels with a 

lower percentage of this element. Its corrosion resistance is due to the formation of a self-

repairing passive layer of chromium oxide on the surface of stainless steel [64]. 

 

1.1.2 Zinc 

Zinc (Zn), was first isolated by the German chemist Andreas Sigismund Marggraf 

in 1746. Zinc is considered a post-transition metal and a moderately reactive metal and 

strong-reducing agent. It belongs to group twelve and has the atomic number 30 on the 

periodic table, and its atomic weight is 65.39 u. As it presents a d subshell with 2s 

electrons, the divalent cation (Zn2+) is its only naturally occurring oxidation state. 

However, the unusual oxidation state Zn(I) has also been reported [65]. Zinc can also 

exist in a neutral or uncharged species, Zn(0). Besides, it has relative stability and the 

ability to coordinate 4 or occasionally 6 ligands, and a capacity to act as a Lewis acid. 

Zinc is the second most important transition metal in organisms after iron, and it 

is considered a micronutrient, present in all tissues, organs and fluids in the organism 

[66]. The relevance of zinc was first reported in 1869 due to its importance for the normal 

growth of the common bread mould fungus Aspergillus niger [67].  

Zinc is one of the most abundant elements on earth, ranking in 23rd place [68]. 

Zinc sulphide is the main component of the mineral sphalerite, which is the principal zinc 

ore mineral in the world. Approximately 0.012% of the earth's crust is zinc [69]. The most 

quoted range of total zinc in normal soils in 10–300 mg kg−1 with a natural mean level of 

50 mg kg-1. However, total zinc content in soil depends upon the parent rock, weathering, 

organic matter, texture and pH [70]. Soils formed from basic rocks such as basalt present 

greater zinc content than those from acid rocks such as granite or gneisses. Zinc can be 

present in soils in a variety of chemical forms that can be classified in five different pools: 

water soluble, exchangeable, adsorbed, chelated or complexed zinc. Zinc is of paramount 

importance in terms of plant nutrition [70]. The factors that control the amount of zinc 

available for plants are the total zinc content, clay content, calcium carbonate content, 

redox conditions, and microbial activity in the rhizosphere, soil moisture status, 
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concentration of other trace elements, concentration of macro-nutrients, especially 

phosphorus and climate [71]. The contribution or combination of these factors can lead 

to a reduction in zinc availability, and, hence, produce poor zinc absorption in plants. 

Among the different types of crops, rice is the most affected by zinc deficiency [70]. 

In natural surface waters, zinc is frequently present below 10 µg L-1, and ranges 

from 10 to 40 µg L-1 in groundwaters. However, zinc concentration can be much higher 

in tap water as a result of the corrosion of piping and fittings producing the leaching of 

zinc [72]. 

 

• Regulation and health implications  

In the first edition of the WHO Guidelines for Drinking-water Quality (1984), a 

guideline value of 5.0 mg L-1 was established for zinc, based on an organoleptic 

evaluation, since it gives an undesirable astringent taste to water. Later, in the third edition 

of the Guidelines (2004), a level above 3 mg L-1 was reported as possibly not being 

acceptable to drinking waters. However, no health-based guideline value has been 

proposed for zinc in drinking water [72]. 

Either an excess or lack of this element can lead to several health problems (see 

Figure 1.5), as it is a crucial element for the survival of most organisms. Throughout, the 

twentieth century, the role of zinc as a nutrient and its importance in the activity of 

different enzymes was established [73]. The relevance of this element for human life was 

not reported until 1963, when zinc deficiency was related to being a major contributing 

factor in nutritional dwarfing and hypogonadism [74]. Zinc acts as a cofactor of more 

than 300 proteins, and is the only metal present in all six enzyme classes (oxidoreductase, 

transferase, hydrolases, lyases, isomerases and ligases) [75]. Therefore, zinc deficiency, 

especially in infants and young children, is a cause of great concern, generating thousands 

of deaths every year and affecting 2 billion people, according to the WHO. Moreover, it 

is estimated that 60–70% of the population in Asia and Sub-Saharan Africa might be at 

risk of low zinc intake [76]. The main zinc source is food such as poultry, fish and 

seafood, whole cereals, dairy products and red meat which represents the most available 

source of zinc to humans, whereas plants provide a lower bioavailability due to dietary 

fibre and phytic acid, which inhibit the absorption of zinc [77]. 
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Figure 1.5 Effects of either a high (left side) or low zinc intake (right side) on human health [78]. 

 

• Uses of zinc 

Considering tonnage production, it occupies the fourth position in the entire 

world’s metal  production, after iron, aluminium and cooper. About 75 % of this element 

is consumed as a metal used for galvanizing iron or steel to protect them from corrosion, 

for the production of corrosion-resistant alloys and brass, as a zinc-based die and as rolled 

zinc. The remaining 25 %  is dedicated to the production of fertilizers or pesticides (zinc 

carbamate), to rubbers used as a white pigment (ZnO), and to various chemical and paint 

industries [68,72]. 

 

1.1.3 Pesticides 

A pesticide is a chemical or biological substance designed to kill or retard the 

growth of pests that damage or interfere with the growth of crops, shrubs, trees, timber 
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and other vegetation desired by humans [79]. They act by interfering with a variety of 

biochemical and physiological processes that are common to a wide range of organisms. 

The term pesticide includes, amongst others: herbicides, fungicides, insecticides, 

acaricides, nematicides, molluscicides, rodenticides, growth regulators, repellents and 

biocides. Therefore, target pests can include insects, plant pathogens, weeds, molluscs, 

nematodes (roundworms), and microbes that cause nuisances, spread disease or are 

vectors for disease [80,81].  

 Pesticides may be organic or inorganic compounds. Organic pesticides belong to 

a variety of substance classes, including N- and P-containing compounds. Based on their 

chemical family, the different molecules of organic pesticides may be grouped into 

classes, such as organophosphates, carbamates, pyrethroids or organochlorine 

compounds. Conversely, inorganic pesticides are copper or arsenic-containing products, 

or, to a lesser extent, zinc- and mercury-based compounds [82]. The different chemical 

families present diverse toxicities and environmental persistency as will be commented 

upon later. 

In the context of the escalating challenges of population growth, placing pressure 

on energy resources, the environment and global food supplies, agrochemicals have 

gained an important role as they are used not only to protect crops but also to enhance 

crop yields [83]. From the 1940s onwards, a further increase in food production was 

allowed by the introduction of synthetic crop protection chemicals; in other words, the 

use of pesticides was advisable to maintain high levels of food production.  

The use of pesticides is not equal across the world  due not only to the cost of the 

chemicals (most of them patented), but also to the cost of manpower and the specific pests 

of each climatic/geographic region. The Food and Agriculture Organization (FAO) has 

computed the average application rates of pesticides per hectare (ha) of arable land, 6.5–

60 kg/ha being the highest average values occurring in Asia and in some countries of 

South America. However, in North America and West Europe, the use of herbicides, 

intensively applied in agriculture and in urban areas, has experienced a boom in the last 

decades. In Asia, the use of herbicides has remained low and contrasts with the use of 

insecticides, which is still very high [84]. 

On a global scale, worldwide pesticide production increased at a rate of about 11% 

per year, from 0.2 million tons in 1950s to almost 6 million tons by 2005 [85]. The value 

of expenditure on pesticides in 2008 was 48.8 billion United State Dollar (USD) 

compared to 55.9 billion USD achieved in 2012. In that year, herbicides, including plant 



Chapter 1 – General Introduction 

 25 

growth regulators, were in first place and represented 44% of the total value, followed by 

insecticides, which accounted for about 29% of the total expenditure, fungicides (26%) 

and other pesticides, such as nematicides, fumigants, and other miscellaneous pesticides 

(1 %) [86]. The total quantity of pesticide sales in Europe for 2013 was close to 360,000 

tonnes, and among the different EU Member States, Spain (19.5%), France (18.7%), Italy 

(13.8%), Germany (12.3%) and Poland (6.2%) accumulated up to 70.5% of EU pesticide 

sales [87]. 

Early synthetic pesticides developed to control agriculture pests, such as DDT, 

prohibited in 1972, or lindane (i.e. gamma-hexachlorocyclohexane, γ-HCH), prohibited 

in 2008, both belonging to the organochlorine class, were intensively used for the control 

of cattle ticks and human parasites in North America or Europe, and, despite their current 

prohibition, they are still popular food preservatives for sun-dried fish in South Asia and 

remain in use, sometimes illegally, to control malaria vectors and household pests in 

urban areas in the tropics [84]. The reason for the prohibition of the aforementioned 

pesticides is due to their persistence and to the fact that these compounds could give rise 

to harmful effects on human health or the environment. Persistence is defined by IUPAC 

[88] as the residence time of a chemical species in a specifically defined compartment of 

the environment and which presents bio-accumulative properties which contribute to 

spreading these compounds in the environment. Therefore, it is of paramount importance 

to control them in a wide variety of samples [89–91].  

Nowadays, the EU aims to achieve a sustainable use of pesticides throughout the 

European Union through Directive 2009/128/EC. This Directive seeks to reduce the risks 

and impacts of pesticide use on human health and the environment, and promote the use 

of integrated pest management and alternative approaches or techniques, such as non-

chemical alternatives to pesticides [92]. 

Pesticides can be introduced in the aquatic system due to different processes such 

as surface water runoff, rainwater or melted snow which can transport pesticides into 

deeper soil and into underground water supplies, accidental spills or irresponsible 

dumping of these kinds of chemicals, or by either an excessive or improper application 

of these products near freshwater sources [93]. Among the different economic sectors, 

agriculture represents the main cause of degradation of water resources since it demands 

the highest amount of fresh water (70% of world consumption) [94].  

A great number of pesticides are included in the monitoring schedule of most 

western countries. However, the cost of analysis and the necessity to sample at critical 
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times of the year, linked to periods of pesticide use, produces a lack of extensive data 

[95]. According to the Stockholm Convention on Persistent Organic Pollutants, 9 of the 

12 most dangerous and persistent organic chemicals are pesticides [96]. In Europe, the 

WFD has set 0.1 µg L-1 as the maximum concentration permitted for individual pesticides 

in waters intended to be used for drinking purposes [12]. However, it is still challenging 

for regulatory agencies to understand the potential effects of chemical mixtures on 

humans and the environment, and, although guidelines evaluating the possible effects 

from exposure to chemical mixtures have been provided, their implementation is difficult 

due to the complexity of mixtures that occur in the environment and the inadequacy of 

data on their toxicity [97]. 

In 2012, the European Commission released a communication on the combined 

effects of chemicals, to ensure that risks associated with chemical mixtures are properly 

understood and assessed, and to state the current limitations of evaluating compounds 

individually. It highlights that EU have strict policies for individual chemicals but their 

combination is rarely assessed [98]. 

With regard to human health risks, pesticides can pose a threat depending on how 

toxic they are, the amount present in water, and how much exposure occurs on a daily 

basis. Health effects depend on the type of pesticide; for example, in the case of 

organophosphates and carbamates, these kinds of compounds affect the nervous system. 

There are others that can cause skin or eye irritation and some can be carcinogenic [97].  

The studies conducted as part of this thesis are focused on two organophosphate 

(OPs) insecticides, namely chlorpyrifos (CP) and diazinon (DZ), and one fungicide which 

belongs to the chemical class of aminopyrimidines, cyprodinil (CYP). 

OPs emerged from wartime research on nerve gases. OPs block cholinesterase, 

the chemical that transfers nerve impulses across synapses, and so their effect is primarily 

on the nervous system. The advantage of OPs is that they are rapidly degraded in the 

environment to non-toxic secondary compounds, unlike organochlorines (OCs) [99].  

CP is recognized as a priority pollutant by WFD [12], and considered hazardous 

to humans by the WHO, as more than 10,000 CP-related human deaths are reported per 

year [100]. In the case of DZ, it has been classified by IARC as "probably carcinogenic 

to humans". The Agricultural Health Study cohort has linked exposure to this pesticide 

with a higher risk of leukaemia. DZ-induced DNA or chromosomal damage in rodents 

and in human and mammalian cells in vitro [101].  
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Aminopyrimidines play an important role in biological processes, as the 

pyrimidine ring is present in several vitamins, nucleic acids and coenzymes. They 

interfere with the biosynthesis of methionine and other aminoacids and inhibit the 

secretion of hydrolytic enzymes. Nevertheless, fungi treated with these kinds of 

compounds tend to create resistance [102,103]. It has been reported that CYP is able to 

cause slight acute toxicity [104]. 

 There are many difficulties linked to controlling pesticides as they are 

mainly found in low quantities in the environment. This is even more of a problematic 

issue in many developing countries as it requires highly flexible field and laboratory 

programs responding to periods of pesticide application, discrimination between those 

pesticides that appear as artifacts of historical use versus those that are currently being 

used, and the need for detection levels that have meaning for human health and ecosystem 

protection [97].  

 

 

1.2 Determination of pollutants in waters 

As previously explained, the aquatic environment might contain several 

metallic/metalloid species or other toxic pollutants due to both natural and anthropogenic 

activities. All these contaminants are increasingly under the spotlight and even though 

they might be present at trace levels, their adverse effects on animals, aquatic life and 

even humans are cause for great concern [105,106]. Therefore, it is of utmost relevance 

to employ very sensitive analytical techniques to satisfy environmental regulations. 

 

1.2.1 Metal and metalloid determination 

Depending on the cost, sample throughput, sensitivity and detection limit, 

concentration range, matrices, and regulation requirements, different instruments can be 

selected for a wide range of environmental applications. 

Most inexpensive and widespread methodologies for the determination of metals 

and metalloids are based on colorimetric methods. In the case of arsenic, molybdenum 

blue, silver diethyldithiocarbamate (SDDC) or leuco malachite green methods are the 

most used. In the molybdenum blue method, As(V) reacts with Mo(VI) to form a 
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characteristic blue complex in which its typical absorbance can be measured with a 

spectrophotometer at 865 nm [107]. In the SDDC method, arsenic is reduced to arsine, 

which is absorbed in a SDDC solution prepared in chloroform or pyridine. The red-violet 

complex is formed as a result and measured at 510-525 nm [108]. The leuco-malachite 

green method is based on the reaction between arsenic and potassium iodide in acidic 

conditions to liberate iodine, which selectively oxidises leuco-malachite green into 

malachite green dye, measured at 617 nm [109].  

The necessity to ensure sufficient detection limits has originated the combination 

of these colorimetric methods with other enrichment/preconcentration steps so as to 

enhance the applicability with environmental samples.  

In the case of chromium, the most widely used spectrophotometric method is 

based on the selective reaction of diphenylcarbazide (DPC) with Cr(VI) at pH 1 [56], 

whereas in the case of zinc, the reagent (2-carboxy-2'-hydroxy-5'-sulfoformazylbenzene) 

(Zincon) has traditionally been used for its rapid determination [110]. 

Atomic spectroscopy and spectrometry techniques are the most popular for trace 

metal analysis, and they have been extensively employed for the determination of 

elements, such as the ones studied in this thesis (i.e. arsenic, chromium, zinc). 

For instance, in the case of arsenic, a great number of highly sensitive analytical 

techniques have been employed to determine total arsenic in environmental samples at 

µg L-1 level, such as graphite furnace atomic absorption spectrometry (GFAAS) 

[111,112], hydride generation atomic absorption spectrometry (HG-AAS) [113–115], 

hydride generation atomic fluorescence spectrometry (HG-AFS) [116–119], neutron 

activation analysis (NAA) [120], inductively coupled plasma atomic emission 

spectrometry (ICP-AES) [121] or inductively coupled plasma mass spectrometry (ICP-

MS) [122,123]. When using ICP-AES, arsenic determination can suffer from spectral 

interferences at high concentrations of titanium, iron, manganese or chromium due to 

vacuum ultraviolet lines (under 200 nm) and also high concentration of vanadium and 

chromium due to ultraviolet lines [124]. Conversely, ICP-MS provides higher precision 

and the capability to reach lower detection limits. However, samples with high amounts 

of chloride (Cl-), can cause interference given that when chloride and argon combine in 

the plasma they form argon chloride (40Ar35Cl), which has similar mass to arsenic (75As). 

These types of interferences can be overcome by using mathematical correction 

equations, high-resolution detectors or a collision/reaction cell [125,126]. In addition, 

arsenic can suffer from poor ionization in the plasma, which can cause a problem when 



Chapter 1 – General Introduction 

 29 

analysing low concentrations of arsenic in environmental samples. Some possibilities of 

enhancing the sensitivity of the analysis exist, such as the addition of a certain amount of 

methanol, ethanol or other C-containing compounds, to enhance the ionization of arsenic 

in the plasma [127]. Another approach is hydride generation, which is frequently used 

not only to avoid matrix interferences but also to enhance the detection limits of the 

method. It is based on the reaction of arsenic with a reducing reagent such as sodium 

borohydride to form a volatile arsenic hydride, which is then transported to the plasma, 

ensuring a more efficient sample introduction to the system [128].  

The determination of chromium and zinc in liquid samples at low levels can also 

be achieved by means of spectroscopic techniques such as GFAAS, ICP-AES, ICP-MS 

or NAA [63,129]. In the case of chromium, various potential spectral interferences can 

occur at high concentrations of tungsten and cobalt when analysing by ICP-AES [130]. 

Moreover, the analysis of this metal by ICP-MS can also present some interferences 

specially when matrices contain high levels of chloride or carbon leading to the formation 

of polyatomic ions such as 35Cl16OH+, 40Ar12C+ or 37Cl14NH+, which interfere with the 

detection of 52Cr [131]. These interferences can also be overcome using the 

aforementioned approaches as in the case of arsenic.  

 

1.2.2 Pesticide determination 

The correct selection of the methodology for the determination of pesticides 

depends on the sample matrix and on the structure and properties of the target compounds. 

Indeed, when considering the lowest permissible levels of pesticides in various matrices, 

it is highly important to select sensitive and selective analytical techniques. Conventional 

methods for pesticide determination are described by EPA and can be divided into three 

groups: (i) the ones based on the use of gas chromatography (GC) with selective detection 

(e.g. electron capture detector (ECD) or nitrogen phosphorous detector (NPD)), (ii) those 

which use gas chromatography mass spectrometry (GC-MS) and (iii) those which use 

liquid chromatography (LC) with fluorescent or diode array detection [132,133]. 

Nowadays, several multiresidue methods have been developed either based on GC or 

HPLC coupled to high-resolution mass spectrometry (HRMS) [134,135]. However, often 

due to long time analysis, effort required and the need for large volumes of organic 

solvents, these methods do not meet expectations and are, therefore, combined with 

different preconcentration techniques. 
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1.3 Speciation studies 

The International Union of Pure and Applied Chemistry (IUPAC) defines 

speciation analysis as analytical activities of identifying and/or measuring the quantities 

of one or more individual chemical species in a sample. The different species can consider 

differences at the levels of isotopic composition, electronic or oxidation state, inorganic 

and organic compounds and their complexes, organometallic species, and 

macromolecular compounds and complexes [136]. 

Speciation studies can be achieved by means of chromatographic techniques. In 

such cases, separation is accomplished by chromatography (GC, HPLC, ion 

chromatography) or capillary electrophoresis (CE), and detection by sensitive 

spectroscopy or spectrometry techniques (ICP-AES and ICP-MS) resulting in hyphenated 

techniques. (IC). For instance, separation of chromium species (Cr(VI) and Cr(III)) is 

achieved by means of an anion-exchange column and detection with ICP-MS. Cr(III) 

cation is previously derivatized by the addition of a ligand that does not form a complex 

with Cr(VI) species [137]. In the case of arsenic, the use of an ion-pair reversed phase 

HPLC hyphenated with ICP-MS has allowed the separation and determination of eight 

arsenic species including As(III), As(V), MMA, DMA, trimethylarsinoxide (TMAO), 

tetramethylarsonium (Tetra), arsenocholine (AsC) and AsB [126]. 

Other approaches are based on the separation of the metal species from the 

solution by adsorption on a solid such as ion exchange or complexing resins or liquids 

supported on solids. Different strategies based on solid extraction can be performed to 

achieve speciation: i) the use of an adsorbent that retains the different species and then, 

the selective elution by using the appropriate elutant solutions [138]; ii) the use of 

functionalized sorbents that selectively retain one species while the other species remains 

in solution [139]; iii) the combination of a selective adsorption (under appropriate pH 

conditions of the medium) with a selective elution [140]. Many examples of different 

applications can be found in the literature. In the case of chromium, the use of chitosan-

modified magnetic nanoparticles exhibit excellent adsorption performance for Cr(III) at 

pH 9 and total Cr (Cr(III) and Cr(VI)) at pH 6, thus allowing its speciation [141]. Another 

approach consists of the selective extraction of a Cr(VI)-APDC chelate by multiwalled 

carbon nanotubes (MWNTs). The total chromium content is determined by a previous 

oxidation of Cr(III) to Cr(VI) by using hydrogen peroxide [142]. In the case of arsenic, 

several methodologies have been reported [143,144], which allow the speciation of 
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inorganic arsenic species. Chen et al. [143] used ordered mesoporous silica micro-

columns modified with 3-(2-aminoethylamino) propyltrimethoxysilane for inorganic 

arsenic speciation, since only As(V) was selectively adsorbed on the micro-column 

within the pH range 3–9, whereas Xiong et al. [144] used a micro-column packed 

with CTAB-modified alkyl silica sorbent where only the negatively charged As(V) was 

adsorbed at the studied pH. In both studies, the total inorganic arsenic was obtained after 

As(III) oxidation. 

In effect, there are essential elements for living organisms, such as boron, silicon, 

selenium or zinc, which carry out important physiological functions, as they are part of 

different biologically relevant molecules. Living organisms obtain these dissolved trace 

metals from the soluble forms in sediments or water where they can be found in various 

chemical species, such as free ions, inorganic or organic complexes. However, not all 

metal species are available, and therefore, a lack or an excess of these elements can 

generate severe consequences for living organisms. In this context, availability can be 

defined as the fraction of the total metal in the water column or sediment compartments 

that is unbound, free, or available for uptake by an organism [145]. In the case of cationic 

metals the general consensus is that the concentration of the free metal ion is the best 

predictor for both metal bioaccumulation and toxicity in aquatic systems [146]. 

Information about the free metal ion or labile species can be obtained by means of 

different techniques. Electrochemical methods have been used for metal speciation, 

namely anodic stripping voltammetry (ASV), which is based on metal reduction at the 

mercury electrode at deposition potential [147], competitive ligand equilibration-

adsorptive cathodic stripping voltammetry (CLE-AdCSV), which is an indirect method 

that detects an electrochemically active complex formed between a metal and a well-

characterized organic ligand added to the sample [148], stripping chronopotentiometry 

(SCP), where ions are reduced at a constant potential for a fixed period of time and 

subsequently stripped to quantify the accumulated metal [149] and absence of gradient 

Nernstian equilibrium stripping (AGNES), which is specially designed for the analysis of 

free metal ions [150].  

Other approaches have recently been developed, such as Donnan membrane 

techniques (DMT), diffusive gradient in thin-film gels (DGT), Chemcatcher® and liquid 

membranes (LMs) [151]. DMT is based on the distribution of metal ions among phases 

for the determination of free metal ion in non-perturbed samples [152]. In the case of 

DGT, the flux of metal ions through a porous gel matrix into an underlying layer of 
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complexing cation exchange beads is used for the quantification of the concentration of 

labile metals [153], whereas Chemcatcher® is formed by a chelating disk receiving phase 

overlaid with a cellulose acetate (CA) diffusion-limiting membrane for the accumulation 

by diffusion of the labile fraction of metals with minimal disturbance of the system [154]. 

In LM systems, the membrane is a liquid, which is immiscible with both the feed (i.e. 

donor) and stripping (i.e. receiving) solutions and serves as a semipermeable barrier 

between these two liquid or gas phases, allowing the selective transport of gases, ions or 

molecules [155]. Different types of LMs have been proposed, but the most used 

configuration for speciation studies consists of the organic phase impregnating the pores 

of a thin, macroporous hydrophobic support. Selectivity and transport efficiency in a LM 

can be improved by the addition of an extractant (i.e carrier). This technique has been 

used in different geometries such as flat-sheet membranes or as hollow fibre (HF). Bayen 

et al. [156] studied the flux of Ni species in the presence of different organic ligands, such 

as tartrate, glycine or oxalate, using a flat-sheet LM containing a mixture of 1,10-didecyl-

1,10-diaza-18-crown-6 ether (22DD) and di(2-ethylhexyl)phosphoric acid (D2EHPA) in 

toluene/phenylhexane. They demonstrated that the proposed LM system was a reliable 

tool to measure free nickel concentrations in the presence or absence of ligands, rather 

than the total concentration of Ni. Likewise, Slaveykova et al. [157] also used a flat-sheet 

LM containing 22DD and lauric acid dissolved in a mixture of toluene/phenylhexane to 

meaure Pb fluxes in the absence and presence of tiron and nitrilotriacetic, iminodiacetic, 

malonic, citric, polyacrylic and fulvic acids. Other authors have used a LM using HF 

geometry in order to measure lower amounts of metal in the absence and presence of 

complexing agents. HF geometry allows us to measure down to 10−9 M of free Cd species 

compared to 10−8 M using a flat-sheet LM [158]. In the case of zinc, Gramlich et al. 

developed a LM, with a HF configuration, containing 22DD and lauric acid, for the 

measurement of free Zn species in the presence of organic ligands, such as 

ethylenediaminetetraacetate or citrate. However, when L-histidine was added, higher than 

calculated free Zn concentrations were measured suggesting that positively charged 

complexes contributed to the metal flux [159]. Moreover, other authors have reported an 

LM with HF configuration to determine free zinc concentration in three water samples 

from a mining area, reaching enrichment factors of around 700 in the stripping phase 

[160].  
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1.4 Separation and preconcentration processes 

As previously stated, sample treatment is sometimes required not only to achieve 

very low limits of detection (in order to satisfy the corresponding environmental policy 

requirements), but also to remove matrix interferences. 

One of the most traditional techniques for separation is liquid-liquid extraction 

(LLE) consisting of the transfer of a solute from one solvent to another, the two solvents 

being immiscible with each other. Water or an aqueous mixture and a non-polar organic 

liquid are frequently used as solvents. LLE comprises a step of mixing followed by a step 

of phase separation. Both steps are crucial in terms of solvent selection and modes of 

operation. Equilibrium is reached when the chemical potential of the extractable solute is 

the same in the two phases, leading to the definition of a “distribution coefficient” (K), 

which indicates the relative preference of the solute for the solvents, as shown in Eq. 

(1.2): 

 

# = [&]()*
[&]+,

	         (1.2) 

 

where [A]org and [A]aq are the equilibrium concentrations of the solute in the 

organic and aqueous phases, respectively. For the extraction of neutral compounds, the 

organic phase consists solely of a solvent. However, for ionic organic compounds or 

inorganic cations and anions, the presence of an additional compound, called extractant, 

is required. The proper selection of the extractant is a key parameter to achieve an 

efficient extraction. The extractant is responsible for binding with the species of interest 

by means of different mechanisms, such as ion exchange, solvation or chelation. A list of 

available extractants is further detailed in section 1.5.  

LLE presents some advantages, such as ease of operation and simplicity of the 

method. However, LLE implies the use of high amounts of organic solvents (e.g., 

dichloromethane, hexane, petroleum ether, among others) and the risk of emulsion 

formation during agitation. This fact has led to the replacement of this extraction 

technique by other more environmentally-friendly alternatives [161]. This is the case of 

LMs where the small volume of organic phase encompasses the reduction of the amount 

of organic solvent employed and allows the use of expensive and tailor-made extractants 

[162,163]. LMs have been used for the separation and preconcentration of both organic 
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[164] and inorganic species [165]. For instance, in the case of organic compounds, LMs 

have been employed for the transport and preconcentration of the herbicide glyphosate 

and its main metabolite using a LM consisting of 0.2 M Aliquat 336 in dodecane modified 

with 4% dodecanol [166]. A LM with the same components was also used for the 

separation of arsenic species at pH= 13. Even though both As(III) and As(V) are present 

as anionic species at this basic pH and were quantitatively extracted by an anion-exchange 

mechanism by LLE, when using the LM and HCl as stripping phase only As(V) was 

transported due to differences in the extraction kinetics of arsenate and arsenite at this pH 

[167]. Besides, a LM with a HF geometry was also developed for the removal and 

preconcentration of chromium species, namely Cr(VI), using Aliquat 336 as carrier and 

a diluted HNO3 solution as stripping. This methodology allowed both the separation and 

enrichment of the metal in the stripping phase [61].  

Other techniques that are used to achieve both separation and preconcentration are 

liquid-phase microextraction (LPME), single drop microextraction (SDME), dispersive 

liquid-liquid microextraction or cloud-point extraction (CPE), amongst others. These 

techniques have been applied for the determination of different metallic species [168,169] 

as well as for the determination of organic compounds [170,171]. 

Another approach for the preconcentration of target species relies on the sorption 

of analytes on a solid sorbent (solid phase extraction, SPE). The solid phase usually 

consists of small porous particles of silica, with or without bonded organic chains, organic 

polymers and ion exchangers. Depending on the kind of solid phase employed, the 

extraction mechanism can be adsorption, partitioning or an ion exchange. Compared to 

LLE systems, solid sorbents are faster and provide high enrichment factors and they can 

also be used for the extraction of both organic and inorganic compounds. The most 

commonly used SPE sorbents reported in the literature for the determination of organic 

compounds are alkyl-bonded silicas, such as octacedcyl (C18) or octyl-bonded silica, and 

copolymer sorbents like cross-linked polystyrene-divinylbenzene (PS-DVB) resins such 

as the Amberlite XAD series, in-house hypercross-linked polymeric sorbent and 

hydrophilic lipophilic balanced polymers, such as Oasis HLB, which form the monomers 

divinylbenzenevinylpyrrolidone (DVB) and N-vinylpyrrolidone. Different applications 

of these solid sorbents are reported in the literature [172].  

However, these solid sorbents might not be well suited for the retention of species 

when these are polar or ionic, in particular in the case of inorganic compounds For this 

reason, they are modified with functional groups responsible for the extraction of the 
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target compound. As previously mentioned, different methodologies have been reported 

not only for the speciation but also for the preconcentration of inorganic arsenic species, 

which can be achieved by means of silica modified with 3-(2-aminoethylamino) 

propyltrimethoxysilane [143], or by using cetyltrimethylammonium bromide (CTAB)-

modified alkyl silica [144], after the corresponding oxidation of As(III) to As(V). 

Chromium species have been extracted with PS-DVB functionalized with 2-Naphthol-

3,6-disulfonic acid from waste waters by adjustment of the pH [173] or by using a 

polymeric sorbent containing aminocarboxylic groups [174]. Moreover, Cr(VI) species 

can be extracted and preconcentrated from water samples using activated alumina, 

tributyltin chloride immobilized on C18 cartridges, ion-exchange columns and DPC 

immobilized on silica [63]. Zinc has been extracted with XAD-4 loaded with APDC, or 

Chelex-100, where iminodiacetate functional groups are bound to polystyrene [175].  

Other solid sorbents used for the extraction of inorganic species are based on the 

use of oxides such as alumina A12O3  and magnesia MgO, among other oxide species. In 

the case of arsenic adsorption, different solid sorbents such as iron oxides or zero-valent 

iron [176,177], modified calcinated bauxite [178], hydrotalcite [179], and titanium 

dioxide (TiO2) [180] among others [181], have also been used. An extensive list of 

different TiO2-based materials for the adsorption of arsenic species can be found in the 

literature [182]. TiO2 solid sorbent allows the adsorption of both inorganic arsenic species 

without a further oxidation step. This solid can act as a photocatalyst and adsorbent of 

As(III)/organic arsenic in the presence of UV light or sunlight irradiation or only as 

adsorbent in the absence of irradiation. TiO2 has been used in different forms such as 

nanotubes, nanocrystalline particles, hydrous or granular or impregnated in chitosan beds, 

among others. 

Solid-phase microextraction (SPME) was introduced in the early nineties by 

Professor Janusz Pawliszyn [183] as an alternative to SPE for the extraction of organic 

compounds. The commercial SPME device contains a fused silica fibre coated with  a 

suitable stationary phase polymer, polydimethylsiloxane (PDMS), polyacrylate (PA), and 

also mixtures of polydimethylsiloxane and polydivinylbenzene (PDMS-DVB), carbowax 

and polydivinylbenzene (CW-DVB) being the most common [161]. This technique has 

been extensively used for the determination of different organic compounds [184,185]. 

Likewise, stir-bar sorptive extraction (SBSE) consisting of a magnetic stirrer coated with 

a thick layer of PDMS, where the target compounds are extracted, has been employed 

showing greater sorption capacity compared to SPME fibres [161,186]. 
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Recently, other sorbent-based microextraction techniques have also been explored 

using magnetic molecularly imprinted polymers [187], silicone rods and silicone tubes 

[188] or HF [189]. 

 

 

1.5 Polymer Inclusion Membrane (PIM) 

Among the different sample treatments, membrane-based processes have attracted 

noticeable attention as a valuable alternative to conventional separation processes [190]. 

In general, a membrane can be defined as a semipermeable barrier between two phases 

[191]. The membrane restricts the movement of the different molecules through various 

mechanisms such as size exclusion, differences between diffusion coefficients, electric 

charge, among others [192]. Membranes can be classified by the driving force that causes 

the flow of the analytes through the membrane [193]: pressure difference across the 

porous membrane (i.e. reverse osmosis, ultrafiltration, microfiltration, membrane gas and 

vapour separation), temperature difference across the membrane (i.e. membrane 

distillation), concentration difference across the membrane (i.e. dialysis, membrane 

extraction), electric potential difference across the membrane (i.e. electrodialysis) and 

chemical potential difference across the membrane (i.e. liquid membrane, LM). In 

contrast to osmotic, dialysis, filtration or size-exclusion type membranes, LMs rely on 

the action of a chemical agent to extract the solute of interest from an aqueous phase 

[162]. The carrier is usually solubilized in an organic solvent and different types of LMs 

have been described, depending on whether they only contain liquid phases or the liquid 

phase is retained in a polymeric support. Bulk liquid membrane (BLM) consists of a bulk 

aqueous feed and stripping phases separated by a bulk organic, water-immiscible liquid 

phase. Emulsion liquid membrane (ELM) is prepared from the mixture between the 

aqueous feed solution and an emulsion, which is formed by the stripping solution, an 

organic solution and the suitable surfactant. In this kind of membranes, the stripping 

solution is emulsified in an immiscible LM, which is dispersed in the feed solution 

allowing the mass transfer from the feed into the internal stripping phase. Supported 

liquid membranes (SLMs) are usually constituted with the mobile carrier and the organic 

solvent, in the pores of a solid microporous support, where it is retained by capillarity. 

SLMs have been extensively studied since they offer high transport rates and good 
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selectivity, although a lack of long-term stability hampers their use in many practical 

applications [194].  

In contrast PIMs are a relatively novel type of self-supporting LMs entrapping the 

carrier in a base polymer matrix, which consists of a base polymer and in some cases may 

contain plasticizers and chemical modifiers [162].  

The concept of PIM first appeared 50 years ago, and since then it has received 

several names such as polymer liquid, gelled liquid, polymeric plasticized, fixed-site 

carrier or solvent polymeric membrane [190]. Later, in 1987, Sugiura et al. [195] were 

the first to  name this kind of membrane PIM. From then onwards, PIMs have been used 

in many different applications as they exhibit excellent stability and versatility and 

adequate mechanical properties. They are economically viable, and they also prevent the 

use of high amounts of toxic compounds, making them an environmentally friendly 

alternative [196]. The evolution of the number of published papers on PIMs since 2000, 

is shown in Figure 1.6. 

 

 

Figure 1.6 Evolution of the number of PIM papers (including reviews) from 2000 until 2018 

(according to ISI web of Knowledge). 
 

The transport mechanism in PIMs, as well as in other LMs containing a carrier, 

can be formally described as the simultaneous combination in a single stage of an 

extraction and a stripping operation in non-equilibrium conditions [165]. First the analyte, 
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which is initially found in the feed solution, reacts in the feed-membrane interface with 

the carrier, forming a lipophilic complex. Then, the complex diffuses across the 

membrane and is released at the membrane-stripping interface. This process is known as 

facilitated or carrier-mediated LM separation. In many cases, facilitated transport is 

combined with coupling counter- or co-transport of different ions through the liquid 

membrane [155,192]. A scheme of the transport of a cation (M+) and the counter-transport 

of H+ across a liquid membrane is depicted in Figure 1.7.  

 

 

Figure 1.7 Mechanisms for maintaining electroneutrality during the transport of a cation (M+) 

and the counter-transport of H+ through a LM. C stands for the carrier. 

 

  The transport of cations can be achieved through different mechanisms: (i) co-

transport of a counter-anion, (ii) counter-flux transport of H+ (as shown in Figure 1.7) or 

(iii) the counter-flux transport of any other cation. 

Metal species are transported across the membrane against their concentration 

gradient by “uphill” transport which will continue until all the metal species are 

transferred from the feed to the stripping side, provided the driving force of the process 

is kept constant [165]. 

Different authors [165,197] have proposed mathematical models to explain metal 

flux across the membrane comprising the different steps occurring during transport. At 

the steady-state, the diffusion through the aqueous boundary layer (Ja), the interfacial flux 

(Jb), and the membrane diffusion (Jc) are equal, and by further assuming linear 
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concentration gradients, the following equation (Eq. 1.3) is obtained for membrane flux 

(J), and permeability coefficient (P): 
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  (1.3)  

 

where C stands for the time-dependent bulk concentration of metal species in the feed 

solution, K1 and K-1 are the pseudo-first-order rate constants of the interfacial reactions, 

da and d0 are the thickness of the aqueous and membrane diffusion layer, respectively. Da 

and D0 represent the aqueous and the membrane diffusion coefficient, respectively. 

Equation (1.3) can be further simplified when interfacial chemical reactions are 

very fast and since the relationship of J with the concentration (C), the feed volume (V) 

and the membrane area (A) is (Eq. 1.4): 

 

9 = − ;0
;< ·

>
& (1.4) 

 

the resulting integrated form of the flux is (Eq. 1.5): 
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where C0 is the value of C at time zero. Equations (1.3) and (1.5) are used to predict the 

permeation behaviour of LMs when feed solutions are relatively dilute in metal species 

[165]. 

Apart from the characterization of the membrane system by experimentally 

determining the permeability coefficient, LMs can provide different types of information 

by measuring the total concentration of the analyte in the stripping solution: 

• At equilibrium, the corresponding concentration at the stripping phase is 

proportional to either the total concentration or to that of the free analyte species 

in the source solution, depending on the nature of the stripping phase and the 

volumes of stripping and feed phases. 
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• The flux through the membrane over a short accumulation time may provide 

the concentration of free analyte species, the whole of the labile complexes or 

lipophilic complexes depending on the characteristics of the device used [197]. 

 Then, with the appropriate design of the membrane system, including chemical 

and physical parameters, LMs, can be used as a tool for preconcentration of analyte 

species, thus facilitating their determination, and they can also be used as sensors for 

speciation measurements. Both aspects have been indicated in previous sections.  

 

1.5.1 PIM Components  

Membrane properties depend essentially on the materials that comprise them and 

their structure. The choice of these components plays a fundamental role in the selectivity 

of the separation and in the stability of the membrane. 

The polymer that constitutes the skeleton of the PIM consists of linear polymer 

strands and because there are no cross-links between these strands, they can be dissolved 

in a suitable organic solvent, where the polymer strands become separated. It plays a 

crucial role as it provides the membrane with mechanical strength due to a combination 

of intermolecular forces and the process of entanglement. Despite the absence of 

intermolecular covalent bonds, a very stable film is formed. Membrane flexibility is 

governed by the nature of the main polymer chain as well as the side chains. Depending 

on the saturation of the main chain, the bonds may rotate or not, and therefore, either a 

flexible or rigid chain will be generated. Indeed, the presence of aromatic or heterocyclic 

groups in the main chain reduces flexibility, but increases both thermal and chemical 

stability. Conversely, the presence of other elements such as oxygen or nitrogen increases 

the flexibility of the material. On the other hand, if the lateral groups are long, strong 

interactions will be generated between them, restricting the movement, and therefore 

decreasing flexibility. 

The length of polymer chains, which is the number of repeating units, determines 

the properties of the material. The longer the chain, the more possibilities of interaction 

with other chains, and therefore the properties of the polymer will be different. Polymers 

contain a great number of chains and not all of them with the same molecular weight 

(MW). This is the reason why an average MW is given for each polymer. Polymer MW 
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is a key parameter that must be higher than the critical entanglement molecular weight 

(MWc). MW variations above MWc are expected to produce a negligible influence either 

on membrane performance or mechanical strength [198]. 

In terms of interaction between polymer chains, in the case of three-dimensional 

polymers, interactions are mostly covalent bonds, whereas in the case of side chains, 

interactions are hydrogen bonding, dispersion forces or dipole-dipole interactions. All 

these interactions are strongly related to the polymer’s physical properties and to its 

permeability.  

Another parameter that must be taken into account is the state of the polymer, 

whether crystalline, liquid or vitreous. Generally, a degree of crystallinity reduces 

permeability through the membrane, whereas it is enhanced with membrane elasticity. 

One characteristic of the polymers is the vitreous transition temperature (Tg), which is 

the gradual and reversible transition from which an amorphous polymer (not crystalline) 

turns from a rigid and relatively brittle state (vitreous state) into a viscous or rubbery state 

as the temperature is increased. In this state the free rotation of the polymer chains allows 

more flexible membranes. Besides, the degree of crystallinity determines the state of the 

polymer. Some polymers have regular structural units that allow the formation of crystals, 

since the chains can be packaged according to an ordered pattern. The presence of crystals 

clearly influences the mechanical and transport properties of the membrane. 

If the polymer is amorphous, an increase in temperature above the Tg will cause 

a drastic modification to its chemical and physical properties. This change will also occur 

in crystalline polymers if we exceed the melting temperature (Tm). Nevertheless, if the 

temperature increase is too high, irreversible degradation (decomposition, oxidation, etc.) 

can be achieved.  

Polymers used on PIM preparations are thermoplastic and among the great 

variety, poly(vinyl chloride) (PVC) and cellulose triacetate (CTA) are the two main 

polymers used in most of the investigations conducted so far. The widespread use of these 

two polymers is due to the fact that they provide a thin film through a simple procedure 

based on a solvent casting method and to the scarcity of information regarding the role of 

the base polymer [190]. The physical properties of different polymers used in PIM 

preparations are summarized in Table 1.1. 

CTA is a polar and frequently highly crystalline polymer with a number of 

hydroxyl and acetyl groups that are capable of forming highly orientated hydrogen 

bonding. Moreover, CTA can be slightly hydrated and, thus, prone to acid hydrolysis. In 
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contrast, the group C-Cl in PVC is relatively polar and non-specific dispersion forces 

dominate the intermolecular interactions. Thus, PVC is an amorphous polymer with a 

small degree of crystallinity [190]. 

Besides PVC or CTA, a few other base polymers have been tested, such as 

cellulose derivatives (i.e. cellulose acetate propionate (CAP), cellulose acetate butyrate 

(CAB), and cellulose tributyrate (CTB)). Gardner et al. [199] compared the different 

cellulose derivates in terms of resistance against hydrolysis under alkaline or acidic 

conditions, finding that resistance to hydrolysis was enhanced with an increase in the 

alkyl chain, although the transport across the membrane decreased. Besides, Ocampo et 

al. [200], tested different PIMs based on CAP, CAB and cellulose acetate hydrogen 

phthalate (CAH) as polymers and dinonylnaphthalene sulfonic acid (DNNS) and 

dinonylnaphthalene disulfonic acid (DNNDS) as carriers. The PIM preparation was not 

possible using DNNS and only fragile membranes were obtained when DNNS was 

employed as the carrier. 

In addition, more recently some PIMs have been prepared using poly(vinylidene 

fluoride-co-tetrafluoroethylene) (PVDF-TFE) [201,202] or poly(vinylidine fluoride-

cohexafluoropropylene) (PVDF-HFP) [203,204] as the base polymers. PVDF is a 

thermoplastic fluoropolymer that shows good chemical resistance, because of the lack of 

reactive functional groups, and an excellent thermal and mechanical stability. All these 

advantages have made it an attractive base polymer for PIM preparations [205].  

PVDF-HFP has been used for the preparation of cross-linking membranes with 

the aim of further reducing membrane leaching into the adjacent aqueous phases. The 

cross-linking process is based on the creation of a more tortuous and rigid environment 

in the PIM polymeric structure, which is achieved by treating PVDF-HFP with 

bisnucleophiles, such as diamines or bisphenols at an elevated temperature, or by 

irradiation (e.g., electron beam). As an alternative to these difficult approaches, PVDF-

HFP can also be combined with a cross-linking oligomer such as poly(ethylene glycol) 

diacrylate (PEG-DA) [206] or poly(ethylene glycol) dimethacrylate (PEG-DMA) [207], 

in order to obtain a semi-interpenetrating polymer network. First, the polymer is dissolved 

in an organic solvent and later the solution is cast to obtain a film. Then, the film is treated 

either with heat or with ultraviolet light to induce the cross-linking of the oligomer leading 

to the distribution of PVDF-HFP chains in the membrane's three-dimensional network. 

Although the cross-linking process leads to an increase in tortuosity and rigidity, 

which may cause an undesired effect by depleting membrane permeability, photo-
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crosslinked PIMs have been successfully applied in thiocyanate transport showing a 

significant increase in both membrane stability and permeability in comparison to 

traditional PIMs [208]. 

 

Table 1.1 Physical properties of polymers frequently used in PIMs. 

Polymer Structure 

MW 
used in 
PIMs 
(KDa) 

MWc Tg 
(ºC) 

Tm 
(ºC) Characteristics 

PVC 

 

90-180a 12.7a 80a na 

Slightly 
crystalline, 

mostly 
amorphous 

CTA 

 

72-74a 17.3a na 302a 

Infusible, high 
degree of 

crystallinity, 
excellent 
strength 

CTB 

 

    120a      47.4a      na 207a 

Infusible, high 
degree of 

crystallinity, 
excellent 
strength 

PVDF-HFP 

 

<400b na na 115-
135b 

Crystalline, 
thermoplastic 

copolymer 

na: not available. 
a Ref [190]. 
b Ref [209]. 

 

The carrier is usually a complexing agent or ion-exchanger responsible for 

binding the target species, facilitating its extraction into the PIM. Performance of the 

membrane system is strongly related to carrier characteristics. The general desirable 

characteristics for carriers are listed below [155]: 

• High selectivity towards target species. 

• High capacity of the target species to be extracted. 
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• High ability to complexate (to extract) a solute from an aqueous feed phase into a 

liquid membrane phase at feed-liquid membrane interface (high extraction or 

distribution, or partition constant). 

• High ability of carrier-solute complex in a liquid membrane to be decomplexed 

and stripped into an aqueous stripping phase at the liquid membrane-stripping 

interface (high decomplexation or stripping constant). 

• Rapid kinetics of formation (complexation) and destruction (decomplexation) of 

the complex on membrane interfaces. 

• Rapid kinetics of diffusion of the carrier-solute complex through the liquid 

membrane (a measure of the diffusion rate, diffusion coefficient). 

• Stability of the carrier. 

• No side reactions. 

• No irreversible or degradation reactions. 

• Low solubility of the carrier into the adjacent aqueous phases. 

• No complexation (coextraction) of water. 

• It should be easily regenerated. 

• Suitable physical properties, such as density, viscosity, surface tension. 

• Low toxicity for biological systems and low corrosivity. 

• Reasonable price at industrial applications 

Although some authors have reported newly synthesized reagents, most of the 

research on PIMs has been conducted using commercially available solvent extraction 

reagents as carriers. The different carriers can be classified into four groups: basic, acidic 

and chelating, neutral or solvating and macrocyclic and macromolecular, examples of 

these group of compounds can be seen in Table 1.2. 

Among the different basic carriers, fully substituted quaternary ammonium 

compounds (e.g., Aliquat 336), react as an anion exchanger forming an ion-pair with 

another metal anion or a complex metal anion present in the feed phase, whereas in the 

case of amine and other weak bases, the carrier must be firstly protonated to allow anion 

exchange [190].  
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Table 1.2 Classification and some examples of the different carriers used in PIMs studies. 

Type of carriers  Examples 

Basic Quaternary amines methyltrioctylammonium chloride (Aliquat 336) 

 Tertiary amines Tri-n-octyl amine (TOA),  tri-n-decylamine 
(TDA),  tri-n-butylamine (TBA),  tri-n-hexylamine (THA), among other tri-alkyl amines 

 Pyridine and derivatives 4-(1’-n-tridecyl)pyridine N-oxide (TDPNO) 
Acidic Hydroxyoximes 2-Hydroxy-5-nonylacetophenone oxime (LIX® 84-1) 

 Hydroxyquinoline 7-(4-Ethyl-1-methyloctyl)-8-hydroxyquinoline  (Kelex 100) 
 β-Diketones Benzoylacetone, dibenzoylacetone, benzoyltrifluoroacetone 

 Alkyl phosphoric acids 
Di(2-ethylhexyl) phosphoric acid (D2EHPA),  Di(2-ethylhexyl) dithiophosphoric acid (D2EHDTPA),  Bis(2,4,4-
trimethylpentyl)phosphinic acid (Cyanex 272),  Bis(2,4,4-trimethylpentyl)dithiophosphinic acid (Cyanex 301),  

Bis(2,4,4-trimethylpentyl)monothiophosphinic acid (Cyanex 302),  Tri-isobutylphosphine sulfide (Cyanex 471X) 
 Sulfonic and carboxylic acids DNNS, DNNDS, Lauric acid, Lasalocid A 

Neutral Phosphoric acid esters Tri-n-butyl phosphate (TBP) 
 Phosphonic acid esters Dibutyl butyl phosphonate (DBBP) 

 Others Octyl(phenyl)-N,N-diisobutyl carbamoylmethyl phosphine oxide (CMPO),  N,N,N’,N’-Tetraoctyl-3-
oxapentanediamide (TODGA),  Tri-n-octyl phosphine oxide (TOPO), polyethylene glycol 

Ionic liquids (ILs) Ammonium methyltrioctylammonium chloride (Aliquat 336), methyltrioctylammonium thiosalicylate 

 Phosphonium Trihexyl(tetradecyl)phosphonium chloride (Cyphos 101),  trihexyl(tetradecyl)phosphonium-(2,4,4-
trimethylpentyl)phosphinate (Cyphos 104) 

 Imidazolium 1-Butyl-3-methylimidazolium hexafluorophosphate, 1-octyl-3-methylimidazolium tetrafluoroborate 
 Others 1-butyl-1-methylpyrrolidinium trifluoromethanesulfonate, 1-butyl-3-methylpyridinium tetrafluoroborate 

Macrocyclic and 
macromolecular Crown ethers and calixarenes Di-tert-butylcyclohexano-18-crown-6 (BuDC18C6), DC18C6, imidazole azothiacrown ether, Meso-octamethyl-

porphyrinogen (Calix[4]pyrrole), among others. 
 Others Bathophenanthroline, bathocuproine,  poly(vinylpyrrolidone) (PVP) 
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Basic carriers are used for the extraction and/or transport of anionic complexes 

of heavy metals (e.g., As(V), Au(III), Cd(II), Co(II), Cr(VI), Cu(II), Ni(II), Pd(II), Pt(IV), 

Re(VII)), anions (e.g., I-, SCN-) and organic compounds (e.g., antibiotics, small 

saccharides, thiourea, among others)

Acidic carriers (e.g., alkyl phosphoric acids, sulfonic acids and carboxylic acids) 

are frequently used for the extraction and transport of metal cations (e.g., Zn(II), U(VI), 

Pb(II), Cd(II), Cr(III), Fe(III)), involving the exchange of the metal ion for protons of the 

carrier. Moreover, the group of compounds such as hydroxyoximes, hydroxyquinoline 

and β-Diketones, present both acidic and strong chelating properties. 

 Neutral and solvating carriers show a high selectivity towards actinides and 

lanthanides such as U(VI) and Ce(III). In the case of phosphoric and phosphonic acid 

esters, the mechanism is based on the replacement of the water molecules coordinated to 

the metallic cation by molecules of the carrier. The carrier D2EHPA has been 

incorporated in PIMs allowing the extraction of bivalent ions such as Zn(II), Cd(II) or 

Pb(II) [210]. This carrier has a hydrophobic character and good solubility in many organic 

solvents. Extraction with D2EHPA is based on a counter-transport mechanism; in this 

case, a crossed transport of protons and metallic ions takes place [211]. 

Another important group of carriers are ionic liquids (ILs), which are molten salts 

liquid at room temperature formed by an organic cation and an organic or inorganic anion. 

ILs present remarkable features, such as high ion conductivity, negligible vapour 

pressure, low volatility, non-flammability, high potential for recycling, high solvating 

capacity and high viscosity. However, they only attracted attention after the mid-1980s 

when ILs with a low melting temperature were presented as solvents for organic synthesis 

[212,213]. Since then a large amount of ILs have been reported with a great variety of 

structures and properties. The extensive range of combinations of cation and anion that 

ILs provide, permits an extensive variety of tunable interactions and applications 

[214,215]. In the late 1990s, the concept of task-specific ILs (TSILs) was introduced. 

TSILs are formed by ILs containing metal ion-ligating functional groups. They can be 

used both as the hydrophobic solvent and the extractant. One example of these 

compounds is Aliquat 336 which is classified as a basic carrier but also has properties 

related to ILs. Aliquat 336 is an affordable cation source of a new family of hydrophobic 

ILs [216]. This extractant has been incorporated in different PIM-based systems for the 

extraction and preconcentration of a wide range of target compounds such as oxyanions, 

anion metallic species or different organic compounds, as shown in the literature [196]. 
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Moreover, Aliquat 336 allows the extraction of As(V) present in waters at neutral pH 

(mainly H2AsO4− and HAsO42−) by an anion-exchange mechanism. As(III) is not 

transported under neutral pH conditions since it is mainly present as a neutral species 

(H3AsO3) and thus permits the speciation of arsenic inorganic species [217]. Moreover, 

Aliquat 336 also allows the extraction of Cr(VI) species at low pH as the predominant 

species is the anion HCrO4− [218]. 

Finally, macrocyclic and macromolecular carriers bear high complexing 

selectivity toward metal ions as their structure can be tailored to a selected metal ion. The 

extraction is based on the recognition of the target compound. Besides, they also exhibit 

low water solubility, although they are expensive to synthesize and most of them are not 

commercially available.  

 

 

The addition of plasticizers or modifiers increases membrane softness and 

flexibility. They are usually organic compounds that contain a hydrophobic alkyl skeleton 

with a polar group or more. However, the addition of these compounds is not mandatory 

when the carrier also presents plasticizing properties (e.g., Aliquat 336, D2EHPA and 

TBP). The addition of these compounds has also been shown to enhance metal flux across 

the membrane [219].  

Plasticizers penetrate between polymer chains, which are held together by a 

combination of various types of attractive forces, and “neutralize” the polar groups of the 

polymer with their own polar groups or increase the distance between polymer molecules, 

reducing the strength of the intermolecular forces. 

The Tg temperature of a plasticized membrane decreases as the amount of 

plasticizer increases. In general terms, this can produce an increase in the diffusion 

coefficient and therefore in membrane permeability. From a physicochemical point of 

view, individual molecular chains are connected to a polymeric membrane by a 

combination of various types of forces. As an example, Van der Waals forces are very 

frequent but weak and little specific. In addition, polar interactions, which are much 

stronger, only occur with the presence of polar centres in the molecule. These polar 

interactions increase the rigidity of membranes due to an unlikely three-dimensional 

structure that hampers the diffusion of the species of interest. Therefore, plasticizers are 

used to improve the flexibility and the compatibility between the membrane components 
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(i.e. base polymer, carrier and carrier/extracted species complex or ion-pair) 

[190,205,220].  

The different physicochemical parameters of the plasticizers have a strong impact 

on the flux across the membrane. Polarity, which is related to the dielectric constant and 

viscosity of the plasticizer, is likely to be the main characteristic which affects the 

transport of PIM systems. Besides, the plasticizer’s polarity influences the chemical 

potential of metal ion partitioning in the membrane, whereas increasing the viscosity of 

the plasticizer decreases the rate of transport, most likely by inhibiting diffusion [221]. 

Kozlowski and Walkowiak [222] obtained a linear correlation between the viscosity of 

the plasticizer and the Cr flux across polymeric membranes containing TOA as the carrier. 

Besides, some authors have attributed the success of nitrophenyl alkyl ethers in PIM 

studies, to their high dielectric constants despite their low viscosity [195,223]. However, 

certain caution must be adopted when attempting to correlate initial PIM flux values with 

the dielectric constant and viscosity of the plasticizer. It is worth mentioning that the 

resulting dielectric constant of the PIM itself depends on the dielectric constants from the 

carrier and the base polymer [205].  

 Despite the great variety of commercially available plasticizers, only a reduced 

number have so far been used in PIM studies, such as 2-nitrophenyloctyl ether (NPOE), 

2-nitrophenylpentyl ether (NPPE), bis(2-ethylhexyl) adipate (DEHA), dibutyphtalate 

(DBP) or dibutylsebacate (DBS) [219]. Other examples of plasticizers with the 

corresponding physicochemical parameters are shown in Table 1.3.  

  

Table 1.3 Physicochemical parameters of some PIM plasticizers (adapted from [205]). 

Plasticizer Dielectric constant (εr) Viscosity (cP) 
NPOE 24 (25°C) 11.1 (25°C) 
NPPE 24 (na) 7.58 (na) 
DEHA 5 (na) 13.7 (na) 
DBP 6.58 (20°C) 16.6 (25°C) 

Tris-(2-ethylhexyl) phosphate (TEHP) 4.8 (25°C) 13.1 (25°C) 
DBS 4.54 (20°C) 9.5 (na) 

Tris(2- butoxyethyl) phosphate (TBEP) 8.7 (na) - 
2-fluorophenyl 2-nitrophenyl ether (2-FP2-

NPE) 50 (na) 13.0 (na) 

Dioctyl phthalate (DOP) 5.22 (20°) 40.4 (na) 
TBP 8.34 (20°) 3.32 (na) 

Ethyl benzoate (EB) 6.20 (20°C) - 
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2-Nitrophenyl octanoate (NPOT) 5.88 (na) - 
1-dodecanol 5.82 (30°C) - 

1-tetradecanol 4.42 (45°C) - 
na: temperature not available 

 

The amount of plasticizer is also a crucial factor, as a low amount can lead to 

undesirable rigidity and brittleness being obtained. This phenomenon is commonly 

referred to as the “anti-plasticizing” effect. The minimum amount varies according to the 

plasticizer and the base polymer used. Conversely, the addition of a great amount of 

plasticizer is also problematic, since it can interfere in the membrane/aqueous phase 

interface, creating an additional barrier that limits the transport of the species of interest 

through the membrane. Therefore, an excess of plasticizer can produce a decrease in the 

mechanical resistance of the membrane, as well as a reduction in its transport efficiency 

[190]. 

 

1.5.2 Characteristics of PIMs 

These aforementioned components are incorporated into a PIM by a relatively 

simple process. All components are dissolved using a suitable solvent, mixed, cast in a 

mould (e.g. a glass ring positioned on a flat glass plate or in a petri dish) and the solvent 

is allowed to evaporate. Once this has been achieved, a transparent, flexible and 

homogeneous film is left; this film is a PIM (see Figure 1.8).  

 

Figure 1.8 PIM placed on a wooden plank. 
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Moreover, PIMs possess a dense structure, with no pores. This ease of fabrication 

makes PIMs particularly attractive for the development of low-cost separation 

technologies. 

 

1.5.3 Characterization of PIMs 

Several techniques have been used in PIM studies to provide information about 

the morphology and structure of the membranes, and to evaluate the resulting PIM 

composition, assess homogeneity or to check the presence of a micro-porous structure. 

A great variety of different techniques has been used for PIM characterization, 

such as scanning electron microscopy (SEM), SEM-energy dispersive spectroscopy 

(SEM-EDS), atomic force microscopy (AFM), Fourier transform infrared spectroscopy 

(FTIR), transmission infrared mapping microscopy (TIMM), reflection infrared mapping 

microscopy (RIMM), X-ray photoelectron spectroscopy (XPS), X-ray diffraction (XRD), 

XRF, thermogravimetric analysis (TGA), differential scanning calorimetry (DSC), 

impedance spectroscopy (IS), elastic and contact angle measurements. 

SEM, AFM and XPS are surface techniques, which provide information about the 

membrane morphology, such as how the carrier and/or the plasticizer are distributed 

within the base polymer. SEM images of PIM surfaces and cross-sections show the 

homogeneity and dense structure of this kind of membranes (see Figure 1.9 for a PIM 

composition of 50% CTA – 50% Aliquat 336). 

 

 

Figure 1.9 SEM images of PIMs consisting of 50% CTA–50% Aliquat 336: surface (a), cross-

section (b). 

(b)(a)

6 µm 30 µm
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Moreover, a combined analysis of SEM-EDS can be used to obtain semi-

quantitative elemental results about very specific locations within an area of interest, as 

reported by Mercader-Trejo et al. [224], where the sulphur content of Cyanex 471X was 

monitored to demonstrate the homogeneous distribution of the carrier across the 

membrane. An analogous technique is XPS, which provides valuable quantitative and 

chemical state information from the surface of the membrane [225].  

The use of AFM has been demonstrated as a useful technique for detecting the 

leaching of the carrier from a PVC-based PIM [226]. Moreover, this technique has also 

been used to compare the more homogeneous surface and smoother appearance of 

membranes plasticized with TBP compared to those plasticized with NPOE, correlating 

the smoother surface with an enhanced permeation [227]. 

FTIR analysis has been used to provide information about the interaction between 

the different PIM components. However, different studies have concluded that no 

covalent bonding takes place between the different constituents of the membrane; there 

are only weak interactions such as Van der Waals or hydrogen bonds [210,228]. 

Some authors have used the TIMM technique to obtain a distribution profile of 

the membrane components. Ansari et al. [229], found a slightly non-uniform distribution 

of the carrier TODGA in CTA-based PIMs, whereas De San Miguel et al. [230] used 

TIMMs maps to study the distribution of kelex 100 and NPOE. In addition, the analogous 

technique RIMM was used to study the distribution of the carrier D2EHPA in PIMs with 

different compositions, obtaining an increase in the extractant absorbance band with the 

increase in its concentration [231]. 

XRD examines the crystallinity of a sample. It provides information about the 

crystal structure(s) of the membrane, as well as the space group, lattice parameters, 

preferred orientation and crystallite size. It suggests that CTA-based PIMs containing 

crown ethers as carriers, and TBP or NPOE as plasticizers, present an amorphous 

structure [232,233]. Moreover, energy dispersion X-ray fluorescence (EDXRF) which is 

a non-destructive technique, has been used to directly quantify the amount of mercury 

adsorbed in a PIM without a further elution step [234]. This technique has also been 

employed to monitor the leaching of the carrier Aliquat 336 by determining the presence 

of chloride, before and after mass loss experiments, in CTA-based PIMs. 

To understand the type of interaction between the base polymer and the different 

carriers as well as to provide information about the thermal degradation of the different 

PIM components, TGA has been employed as an effective technique [200,210]. TGA and 
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DSC analysis are frequently performed together in the same analysis. DSC experiments 

performed on PIMs showed variation on the Tg with the addition of a plasticizer to a 

CTA-based membrane. The presence of NPOE lowered the Tg compared to pure CTA, 

hence demonstrating the plasticizing effect of NPOE [221]. 

Another characterization technique used in PIMs studies so far is IS, which allows 

the determination of electrical parameters of materials, such as electrical resistance and 

capacitance, which are directly related to the electrical response of a particular material. 

The experimental set-up of this technique is shown in Figure 1.10.  

Vazquez et al. [225] reported that an increase in the amount of the carrier Aliquat 

336 clearly enhances both membrane dielectric constant and conductivity, regardless of 

the membrane supporting material. Membranes, either based on PVC or CTA with the 

same Aliquat 336 content, showed similar conductivity values and only slight differences 

were observed in the case of dielectric permeability. 

Elasticity is a crucial parameter as previously stated. Therefore, different authors 

have performed elastic measurements on different PIM compositions. A clear softer and 

tougher character of the PVC-based membranes was obtained compared to CTA-based 

membranes and, in addition, elastic behaviour enhancement was observed with an 

increase of Aliquat 336 on both polymer-based membranes [225]. 

 

 

Figure 1.10 Experimental set-up of IS on membrane characterization using two probes (a) or four 

probes (b) [235]. 

 

The membrane’s hydrophobic/hydrophilic character is also of paramount 

importance and can be determined by contact angle measurements. A high 

hydrophobicity of the PIM results in a more stable membrane [228]. However, higher 

contact angle values normally correspond to lower permeability values as found in the 
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literature [236], and thus, a compromise between stability and efficiency must be 

achieved. 

 

1.5.4 Analytical applications of PIMs 

PIMs were first used as sensing membranes in ion-selective electrodes (ISEs) and 

optodes about 50 years ago. From then onwards, PIMs have been used in different 

analytical applications such as sample preparation, sample preconcentration, electro-

driven extraction, passive sampling, speciation studies, and incorporated into on-line and 

automated analysis systems and used as sorbents for different target compounds. 

In 1970, a more suitable procedure for preparing the sensing membrane in ISEs 

was presented, by the immobilization of the organic phase in a PVC polymeric matrix. 

However, these were not termed as PIM, even though they were practically identical 

[237]. The main difference between polymer membranes used in ISEs and the ones used 

in PIM studies is the amount of extractant and plasticizers used in the membrane 

composition. In the case of ISEs, a concentration of the carrier (also called ionophore in 

this application) ranging from 1% to 2% in total weight is needed to achieve a fast ion 

exchange at the membrane/sample solution interface with a very low transport rate of the 

ion of interest. Conversely, in the case of PIMs, concentrations starting from 30% are 

normally used as both fast ion exchange and transport are required [219].  

Nowadays, the research using polymer membranes in ISEs is focused on lowering 

the limits of detection and allowing this technique to provide reliable results down to 

picomole or even femtomole [238]. This research has led to highly stable and 

reproducible miniature sensing devices being obtained for monitoring purposes in clinical 

and environmental applications [196].  

PIMs have also been broadly employed in optical chemical sensors, named 

optodes, since first reported in 1989 [239]. Optode sensing involves the formation of a 

coloured or fluorescent complex with the analyte and numerous recent works are listed 

in the following review [196].  

PIMs have been demonstrated to be an effective tool for sample treatment, and 

different authors have employed them for the separation and preconcentration of various 

species of interest, such as metallic species or organic compounds. Likewise, our research 

group has effectively contributed to the separation and preconcentration of different 
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compounds using PIMs. In 2006, a novel method was reported for the separation and 

preconcentration of Cr(VI) from electroplating waste waters by means of an Aliquat 336-

based PIM used as a sorbent. PIMs showed a higher degree of homogeneity in terms of 

metal distribution when compared to SLM [240]. 

 In addition, a simple and effective procedure for both cadmium removal and 

separation, using an Aliquat 336-based PIM from either acidic or saline solutions, was 

also presented [241]. Besides, a PIM-based system was used for the separation and 

transport of inorganic As species (arsenite and arsenate) from aqueous solutions using a 

two-compartment transport cell (see Figure 1.11) [121]. Moreover, a different 

configuration was used for arsenate transport, where the volume of the stripping phase (5 

mL) was lower than the volume of the feed phase (100 mL) and thus, allowed a 

preconcentration of arsenate. The resulting method was successfully applied for the 

determination of arsenate in groundwaters [217]. With regard to organic compounds, 

PIMs have successfully been applied for the transport and preconcentration of six 

different antibiotics (four sulphonamides and two tetracyclines) from environmental 

water samples [242]. 

 

 

Figure 1.11 Two-compartment transport cell placed on a magnetic multistirrer. 

 

Besides the above mentioned off-line configurations which involve two 

compartments separated by a PIM and where samples need to be manually collected from 

the stripping phase, PIMs have also been incorporated in on-line systems which use a 

Feed phase PIM Stripping phase
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flow-through approach where both feed and stripping solutions flow past the PIM. In 

2011, the first use of a PIM for on-line separation in FIA, involving simultaneous 

extraction and back-extraction, was reported. The optimal PIM composition consisted of 

40% D2EHPA as the carrier, 10% DOP as the plasticizer and 50% PVC as the base 

polymer, and allowed the on-line determination of Zn(II) in aqueous samples in the 

presence of other metallic species [243]. Later, the same authors presented two different 

approaches involving temperature and sonication to improve the already existing FIA 

system by enhancing the overall mass transfer process in the PIM separation cell [244]. 

Moreover, the same research group presented a highly sensitive FA system for the trace 

determination of phosphate in natural waters, using a PIM containing Aliquat 336 as the 

carrier. The resulting method allowed the analysis of natural water samples containing 

concentrations of phosphate in the low µg L−1 range [245]. More recently, a PIM 

constituted by PVDF, Cyphos 101 and NPOE was used for the on-line extractive 

separation of V(V) prior to its spectrophotometric determination in a FIA system. The 

developed system allowed the determination of V(V) in water and dietary supplement 

samples [246]. 

PIMs have also been tested in electro-membrane extraction, where membrane 

extraction is driven by an electric field rather than facilitated transport. SLMs have 

traditionally been used in this application. However, due to their limited stability, the use 

of PIMs has emerged as an attractive alternative. The first electro-driven extraction using 

a PIM was presented by See and Hauser [247]. A CTA-based PIM containing Aliquat 

336 and the plasticizer NPOE was used for the extraction and preconcentration of 

glyphosphate (GLYP) and aminomethylphosphonic acid (AMPA) from spiked river 

water samples. In this study, an enrichment factor of 26 was achieved. However, after the 

modification of continuously pumping the feed solution through its compartment, while 

the stripping solution was stagnant, greater enrichments were obtained for both 

compounds [248]. Schmidt-Marzinkowski et al. [249] reported an electro-driven 

extraction of perchlorate through a PIM without carrier, only containing NPOE and CTA, 

due to the high lipophilicity of this anion compared to others such as phosphate or 

sulphate. For the transport of less liphophilic anions, a PIM with a high content of 

extractant was needed. Even though most PIM studies are carried out with casting flat-

sheet membranes, other configurations are also possible. As an example, Mamat and See 

[250] prepared a small cylindrical PIM with a hollow centre, where 20 µL of stripping 

phase were accommodated. This setup allowed the electroextraction of three basic drugs 
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(i.e. amphetamine, methamphetamine and 3,4-methylenedioxy-N-methylamphetamine) 

from human plasma samples through a PIM made of CTA as base polymer, D2EHPA as 

carrier and TEHP as plasticizer. 

Passive sampling involves the exposure of sampling devices for extended periods 

of time (from days to weeks) within the aquatic system of interest (e.g. lake, river or 

drain) to provide time weight average (TWA) concentration data. Passive samplers (e.g. 

Chemcatcher®, semipermeable membrane devices (SPMDs), DGT, polar organic 

chemical integrative samplers (POCISs)) present some limitations, such as a need for 

calibration in order to correlate the amount of analyte accumulated in the receiving phase 

with its TWA concentration in the same sample. However, this comparison is not easy 

due to different environmental factors (e.g. temperature, flow pattern, biofouling) that can 

modify the diffusion of the target compound across the semi-permeable barrier. 

Moreover, the stripping phase of the sampler is frequently a resin or sorbent which 

requires a further elution step. This disadvantage can be overcome with the use of PIMs, 

as the stripping solution is an aqueous solution and can, therefore, be directly analysed. 

PIMs incorporated in a device (see Figure 1.12) have been used for the passive sampling 

of different inorganic species (e.g. Zn(II), NH4+) and organic compounds (e.g. 

sulfamethoxazole) in environmental samples. For instance, Almeida et al. [251] presented 

a novel passive sampler which contained acidic stripping solution and was separated from 

the feed solution by a PIM made of PVC as the base polymer and D2EHPA as the carrier. 

The developed passive sampler was used to measure TWA concentration of Zn(II) from 

urban waters. The same author also reported a passive sampler for the TWA concentration 

of total ammonia (i.e. molecular ammonia and the ammonium cation) in freshwaters (e.g. 

stormwater drain and creek water), using a PIM composed of PVC as the base polymer, 

DNNS as the carrier and 1-tetradecanol as the plasticizer. In effect, an acidic solution was 

also used as stripping phase. 

García-Rodríguez et al [252], reported for the first time a PIM-based passive 

sampler for the monitoring of sulfamethoxazole. The PIM was composed of CTA, 

Aliquat 336 and NPOE, and allowed the transport of sulfamethoxazole from different 

environmental samples (i.e. groundwater, river water and wastewater) towards a sodium 

chloride stripping solution. 
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Figure 1.12 PIM-based device used for preconcentration and passive sampling of different target 

compounds. 

 

In recent years, the applicability of PIMs as solid sorbents for the extraction of 

different metallic species has also been explored. PIMs have been used to entrap metallic 

species as a preconcentration procedure before EDXRF analysis. For instance, Fontàs et 

al. [240] reported a PIM made either of PVC or CTA and containing the extractant Aliquat 

336 for the selective enrichment of Cr(VI) in the PIM from electroplating water samples. 

Likewise, a PIM made of CTA and containing the same extractant and plasticizer as the 

previously mentioned work, was employed for the preconcentration of cadmium from 

complex liquid samples such as seawater, followed by the direct analysis of the membrane 

with EDXRF [253]. More recently, Elias et al. [234], developed an effective PIM-based 

sorbent to facilitate mercury extraction from different types of water such as river, 

seawater, groundwater, and tap water. Interestingly, mercury collected in the PIM-based 

sorbent was shown to be stable for at least 6 months after metal extraction. 

Furthermore, the effect of sonication and membrane composition was also 

evaluated for the extraction of Au(III) from hydrochloric acid solutions. The optimal PIM 

composition contained PVC, Aliquat 336 and 1-dodecanol. The authors reported an 

enhancement of Au(III) extraction due to sonication, which eliminates the stagnant 

diffusion layer near the membrane/solution interface, and thus, increases metal extraction 

[254]. Besides, a PIM-based sorbent made of PVC and containing Aliquat 336 provided 

an attractive alternative to conventional solvent extraction methods for the separation of 

Co(II) from Ni(II). These membranes showed a high selectivity towards Co(II), even with 

the presence of Ni(II) and other base metal ions, such as Fe(III) and Cd(II) [255]. 
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Despite all the above mentioned uses and applications of PIMs for analytical 

purposes, it is expected that ongoing research will expand the applicability of these 

membranes and broaden their use for different purposes due to the advantages and 

feasibility they present. 
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The overall aim of this study is to develop new analytical methodologies for the 

preconcentration and speciation measurements of both inorganic and organic compounds. 

This general aim will be met by achieving the following specific objectives: 

 

• To design, prepare and characterize polymer inclusion membranes using ionic 

liquids or specific carriers as a separation technique to be used for 

preconcentration and speciation measurements. 

 

• To investigate the effect of modifications of the commercial ionic liquid Aliquat 

336 as well as new routes of PIM preparations on physicochemical membrane 

characteristics and performance. 

 

• To explore PIMs incorporated in a special device as well as in a flow technique to 

facilitate arsenic determination. 

 

• To establish a transport model for the measurement of zinc speciation from a 

nutrient solution using PIMs as an emerging technique and its comparison with 

root uptake. 

 

• To use PIMs made up of a polymer and a plasticizer as an extracting sorbent to 

preconcentrate pesticides from natural river samples prior to their determination. 

 

 

 

 

 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

 

 

 

 

 

 

 

 

CHAPTER 3 
 

 

 

 

 

 

Results 

 
 

 

 

 

 

 

 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

3.1 Development of new analytical methodologies for arsenic 

determination 

 

The contents of this section are based on the following studies: 

 

R. Vera, E. Anticó, C. Fontàs, The Use of a Polymer Inclusion Membrane for Arsenate 

Determination in Groundwater, Water 10 (2018) 1093. 

 

R. Vera, Y. Zhang, C. Fontàs, M.I.G.S. Almeida, E. Anticó, R.W. Cattrall, S.D. Kolev, 

Automatic determination of arsenate in drinking water by flow analysis with dual 

membrane-based separation, Food Chem. 283 (2019) 232-238. 

 

R. Vera, C. Fontàs, E. Anticó, Titanium dioxide solid phase for inorganic species 
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3.1.1 The Use of a Polymer Inclusion Membrane for Arsenate Determination in 

Groundwater 

 

Abstract 

 A polymer inclusion membrane (PIM) containing the ionic liquid 

methyltrioctylammonium chloride (Aliquat 336) as the carrier has been used 

satisfactorily for the preconcentration of arsenate present in groundwater samples, 

allowing its determination by a simple colorimetric method. The optimization of different 

chemical and physical parameters affecting the membrane performance allowed its 

applicability to be broadened. The transport of As(V) was not affected by the polymer 

used to make the PIM (cellulose triacetate (CTA) or poly(vinyl chloride) (PVC)) nor the 

thickness of the membrane. Moreover, the use of a 2 M NaCl solution as a stripping phase 

was found to allow the effective transport of arsenate despite the presence of other major 

anions in groundwater. Using the PIM for the analysis of different groundwaters spiked 

at 100 µg L-1 resulted in recoveries from 79% to 124% after only 5 h of contact time. 

Finally, the validated PIM-based method was successfully applied to the analysis of 

waters containing naturally occurring arsenate. 

 

Introduction 

 Arsenic is a well-known pollutant that is present in high levels in soil and water 

in different countries around the world [1]. The World Health Organization (WHO) has 

set an upper limit of 10 µg L-1 in a guideline for concentrations in drinking water [2]. Due 

to the high toxicity of arsenic even at low concentrations, it is of paramount importance 

to perform routine analyses to monitor this pollutant in waters. Of the different separation 

techniques, functionalized membranes have attracted considerable attention as a valuable 

technology for many analytical purposes in recent years. This is the case of polymer 

inclusion membranes (PIMs), which are non-porous functionalized membranes that 

consist of a polymer, a plasticizer, and an extractant. These membranes are transparent, 

flexible and stable, and have been used in many applications such as sensing, both ion-

selective electrodes (ISE) and optodes, sample pre-treatment (separation and pre-

concentration), and electro-driven extraction. PIMs have also been used as passive 

samplers deploying the membrane device for a 7-day period without reporting any 
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drawback due to membrane fouling [3–5]. With the proper selection of the carrier, these 

membranes can effectively transport different species, such as inorganic pollutants [5], 

organic compounds [6] and metallic species [7]. 

 In a previous study [8], a PIM made of cellulose triacetate (CTA) as the polymer 

and Aliquat 336 as the carrier was used for the transport of arsenate from aqueous natural 

samples to an 0.1 M NaCl stripping solution. Arsenate was transported through the 

membrane by the formation of the ion-pair [(R3R’N+)2HAsO42-], which was released in 

the stripping compartment by exchanging arsenate with the chloride present in this phase 

[8]. Under neutral pH conditions, inorganic As(III) transport was negligible since it is 

mainly present as a neutral species and, thus, the developed PIM allowed the quantitative 

separation of both inorganic As species. Moreover, it was found that even though other 

anions present in natural waters were also transported (e.g., chloride, phosphate, nitrate, 

sulphate and carbonate), As(V) transport efficiency was not hampered. The developed 

PIM-based separation system was later implemented in a special device, incorporating a 

PIM made of 69% (w/w) poly(vinyl chloride) (PVC) as the base polymer and 31% (w/w) 

Aliquat 336 as the carrier, which allowed the preconcentration of arsenate, thus providing 

easy arsenate detection by means of the formation of a blue complex [9]. This method 

provided a working range from 20 µg L-1 to 120 µg L-1 As(V) in ultrapure water, and a 

limit of detection (LOD) of 4.5 µg L-1   after 24 h of contact time using 5 mL 0.1 M NaCl 

as the stripping phase. It was successfully applied in the analysis of different waters from 

the Pyrenees region with low conductivity values. These two previous works allows us 

to establish the conditions for the effective transport of inorganic As(V) in a transport cell 

(without preconcentration) [8], and to apply the membrane system in a PIM-based device 

to allow As(V) preconcentration and detection with good results after 24 h contact time 

for water samples bearing low conductivity [9]. 

 In the present study, in order to extend the applicability of this separation system, 

we have evaluated and optimized the chemical and physical parameters that can affect 

the PIM-based device, such as membrane composition, stripping phase characteristics, 

and membrane thickness, in order to accomplish the preconcentration of arsenic species 

in a more convenient timescale and to broaden the applicability of the method to more 

complex groundwater (GW) samples. 
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Methods 

Reagents and Solutions 

 Stock solution (100 mg L−1) of As(V) was prepared from solid Na2HAsO4·7H2O 

purchased from Merck (Darmstadt, Germany). Working solutions of arsenate in ultrapure 

water and GW were prepared by dilution of the corresponding stock solution. Sodium 

chloride, obtained from Fluka (Bern, Switzerland), was used to prepare the stripping 

solution. Calibration standards of arsenic were prepared using the Spectrascan standard 

solution for atomic spectroscopy (Teknolab, Drшbak, Norway).  

 The extractant Aliquat 336 and the polymer PVC were purchased from Sigma-

Aldrich (Steinheim, Germany) and CTA from Acros Organics (Geel, Belgium). The 

organic solvents tetrahydrofuran (THF) and chloroform (CHCl3) (Panreac, Castellar del 

Vallès, Spain) were used to prepare the polymeric films.  

Simulated groundwater (SGW) was prepared by dissolving 0.17 g of NaHCO3, 0.22 g of 

CaCl2·6H2O (Panreac, Castellar del Vallès, Spain) and 0.07 g of Na2SO4 (Merck, 

Darmstadt, Germany) in 1 L of ultrapure water. 

 All reagents and solvents were of analytical reagent grade. Ultrapure water from 

a MilliQ Plus water purification system (Millipore Ibérica S.A., Madrid, Spain) was used 

to prepare all solutions. 

 

Colorimetric Detection of As(V) 

 The determination of As(V) preconcentrated in the stripping phase was performed 

using the molybdenum blue method, which is based on the formation of an 

arsenomolybdate complex. The reagent solutions were prepared in accordance with the 

latest, improved version of the method [10]. Ammonium molybdate was prepared by 

dissolving 5.2 g of (NH4)6Mo7O24·4H2O (Scharlau, Barcelona, Spain) and 8.8 mg of 

potassium antimonyl tartrate, K(SbO)C4H4O6·0.5H2O (Merck, Darmstadt, Germany) in 

30 mL of 9 M sulphuric acid and diluted with deionized water to 50 mL in a volumetric 

flask. A solution 10% (w/v) of ascorbic acid (Panreac, Castellar del Vallès, Spain), which 

was used as a reductant, was prepared daily. The reagents were added to As(V) samples 

or standard solutions in accordance with the recommended procedure. To account for the 

matrix effect, standard solutions were prepared both in ultrapure water and 2 M NaCl. 
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Polymer Inclusion Membrane (PIM) Preparation 

 PIMs were prepared by dissolving either CTA (200 mg) or PVC (400 mg) and the 

appropriate volume of a 0.5 M Aliquat 336 solution in chloroform or in THF, 

respectively. The solution was poured into a 9.0 cm diameter flat-bottom glass Petri dish 

which was set horizontally and covered loosely. The solvent was allowed to evaporate 

over 24 h at room temperature and the resulting film was then carefully peeled off the 

bottom of the Petri dish and circular 2.5 cm2 pieces were cut from its central section and 

used in the experiments. PIMs of different thicknesses were prepared by reducing 

proportionally the total mass of polymer and Aliquat 336.  

 All PIM compositions are given in mass percentages for each component. 

 

Preconcentration Experiments and Calibration Curve 

 The schematics and the whole set-up of the PIM-based device used in the 

preconcentration experiments are described elsewhere [11]. The device incorporates the 

PIM with an area of 2.5 cm2 and contains the stripping solution. This device is immersed 

1 cm in a vertical position in 100 or 50 mL of a water sample containing arsenic and 

placed on a magnetic stirrer. After a predetermined contact time, the device was removed 

from the solution and a selected volume of the stripping solution (usually 2 mL) was taken 

for the colorimetric analysis. 

 Arsenic transport efficiency (TE) was determined by using Eq. (3.1): 

TE(%)=
[%&]&()*+	(()	1

				[%&].//0	(0)	2)	
× 100 (3.1) 

 

where [As]strip(t) denotes the arsenic concentration in the stripping compartment at the end 

of the contact time, whereas [As]feed(0) is the initial arsenic concentration in the water 

sample. The volume ratio between the feed solution and stripping solutions is denoted by 

Vr. 

 The calibration curve for the preconcentration method was prepared by using the 

final selected conditions in accordance with the TE results (50 mL of aqueous feed 

solution, 2.5 mL of 2 M NaCl as the stripping phase and 5 h contact time). 
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 All experiments were conducted at 22 ± 1 ºC, and were done per duplicate as 

minimum. Standard deviation (SD) is shown for each case with the corresponding number 

of replicates (n). 

 

Apparatus 

 A Cary ultraviolet-visible (UV-Vis) (Agilent Technologies, Tokyo, Japan) 

instrument was used to measure the absorbance of As(V) complex at λ = 845 nm.  

 Arsenic concentration in the source solution of two GW samples with naturally 

occurring arsenic was measured using an inductively coupled plasma optical emission 

spectroscopy system (Agilent 5100 Vertical Dual View ICP-OES, Agilent Technologies, 

Tokyo, Japan).  

 PIM thickness was measured using a Digimatic Micrometer 0–25 mm (Mitutoyo, 

Takatsu-ku Japan).  

 The pH and conductivity values were determined with a Crison Model GLP 22 

pH meter and Ecoscan, Entech Instruments, portable conductimeter, respectively. A 

magnetic multistirrer 15 (Fischer Scientific, Hampton, NH, USA) was also used. 

 

Water Samples 

 Seven GW samples were collected from different locations in north-east Catalonia 

(Spain). Table 3.1 indicates the location of the different sampling spots as well as the 

main chemical characteristics of the different waters. GW samples 1–5 do not contain As 

and were used to study the effect of the water matrix by adding arsenate at different 

concentrations. GW samples 6 and 7 contained naturally occurring arsenic. All waters 

were used without any treatment (filtration or pH adjustment) except for sample GW7, 

which was brought to neutral pH by adding HCl. 
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Table 3.1 Characteristics and georeferences of the water samples used in this study. 

n.m.: not measured; n.a.: not added; n.f.: not found. 

Samples 

Georeferences of 
Sampling Point 
(Coordinates) 

pH 
Conductivity 

(µS cm−1) 

Ions (mg L−1)  Arsenic 
Concentration 

(µg L−1) [NO3
−] [Cl−] [SO4

2−] [HCO3
−] [Na+] [Mg+] [Ca+] 

GW1 (Pujarnol) 42° 6′ 16.907″ N Lat., 2° 
42′ 34.64″ E Long. 7.21 684 1.2 15.4 63.9 269 19.0 30.1 96.1 n.f. 

GW2 (Mongai) 41° 47′ 59.047″ N Lat., 
0° 57′ 38.832″ E Long. 7.76 470 9.5 15 38.3 n.m. 10.8 14.9 68.9 n.f. 

GW3 (St. Hilari) 41° 53′ 16.46″ N Lat., 2° 
31′ 11.867″ E Long. 7.98 275 21.9 11.4 8.7 172 16.6 9.0 50.0 n.f. 

GW4 (Cerdanya) 42° 21′ 16.059″ N Lat., 
1° 42′ 17.742″ E Long. 7.5 423 0.3 4.3 2.5 349 11.4 13.2 70.7 n.f. 

GW5 (Setcases) 42° 22′ 22.208″ N Lat., 
2° 18′ 3.026″ E Long. 7.56 110 3.3 0.9 8.0 88 3.7 2.7 23.6 n.f. 

GW6 (Cerdanya) 42° 22′ 16.393″ N Lat., 
1° 40′ 41.159″ E Long. 7.5 236 2.2 2.7 12.4 140 n.m. n.m. n.m. 67.1 

GW7 (Cerdanya) 42° 22′ 12.595″ N Lat., 
1° 40′ 54.456″ E Long. 9.69 185 0.4 2.2 11.8 n.m. n.m. n.m. n.m. 70.4 

SGW - 7.5 459 n.a. 71 47.0 123 70.2 n.a. 40.3 n.a. 
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Results and discussion 

Parameters Affecting the Preconcentration System 

Stripping composition 

 As reported in our previous study [9], As(V) transport through the PIM containing 

Aliquat 336 is based on an anionic exchange in which the chloride present in the striping 

phase is the driving force behind the up-hill transport of the arsenate anion. Despite other 

anions such as sulphate or nitrate also being transported through the PIM, the 

effectiveness of the system was not affected as long as the total concentration of anions 

in GW did not exceed the chloride concentration in the stripping solution. However, the 

applicability of the method was severely hampered in the case of water samples with high 

conductivity. Thus, to broaden the application of this PIM-based preconcentration 

system, we tested the use of a 2 M NaCl solution instead of 0.1 M NaCl, maintaining all 

the other experimental parameters (e.g., PIM: 69% PVC – 31% Aliquat 336 (w/w), time: 

24 h, feed volume: 100 mL and stripping volume: 5 mL). The results are presented in 

Figure 3.1 as As(V) transport efficiency for both ultrapure water and GW1 and the two 

stripping solution compositions tested. It is worth mentioning that the conductivity of 

GW1 (648 µS) is between 2–6 times higher than the conductivity of natural waters studied 

in our previous work (in the 120–194 µS range) [9]. As can be observed, As(V) transport 

efficiency is dramatically affected if 0.1 M NaCl is used as the stripping phase, since only 

34% of arsenate is transported. TE for GW1 increases up to 70% when the concentration 

of NaCl in the stripping phase is increased to 2 M. Similar results were observed in the 

work of Garcia-Rodríguez et al. [12], where the same PIM device was used for the 

monitoring of sulfamethoxazole (SMX) in natural waters, where a 2 M NaCl solution 

allowed a more efficient mass transfer across the membrane than an 0.5 M NaCl solution. 

Hence, a stripping phase consisting of a 2 M NaCl solution was fixed for subsequent 

experiments. 
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Figure 3.1 The effect of NaCl concentration used as a stripping solution on As(V) transport in 

both ultrapure and groundwater GW1 (spiked at 100 µg L−1 As(V)). Polymer inclusion membrane 

(PIM): 69% poly(vinyl chloride) (PVC) – 31% Aliquat 336 (w/w); time: 24 h; feed volume: 100 

mL; stripping volume: 5 mL. (n=2). 

 

Contact Time and Sample and Stripping Volume 

 As(V) transport was assessed by varying the volume of both feed and stripping 

solutions (volume ratio fixed at 20) and using two different water samples, ultrapure and 

GW1. As shown in Figure 3.2, better transport efficiencies are obtained for both water 

samples tested, when 50 mL volumes for the feed and 2.5 mL for the stripping solution 

(50/2.5) were used in the PIM-based device system after 24 h contact time. 

 Moreover, As(V) transport efficiencies at 5 h and 24 h are compared in the 

same figure. It can be observed that TE are higher when the contact time is 24 h but 

satisfactory results, around 60% of TE, are also obtained at a time as short as 5 h. In our 

previous work [9], at a contact time of 5 h and using 0.1 M NaCl as the stripping phase 

and the 100/5 volumes, the TE obtained was around 20%. Besides, at 5 h contact time, 

the difference in terms of As(V) transport between the two different water samples is 

negligible. Therefore, 50/2.5 volumes for feed and stripping solutions and a contact time 

of 5 h were selected for further experiments. 
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Figure 3.2 As(V) transport efficiency using a PIM-device with different volumes as feed and 

stripping solutions in both ultrapure and GW1 (spiked at 100 µg L−1 As(V)), after 24 h (a) and 5 

h (b) contact time (n=2). PIM composition was 69% PVC – 31% Aliquat 336 (w/w) and 2 M 

NaCl was used as the stripping phase. 

 

Membrane Characteristics 

 As reported by other authors [8,12], transport efficiency can be affected by both 

the amount of extractant in the PIM and the nature of the polymer. Therefore, various 

membrane compositions with different thickness were studied in terms of arsenate 

preconcentration in the stripping phase, after a 5 h contact time. As can be seen in Table 

3.2, there was only slight variation for the different PIM compositions even though 

different polymers were employed. These results are in concordance with other 

publications where similar results were obtained with PIMs prepared with the two 

polymers, CTA and PVC [13,14]. 
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Table 3.2 Effect of membrane composition and thickness on As(V) preconcentration in the 

stripping phase (n=3). Feed composition: 100 µg L−1 As(V) in GW1 (50 mL). 

Polymer PIM Composition (w/w) Thickness (µm) 
[As] stripping (µg L−1) 

(± SD) 

Poly(vinyl chloride) (PVC) 

69% PVC–31% Aliquat 336 

60 1160 (± 58) 

30 940 (± 94) 

50% PVC–50% Aliquat 336 

96 900 (± 45) 

39 840 (± 53) 

Cellulose triacetate (CTA) 

70% CTA–30% Aliquat 336 38 880 (± 18) 

52% CTA–48% Aliquat 336 

45 1060 (± 85) 

25 940 (± 19) 

 

  

 Additionally, different authors have reported the great influence of PIM 

thickness when metal transport is rate-limited by the diffusion of the metal across the 

membrane [15–17]. However, the reduction of the membrane thickness, using the PIM-

based device under the selected conditions, did not enhance the As(V) preconcentration, 

which can be explained by diffusion through the membrane not being the only rate-

limiting factor as diffusion in the acceptor solution is also involved [11]. 

 The fact that only slight differences are obtained in terms of arsenate 

preconcentration using different PIMs composition highlights the great sturdiness of the 

system under these experimental conditions. PIM with a composition of 52% CTA – 48% 

Aliquat 336 (w/w) and a thickness of 45 µm was used in further experiments since the 

amount of reagents necessary to prepare PIMs made of CTA is smaller than PIMs based 

on PVC. 
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 It should be noted that the preconcentration system provides an arsenate 

enrichment of around 10 times the initial concentration in the feed solution, which is a 

clear improvement in facilitating the detection of arsenate in polluted GW samples at low 

levels. 

 

Analytical Application of the PIM-device 

Effect of Water Matrix 

 The matrix composition of the calibration standards must be considered for the 

application of the PIM-based preconcentration system in the determination of As(V) as 

this is a critical point which can affect the TE and, consequently, the sensitivity of the 

method. For this reason, different water samples, GW1 to GW5 and SGW, were tested 

(see Table 3.1 for composition) under the selected experimental conditions. As(V) 

transport efficiencies are compared in Table 3.3, where values ranging from 53% up to 

72% for GW1–4 and a value of 81% for GW5 are presented. The highest TE of GW5 is 

clearly related to the lowest conductivity value, which enables higher arsenate transport 

across the PIM. Our results support the hypothesis that the accuracy of the method might 

be compromised by the matrix composition used for the preparation of the calibration 

standards and the conductivity of the target water sample. As SGW presents an 

intermediate TE between GW1 and GW5, this is finally selected for the calibration and 

validation of the PIM-based device method. 

 

Table 3.3 Comparison of the different GW samples on arsenate transport efficiency with the 

proposed PIM-based method (n=2). 

Water 

Sample 
Conductivity (µS cm−1) Amount of As(V) Added (µg L−1) TE (%) (± SD) 

GW1 684 100 53 (± 8) 

GW2 470 100 65 (± 6) 
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GW3 275 100 72 (± 6) 

GW4 423 100 66 (± 23) 

GW5 110 100 81 (± 11) 

SGW 459 100 63 (± 8) 

 

Analytical Parameters 

 Under selected conditions, the proposed PIM-based method was applied to 

standards containing As(V) in the range of 10 µg L−1 to 150 µg L−1 in SGW. Figure 3.3 

shows the absorbance measured for each standard plotted versus known concentrations 

of As(V) in the initial feed phase, and a straight line was fitted to measured points by the 

least-square method. Parameters of the resulting calibration curve are also included in 

Figure 3.3. The fact that the regression coefficient was higher than 0.99 indicates a good 

linearity throughout the studied working range. It is worth mentioning that the LOD of 7 

µg L−1 is in concordance with the maximum permitted in drinking waters set at 10 µg L−1 

by the WHO [2], and acceptable relative standard deviation (RSD) values (below 20%) 

at two different levels (i.e., 10% at 30 µg L−1 and 13% at 100 µg L−1) are also obtained. 
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Figure 3.3 Calibration curve obtained with the PIM-based method. PIM, 52% CTA – 48% 

Aliquat 336 (w/w) (n=3). Feed solution, 50 mL of different As(V) concentrations in simulated 

groundwater (SGW); stripping solution 2.5 mL 2 M NaCl. 

 

 Recovery values of the proposed PIM-based method were calculated taking into 

account the calculated As(V) content based on the concentration found in the stripping 

and using the equation shown in Figure 3.3, in relation to the spiked level of different GW 

with 100 µg L−1 As(V). The results are collected in Table 3.4, where it can be seen that 

recovery values range from 79% up to 124% with the highest recovery corresponding to 

GW5. 
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Table 3.4 Effect of water sample on As(V) recovery (n=2). 

Water Sample As(V) Recovery (%) (± SD) 

GW1 79 (± 13) 

GW2 98 (± 10) 

GW3 109 (± 9) 

GW4 100 (± 35) 

GW5 124 (± 17) 

 

 All recovery values and standard deviations obtained using our proposed PIM-

based device method can be considered satisfactory taking into account the µg L−1 

concentration level, as reported in the guidelines for standard method performance 

requirements [18]. 

 

Application to Contaminated Groundwater (GW) Samples 

 The proposed method was used to analyse two naturally occurring arsenate GW 

samples from Catalonia (north-east Spain). A comparison between the direct analysis of 

the water sample by inductively coupled plasma optical emission spectroscopy (ICP-

OES) and the proposed PIM-based device method is presented in Table 3.5. The good 

agreement shows that the method is suitable for the determination of As(V) in GW 

samples. 
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Table 3.5 As(V) concentration in GW samples determined by the ICP-OES reference method and 

the proposed PIM-based device method (n=2). 

Water Sample 

As Concentration Measured (µg L−1) (± SD) 

ICP-OES  PIM-based Device  

GW6 67 ± 2 82 (± 2) 

GW7 70 ± 3 67.4 (± 0.5) 

 

Conclusions 

 An effective and simple methodology has been proposed employing a device 

incorporating a PIM made of 52% CTA – 48% Aliquat 336 (w/w) and using the volumes 

of 50 mL and 2.5 mL for the feed and stripping solutions, respectively. The selection of 

a 2 M NaCl solution as the stripping phase and 5 h contact time resulted in TE around 

53–81%. The type of polymer and the membrane thickness do not seem to influence the 

transport results under the studied experimental conditions. The use of an SGW as a 

matrix for the preparation of calibration standards enabled an improvement of the 

analytical parameters for the determination of As(V) in GWs with different chemical 

compositions. The results obtained for the PIM-based method of two GW samples 

naturally containing As(V) is in concordance with the ICP-OES analysis. Hence, it is 

demonstrated that the proposed method can be used as an attractive alternative for the 

determination of arsenate within a range of different aqueous matrices with different 

conductivities. 
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3.1.2 Automatic determination of arsenate in drinking water by flow analysis with 

dual membrane-based separation 

 

Abstract 

 The sequential application of a polymer inclusion membrane (PIM), composed of 

poly(vinylidenefluoride-co-hexafluoropropylene) and the anionic extractant Aliquat 336, 

and a microporous polytetrafluoroethylene (PTFE) gas-permeable membrane was 

utilized for the first time to develop a flow analysis (FA) system, for the automatic 

determination of trace levels of arsenate (As(V)) in drinking water as arsine. The system 

incorporated a flow-through extraction cell for separation and preconcentration of 

arsenate and a gas-diffusion cell for the separation of arsine prior to its 

spectrophotometric determination based on the discoloration of a potassium 

permanganate solution. Under optimal conditions the FA system is characterized by a 

limit of detection of 3 µg L-1 As(V) and repeatability of 1.8% (n=5, 25 µg L-1 As(V)) and 

2.8% (n=5, 50 µg L-1 As(V)). The newly developed FA method was successfully applied 

to the determination of arsenate in drinking water samples in the µg L-1 concentration 

range. 

 

Introduction 

Arsenic is a naturally occurring toxic element, which is present in natural waters 

around the world [1]. Inorganic species, such as arsenate (As(V)) and arsenite (As(III)), 

are the most common and toxic forms of arsenic found in aquatic systems [2]. Arsenic is 

considered a leading pollutant since it is often found at elevated levels in natural waters 

and long-term exposure to its forms have been associated with skin, lung, urinary tract, 

kidney, and liver cancer [3]. Therefore, the World Health Organization (WHO) has set 

the guideline concentration for arsenic in drinking water at 10 µg L-1 [4]. It should be 

pointed out that arsenic in drinking water is present very often almost entirely as arsenate 

(As(V)) [5,6]. The low regulated level of arsenic and its complex chemistry represent a 

challenge from an analytical point of view. Hence, a great number of highly sensitive 

analytical techniques have been developed and employed for the determination of arsenic 

in environmental samples, namely graphite furnace atomic absorption spectrometry 



Chapter 3 – Results 

 104 

(GFAAS) [7], hydride generation atomic absorption spectrometry (HG-AAS) [8], hydride 

generation atomic fluorescence spectrometry (HG-AFS) [9], inductively coupled plasma 

atomic emission spectrometry (ICP-OES) [10], and inductively coupled plasma mass 

spectrometry (ICP-MS) [2,11]. These techniques provide the sensitivity required to 

directly measure arsenic concentrations in water samples at the µg L-1 level. However, 

the techniques mentioned above require expensive equipment and highly trained 

laboratory technicians.  

Flow injection analysis (FIA) is a technique suitable for performing analysis on-

line in an automatic fashion and it is highly efficient in minimizing both reagent and 

sample consumption as well as the overall analysis time and associated costs [12,13]. 

Different detection techniques have been successfully applied in FIA systems for the 

determination and speciation of arsenic (e.g., voltammetry [14], amperometry [15,16], 

chemiluminescence [17], or spectrophotometry [18-20]. A great number of 

spectrophotometric methods for arsenic are based on the method proposed by Johnson 

and Pilson [21], in which an arsenomolybdenum blue complex is formed. However, this 

method is affected by severe interferences from silicate or phosphate, often present in 

arsenic samples, which impose serious limitations on the applicability of this method. To 

avoid the interference of phosphate and silicate, some authors have used an anion-

exchange column to retain the interfering anions [22,23] or optimized the molybdenum 

blue method to improve its selectivity for arsenate over phosphate, as reported by Dhar 

et al. [24]. Rupasinghe et al. [19] and Toda et al. [25] have reported on the development 

of FIA systems based on hydride generation where arsenic is converted into arsine 

followed by bleaching an oxidant acceptor KMnO4 solution. The concentration of arsenic 

in many water samples is at trace level and preconcentration is often required. 

Membrane-based extraction procedures involving liquid membranes have 

emerged as promising alternatives to ion-exchange based separation and preconcentration 

where retention and stripping of the analyte take place sequentially. In liquid membrane-

based separation the extraction and back-extraction of the analyte from a donor aqueous 

stream into an acceptor aqueous stream occur simultaneously. Supported liquid 

membranes (SLMs), which are considered as the most frequently used type of liquid 

membranes at present, have been used successfully in the determination of arsenate in 

drinking water [26]. However, in this type of membranes the membrane liquid phase, 

consisting of an extractant and diluent, is retained in the micrometre size pores of a 

hydrophobic polymeric membrane and this leads to leaching of the membrane liquid 
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phase into the donor and acceptor aqueous phases, thus causing potential deterioration in 

the performance of the SLM [27].  

Recently, polymer inclusion membranes (PIMs) have been shown to have a better 

stability than SLMs [28]. PIMs are casted from a solution of a base polymer, extractant 

and in some cases plasticizer or modifier in a suitable solvent [28,29]. The reason behind 

their superior stability compared to SLMs stems from the fact that the membrane liquid 

phase of PIMs (i.e., extractant and plasticizer/modifier) is retained between the entangled 

polymer chains of the base polymer, thus minimizing significantly its leaching to the 

adjacent aqueous solutions. The base polymer provides mechanical strength to the PIM, 

while the extractant (carrier) is responsible for the extraction/transport of the chemical 

species of interest. The plasticizer or modifier are often added to the PIM composition to 

provide elasticity or increased solubility of the extracted species in the membrane liquid 

phase, respectively [29]. PIMs have been successfully employed in flow analysis (FA) 

systems for the on-line separation and preconcentration of Zn(II) [30,31], orthophosphate 

[32] and vanadium(V) [33]. 

The present paper reports on the development of a spectrophotometric FA system 

implementing on-line preconcentration of arsenate using a PIM consisting of 

poly(vinylidene fluoride-co-hexafluoropropylene) (PVDF-HFP) and Aliquat 336 

followed by on-line generation of arsine which diffuses across a gas-permeable 

membrane into a permanganate solution causing its discoloration. To the best of our 

knowledge this is the first use of a PIM in an FA system for the determination of arsenate 

in drinking waters at low µg L-1 levels and the first coupling of on-line membrane-based 

extractive separation with on-line membrane-based gas-diffusion separation. 

 

Experimental 

Reagents and solutions 

All reagents and solvents used in this study were of analytical reagent grade. The 

polymers PVDF-HFP (Aldrich, USA) and poly(vinyl chloride) PVC (Fluka, Italy), the 

extractant Aliquat 336 (Aldrich, USA), and the modifier 1-tetradecanol (Aldrich, USA) 

were used as constituents of the PIMs studied. Tetrahydrofuran (THF) without a 

stabilizer, purchased from VWR (Australia), was used as the membrane casting solvent. 

The acceptor solution used in the PIM-based separation step contained 0.1 mol L-1 NaCl 
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(Chem-Supply, Australia) as the stripping reagent for arsenate. The reduction of As(V) 

to As(III) was conducted using a reductant solution composed of 4 mol L-1 HCl (32%, 

RCI Labscan, Thailand), 1% (w/v) KI (Aldrich, USA), and 0.5% (w/v) ascorbic acid (AA) 

(Ajax Finechem, Australia). The sodium borohydride reagent stream used for arsine 

generation contained 0.5% (w/v) NaBH4 and 0.05 mol L-1 NaOH (Chem-Supply, 

Australia). Arsine was absorbed and oxidized in the gas-diffusion acceptor stream 

containing 0.2 mmol L-1 KMnO4 (Chem-Supply, Australia) and 0.05 mol L-1 NaOH 

(Chem-Supply, Australia).  

The interference studies were performed with working solutions prepared by 

dilution of stock solutions containing 500 mg L-1 H2PO4−, Cl−, NO3−, HCO3−, or SO42−. 

These stock solutions were prepared by dissolving Na2HPO4 (BDH, Australia), NaCl, 

NaNO3 (Ajax, Australia), NaHCO3 (Chem-Supply, Australia), or Na2SO4 (Chem-Supply, 

Australia) in ultrapure water (≥18.2 MΩ cm, Millipore, Synergy 185, France), used in the 

preparation of all aqueous solutions. 

 

Instrumentation 

On-line spectrophotometric detection was conducted with a Pharmacia Novaspec 

II UV-Vis spectrophotometer (Pharmacia Biotech, Sweden) fitted with a flow-through 

cell made of quartz (10 mm optical path length, Starna, UK). The spectrophotometer was 

interfaced with a PowerChrom 280 (Model ER280) data recording system linked to a PC 

and run by the Chart software package (eDAQ, Australia). 

The PIMs thickness was measured using an optical microscope (Model LH50A, 

Olympus, Japan) with a calibrated lens (Carton Optical Ind., Japan). 

For method validation the samples were also analysed after off-line pre-reduction 

with a solution containing a mixture of 1% (w/v) KI and 0.5% (w/v) ascorbic acid by 

inductively coupled plasma optical emission spectrometry (ICP-OES, Model Optima 

4300 DV, Perkin-Elmer) incorporating a home-made hydride generation unit. 

 

Flow Analysis (FA) manifold 

The FA manifold developed in the present study for arsenate preconcentration, 

separation and detection involving hydride generation is depicted in Figure 3.4.  



Chapter 3 – Results 

 107 

 
Figure 3.4 Schematic representation of the FA manifold. P1-P3: peristaltic pumps; R1: gas-

diffusion acceptor stream (0.2 mM M KMnO4, 0.05 M NaOH); R2: NaBH4 stream (0.5% (w/v) 

NaBH4, 0.05 mol L-1 NaOH); R3: reductant stream (4 M HCl, 1% (w/v) KI, 0.5% (w/v) ascorbic 

acid); R4: PIM acceptor stream (0.1 M NaCl); R5: PIM donor stream; RC: reaction coil; IV: 

injection valve; GDC: gas-diffusion cell; PIM: polymer inclusion membrane. 

 

The system consisted of three four-channel peristaltic pumps, i.e., Pump 1 and 

Pump 2 (Model VS4, Watson Marlow Alitea, Sweden) and Pump 3 (Gilson Minipuls-3, 

France). All the pumps were fitted with Tygon tubing of suitable internal diameter 

(TACS, USA). Polytetrafluoroethylene (PTFE) tubing of 0.5 mm i.d. was used 

throughout the manifold, except for the gas-diffusion acceptor stream outlet tubing, which 

was of 3 m length and 0.3 mm i.d. to provide sufficient back-pressure. The latter was 

required to prevent the diffusion of H2, generated by the decomposition of NaBH4, across 

the hydrophobic membranes and the paper filter of the gas-diffusion cell (GDC, Figure 

3.5a) into Stream R1 where it would have interfered with the analytical measurements. 

The following hydrophobic microporous membranes were used in the present study: 

Durapore ® and Surevent ® membranes (Merck Millipore, USA), PTFE membranes 

(Reece, Australia), and polypropylene membranes (Chemplex, Zimbadwe). The flow 

rates of all streams were measured gravimetrically by weighing the mass of water of 

known temperature pumped through the corresponding tubing over a 5 min period. On-
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line preconcentration of arsenate was performed using a home-made extraction cell 

similar to the one described previously by us [31], which consisted of two Perspex blocks 

(150 mm length, 30 mm width and 15 mm height, each) clamped together by stainless 

steel screws. The two channels of the extraction cell were serpentine shaped and were 

157, 1 and 0.25 mm in length, width and depth, respectively. Arsine was separated in a 

homemade GDC (Figure 3.5) made of Perspex and identical to the one used previously 

by us [34] where arseine diffused from the gas-diffusion donor stream (Streams 

R2+R3+R4, Figure 3.4) across an assembly of a filter paper disc (No. 54, Whatman, 

Britain) sandwiched between two hydrophobic microporous membranes (Figure 3.5a) 

into the gas-diffusion acceptor stream (Stream R1). The filter paper was used as a physical 

support for the hydrophobic membranes, which otherwise could have stretched as a result 

of the pressure difference between the two channels of the GDC (Figure 3.5a) thus 

changing the channels’ volume and impacting negatively on repeatability. The shape of 

the two channels of identical width and length (Figure 3.5b), i.e., 1.8 mm and 100 mm, 

respectively, ensured efficient mixing of the gas-diffusion donor and acceptor streams 

which improved the generation, trans-membrane transfer and oxidation of arsine in the 

gas-diffusion acceptor stream (Stream R1) [34]. The depths of the acceptor and the donor 

channels were 0.5 and 6 mm, respectively, and the corresponding volumes were 90 µL 

and 1080 µL, respectively. This volume difference coupled with appropriately selected 

flow rates of Streams R1 – R4 allowed a degree of preconcentration of arsenic as arsine 

in the gas-diffusion acceptor stream (Stream R1). 

 
Figure 3.5 Schematic representation of the GDC used in the on-line separation of arsine. (a) 

Cross-section (donor and acceptor channels depths - 6 and 0.5 mm, respectively) and (b) top view 

of one of the halves of the GDC. 
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FA procedure 

The standard/sample solution (Stream R5, Figure 3.4) was propelled for a 

predetermined period of time through the donor channel of the extraction cell where a 

PIM separated the sample (donor) stream (Stream R5) from the acceptor stream (Stream 

R4). The acceptor stream was stopped for a predetermined stop-flow time during the 

sample passage through the donor channel of the extraction cell to allow preconcentration 

of arsenate in the static acceptor solution located in the acceptor channel of the cell. At 

the end of the stop-flow time, the acceptor stream (R4) was re-started and arsenate was 

reduced to arsenite by merging the acceptor stream of the extraction cell (R4) with a 

reagent stream (R3) containing HCl, KI and ascorbic acid. Subsequently, arsine was 

generated by merging the combined R4+R3 stream with a sodium borohydride stream 

(R2). The generated arsine in the combined stream R4+R3+R2 diffused across the 

hydrophobic membranes and the filter paper of the GDC (Figure 3.5a) into its acceptor 

solution (R1) where it was oxidised by KMnO4 resulting in a decrease in the 

permanganate absorbance, monitored continuously at 528 nm in the spectrophotometric 

measuring cell of the manifold. In all measurements the analytical signal recorded was 

the maximum decrease in KMnO4 absorbance relative to the baseline level. 

 

Optimisation of the FA method 

The optimization of the reaction coil (RC) length (Figure 3.4) and the flow rate of 

Stream R1 and the selection of the most appropriate hydrophobic gas-diffusion membrane 

was carried out in a FA system similar to the one shown in Figure 3.4 where the extraction 

cell was replaced with an injection valve with a 500 µL sample loop. The standards 

injected in these experiments contained 1000 µg L-1 As(V).  

The suitability of different PIM compositions was tested in the FA manifold shown 

in Figure 1 using a stop-flow procedure in which 5 mL of a 1000 µg L-1 As(V) standard 

solution was propelled at a flow rate of 0.2 mL min-1 through the donor channel of the 

extraction cell. The influence of the stop-flow time and the flow rate of Stream R5 was 

studied by propelling a standard solution containing 500 µg L-1 As(V) through the donor 

channel of the extraction cell. 
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PIM preparation 

PVC-based PIMs containing 70% (w/w) PVC and 30% (w/w) Aliquat 336 were 

prepared by dissolving 180 mg of Aliquat 336 in 18 mL of THF, followed by slow 

addition of 420 mg of PVC into the casting solution, which was constantly stirred to avoid 

aggregation of the polymer. Finally, the resulting mixture was poured into a 16.5 cm in 

diameter glass ring sitting on a flat glass plate. The ring was covered with filter paper and 

a watch glass to slow down the evaporation of THF in the next 15 h after which the 

resulting PIM was carefully peeled from the glass plate [11,32].  

PIMs containing 1-tetradecanol as a modifier were also prepared by the casting 

method outlined above. However, in this case 60 mg of this compound and 120 mg of 

Aliquat 336 were dissolved in the casting solution together with 420 mg of PVC and the 

corresponding PIMs contained 70% (w/w) PVC, 20% (w/w) Aliquat 336 and 10% (w/w) 

1-tetradecanol. 

The PVDF-HFP-based membranes were prepared following the procedure 

described by O'Bryan et al. [35]. In this method, 700 mg of PVDF-HFP and 300 mg of 

Aliquat 336 were dissolved in 8 mL of THF at 50 °C and the mixture was mechanically 

stirred until the complete dissolution of all PIM components. The casting solution was 

then spread onto a glass plate using a casting knife with 0.5 mm depth setting [35]. The 

glass plate was covered with an aluminium tray to allow the slow evaporation of THF in 

the next 48 h after which the membrane was peeled from the glass plate. 

 

Interference studies 

The effect of common anions in appropriately selected concentration ranges (i.e., 

0.15 mg L-1 – 140 mg L-1 in the case of H2PO4- and 1.0 mg L-1 – 40 mg L-1 in the case of 

NO3-, Cl-, HCO3-, and SO42-) on the analytical signal for a 0.05 mg L-1 (0.67 µmol L-1) 

As(V) standard was studied. 

 

Sample analysis 

Spiked with arsenate at the µg L-1 level tap and mineral water samples were 

analysed by both the newly developed FA method and ICP-OES. The tap water was 

obtained from Melbourne’s public water supply, and the commercial mineral waters 

analysed were: Voss Still Water (Norway), Woolworths Mountain Spring Water 



Chapter 3 – Results 

 111 

(Australia) and Icelandic Spring Water (Iceland). All samples were analysed by the 

standard addition method, involving at least 3 standard additions, and the measurements 

were performed in triplicate (unless otherwise stated).  

 

Results and discussion 

Optimization of the FA system parameters 

The optimization range and the initial and optimal values for each of the design 

and operational parameters of the newly developed FA system investigated in this study 

are summarized in Table 3.6 in the order in which the optimization was done. The initial 

value of a parameter was the value used in the experiments prior to the optimization of 

this parameter. The compositions of the Streams R1 (0.2 mmol L-1 KMnO4 and 0.05 mol 

L-1 NaOH), R2 (0.5% (w/v) NaBH4 and 0.05 mol L-1 NaOH) and R3 (4 M HCl + 1% KI 

(w/v) + 0.5% (w/v) ascorbic acid) were selected on the basis of the results obtained in an 

earlier study involving the determination of arsenic by a gas-diffusion/hydride generation 

approach [34]. To simplify the operation of the FA system, Streams R2, R3 and R4 were 

kept at the same flow rate of 0.12 mL min-1. 
 

Table 3.6 Optimization of the FA system for the determination of As(V). 

Parameter Range studied Initial value Optimal value 

Reaction coil length (m) 0 – 3.00  2.50 0.25 

Stream R1 flow rate (mL min-1) 0.06 – 0.46 0.24 0.06 

Gas-diffusion membrane Polypropylene   

 Durapore®  SureVent® 

 SureVent®   

 PTFE   

PIM composition (% w/w) 70 PVC, 30 A336   

 70 PVC, 20 A336, 1 1-TD  
70 PVDF-HFP, 30 

A336 

 70 PVDF-HFP, 30 A336   

[NaCl] in R4 (mol L-1) 0.05 – 0.2 0.1 0.1 

Stream R5 flow rate (mL min-1) 0.2 – 3.0 0.2 2.5 
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Stop-flow time of the acceptor 

stream of the extraction cell (min) 
2 – 30 25 15 

A336 – Aliquat 336, 1-TD – 1-tetradecanol 

 

Effect of the reaction coil length, flow rate of Stream R1 and type of the gas-diffusion 

membrane 

As mentioned earlier, the influence of these parameters was studied in an FA 

system, similar to the one shown in Figure 3.4, where the extraction cell was replaced 

with an injection valve with a 500 µL sample loop. 

The length of the reaction coil (RC, Figure 1), where Streams R3 and R4 were 

merged, was varied between 0 m (i.e., no reaction coil) and 3 m. The RC length affected 

both the efficiency of mixing between the two streams mentioned above and the 

dispersion of arsenic in the donor stream of the GDC. As expected, a longer RC enhanced 

arsenic dispersion which offset any increase in the analytical signal due to better mixing 

between Streams R3 and R4. The highest analytical signal was obtained when the length 

of the RC was 0.25 m and this length of the RC was used in the subsequent experiments. 

The percentage of As(V) converted into As(III) under these experimental conditions was 

calculated as equal to 70%, by comparing the analytical signals for standards containing 

1000 µg L-1 of either As(III) or As(V).  

As expected, higher analytical signals were recorded when lower flow rates of 

Stream R1 were used due to the fact that arsine generated in the RC was transferred into 

a smaller volume of the KMnO4 acceptor solution of Stream R1. Experiments involving 

stopping Stream R1 during arsine generation were also conducted but they resulted in 

unstable baseline due to the transfer of greater and irreproducible amounts of H2 into the 

static KMnO4 solution located in the acceptor channel of the GDC (Figure 3.4). In 

addition, no enhancement in the analytical signal was observed. Hence, 0.06 mL min-1 

was selected as the optimal flow rate of Stream R1 since this was the lowest flow rate 

that could be reproducibly maintained by Peristaltic pump P1. 

Four different hydrophobic microporous membranes (i.e., Durapore®, 

SureVent®, PTFE, and polypropylene membranes) were compared with respect to their 

permeability to arsine, estimated on the basis of the corresponding analytical signal 

values. In each case the two channels of the gas-diffusion cell were separated by two 

membrane layers and a filter paper disc sandwiched between them. When the Durapore® 
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membrane was tested a rapid formation of a brown stain on both membrane surfaces was 

observed due to manganese dioxide formation, and for this reason this membrane was 

discarded. The average analytical signals based on 10 replicate measurements of a 1000 

µg L-1 As(V) standard for the remaining three membranes were 0.081 ± 0.004 for the 

polyprolylene membrane, 0.101 ± 0.004 for the PTFE membrane, and 0.102 ± 0.004 for 

the SureVent® membrane. Although no significant difference between the last two 

membranes was obtained, the baseline was not very stable when using the PTFE 

membrane, possibly due to its malleability. SureVent® membrane was selected for 

further use because it was slightly thicker and more robust than the PTFE membrane and 

no issues with baseline stability were observed.  

 

Effect of the PIM and the compositions of Stream R4 

Fontàs et al. [11], reported on the successful use of a PIM composed of the base 

polymer PVC and the carrier Aliquat 336 for the preconcentration of arsenate in 

groundwater samples. The optimal composition of this PIM, i.e., 70% (w/w) PVC and 

30% (w/w) Aliquat 336, was determined in a previous study by the same research team 

[10]. In this and other studies [10,36] 0.1 M NaCl was found to be the most suitable 

receiving solution for arsenate. The separation of arsenate using an Aliquat 336-based 

PIM involves the extraction of the HAsO42- anion from the sample solution into the PIM, 

followed by the diffusion of the corresponding adduct of this anion with the quaternary 

alkylammonium cation of Aiquat 336 (A+) across the membrane and the back-extraction 

of HAsO42- into the acceptor solution containing NaCl as the stripping reagent [10]. The 

equilibrium, described by Eq. (3.2), is shifted to the right (extraction into the PIM) at the 

sample solution/PIM interface and to the left (back-extraction into the acceptor solution) 

at the PIM/acceptor solution interface. 

 

HAsO42- + 2(A+Cl-)PIM ⇆ [(A+)2HAsO42-]PIM + 2Cl-   (3.2) 

 

The PIM and the receiving solution, mentioned above, were initially used in the 

newly developed FA system for the on-line preconcentration of As(V). However, the 

analytical signals obtained in 3 consecutive measurements of a 1000 µg L-1 As(V) 

standard (0.09, 0.08, 0.03) were relatively low. The poor repeatability was most likely 

due to the leaching of the PIM liquid phase consisting of Aliquat 336 into the adjacent 
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aqueous phases. Therefore, other PIM compositions were explored.  

One of them was the composition reported by Cho et al. [37] for the extraction of 

thiocyanate from weakly alkaline aqueous solutions which consisted of 20% (w/w) 

Aliquat 336, 10% (w/w) 1-tetradecanol and 70% (w/w) PVC. This study demonstrated 

that the addition of a modifier (e.g., 1-tetradecanol) of a very low water solubility reduced 

significantly the leaching of the PIM liquid phase. However, the analytical signal 

achieved with this PIM composition (i.e., 0.041, 0.017, 0.023), though higher than the 

one for the PIM composed of only 70% (w/w) PVC and 30% (w/w) Aliquat, also showed 

poor repeatability. 

O’Bryan et al. [35] demonstrated that PVDF-HFP-based PIMs containing 30% 

(w/w) Aliquat 336 and 70% (w/w) PVDF-HFP exhibited a significantly higher extraction 

and back-extraction rates for thiocyanate and higher stability compared to PVC-based 

PIMs containing the same concentration of liquid phase. This PIM provided much higher 

analytical signal (i.e., 0.173, 0.173, 0.172) and excellent repeatability and therefore was 

used in the subsequent experiments. 

 The concentration of NaCl in Stream R4 was varied between 0.05 and 0.20 mol 

L-1. As expected, the analytical signal increased with increasing the NaCl concentration 

up to 0.1 mol L-1 after which no further signal enhancement was observed. Therefore, 0.1 

mol L-1 was selected as the optimal NaCl concentration in Stream R4. 

 

Effect of the flow rate of Stream R5 and the stop-flow time for Stream R4 

It can be expected that the analytical signal will depend heavily on both the flow 

rate of Stream R5 and the stop-flow time (i.e., duration of the sample flow through the 

extraction cell) because these two parameters determine the sample volume and its 

contact time with the PIM. The individual effects of these two parameters on the 

analytical signal are not independent of each other and for this reason their combined 

effect was studied and the results are presented in Figure 3.6. It was observed that, 

independently of the flow rate of Stream R5, the analytical signal increased rapidly with 

increasing the stop-flow time up to 15 min and then it started gradually to level off. Also, 

it was observed that independently of the stop-flow time, the analytical signal increased 

with increasing the flow rate of Stream R5 up to 2.5 mL min-1 after which it started 

decreasing. Therefore, 2.5 mL min-1 was selected as the optimal flow rate. The analytical 

signal did not increase significantly for stop-flow times greater than 15 min (e.g., an 
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increase in the stop-flow time from 15 to 25 min resulted in only 10% increase in the 

analytical signal) and this value was selected as the optimal stop-flow time. 

 

 
Figure 3.6 Influence of the stop-flow flow time and the flow rate of Stream R5 on the analytical 

signal for a 500 µg L-1 As(V) standard. 

 

Interference studies 

The presence of common anions in natural water (e.g., H2PO4-, Cl-, NO3-, HCO3-, 

and SO42-) which can compete with the extraction of arsenate [11], makes it necessary to 

investigate their potential interference. No interference effects associated with these 

anions were expected in the arsine generation, trans-membrane transport and detection 

steps. Figure 3.7 shows the normalized analytical signal as a function of the logarithm of 

the concentration ratio between each one of the anions mentioned above and arsenate. 

The normalized analytical signal was calculated as a fraction of the analytical signal in 

the absence of interfering ions. Interference effects were observed only when the 

concentration of the interfering ions exceeded by 2 orders of magnitude the arsenate 

concentration (i.e., 50 µg L-1). In the presence of significant interference effects, the 

standard addition method should be used. 
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Figure 3.7 Effect of the concentration of H2PO4
- (△), NO3

- (l), SO4
2- (¯), HCO3

- (�), and Cl- 

(¢) on the normalised analytical signal for a 0.67 µmol L-1 (50 µg L-1) As(V) standard. 

 

Analytical figures of merit 

Under optimal conditions (Table 3.6) the newly developed FA method is 

characterised by a linear range of 5.0-65 µg L-1 As(V) described by the following 

calibration equation: A = (8.94×10-4 ± 1.77×10-5) ×C (R2=0.998), based on 5 different 

As(V) standards, where A is the absorbance and C is the As(V) concentration in µg L-1.  

The method repeatability, expressed as the relative standard deviation (RSD) of 5 

replicate measurements, was calculated as equal to 1.8% for 25 µg L-1 and 2.8% for 50 

µg L-1 As(V), respectively. The limit of detection (LOD) of 3.0 µg L-1 was calculated as 

the analyte concentration corresponding to an analytical signal equal to the blank signal 

plus three standard deviations of the blank [38]. The sample solution was propelled for 

15 min through the PIM extraction cell while the acceptor solution was stagnant, resulting 

in a sampling rate of 2.8-1. 

The newly developed FA method provides better sensitivity for the determination 

of As(V) than other spectrophotometric FA methods (e.g., 51 µg L-1 [18] and 21 µg L-1 

[34]) and sensitivity comparable to that provided by FA methods utilizing bulky and 

expensive atomic optical detectors (e.g., atomic fluorescence detector - 0.61 µg L-1 [39] 

and atomic absorption detector – 0.5 µg L-1 [40]. 
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Analysis of drinking water samples 

As mentioned earlier, in most cases arsenic in drinking water consist almost 

entirely of As(V) [5,6] and therefore the newly developed method was validated by 

determining the As(V) concentration in 4 drinking water samples using the standard 

addition method (Table 3.7). The standard addition method was used instead of the 

calibration curve method because of the high concentrations of common anions relative 

to the As(V) concentration. All standard additions curves were characterised by excellent 

linearity (R2 ≥ 0.997) and the repeatability of the slopes of replicate samples (n=4) 

expressed as RSD was 5.6%. The As concentration in the spiked samples was also 

determined by HG-ICP-OES using the calibration curve method. There was no 

statistically significant difference at the 95% confidence level between the results 

obtained by both methods (Table 3.7). 

 

Table 3.7 As(V) concentration in spiked drinking water samples determined by the newly 

developed FA method and HG-ICP-OES. 

Sample 

Spiked As(V) 

concentration  

(µg L-1) 

Measured As(V) concentration ± SD 

(µg L-1) 

  FA (n=3) HG-ICP-OES (n=3) 

Tap water 6.0 6.5 ± 0.5 6.6 ± 0.4 

 10.0 9.1 ± 0.7 10.5 ± 0.8 

 15.0 14.0 ± 2.0* 15.8 ± 0.9 

Voss mineral water 6.00 5.5 ± 0.5 6.4 ± 0.5 

 10.0 10.0 ± 1.0* 10.5 ± 0.4 

Spring mineral water 9.00 8.3 ± 0.8 9.4 ± 0.6 

 20.0 21.0 ± 2.0* 21.6 ± 0.6 

Icelandic mineral 

water 
15.0 13.9 ± 0.9 13.7 ± 0.5 

 25.0 22.0 ± 2.0* 25.0 ± 2.0 

* experiments performed in duplicate 
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Conclusions 

The hydride generation FA system for the determination of arsenate in drinking 

waters at low µg L-1 levels, developed as part of the current study, utilizes for the first 

time PIM-based on-line extractive separation of arsenate from the sample matrix which 

is subsequently reduced to arsine, detected spectrophotometrically after its on-line gas-

diffusion separation. Under optimal conditions the FA system is characterized by an LOD 

of 3.0 µg L-1 and a repeatability, expressed as RSD, of 1.8% (n=5, 25 µg L-1) and 2.8% 

(n=5, 50 µg L-1). Lower limits of detection could be potentially achieved by using longer 

stop-flow times of the extraction cell acceptor solution, i.e., larger sample volumes. 

Common anions, such as phosphate, nitrate, sulphate, carbonate, and chloride, were found 

to interfere in the PIM-based separation process only at a concentrations 100 times higher 

than that of arsenate. The newly developed FA system allowed the accurate determination 

of arsenate in drinking water spiked with As(V) at the low µg L-1 level using the multi-

point standard addition method. Since arsenic in most drinking waters is almost entirely 

composed of arsenate, it can be expected that the FA system, mentioned above, would be 

applicable for total arsenic determination of drinking water. 
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3.1.3 Titanium dioxide solid phase for inorganic species adsorption and 

determination: the case of arsenic 

 

Abstract 

 We have evaluated a new titanium dioxide (Adsorbsia As600) for the adsorption 

of both inorganic As(V) and As(III) species. In order to characterize the sorbent, batch 

experiments were undertaken to determine the capacities of As(III) and As(V) at pH 7.3, 

which were found to be 0.21 and 0.14 mmol g−1, respectively. Elution of adsorbed species 

was only possible using basic solutions, and arsenic desorbed under batch conditions was 

50% when 60 mg of loaded titanium dioxide was treated with 0.5 M NaOH solution. 

Moreover, its use as a sorbent for solid-phase extraction and preconcentration of arsenic 

species from well waters has been investigated, without any previous pretreatment of the 

sample. Solid-phase extraction was implemented by packing several minicolumns with 

Adsorbsia As600. The method has been validated showing good accuracy and precision. 

Acceptable recoveries were obtained when spiked waters at 100–200 µg L−1 were 

measured. The presence of major anions commonly found in waters did not affect arsenic 

adsoption, and only silicate at 100 mg L−1 level severely competed with arsenic species 

to bind to the material. Finally, the measured concentrations in water samples containing 

arsenic from the Pyrinees (Catalonia, Spain) showed good agreement with the ICP-MS 

results. 

 

Introduction 

Arsenic is an element found in the earth’s crust. Its concentration in most rocks 

ranges from 0.5 to 2.5 mg/kg, though higher concentrations are found in finer-grained 

argillaceous sediments and phosphorites [1]. Arsenic is mobilized by natural weathering 

reactions, biological activity, geochemical reactions, volcanic emissions and other 

anthropogenic activities. Moreover, it was commonly used as part of the formulation of 

different pesticides used in agriculture [2]. Its occurrence in groundwater has been 

reported mainly in Bangladesh, China, India, Chile, Argentina, Mexico, Taiwan, 

Vietnam, and the USA, but also in several regions of Europe [3]. Arsenic is recognized 

to be carcinogenic and long-term drinking water exposure causes pigmentation changes, 
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skin thickening, neurological disorders, muscular weakness, loss of appetite, and nausea 

[4]. For this reason, the World Health Organization (WHO) fixed a limit concentration of 

arsenic in drinking waters at 10 µg L−1 [5]. From the chemical point of view, arsenic in 

waters can be encountered as inorganic or organic species and also in different oxidation 

states, e.g. As(V) and the more toxic As(III). Under reducing conditions, As(III) is 

prevalent while As(V) is the major species present under oxidizing atmospheres [3].  

 Due to the great toxicity of arsenic and the low levels that are permitted in drinking 

water, it has become necessary to develop highly sensitive methods for its monitoring. 

Besides atomic fluorescence spectroscopy (AFS), graphite furnace atomic absorption 

(GFAAS), hydride generation atomic absorption (HGAAS), and inductively coupled 

plasma-mass spectrometry (ICP-MS) [6,7], which require significant investment and 

trained personnel, simpler methodologies such as colorimetry can be employed [8], which 

are usually preceded by a preconcentration step. Solvent extraction and sorption on solid 

supports [9,10] are a good alternative for arsenic preconcentration. The affinity of As(V) 

to adsorb on solid phases has been well documented for removal purposes [11]. High 

elimination efficiency is obtained using iron oxides or zero-valent iron [12,13], modified 

calcinated bauxite [14], hydrotalcite [15], and titanium dioxide [16-20] among others. In 

fact, the arsenic removal from groundwater for drinking purposes is mainly based on such 

adsorption phases.  

 The behaviour of titanium dioxide (TiO2) as a photocatalyst and for arsenic 

removal has been extensively reviewed by Guan et al. [21]. It has been applied in different 

forms, such as nanocrystalline particles, nanotubes, hydrous and granular, impregnated 

in chitosan beads, and based bimetal adsorbents. The authors discuss the capability of 

TiO2 to oxidize As(III) to As(V), emphasizing the key role of crystal morphology and 

specific surface area to ensure an efficient removal of arsenic from water. Adsorption 

capacities at pH 7 ranging from 83 to 2.05 mg g−1 (1.094 to 0.027 mmol g−1) were reported 

for hydrous TiO2 (anatase) and TiO2 impregnated in chitosan beads, respectively [21].  

 For analytical purposes, different solid phases have been suggested to 

preconcentrate arsenic, including the use of ion exchangers and chemically functionalized 

sorbents. Ion exchangers and aluminosilicate disposable cartridges have been exploited 

for field speciation of arsenic contemplating the pH dependence of arsenic species to 

enable selective preconcentration. The procedure employed consists of the selective 

retention of As(V) when a volume of water sample is passed through the disposable 

cartridge. The analysis of the filtered sample allows the As(III) concentration to be 
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determined, while total arsenic is determined from an independent non-filtered sample 

[22,23] or through a previous oxidation/reduction step [24,25]. Additionally, anion and 

cation exchangers have also been successfully applied for the speciation of organic and 

inorganic arsenic [26].  

 Ordered mesoporous silica modified with 3-(2-aminoethylamino) 

propyltrimethoxysilane [27] and CTAB-modified alkyl silica [28] has also been 

employed for arsenic preconcentration. The formation of arsenic complexes that are later 

entrapped in a solid sorbent has been exploited by Pozebon et al. [29]. In their research, 

ammonium diethyl dithiophosphate was used for the complexation of As(III) and a C-18 

bonded silica gel microcolumn was used for the sorption; As(V) was then determined 

after being reduced using potassium iodide together with ascorbic acid. Other approaches 

are based on the preconcentration and separation of arsenic species in a knotted reactor 

coupled to hydride generation atomic fluorescence spectrometry [30].  

 The reported use of TiO2 with or without modifiers for analytical purposes is, to 

the best of our knowledge, limited to Chen et al. [31], Huang et al. [32] and Liang and 

Liu [33]. Chen et al. [31] use a PTFE microcolumn filled with TiO2 nanotubes for the 

speciation of inorganic arsenic in environmental water samples by ICP-MS. In Huang et 

al. [32], dimercaptosuccinic acid-modified TiO2 and inductively coupled plasma optical 

emission spectrometry is used for the online separation of arsenic species. The detection 

limit (LOD) reached for the offline mode is rather low (0.1 µg L−1) due to the higher 

enrichment factor (50), and speciation is accomplished by choosing the most appropriate 

working pH. Liang et al. have reported the speciation analysis of inorganic arsenic in 

water samples by using a nanometre TiO2 immobilized on silica gel and graphite furnace 

atomic absorption spectrometry [33]. Only As(III) could be adsorbed quantitatively on 

the sorbent in the 9.5– 10.5 pH range. The LOD is 24 ng L−1 with an enrichment factor 

of 50. The present research aimed to investigate the use of Adsorbsia As600, a 

commercial-grade TiO2, as an adsorbent for arsenic in analytical applications. The solid 

can be easily obtained and it has been fully characterized for the adsorption and 

preconcentration of arsenic species prior to their determination using ICP-OES. The 

analytical parameters and the application of the designed system to the determination of 

arsenic in well waters are shown. 
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Experimental 

Reagents and solutions 

 Stock solutions (100 mg L−1) of As(V) and As(III) were prepared from 

Na2HAsO4·7H2O (Merck) and NaAsO2 (Fluka) solids, respectively. Solutions of As(V) 

in ultrapure water were prepared by dilution of the corresponding stock solutions and the 

resulting pH was 7.3. However, to obtain this pH in the case of As(III), acidification with 

HCl was required. Sodium hydroxide (Panreac) was used to prepare the elution solution. 

Calibration standards of As were prepared using the Spectrascan standard solution for 

atomic spectroscopy (Teknolab). All reagents and solvents were of analytical reagent 

grade and distilled water was purified through a Milli-Q Plus system (Millipore).  

 Commercial TiO2 Adsorbsia As600 was purchased from the manufacturer (Dow). 

This sorbent is designed as a single-use adsorbent for the treatment of drinking water. It 

is selective for oxyanions such as arsenate, chromate and selenite, but it also shows a 

strong affinity for lead and other heavy metals. According to the information supplied, 

the material consists of granulated TiO2 media with particle size ranging from 250 to 

1180 µm and a specific surface area of 250 m2 g−1. The solid was cleaned with high purity 

water and air-dried before being used, and only particles with a particle size from 500 to 

900 µm were selected. 

 

Instruments 

 A sequential inductively coupled plasma atomic emission spectrometer (Liberty 

RL, Varian, Mulgrave, Vic., Australia) was used to determine the total concentration of 

As in the aqueous solutions at λ = 228 nm. The detection limit in 0.1 M NaCl medium 

was 300 µg L−1 of As.  

 A quadrupole-based ICP-MS system (Agilent 7500c, Agilent Technologies, 

Tokyo, Japan) equipped with an octopole collision reaction cell was used for arsenic 

determination in natural water samples. The isotope 75As was selected and special 

conditions in the reaction cell (3 mL min−1 H2 + 0.5 mL min−1 He) were employed to 

avoid spectral interferences due to the presence of chloride in water samples. The anionic 

composition of the water samples was determined by an ion chromatograph (IC) 

DIONEX IC5000 equipped with an autosampler AS-AP, a conductivity detector, and an 

IonPac® AS18 anion-exchange column (4 × 250 mm) with the AG Guard column (4 × 



Chapter 3 – Results 

 127 

50 mm).  

 X-ray diffraction measurement was performed on a Bruker D8Advance 

equipment using Cu Kalpha radiation, in transmission mode. X-ray fluorescence (XRF) 

spectra were obtained with a Bruker S2Ranger, equipped with a Pd tube and Spectra EDX 

software.  

 Isoelectric point measurements were performed dispersing the sample (previously 

grinded to a particle size <100 µm) in water (0.1% w/v) and modifying its pH by adding 

small volumes of HCl and NaOH solutions. At each pH point, the zeta potential of the 

sample was measured using the ZetaSizer Nano ZS (Malvern Instruments).  

 The pH and conductivity values of the water samples were determined with a 

Crison Model GLP 22 pH meter and an Ecoscan portable conductometer (Entech 

Instruments), respectively.  

 A Gilson peristaltic pump (Pacisa, Barcelona, Spain) was used to load the arsenic 

solutions into the minicolumn.  

 A rotary mixer (Labinco) was used in experiments where rotatory agitation was 

necessary. 

 

Determination of the capacity of the adsorbent 

Batch experiments 

 To evaluate the capacity of Adsorbsia As600 following a batch procedure, 20 mL 

of As solution (10 mg L−1) was contacted with 0.06 g of the sorbent at different 

predetermined times (1 h for As(V) and 24 h for As(III)) in stoppered glass tubes. The 

mixture was filtered and the solution was analysed to determine the arsenic concentration 

in the filtrate. This process was repeated by using fresh solution until saturation was 

reached. 

 

Flow experiments 

 Two types of packed columns were prepared depending on the purpose. For 

determining breakthrough curves, the solid granules (0.2 g or 0.8 g) were packed in a 

glass column with 0.6 cm i.d. A solution containing 20 mg L−1 As(V) at the working pH 

was pumped through the column at a flow rate of 1 mL min−1. The arsenic concentration 
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in the effluent was continuously monitored to obtain the breakthrough curves. For 

preconcentration purposes, 60 mg of Adsorbsia As600 was packed into a self-made 

minicolumn consisting of a micropipette tip, plugged with a small portion of glass wool 

at both ends, and then connected to a flow system. The amount of sorbent in the 

minicolumn took into account the capacity of Adsorbsia As600 towards As(V) and 

As(III). This amount is similar to the amount of solid phase in commercial ion exchange 

cartridges [34]. In this case, 0.5 and 1 mL min−1 were tested as flow rates. 

 

Selecting the elution conditions 

 The elution of adsorbed As(V) and As(III) was studied under batch and flow 

conditions. Considering previously reported results, HCl, NaCl and NaOH solutions were 

tested as elutant in batch mode [31,35,36]. For batch experiments, the loaded sorbent (0.1 

g) was contacted with 20 mL of the tested solution to evaluate the percentage of As(V) 

and As(III) eluted, with a contact time of 24 h.  

 Elution under flow conditions with the sorbent packed in the glass column was 

also investigated, for which 0.2 g of loaded sorbent was contacted with 0.1 M NaOH 

solution at 1 mL min−1, and the arsenic concentration in the effluent was continuously 

monitored. Elution curves were then plotted using these data.  

 For the elution of arsenic loaded in the 60-mg minicolumn, 2–4 mL of 0.5M 

NaOH solution was used at a flow rate of 0.5 and 1 mL min−1. 

 

Interference from major ions 

 Competitive experiments were designed with samples containing nitrate, sulphate, 

chloride, hydrogen carbonate, phosphate and silicate at the highest concentration level 

found in the non-contaminated natural water samples. Fifty millilitres of spiked water 

was used containing 200 µg L−1 As(V) at pH 7.3, percolated trough the Adsorbsia As600 

minicolumn, and elution was performed with 2 mL of 0.5 M NaOH solution. Both loading 

and elution flow rate were 1 mL min−1. 
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Calibration curve and method validation 

 Solutions (50 mL) containing As in ultrapure water at different concentrations 

from 50 to 500 µg L−1 were passed through the minicolumn at a flow rate of 1 mL min−1. 

The loaded As was eluted with 2 mL of 0.5 M NaOH solution and ICP-OES signal 

intensity was measured. A calibration curve was obtained by plotting the signal intensity 

vs. the arsenic content in the ultrapure water solutions.  

 The method was validated by checking the linearity in the selected working range, 

the limit of detection, the repeatability (n=3), and also by performing recovery 

experiments at a concentration level of 200 µg L−1 of both As(V) and As(III). The limit 

of detection of the method was calculated as the concentration giving a signal equal to 

the intercept of the calibration curve plus three times the standard deviation of the 

intercept [37], under the final experimental conditions. 

 

Water Samples 

 Water samples containing naturally occurring arsenic and others without arsenic 

were collected in the north of Catalonia (Spain). The samples were analysed and their 

composition is given in Table 3.8. Three different wells at both Lles and Setcases, villages 

in the foothills of the Pyrenees, were sampled. At Caldes, the water was collected from a 

hot spring. Unless otherwise stated, 50 mL of water samples were percolated trough the 

Adsorbsia As600 minicolumn, then eluted with 2 mL of 0.5 M NaOH solution and finally, 

the arsenic signal was measured. The amount of arsenic in the samples was obtained by 

interpolating the intensity value in the experimental calibration plot.  

 All experiments were at least performed in duplicate. The temperature was kept 

within the range 22 ± 2 °C. 
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Table 3.8 Characteristics of the water samples used for this study. 

Sample Conductivity pH Si Cl SO4
2- NO3

- HCO3
- As (µg L-1)a 

S1_Pujarnol 527 8.37 5.7 15.4 63.8 1.8 268.5 nd 

S2_Setcases 110 7.56 5.7 0.9 8.0 3.3 811.3 nd 

S3_Caldes 3450 7.14 34.5 569.9 41 <LOQ 2037.3 59 

S4_Lles 164 8.6 21.2 2.8 13.6 2.1 139.7 80 

Concentrations are given in mg L−1, except for As, which is in µg L−1. Conductivity is in µS cm−1 

nd not detected 
aDetermined with ICP-MS under the conditions specified in the text 

 

Results and discussion 

Fundamentals and sorption capacity of Adsorbsia As600 

 In this study, we have analysed the adsorption of inorganic arsenic species present 

in water samples using Adsorbsia As600, a commercial-grade TiO2. The chemical 

composition of the material was investigated by means of X-ray diffraction (XRD) and 

XRF. XRD data showed that the granules are made of TiO2 in the crystalline form of 

anatase and that they also contain a small proportion of gypsum. With respect to the size, 

the granules are aggregates of nanocrystals of 7-nm average size according to the results 

of the calculation made using the peak width and the Debye-Scherrer equation [38]. XRF 

gave semiquantitative data on the elemental composition of the adsorbent: 91.9% of TiO2, 

4.25% of SO3, and 3.05% of CaO were found. Zeta potential measurements revealed that 

the isoelectric point of the adsorbent was around 5.8–6.  

 The mechanism of the interaction of As(V) and As(III) with TiO2 has been 

investigated by several authors. Jegadeesan et al. [39] used extended X-ray absorption 

fine structure (EXAFS) and X-ray absorption near-edge structure (XANES) to determine 

that As(V) and As(III) form bidentate inner-sphere complexes with amorphous TiO2 at 

neutral pH. Pena et al. [40] and Jing et al. [41] have reported bidentate binuclear 

complexes for As(V) adsorption on nanocrystalline TiO2 and on granular TiO2. 

Moreover, Jing et al. [42] employed the CD-MUSIC modelling to describe the inorganic 

As adsorption on TiO2. The model emphasizes the importance of the surface complex 
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structure and of the charge distribution at the interface.  

 Inorganic arsenic species in the aqueous solution are neutral or anionic, according 

to the corresponding pKa values and the pH of the sample [2]. At the pH range of the 

tested water samples, H2AsO4−, HAsO42− and H3AsO3 are the predominant species while 

the primary anatase nanoparticles include the neutral species TiOH0 and the negatively 

charged TiO−. Then, the formation of the following bidentate complexes has been 

postulated [21]: 

2 TiOH + H2AsO4- ↔ [(TiO)2….AsO4]-  + 2 H2O 

2 TiOH + HAsO42- ↔ [(TiO)2….AsO4]-  +  H2O + OH- 

2 TiOH + H3AsO3 ↔ [(TiO)2….AsO3]-  + 2 H2O + H+ 

 Whether As(III) is oxidized to As(V) or not, when adsorbed on TiO2, is still an 

issue not fully understood and different opinions have been reported [16,41,43]. 

 We have investigated the experimental capacity of Adsorbsia As600 for arsenic 

species under batch conditions. A value of 0.14 mmol g−1 (10.1 mg g−1) and 0.21 mmol 

g−1 (16.5 mg g−1) at pH 7.3 was obtained for As(V) and As(III), respectively. These values 

agree with those reported in the literature (see Table 3.9) for a similar working pH and 

taking into account the particle size and the specific surface area [39,40,43,44]. Moreover, 

the fact that TiO2 solid phase is efficient for both the retention of As(V) and As(III) at pH 

7.3 gives it a clear advantage over sorbents based on an ion exchange mechanism, in 

which only species present as anions can interact with the solid phase [45]. 

 In addition, we could observe from these experiments that the complete removal 

of the arsenic species was accomplished in less than 2 h.  

 The capacity under flow conditions (flow rate 1 mL min−1) was also investigated 
and the breakthrough curves we obtained are shown in Figure 3.8. It can be observed in 
Figure 3.8a, b that breakthrough volumes are reached very early for As(V) and As(III) (9 
and 13 mL, respectively), and in both cases, the concentration of arsenic in the effluent 
increases linearly with the volume of solution. Similar curve shapes are shown in the 
work of Zeng et al. [46], and they explain this behaviour as arsenic removal being mass 
transport-limited. In Figure 3.8c,when the amount of Adsorbsia As600 is increased until 
0.8 g, a breakthrough volume of about 100 mL is obtained. The increase of breakthrough 
volume is explained by the increase in the surface area providing more binding sites. It is 
also worth mentioning that the stoichiometric capacity of the column was not reached in 
any of the cases. 
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Table 3.9 Arsenic adsorption capacity by TiO2 based materials. 

Crystal morphology Properties  Adsorption capacity (C) Reference 

Particle size (nm) Specific surface area (m2g-1) pHpzc  Cmax (mg g-1) Experimental conditions 

Nanocrystaline 6 330 5.8  As(V), >36.5 pH 7.0, T=21-25 ºC [40] 

     As(III), >36.5 pH 7.0, T=21-25 ºC  

Amorphous  409 4.5  As(V), 19.0a pH 7.0 [39] 

     As(III), 66.8a pH 7.0  

Anatase 10.5 141.3 NA  As(V), 18.0a pH 7.0 [44] 

     As(III), 15.1a pH 7.0  

Rutile and anatase 30-50 15.63 6.3  As(III), 6.32a pH 7.0, T=25 ºC [43] 

Titanate nanotubes 13 312.59 4.8  As(III), 59.5a pH 7.0, T = 25 ºC [43] 

Anatase 7 250 5.8-6  As(V), 10.1 pH 7.3 This work 

     As(III), 16.5 pH 7.3  

a Maximum capacity calculated from Langmuir isotherm
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Figure 3.8 Breakthrough curves obtained for Adsorbsia As600 when a solution containing 20 mg 

L−1 of arsenic was pumped through the column. (a) As(V), 0.2 g of adsorbent; (b) As(III), 0.2 g 
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of adsorbent; (c) As(V), 0.8 g of adsorbent. Flow rate 1 mL min−1. C is the concentration of arsenic 

in the effluent measured with ICP-OES; Co is the concentration of the feed solution (20 mg L−1). 

 

Elution experiments 

 From the different elutants, we observed that only NaOH solutions allow the 

recovery of loaded arsenic with recoveries of 44 and 87% with 0.1 and 1 M NaOH, 

respectively. The same percentage of elution was achieved for As(V) as well as for 

As(III). However, the collected solution presented a slight turbidity when 1 M NaOH was 

used, indicating that the strong base solution probably damages the solid. It is worth 

mentioning that for As(V) and 0.1 M NaOH recovery after 1 h is about 80% of the total 

arsenic recovered after 24 h. However, for As(III), this percentage is lower at about 50%.  

 The elution curve obtained under flow conditions (flow rate 1 mL min−1) is shown 

in Figure 3.9. From the cumulative elution data, it can be calculated that only about 60% 

of As(V) is recovered after a volume of 100 mL of 0.1 M NaOH is passed through the 

loaded sorbent. This percentage decreases until 30% for a volume of 10 mL. In Figure 

3.9, it can be seen that the maximum concentration in the elution solution was reached 

for a volume of about 7 mL, and that at this point, the value C/Co takes a value of 1.8 (Co 

is the initial concentration, 20 mg L−1). A similar elution profile, not shown here, was 

found for As(III).  

 

Figure 3.9 Elution isoplane for As(V) loaded Adsorbsia As600 sorbent (0.2 g). NaOH solution 

(0.1 M) was used for the elution and the flow rate was 1mL min−1. C is the concentration of 
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arsenic in the effluent measured with ICP-OES; Co is the concentration of the feed solution used 

for loading the sorbent (20 mg L−1). 

 

 The fact that the recovery is not quantitative and that the desorption kinetics are 

slow are clear drawbacks of this adsorbent when its use is intended for analytical 

purposes. In order to improve the results, we tested 0.5 M NaOH as an intermediate 

solution for both As(V) and As(III). In this case, an elution efficiency of 51% was 

obtained after 1 h contact time under batch conditions. This intermediate concentration 

was chosen as a compromise for further experiments. 

 

Preconcentration with a minicolumn filled with Adsorbsia As600: the effect of eluent 

volume and flow rate 

 The influence of eluent volume and flow rate was studied by pumping 50 mL of 

200 µg L−1 As(V) through the solid at a flow rate of 1mL min−1. Under these conditions, 

all the arsenic was retained in the TiO2 phase. After that, 2 and 4 mL of 0.5M NaOH were 

pumped through the solid and we obtained a percentage of arsenic eluted of 27 and 40%, 

respectively. These values are much lower than those obtained under batch conditions, 

which may be explained by the flow conditions affecting the contact between the loaded 

sorbent and the NaOH solution. In spite of the higher percentage of arsenic eluted with 4 

mL, 2 mL was selected for further experiments in order to avoid sample dilution and to 

obtain a higher enrichment factor.  

 Similar experiments were performed for As(III) and we observed that, for this 

species, the percentage of arsenic eluted was only 13% (see Table 3.10). In order to 

improve this value, the effect of flow rate was studied and we observed that when the 

loading flow rate was decreased to 0.5 mL min−1, improvement was obtained neither for 

As(V) nor for As(III). However, when the elution was evaluated at 0.5 mL min−1, the 

percentage of As(III) eluted increased to 28%, indicating that this is a critical parameter 

especially for As(III). 
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Table 3.10 Influence of elution flow rate: concentration of arsenic in the elution solution (n=2). 

Standard deviation given in brackets. 

Flow rate Theoreticala (mg L-1) Foundb (mg L-1) 

As(V) 
  

1 mL min-1 5 1.4 (0.2) 

0.5 mL min-1 5 1.26 (0.09) 
   

As(III) 
  

1 mL min-1 5 0.64 (0.10) 

0.5 mL min-1 5 1.29 (0.20) 

Spiked ultrapure sample (50 mL) containing 0.2 mg L-1 As(V) or As(III) 
a The theoretical value is taken as the expected value in the 2 mL 0.5 M NaOH solution used for 

elution, assuming an elution efficiency of 100% 
b The found value is that measured with ICP-OES directly in the 2 mL 0.5 M NaOH solution used 

for elution 

 

Interference from the anions presents in water samples 

 The composition of water samples, in particular the presence of other ions, is of 

paramount importance for preconcentration purposes when the columns have a limited 

amount of solid phase. In particular, interference due to major anions is a limiting 

parameter when anion exchangers, in particular commercial cartridges, are intended to be 

used. For this reason, As(V) preconcentration was evaluated in the presence of the major 

anions commonly found in waters. The results for the percentage of arsenic eluted are 

presented in Figure 3.10, and the comparison with ultrapure water without anions can 

also be observed.  

 The percentage of arsenic eluted for the TiO2 sorbent (60 mg) remains constant 

when 50 mg L−1 nitrate, 100 mg L−1 sulphate, 100 mg L−1 chloride and 500 mg L−1 

hydrogen carbonate are present. Only silicate at 100 mg L−1 prevents the adsorption of 

As(V). These results indicate that the presence of common anions in water samples at 

high concentrations, except silicate, does not interfere with the adsorption of arsenic. This 

is another advantage with respect with ion exchangers, which require the use of a great 

excess of the sorbent due to the lack of selectivity.  

 Additional experiments were carried to check the interference from phosphate. 

Mixtures of As(V) at 200 µg L−1 and phosphate (0.6 and 2 mg L−1 P) in ultrapure water 
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were prepared, and it was found that the percentage of arsenic eluted was of 22.4 and 

20%, respectively. These values are slightly lower than the value obtained in ultrapure 

water (27%). Although this result cannot be considered satisfactory, it is worth 

mentioning that 0.6 mg L−1 phosphate (P) is a rather high concentration for this species 

in well waters. 

 

 

Figure 3.10 Study of the interference from major anions in As(V) adsorption. Sixty milligrams 

of solid phase packed in a minicolumn. The volume of the solution percolated through the column 

was 50 mL and the flow rate was 1 mL min−1. The concentration values tested were 50mg L−1 

nitrate, 100 mg L−1 sulphate, 100 mg L−1 chloride and 500 mg L−1 hydrogen carbonate. As(V) 

concentration was 200 µgL−1 at pH 7.3. 

 

Analytical performance of the method 

 As described in the Calibration curve and method validation section, a calibration 

set was prepared and the collected elution solution was measured with ICP-OES after 

preconcentration with Adsorbsia As600. The intensity values were plotted against the 

amount of As in the solutions and fitted to a lineal function. The linearity was checked 

by residual analysis, showing a random distribution of residuals. The coefficient of 

determination (R2) was 0.993 and a detection limit of 40 µg L−1 for a sample volume of 

50 mL was obtained (equivalent to 2 µg loaded arsenic). Repeatability (n=3) was also 

evaluated for an ultrapure water sample spiked with 200 µg L−1 As(V) and taken to the 
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whole procedure. The relative standard deviation (RSD) obtained was 19%, which can be 

considered acceptable within the concentration range studied [37]. For this sample, the 

recovery value obtained was 108%. For As(III), we obtained an RSD of 14% and 102% 

recovery. The values obtained make it clear that the preconcentration system followed by 

ICP-OES measurement provides a satisfactory system for arsenic determination. It is 

worth mentioning that a unique calibration curve is used for both As(V) and As(III), with 

it only being necessary to modify the elution flow rate, and that no previous oxidation of 

As(III) is needed, making this procedure much easier than the others reported in the 

literature [25]. 

 

Determination of arsenic in water samples 

 Different water samples, some spiked with 100 or 200 µg L−1 As(V) and others 

containing natural arsenic, were tested and the results compared with the theoretical 

concentration (values from ICP-MS plus As(V) added in spiked samples). The results are 

presented in Table 3.11, where it can be seen that the recovery results are satisfactory 

except for the water sample from Caldes (S3). This result is not surprising considering 

the complexity of this water matrix as shown in Table 3.8. When the amount of solid 

sorbent is increased from 60 to 120 mg, then the behaviour of the preconcentration system 

can be considered acceptable. Preconcentration with Adsorbsia As600 was applied to S4, 

and also, good results were found considering the arsenic concentration level in the 

sample. 

 

Table 3.11 Concentration values and recovery (R) results for spiked water samples (n=2) 

measured with the present method. 

Sampleb  Initialc (µg L-1) Added (µg L-1) Found (µg L-1) R (%) 

S1 - 200 280 140 (14) 

S1 - 100 120 95 (18) 

S2 - 200 260 130 (8) 

S2 - 100 120 94 (39) 

S3 59 200 150 58 (7) 
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S3* 59 200 190 73 (16) 

S4 80 - 90(1)  

For S3 which contains natural arsenic, the recovery values were calculated by taking into account 

both, natural and spiked arsenic 
a120 mg of adsorbent used 
bIdentification as in Table 1 
cTaken from Table 1 

 

 Finally, a water sample (50 mL) spiked at 10 µg L−1, the WHO regulated level, 

was measured and a value of 11.3 µg L−1 was obtained.  

 Thus, we can conclude that the solid allows the preconcentration and 

determination of arsenic present in natural waters and that the composition of the matrix 

has little influence.  

 

Conclusions 

 We have evaluated the adsorption behaviour of the commercial material 

Adsorbsia As600, for As(V) and As(III), and a capacity of 0.14 and 0.21 mmol g−1, 

respectively, was obtained at pH 7.3. We have established the setup and the experimental 

conditions for using this TiO2 sorbent for As(V) and As(III) preconcentration prior to its 

determination with ICP-OES. Good recoveries with acceptable reproducibility were 

obtained for waters containing As(V) when using 2 mL of 0.5 M NaOH solution for the 

elution at a flow rate of 1 mL min−1. It was also observed that for As(III), the elution flow 

rate should be decreased to 0.5 mL min−1. As an advantage over other As determination 

techniques, the developed method can be used for the determination of As(V) and As(III) 

at µg L−1 level without any previous oxidation step or coupling with the well-known 

hydride generation technique. 
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3.2 Advances on PIMs 

 

The contents of this section are based on the following studies: 

 

R. Vera, L. Gelde, E. Anticó, M.V. Martínez de Yuso, J. Benavente, C. Fontàs, Tuning 

physicochemical, electrochemical and transport characteristics of polymer inclusion 

membrane by varying the counter-anion of the ionic liquid Aliquat 336, J. Memb. Sci. 

529 (2017) 87-94. 

 

 

R. Vera, E. Anticó, J.I. Eguiazábal, N. Aranburu, C. Fontàs, First report on a solvent-free 

preparation of polymeric membranes with an ionic liquid, React. Funct. Polym. 

(submitted). 
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3.2.1 Tuning physicochemical, electrochemical and transport characteristics of 

polymer inclusion membrane by varying the counter-anion of the ionic liquid 

Aliquat 336 

 

Abstract 

 Polymer inclusion membranes (PIMs) have been prepared using cellulose 

triacetate (CTA) as polymer and derivatives of the commercial ionic liquid (IL) Aliquat 

336, trioctyl methylammonium chloride (AlqCl), as extractants. The different ILs were 

prepared by exchanging chloride anion from AlqCl for other more lipophilic anions, 

obtaining IL derivatives AlqNO3 and AlqSCN. PIMs containing these extractants at two 

different concentrations (30% and 60%) were prepared and characterized using X-ray 

photoelectron spectroscopy (XPS), infrared spectroscopy (FTIR), thermogravimetric 

analysis (TGA), contact angle and impedance spectroscopy to obtain information on the 

material properties of both the surface and bulk membranes. The IL counter-anion affects 

the membrane's electrical parameters (dielectric constant and conductivity) as well as its 

hydrophobic character, which also depends on the IL concentration in the PIM 

formulation. Passive transport across the different PIMs using HCl and NaCl aqueous 

solutions was also considered, and the results obtained seem to be directly related to the 

hydrophilic/hydrophobic character of the studied membranes. 

 

Introduction 

 Membrane-based processes attract significant attention as a valuable technology 

for many industries. Besides membrane systems that exclude compounds due to pore size, 

there is great interest in the development of functionalized membranes, for which the 

separation is based on the chemical affinity of the target compound with the ligand or 

functional group present in the membrane. Among this type of functionalized membranes, 

polymer inclusion membranes (PIMs) have shown themselves to be useful for the 

separation of a wide variety of compounds from anions or metallic species to small 

organic molecules [1]. These membranes can be classified as a type of liquid membranes 

where the extractant or carrier is entrapped within a polymeric matrix, normally made of 

cellulose triacetate (CTA) or polyvinyl chloride (PVC). The role of the polymer is to 
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provide mechanical strength to the membrane, and a plasticizer is sometimes added to 

improve the elasticity and to modify the membrane's diffusion characteristics [2]. There 

is increasing interest in PIMs thanks to their easy preparation, low cost, versatility, good 

chemical resistance and high efficiency, which is closely related to the carrier 

incorporated in the membrane. A large number of extractants can be used in PIMs [3], 

many of which are commercially available. This is the case of the ionic liquid (IL) Aliquat 

336 (a trioctylmethyl ammonium chloride), which has been proved to successfully 

transport analytes as different as metals [4–6], antibiotics [7] or nutrients [8]. Moreover, 

this extractant possesses the unique properties of ILs such as low vapour pressure, high 

electrical conductivity and ion mobility as well as good chemical and thermal stability 

[9]. It is important to consider that PIMs prepared with this IL are flexible and 

mechanically stable using both CTA and PVC polymers, so the use of a plasticizer is not 

mandatory [10].  

 Aliquat 336 has also shown itself to be a versatile cation source to prepare new 

hydrophobic ionic liquids by combining a trioctylmethyl ammonium (TOMA) cation 

with a number of anions prepared by means of simple replacement of the chloride anion 

in Aliquat 336. Mikkola et al. show in [11] the preparation and characterization of 12 new 

ILs containing both inorganic and organic anions. Kogelnig et al. describe in [12] the 

greener synthesis of three new ammonium ionic liquids also prepared from Aliquat 336: 

TOMA thiosalicylate, TOMA benzoate, and TOMA hexanoate, and studied their 

performance as extracting agents for cadmium.  

 Some Aliquat 336 derivatives have also been included in PIMs, such as in the 

work of Sakay et al. [13], where PIMs were made with PVC as a polymer, 2-nitrophenyl 

octyl ether as a plasticizer and different TOMA derivatives as carriers incorporating 

acetate, nitrate and perchlorate as anions. The resulting membranes were tested for the 

transport of thiourea, and it was found that the transport efficiency of this organic 

molecule was dependent on the anion accompanying TOMA, following the trend acetate 

> chloride > nitrate > > perchlorate. Even though a different behaviour was evidenced 

depending on the counter anion, PIMs were not characterized to understand the effects 

that these modifications have on membrane properties.  

 Thus, the aim of this work is to explore if slight changes in the formulation of the 

IL affect membrane characteristics that, in turn, can modify transport properties. To this 

end, we have chosen nitrate and thiocyanate anions to be exchanged by the chloride 

existing in Aliquat 336, and PIMs have been prepared with these ILs at two different 
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concentrations (30% IL and 60% IL, weight percentage) and fixing CTA as the polymer. 

A thorough characterization of the PIMs has been undertaken using different techniques 

to establish whether or not the physicochemical and electrochemical properties of the 

membranes are affected by the variation of the counter-anion of Aliquat 336. Thus, 

membranes were studied using techniques such as infrared spectroscopy (FTIR) and 

thermogravimetric analysis (TGA) to understand the type of interaction between the base 

polymer and the different ILs. These techniques have shown their effectiveness in the 

analysis of different PIMs, as reported in [14–16]. Contact angle measurements were used 

to provide information on the hydrophobic/hydrophilic character of the PIMs. These data 

are of great importance since hydrophobicity has been reported as increasing membrane 

stability [17]. The chemical characterization of the surface of the PIMs was performed by 

X-ray photoelectron spectroscopy (XPS) to assess whether or not the presence of the ILs 

on the surface of the membrane was dependent on the IL composition. This fact may be 

directly related to the ability of the carrier to interact with the target analyte, and, 

ultimately, with the efficiency of the membrane [18]. Besides these physicochemical 

parameters, the electrical behaviour of the polymeric membranes was also investigated 

using impedance spectroscopy (IS) to shed light on their ability to transport charged 

species. This technique has been successfully applied to characterize supported liquid 

membranes containing ILs [19], and to PIMs containing different plasticizers and Cyanex 

272 as a carrier [20], as well as in our previous work dealing with PIMs made of CTA 

and Aliquat 336 [10]. Moreover, Salar- García et al. proposed a new method based on IS 

to calculate the internal resistance of PIMs including three different ILs to predict their 

behaviour as novel proton exchange membranes [21]. Finally, diffusive transport of ions 

has been studied with PIMs in contact with electrolyte solution, i.e. HCl and NaCl, to 

understand how transport/rejection characteristics of the membranes are affected by the 

nature of the counter-anion. 

 

Experimental 

Reagents and solutions 

 The extractant Aliquat 336 (AlqCl) and the polymer CTA were purchased from 

Fluka Chemie. CHCl3 (Panreac) was used to dissolve the polymer and the ILs. NaSCN 

and NaNO3 (Panreac, Spain) were used as anions source to prepare the new ILs. A 0.1N 



Chapter 3 – Results 

 149 

AgNO3 solution was used as an indicator of chloride presence in the aqueous solution. 

HCl (Panreac) and NaCl (Merck) were used for transport experiments. 

 

PIM preparation 

 First, nitrate and thiocyanate salts of TOMA (AlqNO3 and AlqSCN) were 

prepared, respectively, as follows: 5 mL of a 0.5 M AlqCl solution in CHCl3 were 

contacted with 7–8 mL of a 2 M NaNO3 or NaSCN and left stirring for 2–3 h inside 25 

mL glass tubes. This procedure was repeated several times until the aqueous phase gave 

no white precipitation of AgCl with a solution of AgNO3 [13]. The resulting chloroform 

solution was used to prepare the corresponding PIM.  

 Each membrane was prepared dissolving 200 mg of CTA in chloroform (5 h) and 

adding the corresponding volume of the chloroform solution of AlqCl, AlqNO3 or 

AlqSCN to finally obtain an IL content of 30% and 60% (w/w) in the PIM. This solution 

was left to stir for 2 h more, and, after this time, the solution was poured into a 9.0 cm 

diameter flat bottom glass Petri dish, which was set horizontally and covered loosely. The 

solvent was allowed to evaporate over 24 h at room temperature, and the resulting film 

was then carefully peeled off from the bottom of the Petri dish and taken for further 

studies.  

 Thus, the resulting membranes were 70% CTA+30% IL (30% AlqCl, 30% 

AlqNO3, 30% AlqSCN samples), or 40% CTA+60% IL (60% AlqCl, 60% AlqNO3 and 

60% AlqSCN samples). 

 

IR spectroscopy 

 IR spectra were obtained with the aid of a diamond attenuated total reflectance 

(ATR) accessory on an Agilent Cary 630 FTIR spectrometer. 

 

TGA analysis 

 The thermogravimetric analysis and differential scanning calorimetry (DSC) were 

performed using a Mettler Toledo TGA/DSC combined instrument. A sample of about 
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10 mg was used and a heating cycle from 30 to 650 °C at a heating rate of 10 °C/min 

under nitrogen atmosphere (40 mL min−1). 

 

Contact angle 

 Changes in the hydrophobic character of the membrane surfaces associated to both 

the composition of IL and its content were determined from contact angle measurements, 

which were performed by the tensile drop method using distilled water drops of 5 µL and 

a Teclis T2010 instrument equipped with a video system. Measurements were carried out 

on both membrane faces. 

 

XPS measurements 

 A Physical Electronics spectrometer (PHI 5700) with X-ray Mg Kα radiation (300 

W, 15 kV, 1253.6 eV) as the excitation source was used. High-resolution spectra were 

recorded at a given take-off angle of 45° by a concentric hemispherical analyzer operating 

in the constant pass energy mode at 29.35 eV, using a 720 µm diameter analysis area. 

Accurate ± 0.1 eV binding energies were determined with respect to the position of the 

adventitious C 1s peak at 285.0 eV, and the residual pressure in the analysis chamber was 

maintained below 5×10−7 Pa during data acquisition. Membranes were mounted on a 

sample holder without adhesive tape and kept overnight at high vacuum in the preparation 

chamber before being transferred to the analysis chamber of the spectrometer for testing. 

Each spectral region was scanned several sweeps until a good signal-to-noise ratio was 

observed. PHI ACCESS ESCA-V6.0F software package was used for acquisition and 

data analysis. Membrane samples were irradiated for a maximum time of 20 min to reduce 

possible X-ray damage. A Shirley-type background was subtracted from the signals. To 

determinate more accurately the binding energy (BE) of the different element core levels, 

recorded spectra were fitted by Gauss–Lorentz curves following the methodology 

detailed elsewhere [22]. Atomic concentration (A.C.) percentages of the characteristic 

elements on the membranes surfaces were determined taking into account the 

corresponding area sensitivity factor [23] for the different measured spectral regions. 
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IS measurements 

 The test cell used for impedance spectroscopy measurements of the studied PIMs 

consists of a Teflon support on which two Pt electrodes were placed and screwed down 

(Pt-electrode//Membrane//Pt-electrode system). The electrodes were connected to a 

Frequency Response Analyzer (FRA, Solartron 1260, England) and 100 data points were 

recorded for frequency (f) ranging between 1 Hz and 107 Hz, at a maximum voltage of 

0.01 V. These measurements were performed at room conditions (relative humidity ≈65% 

and temperature of 25 ± 2 °C).  

 The impedance of a system is a complex number, Z=Zreal+j Zimg, which can be 

separated into real and imaginary parts by algebra rules. For simple systems Zreal and Zimg 

are related to the electrical resistance (R) and the capacitance (C) by the following 

expressions (Eq. 3.3): 

Zreal = (R/[1 + (wRC)2]);       Zimg = - (wR2C/[1 + (w.RC)2])  (3.3) 

 

where w represents the angular frequency (w = 2pf). In the case of non-homogeneous 

systems, a non-ideal capacitor or constant phase element, Q(w), is usually used instead of 

C; where Q(w) = Yo(jw)-n, Yo is the inverse of the impedance (Yo = 1/Z), and n is an 

experimental parameter (0 ≤ n ≤ 1). The fit of the impedance curves derived from the 

experimental data, obtained from a broad range of frequencies and using equivalent-

circuits as models, permits the estimation of the electrical resistance and capacitance 

values associated to each membrane sample [24]. 

 

Membrane potentials 

 The membrane potential (ΔΦmbr) or the equilibrium electrical potential 

difference at both sides of a membrane, separating two solutions of the same electrolyte 

but different concentrations (C1 and C2), were obtained from the cell potential (ΔE). 

These potentials were measured with NaCl solutions and using two reversible Ag/AgCl 

electrodes connected to a digital voltmeter (Yokohama 7552, 1 GΩ input resistance) in a 

dead-end test cell similar to that described in [18]; the NaCl solutions were stirred at 540 

rpm to minimize the concentration-polarization at the membrane surfaces. Measurements 

were performed at room temperature (25 ± 2) ºC and neutral pH by keeping the NaCl 

concentration constant at one side of the membrane (Cf) and gradually changing the 
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concentration of the solution at the other side (Cv, between 0.002 M and 0.1 M). DFmbr 

values were obtained by subtracting the calculated electrode potential (DFelect = 

(RT/F).ln(Cv/Cf)) from the measured cell potential values, in other words, DFmbr = DE - 

DFelect [24]. 

 

Study of HCl permeation though the PIMs 

 A similar two-compartment dead-end cell [25] was used to investigate the 

transport of 1 M HCl from the feed compartment to the stripping phase (ultrapure water). 

The exposed membrane area was 11.5 cm2 and continuous stirring of both compartments 

was maintained during the experiment. The pH variation in the stripping solution was 

monitored using a pH-meter and a glass electrode. 

 

Results and discussion 

Physicochemical characterization of PIMs 

 Chemical differences in the surface of the studied PIMs were obtained by the XPS 

technique, which gives information on the elements present on the surface of a given 

sample by analysing the XPS spectra. Figure 3.11 shows the C 1s and N 1s core level 

spectra obtained for the three 30% IL membranes, as well as the spectrum corresponding 

to the 60% AlqCl sample for comparison. The signal of C 1s (Figure 3.11 (a)) obtained 

for the three membranes with the same IL content only shows small differences between 

the samples. In all cases, two different peaks at binding energies (BE) of 285.0 eV, which 

correspond to aliphatic chains plus adventitious carbon, and 288.5–289.0 eV for the COO 

bond of CTA can clearly be observed. Moreover, a shoulder at 286.5–287 eV for the C-

OH and C-O-C cellulose bonds was also obtained [26], and the relative intensity of this 

shoulder seems to decrease with the increase of the IL content in the membranes. 

However, the comparison of the N 1s signal (Figure 3.11 (b)) shows some differences 

depending on the IL, with a common peak at 402.0 eV associated to the quaternary 

nitrogen of the cationic part of Aliquat 336, while the contribution of nitrogen associated 

to NO3- (at 406.4 eV) and thiocyanate (at 397.3 eV) can also be observed in AlqNO3 and 

AlqSCN samples, respectively.  
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Figure 3.11 Core level spectra for 30% AlqCl (solid line), 30% AlqNO3 (dashed line) and 30% 

AlqSCN (dashed-dot line) PIMs. (a) C 1s and (b) N 1s. 

 

 Average values of the atomic concentration percentages (A.C.%) of characteristic 

PIM elements found on both surfaces of each membrane are given in Table 3.12. These 

results show a good correlation between membrane formulation and the A.C.% of IL 

characteristic elements (Cl, N and S) as well as their increase when the IL content in the 

PIM increases. Moreover, the relatively small interval of error for the values found 

indicates that the chemical composition in both surfaces is not affected by external factors 

related to the PIMs preparation. These results also show that all the ILs investigated are 

present in the surface of the membranes, independently of the nature of the counter-anion. 

Hence, it is expected that it will be possible in all cases for the extraction reaction in the 

interface aqueous solution-membrane surface to take place. 
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Table 3.12 Average values of the atomic concentration percentages of the characteristic elements 

of the PIMs found on both membrane surfaces. 

PIM <C> (%) <O> (%) <N> (%) <Cl> (%) <S> (%) 

AlqCl 
30% 71.3 ± 0.4 27.0 ± 0.5 0.9 ± 0.2 0.7 ± 0.1 ---- 

60% 85.6 ± 1.1 8.8 ± 0.9 2.7 ± 0.2 2.4± 0.2 ---- 

AlqNO3 
30% 73.2 ± 0.3 24.4 ± 0.3 1.6 ± 0.1 ---- ---- 

60% 81.1 ± 1.2 13.5 ± 0.6 4.0 ± 0.2 ---- ---- 

AlqSCN 
30% 71.5 ± 0.2 25.5 ± 0.1 1.5 ± 0.1 ---- 0.9 ± 0.1 

60% 86.0 ± 1.5 6.2 ± 1.1 4.5 ± 0.3 ---- 2.5 ± 0.2 
aSmall percentages of Si (from the petri-dish) were also found on some samples. 

 

 IR spectroscopy was used to give information on chemical bulk differences among 

the studied membranes. FTIR spectra are shown in Figure 3.12 for the 60% IL-PIMs. As 

reported previously [10], the main observed bands are those of the individual constituents 

of the membrane. The band at 1235 cm−1, which corresponds to the TOMA group in 

Aliquat 336, appears in all membrane compositions as well as the absorption bands at 

1747 and 1041 cm−1, which correspond to the C˭O and C-O-C groups in the CTA 

polymer. Moreover, some characteristic bands of the anion accompanying the quaternary 

ammonium group can also be observed. This is the case of the absorption band at 2048 

cm−1 in Figure 3.12 (c), which corresponds to the –N-C-S of the thiocyanate anion, and 

the intense band at 1300–1400 cm−1 in Figure 3.12 (b), which is associated to the 

stretching bands of the nitrate group. These results, taken together with the fact that no 

band displacement was observed compared to the pure components, allow us to assume 

that the IL stays entrapped in the polymeric matrix without any chemical change and, 

thus, is completely free to interact with the species in solution.  
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Figure 3.12 IR spectra of (a) 60% AlqCl, (b) 60% AlqNO3, and (c) 60% AlqSCN PIMs. 
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 To investigate the effect of the anion on the thermal stability of the membrane, a 

thermal gravimetric analysis was conducted. The analysis indicates the rate of reduction 

in weight sample by the increase in temperature (see Figure 3.13). As shown, the curves 

can be divided into three parts. The first part represents a maximum of 4% of the total 

weight loss, and consists of temperatures up to around 100 °C, at which volatile materials 

and the water absorbed by membranes are removed. The second part includes 

temperatures from 137 °C up to 332 °C, and can be attributed to IL thermal 

decomposition. This decomposition stage presents a different shape depending on the 

anion in the PIM. For 60% AlqCl and 60% AlqSCN membranes, two steps can be 

observed starting at 138 and 158 °C, respectively. However, for 60% AlqNO3 only one 

step can be seen at 191 °C. It is worth pointing out that for 60% AlqNO3 PIM, a positive 

peak in the DSC was also observed at the same temperature, which is related to an 

oxidation process catalysed by nitrate anion. Finally, the third part in the TGA curve 

contains temperatures over 320–330 °C, where the CTA polymer degenerated thermally 

and the material was carbonized. The weight loss observed in this last part corresponds 

to the percentage of CTA in the PIM.  

 

 

Figure 3.13 TGA curves obtained with the different membranes prepared: (a) 60% AlqCl, (b) 

60% AlqNO3 and (c) 60% AlqSCN. 
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 Another parameter of interest related to physicochemical changes in the 

membrane material is the contact angle, which gives information on their 

hydrophobic/hydrophilic character. Average values of the contact angle, <ϕ>, obtained 

for each membrane are presented in Figure 3.14. As can be seen, the hydrophobicity 

sequence for all membrane formulations is AlqSCN > AlqNO3 > AlqCl, and there is 

clearly different behaviour depending on the IL content. In particular, PIMs prepared with 

commercial IL (AlqCl) show a significant reduction (40%) in contact angle value with 

the increase of the IL content, but this reduction is only of 15% in the case of AlqNO3 

whereas the IL content hardly modifies the hydrophobic character of the AlqSCN 

membranes. These results might be related to the availability of charges of the IL present 

in the membrane, i.e., with the strength of the ion pair formed between the cationic and 

anionic part of the IL. Taking into account that the lipophilicity of the anions follows the 

trend SCN-> NO3-> Cl-, it is expected that the stability of the ion-pairs formed is AlqSCN 

> AlqNO3 > AlqCl. These results suggest that the choice of the counter anion can be of 

paramount importance depending on the PIM characteristics desired, since it is possible 

to vary the water contact angle from ~25° (60% AlqCl) to ~55% (60% AlqSCN), with 

the consequent changes in the hydrophobicity of the membrane, and more importantly, 

only varying the counter-anion accompanying TOMA, it is possible to have more stable 

membranes [17] than those obtained using the commercial IL Aliquat 336.  

 

 
Figure 3.14 Variation of the contact angle of PIM surface in relation to the counter-anion and IL 

content (n=6). 
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 IS is a non-destructive alternating current technique, which allows the 

determination of electrical parameters of materials, such as the electric resistance (R) and 

the capacitance (C), by analysing the impedance plots [27]. Figure 3.15 shows both 

Nyquist plots (-Zimg vs. Zreal, Figure 3.15(a) and (b)) and Bode plots (-Zimg vs. frequency, 

Figure 3.15(c) and (d)), where significant differences associated to both the IL and its 

concentration in the PIM can be observed. In all cases, Nyquist plots show depressed 

semicircles and the equivalent circuit associated to each one correspond to a parallel 

association of a resistance and a generalized capacitor [24, 28–30]. PIMs containing 

AlqSCN differ significantly from those obtained with AlqCl and AlqNO3 for both 30% 

and 60% IL content; in particular, the maximum in the -Zimg/frequency curves (Bode 

plots) for AlqSCN-PIMs appears at lower frequency values, which is usually an 

indication of a more compact and dense membrane structure.  

 For the purpose of comparison, the Bode plot obtained for the pure IL AlqCl 

measurements performed in a different cell [19] is also shown in Figure 3.15(d). As could 

be expected, clear differences in the electrical response obtained for the IL and PIM 

(CTA-IL) samples were obtained at low frequency values (f < 5×103 Hz), associated to 

electrode/sample interfacial effects, which is attributed to differences between electrode/ 

PIM (solid/solid system) and electrode/IL (solid/liquid system). However, at high 

frequency values all curves show the same shape, with the maximum frequency for 60% 

AlqCl being practically the same as that obtained with AlqCl IL. The fit of the IS data by 

using a non-linear program (Z-plot) allowed the determination of the membrane electrical 

resistance, Rm, and equivalent capacitance, Ceqm. From these results, the conductivity and 

the dielectric constant of the studied PIMs (σm and εm, respectively) were obtained from 

the following expressions (for homogeneous conductors and plane-plate capacitors) [24]: 

sm = Dxm/Sm.Rm        (3.4) 

em = Cm.Dx m/Sm.eo        (3.5) 

 

where εo is the vacuum permittivity, while Δxm and Sm represent the membrane thickness 

and area, respectively. Table 3.13 shows the σm and εm values obtained for the different 

PIMs. As can be observed, doubling IL content in the PIM increases the membrane 

conductivity by three orders of magnitude. In particular, the value obtained for the 

conductivity of 60% AlqCl PIM does not differ significantly from pure AlqCl IL 

conductivity (2.6×10−3 (Ω m)−1 or 0.026 mS/cm [30]), suggesting that a significant 

contribution is made by IL in such a formulation. The conductivity values for PIMs with 



Chapter 3 – Results 

 159 

AlqCl content broadly agree with the results obtained in a previous paper [10], where a 

detailed analysis of physicochemical parameters was performed using PIMs with five 

different AlqCl concentrations and two base-polymers (CTA and PVC). On the other 

hand, much lower conductivity values were obtained for PIMs with AlqSCN. The low 

dielectric constants found for these PIMs correlates well with the less-polar 

characteristics of this IL, as expected from the previously shown contact angles.  

 

 

Figure 3.15 Nyquits (a and b) and Bode plots (c and d) for PIMs: 30% AlqCl (■), 30% AlqNO3 

(▲), 30% AlqSCN (♦), 60% AlqCl (□), 60% AlqNO3 (Δ), 60% AlqSCN (◊). Pure AlqCl IL (x) 

Bode plot in (d). 

 

 With regards to the dielectric constant values, a similar trend as reported in [10] 

is also found in the case of PIMs with AlqCl and AlqNO3, i.e., the dielectric constant 
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increases when the IL content is increased (~75% increase). However, in the case of 

AlqSCN lower and more similar values are obtained (variation of only ~25%). 

 

Table 3.13 Effect of PIM composition on the conductivity (σm) and dielectric constant (εm) 

values for dry samples. 

PIM sm (W.m)-1                               em 

AlqCl 
30% 1.22 x 10-6 8.2 

60%  1.68 x 10-3 14.4 

AlqNO3 
30% 1.11 x 10-6 7.8 

60% 1.48 x 10-3 13.6 

AlqSCN 
30%  3.61 x 10-7 6.4 

60% 4.48 x 10-4 8.0 

 

Characterization of the PIMs in contact with electrolyte solution 

 PIM composition is a key parameter in ensuring an effective transport of the target 

analyte when applied to separation processes, but other factors, such as the pH and the 

presence of other ions in the solution could also affect the transport. In the present work, 

we aimed to investigate whether or not the components of the IL can affect not only the 

physicochemical characteristics of the membrane, as demonstrated in the previous 

analysis, but also the passive transport and rejection properties of PIMs. For this reason, 

two different kinds of experiments were performed. On the one hand, HCl diffusion 

across all PIMs was investigated by monitoring the pH variation of the receiving solution 

(ultrapure water). On the other hand, the diffusive transport of ions was studied by means 

of membrane potentials or equilibrium potentials at both sides of the membranes when 

separating two solutions of different concentrations (Cv and Cf). These experiments were 

carried out with NaCl solutions to cover a wide range of concentrations. 

 Figure 3.16 shows the pH variation in the stripping phase for each PIM after 20 

min. As can be seen, PIMs with the IL AlqCl presented the greatest variation in pH, 

followed by PIMs made of AlqNO3, while PIMs with 30% AlqSCN showed the highest 

resistance to proton transport. It must be taken into account that Aliquat 336 is known to 

transport HCl as HCl-Aliquat 336 complex [31], which could partially contribute to the 

decrease in the pH in the stripping phase. Moreover, in the same study, it is postulated 
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that water solvates the AlqCl ion pair. Given that the hydrophilic character of the PIMs 

under study follow the trend 60% AlqCl > 30% AlqCl~60% AlqNO3 > 30% AlqNO3 > 

AlqSCN, which correlates with the pH variation, it can be assumed that the ILs AlqCl 

and AlqNO3 allow a solvating environment appropriate for HCl diffusion. 

 

 

Figure 3.16 pH variation with time depending on the IL nature and content. (a) 30% IL; (b) 60% 

IL. (n=2). 

 

 These results are highly significant since proton transport across membranes is of 

great importance in many fields, and, depending on the applications, more 

permeable/impermeable membranes are needed. For example, in the case of microbial 

fuel cells, which are an emerging technology for the simultaneous treatment of 

wastewater and energy recovery, the transport of protons plays a crucial role affecting the 

performance of the cells [21]. In other studies, where the speciation of the analyte to be 

transported is pH dependent, it is of paramount importance that membranes behave as a 

barrier for protons; otherwise the speciation in the feed phase can change preventing the 

analyte transport, as happens in the case of arsenic [25], sulphonamides and tetracyclines 

[7].  

 Figure 3.17 shows the membrane potential (ΔΦmbr) obtained for the different PIMs 

as a function of the NaCl solutions concentration ratio and, for the purpose of comparison, 

the theoretical values for an ideal anion-exchanger (t+=0, solid line) and the solution 
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diffusion potentials (dashed line, with tNa+°=0.382 and tCl-°=0.618, [32]). As can be 

observed, ΔΦmbr values for the samples obtained with the lower percentage of the three 

ILs hardly differ from one another and from the solid line representing the ideal anion-

exchanger in the whole range of NaCl concentrations studied. However, for the samples 

with high concentrations of the ILs (60%IL), differences in ΔΦmbr values depending on 

the IL can be observed for solution concentrations higher than 0.04 M NaCl.  

 

 
Figure 3.17 Membrane potential as a function of the NaCl variable concentration, Cv, for the 

studied membranes (Cf=0.01 M). (a) 30% AlqCl (■), 30% AlqNO3 (▲) and 30% AlqSCN (♦); 

(b) 60% AlqCl (□), 60% AlqNO3 (Δ) and 60% AlqSCN (◊). Membrane potential for an ideal 

anion-exchanger: solid line; NaCl diffusion potentials: dashed line. 
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 The Teorell-Meyer-Sievers (TMS) model [33,34] considers membrane potentials 

basically as the sum of two different contributions: i) two Donnan potentials (ΔΦDn), one 

at each membrane/solution interface, responsible for the exclusion of co-ions (ions with 

similar charges to that of the fixed charge of the membrane) from the membrane due to 

electrical interactions and, consequently, its effect can be reduced at high solution 

concentration values; ii) a diffusion potential in the membrane (ΔΦdif) caused by 

differences in the mobility of the ions diffusing across the membrane, and its contribution 

usually increases with the concentration gradient in the membrane [35,36]. Taking into 

account the TMS model, membrane potential results obtained for the 30% IL and the 60% 

AlqSCN samples seem to indicate almost total exclusion of Na+ ions from the 

membranes, although the increase in the hydrophilicity of 60% AlqCl and 60% AlqNO3 

membranes could favour the inclusion and diffusive transport of Na+ ions in these 

samples at high concentration gradients. 

 

Conclusions 

 We have demonstrated that new Aliquat 336 derivatives can be successfully 

prepared by a liquid-liquid exchange process. These new derivatives have been used for 

the preparation of PIMs at two different concentrations, and the effect on the 

physicochemical properties of the membranes has been investigated in terms of IL 

composition and content. The results obtained by XPS and FTIR are in agreement with 

the expected membrane composition. TGA analysis has not shown differences in the 

initial decomposition temperature of the membranes, independently of the IL counter-

anion present in the PIM. However, higher conductivity and dielectric constants were 

obtained for membranes containing AlqCl and AlqNO3 compared with those with 

AlqSCN, and a significant increase in conductivity values (3 orders of magnitude) was 

observed when the IL concentration was changed from 30% to 60%. It is worth 

mentioning the differences found in the hydrophilic character of the PIMs, which follows 

the sequence AlqCl > AlqNO3 > AlqSCN, independently of the IL content. The higher 

hydrophilicity of the AlqCl membranes supports the results obtained with HCl and NaCl 

diffusive transport measurements. Consequently, it has been shown that the 

characteristics of PIMs containing quaternary ammonium salts can be manipulated by 

varying the corresponding counter anion. 
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3.2.3 First report on a solvent-free preparation of polymeric membranes with an 

ionic liquid 

 

Abstract 

 A novel and environmentally-friendly procedure for the preparation of polymer 

inclusion membranes (PIMs) containing an ionic liquid is presented for the first time. 

Traditionally, PIMs are prepared by a solvent casting method and involve the use of 

harmful organic solvents such as chloroform or dichloromethane. Here we report a new 

solvent-free procedure based on a thermal-compression technique which involve the 

melting of the components of the PIM and the application of a high pressure to the melted 

specimen to form a flat-sheet film. In our study, we have tested different polymers, such 

as two cellulose derivatives as well as two thermoplastic polymers, polyurethane (TPU) 

and poli ε-caprolactone (PCL). The ionic liquid (IL) trioctylmethylammonium chloride 

(Aliquat 336) has been used to produce PIMs with a fixed composition of 70% polymer–

30% IL (w/w). From our results, it can be stated that both TPU and PCL polymers provide 

successful membranes, which have been characterized by elemental analysis, 

thermogravimetric analysis and scanning electron microscope. Membrane stability was 

investigated in terms of IL leaching and it is worth mentioning the great stability of PIMs 

based on the polymer PCL. To test whether the properties of the IL were affected by the 

preparation conditions, the extraction ability of Aliquat 336 was investigated for both 

PCL and TPU membranes in terms of Cr(VI) extraction. Satisfactory values (90 % 

extraction) were obtained for both membranes tested, showing this novel procedure as a 

green alternative for the preparation of PIMs with ILs. 

 

Introduction 

 Membrane-based processes have attracted a great attention during the last decades 

as a valuable alternative for many separation applications [1,2]. Among the different types 

of membranes, polymeric membranes incorporating ionic liquids (ILs) are under the 

spotlight due to the satisfactory properties of these compounds. ILs are molten salts liquid 

at room temperature formed by an organic cation (e.g. dialkylimidazolium, 

tetralkylammonium, trycaprylmethylammonium, among others) and an organic or 

inorganic anion. ILs exhibit certain remarkable features such as negligible vapour 
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pressure, high ion conductivity, low volatility, non-flammability, liquid range of up to at 

least 300ºC, high potential for recycling, high solvating capacity and high viscosity, etc. 

[3,4]. However, the use of ILs presents some limitations due to, for example, their high 

price for synthesis and high energy consumption for recycling, which can be overcome 

by including them into polymeric membranes, where a less amount of IL is required [4]. 

 Polymer inclusion membranes (PIMs) are a type of polymeric membranes where 

the extractant is immobilized between the entangled chains of the membrane’s base 

polymer. PIMs have successfully been used in different separation systems, including 

analytical applications [5], transport of organic compounds [6,7] as well as metallic 

species [8,9]. 

 The IL trioctylmethylammonium chloride (Aliquat 336) is widely to produce 

membranes due to its versatility and affordability, and has successfully been employed 

as a cation source of a new family of hydrophobic ILs [10]. Its ability to extract anionic 

species has been exploited in several studies concerning either inorganic [11–15] and 

organic compounds [16,17]. 

 PIMs are conventionally prepared by the solvent casting method, where the 

polymer and the extractant are properly dissolved in an appropriate volatile solvent, 

which afterwards, is let to evaporate to form a thin stable polymeric film. Another 

approach is the phase inversion technique, that involves several steps, such as the 

dissolution of the polymer and extractant in a solvent, the spreading of this solution onto 

a substrate, and the solvent removal by immersing the nascent membrane in water [11]. 

Even though the simplicity of these procedures, they present the important drawback of 

requiring the use of harmful organic solvents. This is the case when the polymers 

cellulose triacetate (CTA) or polyvinyl chloride (PVC) are used. In the first case, CTA 

needs solvents such as chloroform or dichloromethane (10 mL for 0.1 g of polymer) 

[8,18,19], whereas PVC is dissolved using tetrahydrofuran (5 mL for 0.1 g of polymer) 

[20,21]. These two polymers, and more recently poly(vinylidine fluoride-

cohexafluoropropylene) (PVDF-HFP), which needs to be dissolved in THF, are the most 

employed polymers to produce PIMs. 

 Recent research on the preparation of polymeric membranes is focused on the use 

of polymers that need less harmful reagents such as the case of Pebax 1657, which can 

be dissolved in a mixture of ethanol and water at a high temperature [22] or in 1-butanol 

[23]. Membranes prepared with this polymer and the IL based on the cation 1- butyl-3-

methyl imidazolium ([Bmim+]) combined with different anions are obtained by the 
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solvent casting method, and have shown a good efficiency in terms of CO2 separation. 

Besides, a review on different non-toxic solvents used for the preparation of polymeric 

membranes has recently been presented by Figoli et al. [24]. This review highlights the 

possibility to use less toxic organic solvents such as methyl or ethyl lactate, 

triethylphosphate, dimethyl sulfoxide or γ-butyrolactone as safer and attractive 

alternatives to dissolve polymers such as cellulose acetate (CA) or poly(vinylidene 

fluoride) (PVDF) to produce membranes for ultrafiltration, microfiltration or reverse 

osmosis processes. 

 As a further step to achieve greener separation processes based on membranes, 

we have explored, in this study, a new methodology avoiding the use of hazardous 

chemicals to prepare PIMs incorporating an IL. This methodology is based on a melt 

mixing followed by a thermal-compression of the different components. Melt mixing is 

extensively used as the processing method for the production of polymeric 

nanocomposites [25,26] or in the preparation of various polymer blends [27]. In our study, 

this technology has been investigated together with the use of eco-friendly polymers. This 

is the case of the thermoplastic polymers polyurethane (TPU) and poli ε-caprolactone 

(PCL). TPUs are linear block copolymers containing hard and soft segments. According 

to the manufacturer, TPU used in this work is a linear, aromatic bio-polyurethane based 

on specialty polyol from renewable sources (67% renewable material) with an extremely 

high crystallization rate and a very high thermoplasticity level. TPU polymers show a 

wide range of properties, making them suitable for different applications including 

automotive, electronics, sports goods, footwear and medical applications [28]. The 

polymer PCL is a biodegradable high molecular weight linear polyester derived from 

caprolactone monomer with a great potential to be used as an implantable biomaterial in 

the biomedical field [29,30]. It must be highlighted that the biodegradability of this 

polymer will reduce its overall environmental impact, such as the formation of 

microplastics, which is of a great concern nowadays. To the best of our knowledge, this 

is the first study on the preparation of PIMs incorporating ILs by a thermal-compression 

procedure. 
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Experimental 

Reagents and solutions 

 The polymers CTA, cellulose acetate propionate (CAP), cellulose acetate butyrate 

(CAB) were purchased from Sigma-Aldrich (Steinheim, Germany). Polyurethane 

Pearlbond ECO D-590 (TPU) was obtained from Lubrizol (Barcelona, Spain) and poli ε-

caprolactone (PCL) from Perstorp (Malmö, Sweden). Melting points, chemical structures 

and processing temperatures of the different polymers are depicted in Table 3.14.  

Aliquat 336 (Sigma-Aldrich, Steinheim, Germany) was used as the IL to be 

incorporated in all polymeric membranes. 

A stock solution (1000 mg L−1) of Cr(VI) was obtained from the solid K2Cr2O7 

(Panreac, Barcelona, Spain) and was used to prepare working solutions containing 10 mg 

L-1 Cr(VI) at pH 4 (adjusted by using HCl (Panreac, Barcelona, Spain)). Calibration 

standards of Cr were prepared using Reagecon Chromium ICP standard solution. All 

solutions were prepared using analytical reagent grade chemicals and ultrapure water 

from a Milli-Q Plus water purification system (Millipore Ibérica S.A., Barcelona, Spain). 

 

Table 3.14 Chemical structures, melting point and processing temperatures of the different 

polymers and the IL used for PIM preparation. 

Polymer Chemical structure Melting point 
(ºC) 

Processing 
Temperature 

(ºC) 

CAP 

 

188-210 220 

 CAB 

 

130-160 140 

 PCL 
 

58-60 100 



Chapter 3 – Results 

 172 

Polymer Chemical structure Melting point 
(ºC) 

Processing 
Temperature 

(ºC) 

TPU 

Hard segment (4%): 

 

Soft segment (96%): 

 

80-84 130 

IL Chemical structure Melting point 
(ºC) 

Processing 
Temperature 

(ºC) 

Aliquat 
336 

 

Liquid at room 
temperature - 

 

 

Polymeric membrane preparation 

 Membrane composition was fixed at 70% polymer and 30% IL (% in mass). This 

amount of IL has been demonstrated to provide satisfactory results in other studies [20]. 

Prior processing, the polymers TPU and PCL were dried in an oven at 60°C overnight, 

following the recommendations of the manufacturer, whereas CAP and CAB were used 

as received. In all cases, 2.8 g of polymer and 1.2 g Aliquat 336 were mixed by means of 

a mini-extruder (DSM MICRO 5 cc) under the following experimental conditions: 

spindle and nozzle temperature were set at the corresponding processing temperature for 

each polymer (see Table 3.14) and spin speed of the spindle at 100 rpm. The extruded 

mixture was then placed between two metallic plates (hot-press (Collin P200E)), which 

were warmed up to the corresponding processing temperature (see also Table 3.14) for 2 

minutes before placing the blend on the two metallic plates. After this period, the extruded 

mixture was placed in the hot press and no pressure was applied for 3 minutes to allow 

the total melting of the product. An increasingly pressure of 50 bars was then applied 
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every 15 seconds up to 200 bars, and maintained for 2 minutes. Finally, the system was 

cooled down to room temperature and a flat membrane was obtained. 

 For comparison purposes, a membrane made of CTA was also prepared by the 

solvent casting method [19,31]. 

 

Membrane characterization 

 Elemental analysis of the PIMs was performed using a Perkin Elmer EA2400 

instrument. Thermogravimetric analysis (TGA) was done using a Mettler Toledo 

TGA/DSC combined instrument and a sample amount of about 10 mg. The heating cycle 

was from 30 to 650 °C at a heating rate of 10 °C/min under nitrogen atmosphere (40 mL 

min−1). Scanning electron microscope (SEM) images (Hitachi S-2700) were taken from 

both surface and cross section, obtained by cryogenic fracture, at an accelerating voltage 

of 15 kV. The samples were placed on a stub and coated with gold. 

 

Membrane stability studies 

 The stability of the different membranes was investigated by means of mass 

change. For that, segments of an approximate area of 4 cm2 (in the mass range of 0.0225 

and 0.0326 g) were cut from different parts of the membrane and were placed in 

polypropylene vessels containing 50 mL ultrapure water, which were shaken using an 

orbital mixer for 24 h. Before and after the experiment, membrane segments were 

carefully weighted. Mass loss is calculated by using Eq. (3.6): 

!"##	%&##	(%) = +,0.−+,0.
+,0.

× 100     (3.6) 

where W(0) is the initial membrane weight, and W(f) is the  final membrane weight after 

24 h immersed in ultrapure water. All experiments were carried out at room temperature 

of 22 ± 1 ºC and were run in triplicate. 

 

Cr(VI) extraction experiments 

 The efficiency of the different membranes to extract Cr(VI) was investigated 

using membrane segments of approximately 4 cm2 size contacted with 25 mL of 10 mg 

L-1 Cr(VI) at pH 4. These conditions ensured an excess of moles of Aliquat 336 over 
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about three times with regards to moles of Cr(VI) in aqueous sample. To ensure the 

possibility to quantitatively extract the metal, extraction efficiency (Eq. (3.7)) was 

evaluated by measuring the metal concentration with a sequential inductively coupled 

plasma atomic emission spectrometer (ICP-AES) (Liberty RL, Varian, Mulgrave, Vic., 

Australia). 

 

3456"758&9	:00878:97;	(%) =
<6(=>),0.−<6(=>),ℎ.

<6(=>),0.
× 100  (3.7) 

 

where Cr(VI)(0) is the initial metal in the aqueous solution and Cr(VI)(h) is the metal 

concentration in the source solution after a certain time. 

 All experiments were carried out at room temperature of 22 ± 1 ºC and were done 

by duplicate. 

 

Results and discussion 

Preparation of polymeric membranes 

 As stated in the introduction, PVC and CTA are widely used in the preparation of 

PIMs. However, both polymers present high melting temperatures and are not appropriate 

for the thermal-compression method due to the high temperatures required [32] that 

would lead to the degradation of the IL. Given this, instead of CTA, two cellulose acetate 

derivatives, CAP and CAB, that have also been used to produce PIMs by the solvent 

casting method [33,34] were selected due to their more adequate melting points. 

Moreover, membranes based on TPU and PCL were also tested. 

 The characteristics of the membranes prepared by the thermal-compression 

technique are collected in Table 3.15. Due to the high processing temperature needed to 

prepare membranes using CAP, the resulting film was not mechanically stable. Besides, 

the brownish colour can be related to the IL degradation. Hence, this polymer was 

discarded for further experiments. When CAB was employed as the base polymer, the 

degradation of the IL was not observed, but the resulting membranes presented an oily 

surface, a lack of flexibility and a brittle behaviour. The presence of oil droplets on the 

surface is an indicator that the IL is not completely entrapped into the polymeric matrix 

as a result of a low compatibility between the polymer and the IL [35]. Non-oily and 

flexible membranes were obtained with both polymers TPU and PCL. Taking into 
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account that satisfactory membranes are expected to incorporate the IL without its 

degradation as well as to show a mechanical strength to facilitate the manipulation of the 

membrane, TPU and PCL were selected as polymers to produce membranes in further 

experiments. 

 

Table 3.15 Characteristics of the PIMs prepared with thermo-compression procedure. 

Membrane composition (w/w) Characteristics 

70% CAP – 30% Aliquat 336 Brownish and fragile 

70% CAB – 30% Aliquat 336 Oily, slightly translucent and fragile 

70% PCL – 30% Aliquat 336 Non-oily, whitish, translucent and flexible 

70% TPU – 30% Aliquat 336 Non-oily, whitish, translucent and flexible 

 

Membrane characterization 

 Elemental analysis of TPU and PCL membranes was performed and results are 

presented in Table 3.16. A good agreement was found between the expected values and 

the experimental ones for the atomic content of C, H and N. It is important to point out 

that N is only present in the IL in the case of membranes prepared with PCL whereas a 

4% of this atom is also present in the formulation of TPU polymer. The fact that N (%) 

found in the membranes corresponds to the expected values confirms that the IL has been 

satisfactorily incorporated in the membrane. 

 

Table 3.16 Mass concentration of the characteristic elements of the PIM, presented as the average 

values percentages (n=2). 

Membrane Elements Expected (%)  Found (%)  (SD) 

70% TPU – 30% Aliquat336 
N 1.4 1.72 (0.04) 
C 68 67.17 (0.02) 
H 10.4 11.1 (0.2) 

70% PCL – 30% Aliquat336 
N 1.03 1.1 (0.2) 

C 64.2 64.4 (0.2) 
H 9.6 9.6 (0.2) 
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 PIMs were also investigated by TGA analysis. TGA curves are presented in Figure 

3.18 including both obtained for the membrane and the corresponding to the pure 

components. The TGA curve of the membrane 70% TPU–30% Aliquat 336 clearly shows 

three parts: a first decrease of the total weight loss (around 4%) at temperatures up to 

around 100°C, which corresponds to the loss of volatile materials and water absorbed by 

the membrane. Secondly, the loss starting at a temperature of 180-200ºC that can be 

attributed to Aliquat 336 thermal decomposition, which is also observed in the Aliquat 

336 TGA curve (blue line) and represents a weight loss of 30%. Finally, the third decrease 

in the membrane TGA curves at temperatures over 320–330°C, which is associated to the 

thermal degradation of the polymer TPU. These results are in concordance with other 

studies where PIMs containing Aliquat 336 were prepared by solvent casting [32]. The 

TGA curve of the membrane 70% PCL–30% Aliquat 336 also presents three parts. 

However, the weight loss corresponding to the IL represents a 20% of the total value 

instead of the expected 30%. This result was confirmed by analysing different new 

segments of the membrane. This fact seems to indicate that Aliquat 336 degradation is 

shifted to further temperature and cannot be isolated from the polymer decomposition, 

likely due to some interactions in between the polymer and the IL. 
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Figure 3.18 TGA curves for 70% TPU – 30% Aliquat 336 (a) and 70% PCL – 30% Aliquat 336 

(b). 

 

 Morphological characterization of PIMs was performed by SEM analysis. From 

the surface images of both TPU (Figure 3.19a) and PCL (Figure 3.19c) membranes, it can 

be observed that all membranes present a uniform surface, dense and with no apparent 

porosity. However, cross-section images of the membranes revealed a non-homogeneous 

structure. In the case of TPU membranes, it can be observed a porous structure with nano-

pores (Figure 3,19b), whereas a dense structure without pores but presenting some 

cavities (ranging from 20 up to 50 µm) are found in PCL membranes (Figure 3.19d). It is 

known that this later polymer forms porous membranes, also distinguishable on surface 
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images [29,37]. The fact that pores are not present on the surface of membranes 

containing an IL and prepared by thermo-compression seems to indicate a great 

entanglement of Aliquat 336 within the polymeric matrix, producing a dense uniform 

structure. However, the presence of cavities in the body of the membranes can be 

attributed to tiny air bubbles, which are entrapped into the highly viscous mixture during 

the mixing step by an extruder. 

 

 

Figure 3.19 SEM images of 70% TPU – 30% Aliquat 336 surface (a), cross-section (b); 70% 

PCL – 30% Aliquat 336 surface (c), cross-section (d). 
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Stability studies 

 It is well-known that an important drawback of PIMs incorporating slightly 

soluble ILs, such it is the case of Aliquat 336, is their lack of stability due to the 

solubilisation of these compounds into the aqueous solutions. This fact is strongly related 

with the loss of efficiency of the membrane. Hence, we investigated the stability of the 

membranes when contacted in ultrapure water. Membrane’s mass loss, which is assumed 

to correspond to the loss of the IL, was evaluated, and it was found that PCL-based 

membranes appeared to be the most stable (only a 7.1% ± 0.7 in mass variation). For 

TPU, the mass loss was 23% ± 2. For comparison reasons, similar experiments were 

conducted with a membrane composed by 70% CTA – 30% Aliquat 336 and prepared by 

the solvent casting method. In this case, the mass loss was 19% ± 1. Similar results were 

found for other PIMs containing the same IL but using PVC as the polymer [38]. The 

different behaviour of the IL entrapped into the PCL matrix evidences certain interactions 

between these two components, as it was previously observed in TGA analysis. It is 

important to highlight that, for the first time, we report the production of PIMs based on 

a biodegradable polymer using a solvent-free preparation procedure and presenting an 

outstanding high stability. 

 

Testing membranes efficiency: Cr(VI) extraction 

 In order to assess whether the high processing temperatures required for the PIM 

preparation affected the performance of the IL, we tested the extraction abilities of 

Aliquat 336 towards Cr(VI) anions extraction. Aliquat 336 has been used in different 

systems such as in a hollow fiber supported liquid membrane (HFSLM) for the removal 

and preconcentration of Cr(VI) [39] or impregnated in different resins [40–42]. Cr(VI) 

extraction is based on the formation of an ion-pair, as shown in Eq. (3.8) [13,39]: 

HCrO4- + [Alq+Cl-] ↔ [(Alq+) HCrO4-] + Cl-  (3.8) 

where Alq+Cl- represents Aliquat 336. 

 The extraction of Cr(VI) was evaluated for both PIMs over time, and results are 

presented in Figure 3.20. It is noticeable the fast and efficient extraction exhibited by TPU 

membranes, with an extraction value of 60% in only 15 min, being 10% when the polymer 

was PCL. However, after 5 h of contact time a quantitative extraction was achieved in 
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both cases. This different behaviour at a short time period supports the fact that the IL is 

differently entangled depending on the polymer. 

 

 

Figure 3.20 Transient Cr(VI) extraction at pH 4 using two different PIM compositions (n=2). 

 

Conclusions 

 Satisfactory PIMs incorporating an IL have been prepared by a thermal-

compression method, avoiding the use of harmful organic solvents. This novel procedure 

has led to obtain appropriate membranes based on two different thermoplastic polymers, 

TPU and PCL, and the IL Aliquat 336, with a fixed content of 70% polymer – 30% IL. 

The characterization of PIMs has revealed that Aliquat 336 was properly included within 

the polymeric matrix but presenting different interactions depending on the polymer. PCL 

membranes exhibited a higher stability and a good performance in terms of extraction 

efficiency, allowing the satisfactory production of high stable membranes based on a 

biodegradable polymer using a solvent-free preparation method. 
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3.3 Novel applications of PIMs 

 

The contents of this section are based on the following studies: 

 

R. Vera, C. Fontàs, J. Galceran, O. Serra, E. Anticó, Polymer inclusion membrane to 

access Zn speciation: Comparison with root uptake, Sci. Tot. Environ. 622-623 (2018) 

316-324. 

 

R. Vera, S. Insa, C. Fontàs, E. Anticó, A new extraction phase based on a polymer 

inclusion membrane for the detection of chlorpyrifos, diazinon and cyprodinil in natural 

water samples, Talanta 185 (2018) 291-298. 
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3.3.1 Polymer inclusion membrane to access Zn speciation: Comparison with root 

uptake 

 

Abstract 

 Metal speciation studies can be performed with a new technique based on a 

functionalized membrane. The estimation of not only the total amount of metal, but also 

the metal available to living organisms is very important. In this context, we have 

investigated the use of a polymer inclusion membrane (PIM) in a new tool for the 

determination of free metal ion concentration. In order to check the usefulness of PIM 

devices in metal speciation studies and metal availability to potato plants (Solanum 

tuberosum), Zn has been chosen as a case study. The PIM designed for Zn transport uses 

polyvinyl chloride (PVC) as polymer and di-(2-ethylhexyl) phosphoric acid (D2EHPA) 

as carrier, with 0.01M nitric acid in the receiving solution. The stability of the PIM has 

been demonstrated and good linearity of PIM-device fluxes (JPIM) with free metal 

concentration was observed for total metal concentrations ranging from 3 µM up to 70 

µM. The presence of different ligands, such as ethylenediaminetetraacetic acid (EDTA), 

humic acid (HA) and citrate, greatly influences the measured JPIM because the formation 

of metal complexes in the donor phase decreases the free Zn concentration in the sample. 

Good correlation has been found when comparing PIM fluxes and metal accumulation in 

potato plants roots in the presence of EDTA. But, the root uptake did not change when 

adding citrate and HA to the hydroponic medium, so the uptake does not always follows 

the Free Ion Activity Model (FIAM). These ligands might induce physiological changes 

in the roots and enhance metal uptake. 

 

Introduction 

 Dissolved trace metals in environmental water or in pore water of soils and 

sediments can be found in numerous chemical forms or species, such as free ions, and 

inorganic or organic complexes. Metal partitioning among the different forms is a 

dynamic process that depends on different parameters such as type and concentration of 

ligands, temperature, pH or redox conditions of the medium. It has been established that 

for cationic metals, the concentration of the free, uncomplexed, metal ion is usually the 
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best predictor for both metal bioaccumulation and toxicity in most aquatic systems. This 

general consensus has led to the predominance of the free ion activity model (FIAM), 

which postulates that the metal uptake by an organism is proportional to the free ion 

concentration of the metal in the surrounding solution. FIAM relies on the internalisation 

flux being limiting, rather than the supply of the metal from the solution to the surface of 

the organism [1].  

 The biotic ligand model (BLM) is an extension of the FIAM taking into account 

the competitive binding of cations and protons at the surface of the biological membrane 

(i.e. the biotic ligand) [2]. Despite being extensively accepted, exemptions to these 

models have also been reported, and some studies point out that in the case of higher 

plants, the uptake might be favoured by the presence of organic ligands, which would 

facilitate the metal uptake at the roots [3-5]. Indeed, apart from internalisation of the free 

cation [6,7], other mechanisms can contribute to the uptake such as the direct 

internalisation of intact metal complexes by the organism (simple diffusion across the 

lipid bilayer or permeation across the lipid bilayer via a ligand transport site). 

 Different techniques have been developed to measure, not only metal speciation, 

but also to estimate labile fractions available for organisms [8,9]. This is the case of 

diffusive gradients in thin films (DGT) technique, for example, consisting of a porous gel 

matrix attached to a layer of complexing cation exchange beads (Chelex 100). DGT is 

nowadays widely accepted as a tool to monitor metal availability and to calculate the so-

called DGT concentrations [10,11].  

 Permeation liquid membrane (PLM) techniques are used for the separation and 

preconcentration of target elements, which are complexed by an organic complexing 

agent supported in a membrane. This membrane separates two different aqueous 

solutions: the donor (also called source or feed) phase, containing the sample with the 

analyte, and the acceptor (also called receiving or stripping) phase, where the analyte is 

accumulated. The transport is based on liquid-liquid extraction coupled with diffusion. In 

the nineties, Buffle and Parthasarathy firstly reported PLM for speciation studies as an 

approach to mimic the processes of metal transport across biological membranes [12]. 

The metal flux across the membrane is evaluated from the variation of the metal 

concentration in the acceptor solution as a function of time. Under certain conditions, 

PLMs measure the free metal ion fraction [13], and PLM has been used as a reliable 

sensor for free Ni concentrations down to 10−7 M as reported by Bayen et al. [14]. Pb 

availability to freshwater algae was studied by comparing PLM fluxes and Pb biouptake 
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fluxes [15]. Both, the simplicity of this technique and the large number of available 

complexing agents render this methodology very attractive. However, a weak point is the 

poor stability of the membrane due to the leaching of the organic extracting compound 

into the aqueous adjacent phases [16]. This fact has seriously limited a wider use of PLM.  

 In this work, we explore for the first time the use of a simple device based on a 

polymer inclusion membrane (PIM) to determine free ion concentrations in aqueous 

samples (i.e. specifically targeting one relevant fraction of the total concentration). The 

principles of this system are similar to those of PLM, since the analyte is transported 

across the membrane, by means of the carrier, from the donor to the acceptor phase. 

However, to increase the stability of the membrane, this carrier is entrapped within a 

polymeric matrix, normally made of cellulose triacetate (CTA) or polyvinyl chloride 

(PVC). The role of the polymer is to provide mechanical strength to the membrane, and 

sometimes, besides these components, the addition of a plasticizer is also necessary to 

improve the elasticity as well as to modify the diffusion characteristics of the membrane 

[17]. This improved stability, in addition to their easy preparation, low cost, versatility, 

good chemical resistance and high efficiency, had led to the use of these membranes for 

separation or preconcentration purposes of different metals or organic compounds 

[18,19]. PIMs made of PVC and the carrier di-(2-ethylhexyl) phosphoric acid (D2EHPA) 

have been applied for the determination of the time-weighted average total concentration 

of Zn [20], but its use as sensor for Zn speciation has -as far as we know- not been 

described yet. The environmental relevance of this new sensor stems from the crucial 

role, as stated by FIAM and BLM, of the free ion concentration on the ecotoxicological 

impact of the considered element.  

 Zn is one of the essential trace metal micronutrients, required by plants in small 

amounts for various biochemical reactions and physiological functions such as formation 

of chlorophyll, photosynthesis and respiration [21,22]. Even though Zn deficiency is 

more widespread than Zn toxicity, excessive Zn accumulation affects the capacity to 

maintain homeostasis and can induce oxidative stress. 

 In this work, PIM fluxes for Zn in the absence and presence of organic ligands 

forming complexes with different binding strength and charge, such as EDTA, citrate, 

and humic acids, have been determined using as a donor phase a plant nutrient solution 

(i.e. a hydroponic medium). Moreover, PIM fluxes have been compared with Zn uptake 

by potato (Solanum tuberosum) roots under the same experimental conditions. Potato 

plants were chosen for this study because (i) potato is one of the most commonly 
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consumed vegetable crop worldwide, and (ii) potato plantlets were reproduced asexually 

using cuttings, reducing the overall variability among samples and contributing to 

increase the reproducibility of the experiment. Special attention is devoted to elucidate 

whether the PIM-based sensor (in the current conditions) are determining the free Zn 

concentration, rather than the total concentration or any other fraction. 

 

Experimental 

Reagents and solution 

 All reagents and solvents used in this study were of analytical grade. The polymer 

PVC, and the acid 2-(N-morpholino) ethanesulfonic (MES) were obtained from Fluka 

(Bern, Switzerland). The organic solvent, tetrahydrofuran (THF), was purchased from 

Panreac (Barcelona, Spain). The carrier, D2EHPA, was provided by Sigma-Aldrich (St 

Louis,Missouri, USA). For the preparation of the hydroponic solution the following 

reagents, purchased from Panreac (Barcelona, Spain), were used: ammonium nitrate 

(NH4NO3), boric acid (H3BO3), calcium nitrate (Ca(NO3)2·4H2O), copper sulphate 

(CuSO4·5H2O), potassium nitrate (KNO3), potassium dihydrogen phosphate (KH2PO4), 

sodium molybdate (Na2MoO4·2H2O), sodium hydroxide (NaOH), magnesium sulphate 

heptahydrate (MgSO4·7H2O), potassium hydroxide (KOH), manganese chloride 

(MnCl2·4H2O) and zinc sulphate seven hydrate (ZnSO4·7H2O). As iron source the 

commercial product Kelamix Fe was used (Sicosa, Girona, Spain). Hoagland solution at 

half strength, used as a nutrient solution and donor medium, is described in Table 3.17. 

The pH of the solution was adjusted at 6.0 ± 0.1 using 2.5 mM MES. Suprapur grade 

nitric acid (HNO3) was obtained from Panreac (Barcelona, Spain). Organic ligands such 

as L-histidine monohydrochloride monohydrate, humic acids sodium salt (HA, used as 

received), ethylenediaminetetraacetic acid (EDTA) were provided by Sigma-Aldrich (St 

Louis, Missouri, USA) and sodium citrate (Na3C6H5O7·H2O) was obtained from Scharlau 

(Barcelona, Spain). Propidium iodide (PI) and Fluorescein di-acetate (FDA) stains were 

obtained from Sigma and Invitrogen (Thermo Fisher, Waltham, Massachusetts, USA). 
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Table 3.17 Chemical composition of the nutrient solution corresponding to a half strength 

Hoagland solution, used as donor medium in all the experiments performed throughout the study. 

Chemical compound Concentration (µM) 

KNO3 2500 

Ca(NO3)2.4H2O 2500 

Fe (in Kelamix) 12 

MgSO4.7H2O 1000 

NH4NO3 500 

KH2PO4 250 

MES 2500 

H3BO3 23 

MnCl2.4H2O 4.57 

ZnSO4.7H2O 0.38 

CuSO4.5H2O 0.10 

Na2MoO4.2H2O 0.25 

 

 

 Calibration standards of Zn were prepared using a 1000 mg L−1 stock solution for 

atomic spectroscopy (Sigma-Aldrich, St Louis, Missouri, USA). The working range was 

from 0.05 mg L−1 to 2.5 mg L−1 in the donor solution and 0.3 mg L−1 to 15 mg L−1 in 0.01 

M nitric acid for the analysis of the receiving phase.  

 Ultrapure water from a MilliQ Plus water purification system (Millipore Ibérica 

S.A., Madrid, Spain) was used to prepare all solutions. 

 

Instrument and apparatus 

 An Ethos Plus Milestone microwave with HPR-1000/10S high-pressure rotor and 

temperature sensor (Sorisole, Bergamo, Italy) was employed for acid digestion of 

samples. A sequential inductively coupled plasma atomic emission spectrometer, ICP-

OES, (Liberty RL, Varian, Mulgrave, Vic., Australia) was used to determine the total 

concentration of Zn (λ = 213.81 nm) in aqueous solutions and acid plant digestions. The 

pH values of the aqueous samples were determined with a Crison Model GLP 22 pH 

meter (Barcelona, Spain).  
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 Fluorescent root plant images were obtained using an epifluorescence BX-41 

Olympus microscope that was connected to a DP-73 Olympus digital camera (Olympus, 

Tokyo, Japan). 

 

Membrane preparation 

 PIMs were prepared by dissolving 400 mg of PVC in 12 mL of THF and the 

resulting mixture was stirred for 2 h. Later on, the appropriate amount of carrier D2EHPA 

(from a 0.5 M D2EHPA solution in THF) was added to the corresponding polymeric 

solution and stirred again for 1 h in order to obtain the final membrane composition of 

70% PVC – 30% D2EHPA or 60% PVC – 40% D2EHPA (% in mass). Finally, the 

resulting mixture was poured out into a 9.0 cm diameter flat bottom glass petri dish, which 

was set horizontally and covered loosely. The organic solvent was allowed to evaporate 

during 24 h at room temperature, and the resulting film (of an approximate thickness of 

55 µm) was afterward carefully peeled off from the bottom of the petri dish. 

Reproducibility of the PIM preparation was routinely checked by means of total weight, 

IR spectroscopy and thickness measurements. 

 

PIM-device experiments 

 The designed device (see Figure 3.21), with similarities to those previously 

reported [20,23] consists of a glass tube with two openings, one at the top (0.9 cm 

diameter) and another one at the bottom (1.8 cm diameter). The PIM was placed at the 

bottom opening (1.75 cm2) and fixed with a screw cap. The opening at the top was closed 

with a standard screw cap and was used to fill the device with 5 mL of receiving solution. 

To carry out the experiments using this device, 250 mL of donor nutrient solution spiked 

with zinc (and organic ligands when indicated) were poured into a glass beaker placed on 

a magnetic stirrer. The device incorporating the membrane and receiving solution (5 mL 

0.01 M HNO3) was immersed 1 cm in the donor nutrient solution in a vertical position 

under stirring conditions. After the deployment period, the device was removed from the 

solution and the receiving solution was taken for analysis. The final concentration in the 

donor solution was also checked in order to verify that no depletion took place. 
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Figure 3.21 Schematics of the PIM device and the whole setup used in the experiments. 

 

Plant growth 

 Potato plants (Solanum tuberosum cv Desireé) were grown in vitro in Murashige 

and Skoog solid medium (MS) supplemented with 2% sucrose [24]. 1-Node explants 

without leaves, using only axial gems of four week-old plants, were cultured in vitro in 

solid MS for three weeks in order to ensure the homogeneity among the different 

biological replicates. Then, they were transferred to the hydroponic media. Plants in vitro 

and plants in hydroponics were grown under light/dark photoperiod cycle of 12/12 h at 

67 µmol m−2 s−1 and 25°C and 22°C respectively. 

 

Plant exposure and analysis 

 Plant exposure to Zn and to the different organic ligands was studied following 

the experimental design described in Figure S3.27 (in the Supporting Information). From 

the in vitro plants, fourteen plants (for each treatment) were grown in ten-litter buckets 

of nutrient solution containing Hoagland's half strength solution (Table 3.17) during two 

weeks before plant exposure to the metal or the ligand. The treatments include (i) no metal 

addition (control experiment), (ii) fortified donor medium with 35 µM Zn (no ligand) and 

(iii) three Zn-fortified media each with an added specific organic ligand at a final 

concentration of 20 µM of EDTA, 240 µM citrate or 60 mg L−1 of HA. The ligand 
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concentrations for this study were selected so that, for a total Zn concentration of 35 µM, 

similar free Zn concentrations were reached in all treatments. Plants were exposed for a 

period of 48 h. After that, plants were removed from buckets and carefully dipped into 

cold water for 30 s prior to rinsing them with a 5 mM Pb(NO3)2 solution (Panreac, 

Barcelona, Spain) to remove Zn from the surface of the roots. Finally, plants were dried 

in an oven at 60 °C for 5 days [3,25]. Pools of roots from 4 plants were cut into small 

pieces, dried and weighted before microwave acid digestion. Then, they were transferred 

to PTFE vessels and digested with 8 mL of nitric acid of suprapure grade (69%) and 2 

mL of hydrogen peroxide (30%). The vessels were closed and heated into the microwave 

following a digestion program consisting of a first step of 5 min to reach 180°C and then 

10 min at 180°C. After cooling, digested sample solutions were transferred to a 30 mL 

flask and brought to volume with ultrapure de-ionized water prior to ICP-OES analysis. 

 

Vital staining of roots 

 Once the different exposures were finished, a pool of three plants were removed 

from the buckets and their roots were cut and transferred directly to an aqueous solution 

containing 5 µg mL−1 of PI and 2 µg mL−1 of FDA for 15–30 min. The roots were then 

rinsed twice with water, and mounted on a microscope slide which was subsequently 

submerged in water [26]. The samples were viewed within 15 min from the staining with 

a BX-41 Olympus microscope that was connected to a DP-73 Olympus digital camera. 

For FDA detection, we used the excitation filter B (excitation at 475 nm and emission at 

515 nm using a long path filter). For PI detection, we used the excitation filter G 

(excitation at 530 nm and emission at 610 nm). The same specimen was analysed 

separately at wavelengths specific to each stain and the two images were merged to give 

the final image. 

 

Results and discussion 

Evaluation of the PIM system 

 When speciation is of interest, the test sample composition should not be 

modified, and, in particular, the decrease in analyte concentration in the source solution 

due to membrane extraction should be negligible (i.e. no depletion of the analyte test 
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sample). These conditions are usually achieved by using a volume of the test solution 

much larger than the volume of the acceptor phase, e.g. using a hollow fibre geometry 

[27,28] or with “flowthrough” approaches [20]. Apart from the donor and acceptor 

volumes, the membrane composition and the acceptor phase acidity can be modulated to 

ensure no depletion of the analyte in the donor phase. So, we fixed an aqueous volume of 

250 mL for the donor solution and of 5 mL for the acceptor solution. We evaluated the 

effect on metal transport and depletion when the nutrient solution (without MES added) 

was supplemented with 35 µM Zn(II), and tested two nitric acid concentrations of 0.01 

and 0.1M in the acceptor phase and two PIM compositions. Results are presented in Table 

3.18, in terms of metal concentration in both the donor and in the receiving solutions after 

24 h experiment in each condition. As expected, the better the transport to the receiving 

solution (i.e. higher final concentrations in the acceptor), the larger the variation from the 

initial Zn concentration in the donor solution is obtained. Given that the use of a PIM 

made of 70% PVC – 30% D2EHPA and a 0.01 M HNO3 receiving solution ensures the 

negligible depletion conditions required to perform our studies, we fixed these conditions 

for further experiments. 

 

Table 3.18 Effect of PIM and receiving phase compositions on Zn transport and depletion. 

Contact time: 24 h. 

PIM HNO3 (M) 
Initial [Zn] 

donor solution 
(µM) 

Final [Zn] 
donor solution 

(µM) 

[Zn] receiving 
solution (µM) 

70% PVC – 30% 
D2EHPA 

0.1 35.92 35.4 60.1 

0.01 35.92 31.6 120.7 

60% PVC – 40% 
D2EHPA 

0.1 35.92 30.1 131.7 

0.01 35.92 20.8 417.7 

 

Stability studies 

 It has been extensively reported that the lack of stability is the main drawback of 

PLM [16]. Gramlich et al. [29] described the use of a PLM in hollow fibre configuration 

consisting of a mixture of a Kryptofix 22DD and lauric acid as carriers dissolved in 

phenylhexane and toluene (1:1 v/v) as solvents for the transport of free Zn. They found a 

decrease in the transport capacity of the membrane down to 63% within 8 h after 
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impregnation. Therefore, it was necessary to use freshly impregnated membranes in all 

experiments (which lasted 2 h).  

 To study the stability of the PIM system, we evaluated the variation of Zn flux 

(JPIM in mol m−2 s−1) with time. For that, three experiments were performed contacting 

the PIM-devices with the corresponding donor solution and retrieved them at different 

times, from 24 to 48 h. The average flux can be calculated from the number of moles 

found in the acceptor phase and considering the membrane area and the deployment time. 

Results are collected in Figure 3.22, where it can be seen that there is not a significant 

variation in Zn flux for the time period studied, so one can assume the system to be under 

a steady-state regime [30]. Moreover, the stability of the PIM was also evaluated in terms 

of membrane mass loss, and it was found only a decline of 2.2 ± 0.4% of total weight 

after 24 h of immersion (this corresponds to 7% carrier loss). 

 Hence, these results support the use of PIMs as an attractive alternative to PLM, 

since they maintain the important features of PLMs such as simplicity, low cost and the 

possibility to prepare selective membranes, while providing the necessary stability to 

perform long-term experiments. 

 

 

Figure 3.22 Evolution of PIM flux in front of the device deployment time. The initial 

concentration was 35 µM of Zn. The values show the mean ± SD (n=2). 
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Measurement of diffusional JPIM 

 Several experiments were performed to measure JPIM in the absence of organic 

ligands. The initial total metal concentration in the nutrient solution was varied from 3 

µM up to 70 µM. JPIM was calculated as before and, as can be seen in Figure 3.23, it is 

proportional to the free Zn2+ concentration in the donor phase (computed using visual 

MINTEQ with its standard database, and neglecting the contribution of the complex 

Kelamix Fe [31]). The equation for a lineal model of JPIM (nmol cm−1 h−1) vs. [Zn] (µM) 

is: 

JPIM = 0.092(±0.004) [Zn]PIM – 0.27(±0.15)     (3.9) 

and R2 = 0.9905. 

 

Figure 3.23 JPIM at different free Zn concentrations in the donor phase added to the half strength 

Hoagland medium. PIM deployment time was 24 h. The values show the mean ± SD (n=3). 

 

 To test the real possibilities of PIM as a tool to measure the free ion 

concentrations, different organic ligands have been used in this work: EDTA, citrate and 

humic acid. EDTA is a polydentate ligand which forms strong complexes with metals and 

is used as a ligand to buffer Zn2+, as Zn-EDTA is assumed to barely contribute to Zn 

uptake [32-34]. Citrate is involved in the storage of Zn in plant vacuoles [35]. Finally, 

humic acid is a part of the natural organic matter which plays an important role in aquatic 
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ecosystems by binding trace metals and, thus, influencing their speciation, bioavailability, 

and toxic effects. Thus, 20 µM of EDTA, 60 mg L−1 of HA or 240 µM of citrate were 

added to the growth medium. JPIM was evaluated in the presence of these ligands at two 

different total metal concentrations, 35 and 70 µM. We could observe that the addition of 

organic ligands produced a decrease in all JPIM, which correlates with the reduction of 

free Zn according to visual MINTEQ calculations. [Zn2+]PIM was determined (using the 

calibration provided by Figure 3.23 and plotted in Figure 3.24 together with [Zn2+]MINTEQ 

and the 1:1 line on which both values should match. The good agreement found supports 

the claim that the sensor is measuring free Zn concentrations. Moreover, the use of PIMs 

as a new speciation technique (as an alternative to PLM) appears as a promising 

possibility. 

 

Figure 3.24 Comparison of [Zn2+] determined with the PIM device and the free concentration 

calculated with MINTEQ for several source solutions consisting of half strength Hoagland 

medium without and with added ligands (EDTA, HA and citrate). Deployment time was 48 h. 

Full symbols, 70 µM total Zn; empty symbols, 35 µM total Zn. The values show the mean ± SD 

(n=3). The solid line is the 1:1 along which [Zn2+]MINTEQ would exactly match [Zn2+]PIM. 
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Modelling the flux of Zn 

 Separation by means of functionalized membranes is based on the chemical 

affinity of the target compound towards the ligand or functional group existing inside the 

membrane. In both, PLMs and PIMs, an appropriate carrier is added to the membrane to 

interact with the analyte, Zn2+ in this study. For this work, the extraction reaction of the 

metal by D2EHPA (denoted as HL) can be described with the following equilibrium 

reaction [36]: 

Zn2+(aq) + 3/2 (HL)2(mem) ⇌ ZnL2·HL (mem)+ 2H+(aq)    (3.10) 

 Taking into account our current data and similarly to existing literature on PLM 

[16], a simple model can be derived from the following hypotheses: 

A) Equilibrium at both interfaces. 

 For the Donor/membrane (indicated as superscript D/m) interface 

 (3.11) 

 
while for the membrane/Acceptor (indicated as superscript m/A) interface 

  (3.12) 

 All concentrations in these section are expressed in mol m-3. 

B) diffusion co-limitation of the fluxes, both in the membrane 

  (3.13) 

(where  is the thickness of the membrane, in m, and   is the diffusion coefficient, 

in m2 s-1, of the complexed carrier inside the membrane) and in the Acceptor solution 
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(where  is the thickness of the diffusion layer in the Acceptor and  is the diffusion 

coefficient of free Zn ion there).  

C) Given that the presence of labile ligands (see Figure 3.24) does not relevantly increase 

JPIM (but rather JPIM is proportional to the free Zn concentration), we assume that there 

is no limitation by diffusion in the Donor solution 

  (3.15) 
 
where superscript * indicate the bulk concentration of the sample. This also leads to 

  (3.16) 
 
D) Steady state is assumed taking into account the lack of variation of JPIM seen in Figure 

3.22. In steady-state regime, all fluxes of Zn (be it complexed or free) have to be equal 

to the resulting flux 

  (3.17) 
 

Simple algebra using previous assumptions leads to 

 (3.18) 

 

 In general,  and  are not constant, but depend on the 

loading of Zn, because of the balance of ligand, e.g. at interface Donor/membrane,   

  (3.19) 
 
where cT,L stands for the total D2EHPA (monomer) concentration inside the membrane. 
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 Given the observed linear relationship between flux and free concentrations, we 

consider “excess of ligand” conditions, i.e. the amount of Zn bound to the carrier is 

approximately constant: 

 (3.20) 

 
 Considering the fast diffusion of protons and their huge concentration (in 

comparison to Zn)-, one can take  

 

  With these considerations, Eq. (3.18) simplifies to 

 (3.21) 

 

This expression justifies: 

i) the linearity of the steady-state flux with free Zn concentration (Figures 3.23 and 

3.24) and the lack of impact of labile complexes present in the donor solution. This 

proportionality is reflected in Eq. (3.9), where the non-null intercept can be attributed 

to experimental uncertainty as well as to the system having an initial transient regime 

not considered in Eq. (3.21);  

ii) higher fluxes when the acceptor is more acidic, i.e. higher [H+]A (in Table 3.18, for 

instance, in the case of 30% D2EHPA, compare the final accumulated [Zn2+] in the 

acceptor around 121 µM for 0.1 M HNO3 with [Zn2+] around 60 µM for 0.01M HNO3) 

and  

iii) higher fluxes are expected for higher total carrier concentrations, i.e. higher cT,L (in 

Table 3.18, for instance, in the case of 0.01M HNO3, compare the final accumulated 

[Zn2+] around 132 µM for 40% D2EHPA with [Zn] around 60 µM for 30% D2EHPA). 
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affected by other processes such as interfacial kinetics (which could become critical for 

low concentrations of carrier), but this is not considered here given some previous 

reported results with PIM [37,38] and given that the model agrees with our current data. 

 Further experiments varying the membrane thickness and the carrier ligand 

concentration over a range of values [39], can confirm or discard the present model and 

experimentally tune the PIM to probe the free fraction or others (such a labile one). 

 

Toxicity of the ligands for the roots 

 According to the FIAM paradigm, biological fluxes are directly proportional to 

free metal ion concentrations rather than to the total ones [40]. This assumption has been 

tested using living organisms such as freshwater algae [15,41], microalgae [42] or wheat 

plants in hydroponics media [43]. Alternatively, fluxes measured with the different 

speciation techniques (PLM, DGT) have also been correlated with metal bioavailability 

in some systems [44]. However, it is essential to take into account the intrinsic metal and 

ligand toxicity before biological fluxes are measured. It has been described that metal 

chelates at higher concentrations may damage roots, which in turn affects metal uptake 

[32].  

 So, we performed viability analyses of the roots of potato plants growing in the 

different donor solution media with 35 µM Zn and supplemented with the different 

ligands. Distinction between viable and inviable cells was performed through a double 

fluorescent staining procedure. FDA is cleaved by esterases present in living cells and 

fluoresces green after it is cleaved. On the other hand, PI fluoresces red in the nuclei of 

dead cells. PI also stains most of the cell walls, viable or inviable, which means that PI 

staining sometimes overlaps FDA staining and appears yellow. In potato plants, young 

lateral roots are viable when no treatment is applied (Figure 3.25 a) and all the root tips 

assessed presented green colour. When 35 µM metal content was supplemented in the 

donor solution, roots succeeded in being stained with FDA and a green colour was 

obtained in root tips (Figure 3.25 b). Likewise, in treatments where 35 µM metal content 

and either EDTA, HA or citrate were applied as ligands, cells were metabolically active 

and thus, green colour was also predominant (Figure 3.25 c–e). Lateral roots treated with 

the same amount of Zn and histidine ligand, failed to stain with FDA, but were stained 

with PI (red), suggesting that the cells die as a consequence of the treatment (see Figure 

3.25f). Therefore, measurements with histidine as a ligand were not reported in 
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previous section Measurement of diffusional JPIM, and also not considered in what 

follows. 

 

 

Figure 3.25 Representative epifluorescent micrographs of roots stained with FDA (green nuclei) 

showing the living cells and PI (red nuclei) showing the dead cells after different treatments: 

control with no Zn added (a) and 35 µM of Zn content (b) supplemented with 20 µM EDTA (c), 

60mg L−1 of HA (d), 240 µM citrate (e) and 20 µM of histidine (f). 

 

Plant metal uptake and comparison with JPIM 

 Predicting availability of metals to plants is a challenge that has been addressed 

using different approaches. For example, in the case of soil fertility evaluation and risk 

assessment of soil contaminants, diethylenetriaminepentaacetic acid (DTPA)-extracts 

and CaCl2 (0.01 M) extractable concentrations are commonly used [45-47]. Moreover, 

models based on a mechanistic approach have been employed to describe uptake of major 

nutrients and micro-nutrients, such as Mn and Zn [48,49]. Additionally, DGT and PLM 
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techniques have been suggested as tools to predict metal bioavailability and different 

studies have been reported. The limiting transport steps in PLMs and biological plasma 

membranes have been compared [16,50]. Despite being the transport processes in the test 

solution almost identical for living organisms and PLM setup, the size and geometry of 

the systems clearly differ. Also, relevant differences may arise in the transport steps at 

the water membrane interface or inside the membrane, despite being conceptually similar 

processes: the nature of the binding sites is different, multistep processes usually account 

for the transport in biological membranes, and passive diffusion of lipophilic complexes 

is differently affected by the viscosity and other physical parameters. In any case, PLM 

has been used to test the FIAM model, and considering the advantages of PIMs compared 

to PLM, we have performed a series of experiments devoted to compare JPIM with fluxes 

in plant roots. Thus, the accumulated Zn in the roots was measured and “normalized” 

fluxes (Jroot) were computed by using the dry weight of the roots instead of an area. Zn 

fluxes obtained were in the range 0.56 ± 0.05–1.10 ± 0.05 nmol mg−1 h−1. A control 

experiment with no Zn supplementation, showed also some metal uptake (0.12 ± 0.02 

nmol mg−1 h−1) due to the presence of just a trace amount of Zn in the donor solution.  

 The normalized biological fluxes are shown in Figure 3.26 for the different 

treatments. An ANOVA test was performed and significant differences (p = 1.92 × 10−10) 

were found among the treatments. As can be seen, in the treatment with EDTA, the 

obtained root plant uptake was lower compared to the treatment without ligand, which 

supports that the total concentration of Zn in the solution is not the best indicator for 

uptake. This tendency can also be observed in Figure S3.28 (Supporting Information), 

where normalized Jroot-values are represented in front of JPIM. In the presence of HA and 

citrate, the found root fluxes are practically identical to the fluxes without ligand. Similar 

results for citrate were found by other authors [3] and were attributed to the high lability 

and mobility of these metal-organic complexes that dissociate in the vicinity of the root 

surface. The direct uptake of undissociated complexes has also been reported. In these 

situations, FIAM would not apply (i.e. the uptake is not proportional to the free 

concentration).  

 In the case of HA, we have observed the formation of lateral roots (Figure S3.29 

in the Supporting Information), which in turn would increase the exchange area and 

would yield a metal uptake higher than expected. Moreover, the adsorption of humic 

substances into biological surfaces can increase their negative surface charge and, thus, 

enhance their overall electrostatic attraction for cations [6]. The increase of cell 
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permeability in the presence of humic acids can contribute to metal internalisation as 

described in Samson and Visser [4], Slaveykova et al. [51] and Vigneault et al. [52]. For 

higher plants as spinach or wheat, deviations from the FIAM have repeatedly been 

reported [3,50] pointing out that metal uptake in roots is highly dependent on many 

factors, such as the plant species, metal concentration and the rate of dissociation of metal 

complexes, among others. 

 

Figure 3.26 Comparison of normalized root fluxes (35 µM Zn treatment and supplemented with 

EDTA, HA and citrate as ligands). Deployment time was 48 h. The values show the mean ± SD 

(n=3). 

 

Conclusions 

 In this study we have developed a simple technique based on a polymer inclusion 

membrane to assess Zn speciation in a complex nutrient solution. The stability of this 

type of membrane is substantially improved, rendering this technique suitable for 

(relatively) long speciation experiments. When a PIM made of 70% CTA and 30% 

D2EHPA is incorporated in a special device and a 0.01M HNO3 solution is used as an 

accep- tor phase, a correlation is found with the free metal, both in absence and in 

presence of ligands (EDTA, citrate and HA). This correlation is the basis for PIM to 
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determine [Zn2+] and has been justified with a model consistent with existent evidences. 

We have also evidenced the need to consider viability and physiological changes of the 

roots prior to study metal internalisation. Additionally, when comparing JPIM and metal 

uptake by potato plant roots, different behaviours arise depending on the ligand. In the 

case of Zn-citrate and Zn-HA complexes we have observed a direct proportionality 

between total metal and root uptake. However, in the case of EDTA, this relationship is 

observed for free metal. 
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Supplementary data 

 

 

Figure S3.27 Scheme of the experimental design showing the applied treatments (i.e. different 

donor hydroponic media for the final exposure). MS: Murashige and Skoog solid medium. 

 

Figure S3.28 Correlation between normalized root fluxes and JPIM (35 µM Zn treatment and 

supplemented with EDTA, HA and citrate as ligands). Deployment time was 48 h. The values 
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show the mean ± SD (n=3). The dashed line was plotted to join those points for which both JPIM 

and Jroots are expected to be proportional to the free Zn concentration. 

 

 

Figure 3.29 Bright field representative micrographs of potato roots grown in hydroponics media 

supplemented with 35 µM Zn in absence (a) or presence of 60 mg L-1 humic acids (b). Note the 

high abundance of hair cells when humic acids are present in the medium. Scale bar corresponds 

to 200 µm. 
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3.3.2 A new extraction phase based on a polymer inclusion membrane for the 

detection of chlorpyrifos, diazinon and cyprodinil in natural water samples 

 

Abstract 

 A simple and effective method for the detection of three pesticides (chlorpyrifos, 

diazinon and cyprodinil) is developed using a polymer inclusion membrane (PIM) prior 

to gas chromatography and mass spectrometry detection (GC-MS). Analytes are extracted 

from natural water samples using a 3 cm2 PIM made of the polymer, cellulose triacetate 

(CTA), and the plasticizer, nitrophenyl octyl ether (NPOE). Addition of the plasticizer to 

the CTA matrix is found to be necessary for the extraction of pesticides. After extraction, 

analytes are recovered from the membrane with 1 mL of acetonitrile and injected into the 

GC-MS system. The main factors affecting the extraction efficiency are evaluated, 

including membrane composition, stirring mode, extraction and elution time. Ultrasonic 

assisted elution of the extracted pesticides is accomplished after 15 min of contact. The 

PIM assisted extraction method makes it possible for pesticides to be determined in the 

range of 50–1000 ng L−1 with good linearity (coefficient of determination ≥0.995) and 

suitable recoveries (85–119%) and precision (< 21%, n=3) using 100 mL of a water 

sample. This methodology is shown to be suitable for the detection of chlorpyrifos in 

local river waters. 

 

Introduction 

 An ever-increasing world population placing pressure on global food supplies, 

energy resources and the environment has led to agrochemicals being used not only to 

protect crops from pests but also to enhance crop yields [1]. Many pesticides used in 

agriculture are highly toxic both to the environment and to living organisms when their 

application is uncontrolled. Storm runoff events can cause pesticides to be mobilized from 

fields to waterbodies. Due to their highly persistent properties, pesticides bioaccumulate 

in food and can present a risk to animal and human health [2]. Chlorpyrifos (CP), diazinon 

(DZ) and cyprodinil (CYP) are three of the most widely used pesticides. CP and DZ 

belong to the organophophate pesticides chemical family (OPPs). OPPs, like some nerve 

agents, inhibit a neuromuscular enzyme that is essential for normal function in insects, 
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humans and many other animals. CP is considered by the World Health Organization to 

be moderately hazardous to humans and more than 10,000 related human deaths a year 

are reported. CYP is a fungicide which belongs to the family of aminopyrimidines. 

Aminopyrimidines play an important role in biological processes, since the pyrimidine 

ring is present in several vitamins, nucleic acids, and coenzymes. The European Water 

Framework Directive [3] recognizes CP as a priority pollutant and has set 0.1 µg L−1 as 

the maximum concentration permitted in fresh waters. Furthermore, a maximum level for 

individual pesticides of 0.1 µg L−1 has been established in water intended to be used for 

drinking purposes.  

 Chromatographic techniques have been extensively used as they are powerful 

separation techniques and enable the analysis of pesticide residues. However, extraction 

and concentration is needed prior to chromatographic separation and detection to make 

the sample more amenable to the analytical techniques and to separate the analytes of 

interest from other interfering species [4]. Sample preparation is therefore an important 

step in the analytical process. Conventional methods such as liquid–liquid extraction 

(LLE) and solid-phase extraction (SPE) are labour-intensive and environmentally 

harmful [5,6]. As a result, considerable effort has been devoted to the development of 

novel sample preparation methods, such as stir bar sorptive extraction [7], solid-phase 

microextraction (SPME) [8], membrane assisted liquid-liquid extraction [9], single drop 

microextraction [10], and dispersive liquid–liquid microextraction [11]. Recently, new 

sample treatment approaches [12–14] and new materials (sorbents) for pesticide 

extraction have also been explored. In this respect, magnetic molecularly imprinted 

polymers [15] and magnetic graphene nanoparticles [16] have been described. Moreover, 

thin films based on polydimethylsiloxane (PDMS) [17], silicone rods and silicone tubes 

[18], and microporous polypropylene hollow-fibre (HF) membranes [9] can be used 

directly as solid sorbents to extract target species based on an adsorption mechanism.  

 Extraction of the compounds of interest from water samples can also be achieved 

with a new class of membranes called polymer inclusion membranes (PIM). These new 

membranes consist of a base polymer, usually polyvinyl chloride (PVC) or cellulose 

triacetate (CTA) and a plasticizer. The role of the plasticizer is to increase both the 

flexibility and the softness. Additionally, plasticizers can modify the solubility properties 

of the sorbent due to their different polarities and dielectric constants. A third component, 

an organic extractant or carrier, is needed when separation of species relies on a transport 

mechanism. Ease of preparation, stability, and mechanical strength are noticeable features 
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of PIMs, which have found many applications in transport systems for the separation and 

recovery of inorganic species and organic compounds [19,20]. Moreover, membranes 

made of CTA and the extractant Aliquat 336 have been used as the extraction phase for 

the preconcentration of trace amounts of several metals such as Cd(II) [21], Cr(VI) [22], 

Pd(II) and Pt(IV) [23] in complex liquid samples such as electroplating solutions and sea 

water samples. Once the metals were extracted by the PIM, analysis of the membrane by 

X-ray fluorescence showed this PIM-assisted extraction to be an easy way to improve the 

instrumental sensitivity for the detection of these metals. However, the use of PIMs as an 

extraction phase for organic compounds has yet to be fully exploited.  

 In this study our intention is to evaluate the use of PIMs as an extraction phase for 

pesticides prior to their determination using gas chromatography coupled to mass 

spectrometry. We have studied membranes made of CTA as a polymer and nitrophenyl 

octyl ether (NPOE), dibutyl sebacate (DBS) and bis (1-butylpentyl) adipate (BBPA) as 

plasticizers. The extraction efficiency of the different membranes has been evaluated for 

three pesticides, CP, DZ and CYP. Parameters such as the kinetics of the extraction 

process as well as elution conditions using different organic solvents such as methanol 

and acetonitrile (ACN) have also been studied. Moreover, the PIM-assisted extraction for 

the determination of these pesticides has been validated in a GC-QqQ system. To the best 

of our knowledge, this work constitutes the first application of a PIM as an extraction 

phase for the preconcentration of pesticides in river waters. 

 

Experimental 

Chemicals and standards 

 All reagents and solvents used in this study were of analytical grade. CP, DZ and 

CYP were obtained from Sigma-Aldrich (Steinheim, Germany). The structure and 

physico-chemical properties of the studied compounds are shown in Figure S3.35 and 

Table S3.22. Chlorpyriphos-d10 from Dr. Ehrenstorfer GmbH (Augsburg, Germany) was 

selected as the internal standard (IS). Other reagents (CTA, NPOE, DBS and BBPA), 

were obtained from Sigma-Adrich (Steinheim, Germany). Sodium chloride was 

purchased from Fisher Chemical (Fair Lawn, NJ, USA). Ultrapure water from a Milli-Q 

Plus water purification system (Millipore Ibérica S.A., Barcelona, Spain) was used. All 

solvents employed in this study were HPLC-hypergradient. Methanol and 
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trichloromethane were purchased from Panreac (Castellar del Vallès, Spain). ACN was 

acquired from Fisher Chemical (Fair lawn, NJ, USA).  

 Stock standard solutions of all pesticides (containing about 500 mg L−1) were 

prepared in methanol. Intermediate solutions of each pesticide (5 mg L−1) were also 

prepared in methanol and replaced every week. All these solutions were stored in 

darkness at 4°C.  

 Water samples were collected from different rivers in Catalonia (north-east 

Spain): Riells River (pH of 8.15, a conductivity of 99 µS, and total organic carbon (TOC) 

of 1.81 mg C L−1), sampled in the Montseny Natural Park; Ter River (pH of 8.08, a 

conductivity of 628 µS, and TOC of 27.80 mg C L−1), sampled in l’Estartit close to the 

mouth of the river; Tordera River (pH of 7.99, a conductivity of 624 µS, and TOC of 5.98 

mg C L−1), located between the province of Girona and Barcelona; and Llémena River 

(pH of 8.24, a conductivity of 318 µS, and TOC of 2.16 mg C L−1), in the Garrotxa county. 

Samples, which were collected during the summer and autumn of 2016, were immediately 

filtered through a 0.45 µm cellulose acetate membrane filter and stored in darkness at 

−18°C in glass bottles. 

 

Equipment and chromatographic conditions 

GC-ITMS 

 Preliminary studies, evaluation of extraction conditions and PIM composition 

were performed using a Trace GC 2000 coupled to a PolarisQ ion trap mass spectrometer 

detector (Thermo Scientific, Waltham, MA, USA). A TG-5SIL MS capillary column 

(30m×0.25mm i.d. x 0.25 µm film thickness) (Thermo Scientific) was used and the carrier 

gas was 99.9990% pure helium (Carburos Metálicos, Barcelona, Spain) at a constant flow 

rate of 1 mL min−1. The split/splitless injection port was equipped with a 0.75 mm ID 

liner and operated in splitless mode (maintained for 1 min) at 250°C (270°C and 5 min 

for SPME experiments).  

 The oven temperature programme started at 80°C, was held for 2 min; then 

ramped up to 300°C at 10 °C min−1, and held for 6 min; the total run time was 30 min. 

Ionization was performed in the electron impact mode at 70 eV. The transfer line 

temperature was set at 250°C and the ion source temperature at 225°C. MS analyses were 

conducted in full acquisition mode with an m/z range from 40 to 400 amu. Peak areas of 

the compounds were obtained from XIC chromatograms with the following m/z ions: 314 
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and 197 for CP, 225 and 224 for CYP, 304 and 179 for DZ (adapted from Correia et al. 

[24]). Data analysis was performed using Xcalibur 1.4 software (Thermo Scientific). 

 

GC-QqQ 

 Method validation and determination of pesticides in river water samples were 

performed by Trace GC Ultra gas chromatograph equipped with a TriplusTM 

autosampler coupled to a TSQ Quantum triple quadrupole mass spectrometer system 

(Thermo Fisher Scientific). Chromatographic separation was performed using a Trace 

GOLD TG- 5SILMS column from Thermo Fisher Scientific (30m x 0.25mm i.d. x 0.25 

µm). The injector was operated in splitless mode (maintained for 1 min) at 250 °C. The 

oven temperature program was as follows: initial temperature 60°C, held for 2 min; then 

ramped up to 300°C at 10°C min−1, and held for 6 min; the total run time was 30 min. 

Mass spectrometric ionization was carried out in electron impact (EI) ionization mode 

with an EI voltage of 70 eV and a source temperature of 250°C. Detection was performed 

in Selected Reaction Monitoring mode (SRM), using the ions indicated in Table S3.23. 

The acquired data were processed by TraceFinder EFS 3.1 software. 

 

Preparation of the PIM 

 Membranes with a composition of 70% polymer and 30% plasticizer (w/w) were 

prepared according to the procedure found in the literature [25]. In summary, 200 mg of 

CTA were dissolved in 20 mL trichloromethane and maintained under stirring for 5 h. 90 

mg of plasticizer were then added and the resulting mixture was stirred for 2 h more. 

Different plasticizers (NPOE, DBS and BBPA) with similar viscosity values but different 

dielectric constants were tested (see Table S3.24). The mixture was then poured into a 

9.0 cm diameter flat bottom glass petri dish, which was set horizontally and covered 

loosely. The organic solvent was allowed to evaporate over 24 h at room temperature, 

and the resulting film was then carefully peeled off the bottom of the petri dish. Circular 

pieces with an area of 3 cm2 were cut from its central section and used in extraction 

experiments. 
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Evaluation of different parameters for pesticide extraction and elution 

 In preliminary experiments, only CP was evaluated. For this, 100 mL of Llémena 

River sample was spiked with 2000 ng L−1 CP and put in contact with the PIM sorbent. 

Samples were stirred for different time periods. CP remaining in the aqueous solution 

was determined by SPME-GC-ITMS. SPME experiments were performed with an SPME 

Triplus autosampler (Thermo Scientific, Waltham, MA, USA). A previously conditioned 

commercially available fibre with a 50/30 µm divinylbenzene/ 

carboxen/polydimethylsiloxane (DVB/CAR/PDMS) coating (Supelco; Bellefonte, PA, 

USA), was used. Volumes of 15 mL of sample solution were placed in 20 mL glass vials 

closed with aluminium caps furnished with Teflon-faced septa. The fibre was then 

immersed in the sample for extraction (50°C for 30 min). Constant stirring was applied 

during the extraction process. After completion, the fibre was pulled into the needle and 

the SPME device was removed from the vial and inserted into the injection port of the 

GC.  

 Methanol and ACN were evaluated for the elution of CP. To this end, 1 mL of 

organic solvent was placed into a glass vial closed with Teflon caps and put into contact 

with a piece of a CP-loaded PIM sorbent that had been previously washed with ultrapure 

water and carefully dried. The use of an ultrasonic bath to help in the release of retained 

pesticide and the time needed for the elution step were also investigated. The elution 

efficiency was evaluated by direct injection of the organic extract in the GC without 

further evaporation.  

 Moreover, the influence of PIM composition and the effect of orbital, magnetic 

and rotary stirring were also checked for the three compounds. 

 

Extraction efficiency and absolute recovery 

 To study the extraction efficiency of PIMs for the target pesticides at the 

concentration levels encountered in surface water, a GC coupled to a QqQ system was 

employed. First, calibration standards were prepared by taking several pieces (one piece 

for each experiment) of the PIM, which were contacted with 1 mL ACN for 15 min in an 

ultrasonic bath; the pieces of membrane were then removed and the appropriate amount 

of the intermediate solution containing the three pesticides was added. The solvent was 

evaporated to dryness under gentle nitrogen stream and the residue was reconstituted with 

1 mL hexane. Fifty µL of the IS solution (100 µg L−1) was finally added. Calibration 
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curves were obtained for the three pesticides, and the working range of the analytes is 

presented in Table S3.23, together with the instrumental detection limit (IDL) achieved, 

based on a signal-to-noise ratio of 3.  

 Second, the matrix effect (ME), extraction efficiency (EE) and absolute recovery 

(AR) were studied. For the evaluation of ME, the PIM was contacted for 6 h with different 

river water samples (Riells, Tordera, Ter, and Llémena River). The membrane was then 

soaked with 1 mL of ACN, and the three pesticides were added to the solution to obtain 

a final concentration of 25 µg L−1 for each compound. After solvent evaporation, 

reconstitution with hexane, and the addition of the IS, one µL was injected into the GC. 

The response signals obtained were compared with the signal in the standard solution in 

hexane to obtain ME as shown in Eq. (3.22) [26], 

 

!3	(%) = @A−<B C − 1 × 	100                                          (3.22) 

 

where A is the response signal of the analyte(s) recorded for the standard solution, B is 

the response signal of the analyte recorded for the sample spiked with the target 

compound after PIM-assisted extraction, and C denotes the response signal of the analyte 

recorded for a non-spiked sample.  

 EE was obtained from Llémena water samples at different spiking levels, 100 and 

250 ng L−1, and using the Eq. (3.23) [26]: 

 

33	(%) = D−<
A−D× 	100                                          (3.23) 

 

where D is the response signal of the analyte recorded for the sample spiked with the 

target compound before extraction.  

 AR was calculated using the Eq. (3.24): 

BE	(%) = D−<
B × 	100                                           (3.24) 

 

 The response signal in the equations above was obtained through the calibration 

curve measured as indicated in this section. 

 



Chapter 3 – Results 

 222 

Quality parameters of the method 

 The overall method, including the PIM-assisted extraction, was validated using 

aqueous standards (100 mL of Llémena River water sample) spiked with a mixture of 

pesticides at a working range from 50 ng L−1 to 1000 ng L−1. After extraction and elution 

under the final experimental conditions (6 h of extraction time using rotary agitation and 

subsequent elution with 1 mL of ACN assisted with an ultrasonic bath for 15 min), the 

GC-MS/MS analysis of the extract was performed. Recovery for the overall method and 

repeatability (n=3) were calculated by spiking Ter and Llémena River water at two 

concentration levels (100 ng L−1 and 250 ng L−1).  

 All experiments were run at room temperature (22 ± 1°C). 

 

Results and discussion 

Preliminary studies: Influence of contact time on the extraction of chlorpyrifos and the 

selection of the solvent for elution 

 Preliminary experiments were performed with only CP and using a PIM with a 

composition of 70% CTA – 30% NPOE (w/w) prepared following the procedure 

described in the experimental section. The obtained membrane is a non-porous 

transparent film, as can be seen in Figure S3.36, that is flexible and has an average 

thickness of 31 ± 3 µm. The reproducibility of the PIM preparation was routinely checked 

by means of total weight and thickness measurements.  

 The kinetics of the extraction was evaluated for this PIM composition at different 

extraction times, ranging from 30 min up to 480 min. The amount of pesticide remaining 

in the aqueous phase was determined by means of SPME-GC-ITMS using the 

experimental conditions described in the section Evaluation of different parameters for 

pesticide extraction and elution. As can be observed in Figure 3.30, the amount of CP in 

the aqueous phase decreases continuously with time. After 8 h, the extraction is nearly 

complete, with less than 7% of the initial pesticide concentration remaining in the water 

sample. It is worth mentioning that when the same experiment was performed using a 

100% CTA film, the extraction of CP was not possible. Therefore, the suitability of using 

a PIM containing NPOE for the extraction of CP is demonstrated.  
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Figure 3.30 Transient amount of CP in the remaining aqueous solution. PIM composition was 

70% CTA – 30% NPOE (n=2). 

 

 Methanol and ACN (1 mL) were then tested as solvents to recover the analyte 

from the loaded PIM for GC analysis. Fifteen minutes of elution time was assayed and a 

greater response was obtained when ACN was used as the solvent. Therefore, methanol 

was discarded and ACN was selected for further experiments. With the aim of reducing 

the elution time, ultrasonic assisted elution (UAE) was tested and compared with the 

previous results (see Figure 3.31). Higher area values were obtained for 5 min and with 

UAE, compared to other tested conditions, although the results showed lower 

repeatability. Finally, 15 min and UAE were selected as the working conditions. 
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Figure 3.31 Evaluation of CP elution under different experimental conditions: ultrasound assisted 

elution and time. PIM 70% CTA – 30% NPOE (n=2). 

 

Extraction conditions for the three pesticides 

 CP, DZ and CYP, which are all currently used in our country, are found at trace 

levels in river waters [27]. The extraction of the three compounds was studied under 

different stirring modes (orbital agitation, magnetic stirring and rotary agitation) for 

extraction times of 2 and 6 h.  

 As shown in Figure 3.32, slight differences were obtained depending on the 

agitation mode that was used. Overall, the extraction of pesticides is greater after 6 h than 

after 2 h. In the case of magnetic stirring, the values obtained are similar to those obtained 

with the rotary mode, but there were higher standard deviations in the case of all three 

pesticides. Based on these results, the rotary agitation mode was selected for further 

experiments and a contact time of 6 h was fixed. 
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Figure 3.32 Effect of different agitation modes during the extraction step: orbital agitation, 

magnetic stirring and rotary agitation for pesticides (a) DZ, (b) CP and (c) CYP. PIM: 70% CTA–

30% NPOE. Elution was conducted with 1 mL of ACN for 15 min with UAE (n=3). 

 

Evaluation of PIM composition 
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aid of the plasticizer for polar pesticides such as those tested here, membranes with NPOE 

bearing the higher dielectric constant (see Table S3.24), show better performance. It is 

worth mentioning that the solubility properties of the PIM can be tuned by changing the 

plasticizer, allowing low cost materials to be manufactured with different affinities and 

selectivities. 

 

 
Figure 3.33 Effect of the use of different plasticizers in the extraction of selected pesticides (a) 

DZ, (b) CP and (c) CYP. PIM: 70% CTA – 30% plasticizer. Elution was conducted with 1 mL of 

ACN for 15 min with UAE (n=3). 
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evaluated when a novel extraction phase is designed and are usually calculated from the 

experimentally obtained chromatographic signal (peak areas). However, in the case of 

GC-MS, matrix effects cause signal suppression/enhancement due to the accumulation of 

non-volatile matrix components in the GC system or blockage of active sites in the 

injector. ME is used to evaluate the impact of matrix components on the analyte response 

detector in GC-MS determinations. The EE corresponds to the effectiveness of the PIM-

assisted extraction procedure and the AR takes into account the influence of the matrix 

components (ME) on the whole efficiency. A methodology and a general scheme has 

been proposed by Caban et al. [26] to evaluate these effects with specially designed 

experiments and this methodology has been followed in the present work.  

 For this reason, we focused our efforts on the evaluation of the different 

interferences and matrix effect arising from the PIM-assisted extraction method with the 

triple quadrupole MS/MS instrument prior to EE and AR evaluation (Eqs. 3.22 to 3.24). 

The experimental conditions of the MS/MS system, choice of precursor ions, product 

ions, and collision energies were adapted from reference [28] and were not optimized.  

 In Table 3.19 a), ME is presented for Tordera, Riells, Llémena and Ter river water 

samples. Values in the range of −1% to −3% were found for DZ and CP, and higher for 

CYP (−8.6% and −15.2%, for Tordera and Riells samples, respectively). Higher values 

for the Ter River correlate with the higher TOC of this water. Considering the different 

characteristics of the tested river waters, it is noticeable that the proposed method suffers 

from little interference due to a matrix effect, which is an advantage compared to SPE 

where extensive clean up procedures are needed.  

 Water from the Llémena River was selected for the evaluation of EE and AR, 

which was undertaken at two different concentration levels (100 and 250 ng L−1). As 

shown in Table 3.19 b), values of AR between 36% and 46% for CYP, 42% and 45% for 

DZ, and 68-70% for CP were found. The higher AR for CP agrees with the log Kow values, 

CP bearing the higher value and may be related to the affinity of the compound towards 

the plasticizer NPOE.  

 The AR results obtained in the present work are in concordance with others 

reported in the literature for new extraction phases [29]. Moreover, the AR values found 

encourage us to evaluate a quantification method for the determination of the selected 

pesticides based on PIM-assisted extraction as preconcentration step. 
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Table 3.19 Evaluation of matrix effect (ME), extraction efficiency (EE) and absolute recovery 

(AR) for the different river waters. PIM: 70% CTA – 30% NPOE. Standard deviations are given 

in parentheses. 

a) Effect of river water on ME (spiked concentration of 25 ng L-1, n=2). 
 

Tordera River 

TOC 5.98 mgC L-1 

Riells River TOC 

1.81 mgC L-1 

Ter River TOC 

27.80 mgC L-1 

Llémena River 

TOC 2.16 mgC L-1 

Diazinon -2 (2) -1.7 (0.7) -4 (7) -0.8 (0.5) 

Chlorpyrifos -2.05 (0.00) -3 (1) -7 (2) 0.7 (0.1) 

Cyprodinil -8.06 (0.6) -15 (4) -13 (6) -1.6 (0.9) 

 
b) b) EE and AR Llémena River evaluated at two levels (n=2). 

 100 ng L-1  250 ng L-1 

 
%EE %AR  %EE %AR 

Diazinon 43 (3) 42 (3)  45.5 (0.1) 45.1 (0.1) 

Chlorpyrifos 67 (5) 68 (5)  70 (5) 70 (5) 

Cyprodinil 34 (2) 36 (2)  40 (8) 46 (8) 

 

Quality parameters for the PIM-assisted extraction method 

 Under final working conditions of 6 h extraction with rotary agitation and a 

subsequent elution step of 15 min UAE with 1 mL ACN, the optimized PIM-assisted 

extraction method was validated in terms of quality parameters, including lineal range, 

correlation coefficients and limits of detection and quantification for the three pesticides. 

Linearity was evaluated with samples taken from the Llémena River spiked at increased 

concentrations between 50 and 1000 ng L−1. The spiked samples were extracted and 

analysed with the GC-QqQ system. Correlation coefficients for the corresponding 

calibration curves ranged from 0.997 to 0.999. Method detection limits (MDLs) of 3 ng 

L−1, 2 ng L−1 and 23 ng L−1 for DZ, CP and CYP, respectively, were obtained using a S/N 

ratio equal to 3. Method quantification limits (MQLs), which were determined using the 
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S/N ratio equal to 10 but also taking into account the error in the calibration curve, are set 

out in Table 3.20. In Table 3.21, MDLs from our method are compared with other 

extraction methods reported in the literature for the determination of CP, DZ and CYP in 

waters, such as liquid-liquid extraction combined with GC-FPD, GC-NPD and GC-ECD 

[30–33], liquid-solid extraction combined with GC-MS [34], solid-phase microextraction 

combined with GC-ECD and GC-MS/MS [35,36], dispersive liquid-liquid 

microextraction combined with GC-MS [37], and other microextraction techniques 

[2,15,38–41]. As shown in the table, the MDLs of the present method are much lower 

than those of EPA methods, and comparable to those of other extraction- based systems. 

 

Recovery test and real water analysis 

 Water samples from the Ter (sample from November 2016) and Llémena rivers 

were fortified at two concentration levels, 100 ng L−1 and 250 ng L−1, to determine the 

overall method recovery by comparing the concentration obtained using the calibration 

curve with the initial spiked level. The selection of the fortified levels was based on the 

regulated values according to the Water Framework Directive. In Figure 3.34a), the 

chromatographic peaks obtained for the three fortified pesticides are depicted. 

Satisfactory recoveries were found ranging from 85% to 119% for the three compounds. 

Intra-day precision was determined and we found RSD from 2% to 21%, the latter value 

for DZ. These values can be considered satisfactory for the ng L−1 concentration range 

[42].  

 The practical applicability of the PIM-assisted extraction method was 

demonstrated by determining the concentration of CP, DZ and CYP in water samples 

from the Ter, Tordera, Llémena and Riells rivers. As shown in Figure 3.34b), only in the 

case of the Ter River water (sample from July 2016) was CP found at a concentration of 

36 ng L−1. Traces of DZ can also be observed below the MQL. As has been mentioned, 

CP is a pesticide that is commonly used today in our country and which has been found 

in other river water samples in Catalonia. For example, in the Llobregat River water, a 

maximum value of 6.23 ng L−1 was determined in 2010 and of 13.65 ng L−1 in 2011 [24]. 
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Table 3.20 Quality parameters for the PIM-assisted extraction method. 

 

 

    Ter River (n=3)  Llémena River (n=2) 

 Working 

range (ng L-1) 
R2 

MQL 

(ng L-1) 

Recovery (%)  RSD (%)  Recovery (%)  RSD (%) 

 100 ng L-1 250 ng L-1  100 ng L-1 250 ng L-1  100 ng L-1 250 ng L-1  100 ng L-1 250 ng L-1 

Diazinon 50-1000 0.9988 56 111 85  21 4  115 107  6 2 

Chlorpyrifos 50-1000 0.9999 30 93 102  18 7  113 118  6 5 

Cyprodinil 80-1000 0.9972 76 106 113  9 11  119 115  5 13 
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Table 3.21 Comparison of the PIM-assisted extraction method with others previously reported 

for the studied pesticides. 

Method Instrument Pesticide MDL (µg L-1) Sample volume Final 
volume Ref. 

LLE (EPA 622 
method) GC-FPD CP 0.3a 

1000 mL 5 mL [30] DZ 0.6a 

LLE (EPA 614 
method) GC-FPD DZ 0.012a 1000 mL 5 mL [31] 

LLE (EPA 507 
method) GC-NPD DZ 0.13a 1000 mL 5 mL [32] 

LLE GC-ECD CP 0.05 500 mL 2 mL [33] DZ 0.05 
LSE (EPA 

525.2 method) GC-MS CP 0.044a 

1000 mL 0.5 mL [34] DZ 0.11a 

SPME GC-ECD CP 0.073 10 mL - [35] 
SPME GC-MS/MS CP 0.001 20 mL - [36] 

DLLME GC-MS CP 0.0025 5 mL 0.05 mL [37] DZ 0.0039 

BAµE–LD/LVI GC–MS CYP 0.004 25 mL 0.2 mL [38] 

VAM-IL-
DLLME HPLC-UV CYP 0.02 8 mL 0.05 mL [39] 

HF-LPME GC/ITMS DZ 0.006 20 mL 0.0035 mL [40] 
SFODME GC-ECD CP 0.043 10 mL 0.01 mL [41] 

SDME GC-FPD CP 0.004 5 mL 0.001 mL [2]  DZ 0.004 

Magnetic MIP HPLC-UV DZ 5 10 mL 0.2 mL [15]  

PIM-assisted 
extraction GC/QqQ 

CP 0.002 
100 ml 1 mL This work DZ 0.003 

CYP 0.023 
LSE: Liquid-solid extraction (C18 Cartridge). 
SPME: Solid-phase microextraction. 
DLLME: Dispersive liquid-liquid microextraction. 
BAµE–LD/LVI: Bar adsorptive microextraction. 
VAM-IL-DLLME: Vortex-assisted magnetic ionic liquid dispersive liquid-liquid 
microextraction. 
HF-LPME: Hollow fibre liquid phase microextraction. 
Magnetic MIP: Magnetic molecularly imprinted polymer. 
SFODME: Solidified floating organic drop microextraction. 
SDME: Single drop microextraction. 
LLE: Liquid-liquid extraction. 
 a Method detection limit (MDL) is defined as the statistically calculated minimum 
amount that can be measured with 99% confidence that the reported value is greater than zero.
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Figure 3.34 SRM chromatograms of the pesticides obtained after application of the PIM-assisted extraction in spiked Ter River water (a) and non-spiked Ter 

River water (b). 
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Conclusions 

 A PIM made of the polymer CTA and the plasticizer NPOE has been proposed as 

a novel and affordable extraction phase for the determination of three pesticides 

commonly used in crop protection in Catalonia river waters. Under optimized conditions, 

the PIM-assisted extraction method has provided good analytical performance for CP, 

DZ and CYP, including low detection limits of 2–23 ng L−1 for a 100:1 volume ratio, a 

suitable linearity and satisfactory precision. The proposed method has been successfully 

applied to different river waters and has allowed the detection of CP in a river water 

sample at a low ng L−1 level. 
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Figure S3.35 Pesticide chemical structures, (a) Diazinon, (b) Chlorpyrifos and (c) Cyprodinil. 

 

 
Figure S3.36 SEM images of a PIM  (70% CTA – 30% NPOE) surface (a) and cross section (b). 
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Table S3.22 Physicochemical of the pesticides selected for study1 

Pesticide Chemical group 
Molecular 

weight 

log Kow- pH 7, 

20ºC 

Water solubility-

20ºC (mg L-1) 

Diazinon Organophosphorous 304.35 3.69 60 

Chlorpyrifos Organophosphorous 350.58 4.7 1.05 

Cyprodinil Anilinopyrimidines 225.29 4 13 

1http://sitem.herts.ac.uk/aeru/ppdb/en/atoz.htm  
 
 

 

Table S3.23 Mass spectral characterization and quality parameters of the instrumental method 

(GC-QqQ) for the studied pesticides. 

 
RT 

(min) 

Precurso

r Ion 

(m/z) 

SRM1 

(m/z) 

SRM2 

(m/z) 

Collision 

energy 

IDL  

(µg L-1) 
R2 

Working 

range (µg L-1) 

Diazinon* 10.28 304 179 162 10 0.15 0.9991 1.0-50.0 

Chlorpyrifos* 11.34 314 258 286 12 0.16 0.9999 1.2-61.6 

Cyprodinil** 11.95 225 224 208 20 2.68 0.9997 3.0-54.4 

*SRM1 ion used for quantification, SRM2 ion used for identification 

**SRM2 ion used for Quantification 

IDL, instrumental detection limit 
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Table 3.24 Chemical structure and physical properties of plasticizers used in this study. 

Name Structure 
Viscosity 

Pa·s (cP) 

Dielectric 

constant 

(ε) 

2-

nitrophenyl 

octyl ether 

(NPOE)  

12.8·10-3 23.1 

Bis (2-

ethylhexyl) 

sebacate 

(DEHS)  

9.5·10-3 4.5 

Bis (1-

butylpentyl) 

adipate 

(BBPA) 

 

14·10-3 4 
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4.1 Development of new analytical methodologies for arsenic 

determination 

As mentioned in the introduction of this thesis, the presence of arsenic is a major 

problem in many different regions around the world. In consequence, it is of paramount 

importance to progress towards simple, robust and cost-effective methodologies to 

facilitate its detection. Despite the large number of studies published for the determination 

and speciation of arsenic in natural waters, there is still a need for simple methodologies 

to allow the easy detection of this hazardous element in water samples.  

As a result of this thesis, three different methodologies are presented for the easy 

determination of arsenic in water samples. In one case, we have developed a PIM to be 

incorporated in a special device to allow the preconcentration of As(V) and, thereby, 

facilitate its later determination by colorimetric reaction. In another approach, this kind 

of membrane has been coupled in a flow analysis (FA) system for the online 

preconcentration of arsenate followed by the formation of arsine that finally causes 

discoloration of a permanganate solution. The third methodology here investigated, is the 

use of a commercial adsorbent based on TiO2 (Adsorbsia As600) to preconcentrate both 

As(V) and As(III) species, prior to their detection by ICP-OES. 

The ion-exchanger Aliquat 336 has been chosen as the carrier for the studies 

concerning PIMs to extract As(V) species, since this form is present as anions in the pH 

of natural waters. At neutral pH, As(III) is present as an uncharged species, and, therefore, 

cannot be extracted by an ion-exchange mechanism. In order to measure the total arsenic 

content using this PIM, previous oxidation of As(III) should be conducted. 

PIM-preconcentration studies using the device were done with the aim of 

improving the performance of a previous study in which a PIM made up of 70% PVC – 

30% Aliquat 336 was used [1]. That system allowed the preconcentration of As(V) 

contained in 100 mL of water to a 5 mL 0.1 M NaCl solution (used as stripping phase) 

after 24 h,  and detection was done using the molybdenum blue colorimetric method. 

However, apart from the long time needed to preconcentrate arsenate, the system was not 

effective for the analysis of waters bearing high conductivity. Consequently,  with the 

aim of improving these results, in this thesis we have evaluated different parameters, such 

as membrane composition, stripping phase characteristics, and membrane thickness, to 

use a PIM system for the effective preconcentration of arsenate in complex natural waters 

in a shorter period of time. We found that a PIM made up of 52% CTA as the base 
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polymer and 48% Aliquat 336 gave effective arsenate transport, and that the use of a 

solution ratio of 50 mL feed /2.5 mL stripping (i.e. 50/2.5) instead of 100/5 was effective 

enough to achieve the required LOD for the intended application in the more convenient 

time scale of 5 hours. Moreover, the use of a 2M NaCl solution as stripping phase, instead 

of 0.1M, allowed effective As(V) transport despite the presence of other major anions in 

the groundwater. The analysis of different spiked water samples resulted in recoveries 

ranging from 79% to 124%, and showed good agreement with results obtained with ICP-

OES. The developed PIM system was useful to effectively analyse groundwater samples 

containing naturally occurring arsenic from the north-east area of Catalonia (Spain). 

The other methodology we developed responds to the demand for analytical 

methods providing high-throughput, cost-effectiveness, simplicity, sample and reagent 

economy and respect towards the environment, leading to the automation and 

miniaturization of chemical analysis. To this end, new set-ups which include the different 

steps of the analytical process have been envisaged relying on flow techniques, like the 

one presented in this thesis. Since their first appearance in 1957, when Skeggs developed 

a segmented flow analysis (SFA) [2,3], flow techniques have garnered great attention for 

clinical, industrial and environmental purposes, as they permit reproducible fast 

determination, as well as incorporating automated sample treatment stages to achieve 

different purposes, such as sample preparation (e.g. dissolution, disaggregation, 

extraction, filtration, etc.) for the preconcentration of trace analytes or interference 

removal. Moreover, there is a wide variety of automatic methods with very particular 

features that make them great alternatives for use in particular applications in different 

areas. For instance, methods based on FA have been employed for the satisfactory 

determination of arsenic [4,5], zinc [6,7] or chromium species [8,9]. 

Taking into account previous encouraging results using a PIM for the 

preconcentration of As(V) species, in this study we developed for the first time the on-

line coupling of a PIM in a FA system in order to minimize sample handling and to 

increase sensitivity for As(V) determination. The developed system consisted of the 

sample passage through the PIM cell for 15 min, while the acceptor stream was stopped 

to allow arsenate preconcentration. After that, arsenate was reduced to arsenite by 

merging the acceptor stream with a reductant solution stream, generating arsine which 

was transported across a hydrophobic membrane, placed in a gas-diffusion cell (GDC), 

to a permanganate solution where it was oxidized, producing a decrease in permanganate 

absorbance, which was continuously monitored. 
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The same carrier as used in previous works, Aliquat 336, was incorporated in the 

PIM, which was placed in an extraction cell and used for the on-line preconcentration of 

As(V). We evaluated the effect of the polymer in preparing the PIM and, among the 

different available polymers, PVC and PVDF-HFP, the latter was chosen since it 

exhibited the highest As(V) transport as derived from the signal value shown in Table 

4.1. 

 
Table 4.1 Effect of PIM composition on the analytical signal. 

Membrane composition (% w/w) Replicates Signal Average (sd) 
 1 0.009 

0.007 (0.003) 70 PVC – 30 Aliquat 336 2 0.008 
 3 0.003 
 1 0.041 

0.03 (0.01) 70  PVC – 20 Aliquat 336 – 10 1-TD 2 0.017 
 3 0.023 
 1 0.173 

0.1723 (0.0006) 70 PVDF-HFP –30 Aliquat 336 2 0.173 
 3 0.172 

1-TD: 1-tetradecanol 

 

In order to enhance the sensitivity of this methodology, several FA parameters 

were optimized, such as the effect of the different flow streams of the system, the reaction 

coil length, the composition of the acceptor stream and the membrane composition of the 

GDC, among others. The highest arsine diffusion in the GDC was obtained with both 

PTFE and Surevent® membranes. However, only the latter did not compromise baseline 

stability. This methodology provided a remarkable LOD of 3 µg L-1, and enabled the 

analysis of different spiked drinking waters by the standard addition method with 

acceptable repeatability. 

In general terms, PIM-based methods have demonstrated satisfactory results for 

the determination of arsenic in water samples. However, each methodology possesses 

specific characteristics that make them suitable for different purposes. In the case of the 

PIM-based device, thanks to its simplicity and cost-effective characteristics, it would be 

a good choice to be applied in remote areas as a sort of testing field kit. Conversely, the 

FA method possesses distinct features related to flow methods, particularly the fact that 

preconcentration and detection are performed in an integrated mode. This feature results 

in the minimization of error associated with sample treatment and also increases sample 
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throughput, which could be of interest for analytical laboratories devoted to the detection 

of arsenic in waters.  

 As an alternative methodology, in this thesis we have also investigated the use of 

the commercial sorbent Adsorbsia As600, which is specially designed for the removal of 

arsenic in waters, for analytical purposes. This sorbent is based on TiO2, the crystalline 

form of anatase with a small proportion of gypsum, and an average size of 7 nm.  

The experimental capacity of the sorbent was evaluated under batch conditions, obtaining 

values of 0.14 mmol g−1 (10.1 mg g−1) for As(V) and 0.21 mmol g−1 (16.5 mg g−1) for 

As(III), at pH of 7.3, demonstrating the good performance of this material to adsorb both 

inorganic forms of arsenic present in natural waters. The fact that no previous oxidation 

of As(III) to As(V) is needed exposes this methodology as an attractive possibility to be 

taken into account when the aim is to determine total arsenic content in water.  

 The presence of major anions commonly found in natural waters did not disturb 

the efficiency of the system, as happens when sorbents based on an ion exchange 

mechanism are used. Only the presence of 100 mg L-1 of silicate clearly diminished 

arsenic adsorption, demonstrating that this sorbent is less sensitive to anionic 

interferences.  

 Even though it is stated by the manufacturer that Adsorbsia As600 cannot be 

regenerated, we investigated the elution of retained arsenic species to allow its detection 

by ICP-OES. Among the elutants tested, only NaOH provided good results, although the 

elution was not quantitative and deteriorated the sorbent. Percolating 50 mL of solution 

through a minicolum packed with 60 mg of sorbent and using 2 mL of 0.5 M NaOH as 

elutant, an LOD of 40 µg L-1 of arsenic was obtained. This LOD could be easily decreased 

by using a larger amount of sample due to the high capacity of the sorbent.  

 The good results in terms of As adsorption using this TiO2 based sorbent could be 

further explored, using, for example, this sorbent for the online preconcentration of both 

inorganic arsenic species in a FA system or as a material to be incorporated into PIMs in 

order to modify their properties. In the literature, different examples of the addition of 

inorganic nanoparticles into polymeric membranes can be found, such as the inclusion of 

gold [10], palladium [11] or SiO2 nanoparticles [12]. 

 

 



Chapter 4 – General discussion and future perspectives 

 249 

4.2 Advances on PIMs 

 Despite the attractive features of PIMs, such as simplicity in preparation and 

handling, different improvements are required to boost the applicability of this technique. 

On the one hand, it is of utmost importance to explore new carriers to further enhance 

stability of the membrane, and on the other, to develop new preparation routes avoiding 

the use of harmful chemicals. In addition, focusing on a green membrane process, not 

only the reduction of organic solvents is desirable, but the use of biodegradable or 

renewable materials to replace oil-derived plastics is advisable. 

 To evaluate how slight differences on the components of the PIM affected the 

physicochemical and electrical characteristics as well as membrane stability and 

efficiency, we prepared Aliquat 336 derivatives to be incorporated as carriers in PIMs. 

Hence, we obtained the derivatives AlqNO3 and AlqSCN and they were used to prepare 

PIMs, along with the commercial compound AlqCl, with a composition of 30% or 60% 

(w/w) in CTA. PIMs were fully characterized by different techniques. The morphology 

of the resulting membranes was evaluated by means of SEM images. As shown in Figure 

4.1, PIMs containing 30% of IL (see Figure 4.1 a1, b1 and c1) presented a dense, smooth 

surface. Likewise, the same morphology was obtained for a PIM containing 60% of the 

IL AlqCl (see Figure 4.1 a2), whereas PIMs based either on AlqNO3 or AlqSCN presented 

spherical deposits on the surface (see Figure b2 and c2, respectively). This appearance 

can be due to an aggregation of the IL, maybe due to low compatibility with the polymer 

CTA, which is not observed in the case of AlqCl.  Despite the presence of these deposits 

on the surface, apparently none of the membranes presented an oily texture, which 

indicated the totality of the IL was incorporated in the PIM.  

 



Chapter 4 – General discussion and future perspectives 

 250 

 
Figure 4.1 Surface SEM images of different PIM compositions: (a1) 70% CTA – 30% AlqCl, 

(b1) 70% CTA – 30% AlqNO3, (c1) 70% CTA – 30% AlqSCN and (a2) 40% CTA – 60% AlqCl, 

(b2) 40% CTA – 60% AlqNO3, (c2) 40% CTA – 60% AlqSCN. 

 

 PIMs were also analysed by means of other techniques to characterize the bulk 

material. XPS measurements showed that despite the nature of the counter-anion, all ILs 

were present on both surfaces of the membrane, ensuring the availability of the carrier for 

the extraction reaction that takes place in the interface aqueous solution-membrane. 

Likewise, FTIR measurements also confirmed the suitability of the PIM preparation 

procedure providing information about the bulk composition, and showed that no band 

displacement was observed compared to the FTIR analysis of the pure compounds. 

Moreover, TGA measurements also demonstrated the suitability of the membrane 

preparation procedure. 

 It was also important to evaluate how the modified ILs could have an impact on 

parameters such as hydrophobicity and electrochemical behaviour. Moreover, acid 

transport was also measured to investigate the passive transport of species. Table 4.2 

collects the values of contact angle measurements, IS and acid diffusion (indicated as pH 

variation) for each of the investigated membranes. 
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Table 4.2 Effect of PIM composition on different membrane parameters. Standard deviation is 

given in parentheses based on three replicates. 

PIM % IL Contact angle (º) sm (W.m)-1                               em pH variation 

AlqCl 
30 42 (3) 1.22 x 10-6 8.2 2.3 (0.2) 

60 24 (4) 1.68 x 10-3 14.4 3.3 (0.1) 

AlqNO3 
30 48 (3) 1.11 x 10-6 7.8 1.7 (0.2) 

60 41 (3) 1.48 x 10-3 13.6 3.0 (0.6)  

AlqSCN 
30 57 (3) 3.61 x 10-7 6.4 0.38 (0.02) 

60 56 (4) 4.48 x 10-4 8.0 2.1 (0.3) 

  

 As shown in Table 4.2, PIMs containing 60% of the different IL displayed higher 

membrane conductivity by three orders of magnitude compared to PIMs with a lower IL 

content. PIMs containing the IL AlqSCN had less polar characteristics and, as expected, 

the lowest conductivities. In terms of dielectric constant, PIMs containing AlqCl or 

AlqNO3 revealed similar values, whereas the lowest values were obtained when using IL 

AlqSCN.  

 Contact angle values were in concordance with the hydrophobicity of the counter 

anion used in the corresponding IL-based PIM, following the trend SCN- > NO3- > Cl-. 

However, relevant differences were observed depending on the IL content. In the case of 

the commercial IL AlqCl, a 40% reduction  in the contact angle was obtained with the 

increase in IL content, while a 15% decrease  was found in the case of AlqNO3. When 

the IL was AlqSCN, the hydrophobic character of the PIM was only slightly modified 

because of the high stability of the ion-pair formed using this IL. To correlate the 

hydrophobicity of the PIM with its stability, some experiments were conducted to 

investigate the possible leaching of the IL to the aqueous solutions. PIM stability was 

investigated by measuring the mass change of segments when contacted (for 24h under 

agitation) with either 25 mL of ultrapure water or a 0.1 M NaCl solution. Results are 

presented in Table 4.3, which shows that stability follows the trend AlqCl < AlqNO3 < 
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AlqSCN, and that, as expected, PIMs are less stable in ultrapure water than in a saline 

solution. The fact that stability follows this trend can be attributed to the formation of 

more stable ion pairs between the cation trioctylmethyl ammonium (Alq+) and the more 

lipophilic anions, and thus, it is in concordance with contact angle measurements. 
 

Table 4.3 Mass loss of PIMs after being immersed in ultrapure water or 0.1M NaCl solution for 

24 h. Standard deviation is given in parentheses based on three replicates. 

  Mass loss average (SD) 

PIM IL % Ultrapure water 0.1 M NaCl 

AlqCl 
30 18.5 (0.6) 3.7 (0.9) 

50 38.5 (0.7) 11 (6) 

AlqNO3 
30 10.5 (0.9) 6 (2) 

50 17 (1) 8 (2) 

AlqSCN 
30 3 (1) 1.9 (0.3) 

50 5 (2) 3 (1) 

  

 

 The diffusive transport of HCl across the membranes follows the same trend as 

the hydrophilic character of the PIMs studied: 60% AlqCl > 30% AlqCl ~ 60% AlqNO3 

> 30% AlqNO3 > AlqSCN. The more hydrophilic the membrane is, the higher the 

solvating capacity of the IL to form a complex with HCl.  

 To evaluate not only the diffusive but the effective transport of a species by 

interacting with the IL, we conducted transport experiments with As(V) at pH 7 using the 

PIMs with 50% AlqNO3 to be compared with results obtained with a PIM with 50% 

AlqCl [13]. The stripping phase consisted of a 0.1 M solution of the corresponding 

sodium salt (i.e. NaNO3 or NaCl) in order not to modify the IL composition of the PIM. 

The transient As(V) concentration profiles in both the feed and stripping solutions for 

both PIMs are shown in Figure 4.2. As can be seen, transport is strongly affected by the 

IL used. In the case of AlqCl, As(V) is quantitatively transported to the stripping phase 

while in the case of AlqNO3, transport  efficiency is only 10%. This fact seems to indicate 

that the ion pair formed by Alq+ and NO3- is more stable than the ion pair needed to extract 

As(V) (which can be represented as Alq+ H2AsO4-), and hence, extraction/transport, is 
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less favourable. This result indicates that the use of more stable membranes can lead to a 

loss of efficiency, which is not acceptable.  

 
Figure 4.2 Transient concentration curves in As(V) transport experiments involving 50% (w/w) 

CTA – 50% (w/w) AlqCl (a) and 50%(w/w) CTA – 50%(w/w) AlqNO3 (b). (Experimental 

conditions: feed solution: 10 mg L−1 As(V), pH = 7; stripping solution: 0.1 M NaCl in (a) and 

0.1M NaNO3 in (b)). 

 

 Given this, we investigated the efficiency of a PIM made up of 50% CTA – 50% 

AlqCl used repeatedly in successive experiments for the transport of As(V) during 6 

cycles of 24 h each. An average transport efficiency of 75 ± 9% was obtained, which 

shows that even though the use of AlqCl can lead to some losses of the carrier, the PIM 

is very effective in terms of transport and can be used for long-term experiments.   

 

 The other approach investigated in this thesis is based on the preparation of PIMs. 

Membranes are traditionally prepared by dissolving the corresponding amount of 

polymer in a certain volume of organic solvent. Despite the simplicity of this procedure, 

it requires the use of harmful organic solvents, which is an important drawback. So far, 

PVC and CTA have been the polymers most used by researchers for the preparation of 

PIMs. CTA needs solvents such as chloroform or dichloromethane (10 mL for 0.1 g of 

polymer), whereas PVC is dissolved using tetrahydrofuran (5 mL for 0.1 g of polymer). 

Therefore, in this thesis we have explored the possibility of reducing the impact on the 

environment through a solvent-free procedure to obtain PIMs based on a thermal-

compression procedure. The thermal-compression procedure consists of mixing the 

membrane components in a molten state and subsequently compressing the mixture to 
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obtain a thin film. The main consideration to be taken into account when using this 

procedure, is the thermal stability of membrane components. PVC or CTA are not 

advisable polymers due to the very high temperatures required to reach the melting point. 

Hence, two thermoplastic polymers were tested with good feasible characteristics, 

namely TPU and PCL. A high percentage of the polymer TPU is produced from 

renewable sources, whereas PCL is a biodegradable polymer that can decompose in the 

media after its use. Membranes were prepared by mixing these polymers with Aliquat 

336 at 30% content (w/w) by the thermal compression technique, and the obtained films 

were characterized by elemental analysis, TGA and SEM. Elemental analysis results 

correlated with the expected composition of the membranes. However, when TGA 

analysis was conducted in the case of membranes based on PCL, it was shown that a 

partial decomposition of Aliquat 336 shifted to higher temperatures, which could be 

explained by certain interactions between the IL and the polymeric matrix. 

 With regard to the SEM images, TPU-based membrane presented a porous 

structure with the presence of nano-pores, whereas the membrane constituted by PCL 

showed a dense structure with some cavities. Nevertheless, the presence of these nano-

pores or cavities in both membrane compositions, did not affect the extraction abilities of 

Aliquat 336, which was tested using a PIM segment immersed in a Cr(VI) solution. It is 

well known that chromate is extracted by Aliquat 336 by an ion-exchange mechanism, 

and in our study, both PIMs made of PCL and TPU effectively extracted the metal. 

Moreover, the stability of the PIMs was also investigated, and it was found that PCL-

based membranes are the most stable and thus, can be an attractive polymer to be taken 

into account to prepare more eco-friendly and stable PIMs. 

 We have proved in this thesis the possibility of tuning PIM characteristics by 

changing the counter-anion of a quaternary ammonium IL that can be of a great interest 

depending on its application. Besides, a promising scenario towards greener membrane 

preparation is opened using eco-friendly materials and avoiding the use of harmful 

reagents, drastically reducing their impact on the environment. 

 

 
4.3 Novel PIM applications  

 As presented in the previous sections, PIM systems are commonly employed for 

the extraction, transport or removal of different analytes by using appropriate carriers in 
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a mechanism based on the facilitated transport of target analytes against their 

concentration gradient. However, new applications are yet to be explored. Thus, in this 

thesis we have evaluated PIMs for speciation studies, measuring the free metal fraction 

in the presence of different organic ligands.  

 To this end, we explored the use of PIMs for the first time for measuring metal 

speciation in aqueous solutions, in particular, zinc, in the absence and presence of organic 

ligands. We then compared the obtained flux measurements to the metal uptake by a 

living organism (i.e. a potato plant), as a tool to predict plant exposure. Metals can be 

found in the media in different chemical forms, such as free ions, and inorganic or organic 

complexes with different stabilities and charges. If we consider that the metal flux through 

the membrane depends on the different species, flux measurements can provide 

information about metal speciation. This hypothesis has been previously explored with 

supported liquid membranes (SLMs) [14–16], but not yet with PIMs. Thus, we studied 

the flux of zinc from a nutrient solution using a PIM composition of 70% PVC – 30% 

D2EHPA and a receiving composition of 0.01M HNO3. In contrast to the previously 

mentioned ion-exchanger, Aliquat 336, the carrier D2EHPA presents great selectivity 

towards Zn2+ and often acts as a carrier following a counter-transport mechanism; in this 

case, a crossed transport of protons and metallic ions takes place [17]. No significant 

variations in terms of zinc flux were observed between 24 and 48 h of deployment time, 

demonstrating that the system was under steady-state regime and also highlights the great 

stability that PIMs present compared to other types of liquid membranes, such as SLM, 

making the use of PIMs a suitable technique for long-term experiments. No depletion of 

the analyte was observed either. 

 The JPIM was evaluated by varying total metal concentration (ranging from 3 up 

to 70 µM) without the addition of organic ligands. Results showed a linear correlation to 

the free metal concentration, according to MINTEQ calculations, in the donor phase. In 

addition, we tested two zinc concentrations 35 and 70 µM in the presence of different 

organic ligands namely EDTA, citrate and HA. Our results showed that JPIM was 

decreased in all cases due to the presence of the organic ligands as there was a reduction 

in the free metal fraction. This fact supports that PIM measurement can be used as a 

speciation technique for the determination of free zinc concentrations. 

Considering the obtained results and taking into account different hypotheses we 

managed to formulate a simple model for JPIM as shown in the following equation (Eq. 

4.1): 
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    (4.1) 

 

 This equation justifies the linearity of the steady state with Zn2+ concentration and 

the lack of impact of labile complexes present in the donor solution. Moreover, a higher 

flux is expected with an increase in the acidity of the acceptor phase as well as with an 

enhanced total carrier concentration. In addition, some other information can be derived 

from the previous equation such as a certain limitation by diffusion in both the membrane 

and in the acceptor solutions. If membrane thickness and the carrier concentration are 

evaluated over a range of values, PIM could be used to measure labile fractions or again 

the free fraction. 

 On the other hand, we wanted to correlate the resulting JPIM obtained in the 

presence of the different ligands compared to the plant metal uptake in the same media. 

Other authors have also performed metal uptake studies using higher plants, such as wheat 

[18] or spinach plants [19,20]. Hence, we used the potato plant (Solanum tuberosum) as 

another alternative. Before conducting flux measurements, we wanted to demonstrate 

root viability to ensure that root cells were still alive after being in contact with the 

different medias (i.e. EDTA, HA, citrate or histidine). Only the ligand histidine caused 

toxicity to the roots reducing the number of living cells, and therefore, further 

experiments were not conducted using this ligand. 

 When comparing JPIM and Jroot, a non-satisfactory correlation was observed in the 

presence of the different organic ligands. These results suggest that metal uptake in roots 

is highly dependent on many factors, which can result in a higher than expected metal 

uptake, as shown in Figure 4.3. 
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Figure 4.3 Correlation between normalized Jroot and JPIM (35 µM Zn treatment and supplemented 

with EDTA, HA and citrate as ligands). 

 

 When either HA or citrate were added into the media, similar metal plant uptakes 

were obtained compared to the fluxes without ligand. In the case of citrate this expected 

metal internalization is attributed to dissociation of metal complexes in the surroundings 

of the root, leading to a higher uptake. Likewise, the presence of HA induced the 

formation of more lateral roots enhancing the surface area and, in consequence, the metal 

uptake. Viability and physiological changes of roots lead to different behaviours, which 

are not taken into account when PIM is used as a predicting tool for metal internalization 

in plants.  

 These results show that a PIM-based system can be suitable for the measurement 

of free metal species, Zn2+ in this case. However, as reported in other studies [18-20], the 

comparison of obtained results with metal accumulated in higher plants is still a big 

challenge to be addressed and, therefore, other different living organism systems should 

be used in future experiments to facilitate comparison.  

 

 A different use of PIMs has been presented, related to their use in sample 

preparation as a microscale extraction approach where no exhaustive extraction is needed 
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(microextraction techniques). For the first time, this methodology has been explored for 

the determination of selected pesticides (e.g. chlorpyrifos or CP, diazinon or DZ and 

cyprodinil or CYP) using GC-MS. 

 In contrast to previous PIM systems, in which a carrier was required in order to 

achieve transport through the membrane, the PIM-assisted extraction method does not 

require the addition of a carrier as the mechanism is based on sorption/solubilization and 

only a base polymer plus a plasticizer are needed (i.e. 70% CTA – 30% NPOE). 

Preliminary extraction and elution experiments were conducted with CP, showing that 

only 7% of the initial pesticide remained in the solution after 8 h of extraction, which 

means that quantitative extraction into the membrane was achieved. Better elution results 

and repeatability were obtained using 1mL of ACN and 15 min using UAE. Ultrasounds 

clearly helped to release the retained pesticide into the organic solvent reducing the total 

elution time. 

 In terms of extraction efficiency, only slight differences were obtained using 

different agitation modes for the three pesticides tested. Rotary agitation was selected for 

further experiments due to higher reproducibility. Since extraction occurs by the 

solubilization of pesticides into the membrane matrix with the aid of the plasticizers, 

different plasticizers were incorporated in membranes (i.e. DBS, BBPA and NPOE) and 

evaluated. NPOE, bearing the highest dielectric constant, allows better solubilization of 

polar pesticides than the ones studied. Therefore, NPOE was selected to conduct 

extraction experiments. 

 In terms of method validation, the PIM-assisted extraction method only showed 

small matrix effect (ME), which is a clear advantage if compared to other methods where 

an extensive clean-up must be carried out in order to remove interferences. Indeed, the 

absolute recovery (AR), is greater for CP (68 ± 5 at 100 ng L-1 and 70 ± 5 at 250 ng L-1) 

as is the pesticide with the highest log Kow value and therefore, presenting a major affinity 

towards NPOE. 

 PIM-assisted extraction methods showed comparable MDL to other existing 

extraction methods and improved EPA methods, as summarized in Table 4.4. The method 

detection limits (MDLs) of the PIM-assisted extraction method were below the ones 

reported in the EPA methods. Moreover, it would be expected that this value could be 

further reduced if a greater sample volume had been used to conduct the extraction 

experiments. 
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Table 4.4 Comparison of the PIM-assisted extraction method with EPA methods. 

Method Instrument Pesticide 
Method 

detection limit 
(µg L-1) 

Sample 
Volume 

(mL) 

Final 
Volume 

(mL) 

LLE (EPA 622) GC-FPD 
CP 0.3 1000 5 

DZ 0.6 1000 5 

LLE (EPA 614) GC-FPD DZ 0.012 1000 5 

LLE (EPA 507) GC-NPD DZ 0.1 1000 5 

LSE (EPA 
525.2) GC-MS 

CP 0.044 
1000 0.5 

DZ 0.11 

PIM-assisted 
extraction GC-QqQ 

CP 0.002 

100 1 DZ 0.003 

CYP 0.023 

 

 

 Our results revealed that this method successfully allowed the detection of CP in 

river water at trace level demonstrating its efficiency and feasibility for the analysis of 

real environmental samples. It must be highlighted that this method demonstrates the 

suitable use of a membrane sorbent, which can easily be prepared and modified, by 

choosing the plasticizer, in order to achieve the desired selectivity towards the target 

analyte. 

 
 
 
 
4.4 Future perspectives 

 Considering all the previous studies presented in this thesis, and evaluating their 

advantages and drawbacks, different endeavours can be defined for future exploration. 

In the case of arsenic measurements, the FA method should be explored for the 

determination of As(V) in other samples such as river water and groundwater. In addition, 

the use of an extraction cell with a different configuration, such as LOD and sample 

throughput, should be tested with the aim of enhancing the analytical features of the 
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methodology. Moreover, the As(III)  analysis could be achieved by incorporating an 

oxidation step before introducing the sample into the system. One of the simplest options 

would be the use of ozone to achieve this oxidation, although the total method cost would 

be increased. In addition, another novel FA system including a PIM as a preconcentration 

step could be developed for the online high-throughput analysis of different target 

compounds, such as nutrients, metals or relevant organic compounds (i.e. pesticides, 

endocrine disruptors, among others). 

 

 With regard to further improving stability and membrane performance, PIMs 

based on the polymer PVDF-HFP have appeared as an attractive alternative to 

conventional polymers. Moreover, they can be combined with PEG-DMA, allowing the 

fabrication of cross-linked PIMs by ultraviolet irradiation. The high degree of 

entanglement of the polymeric matrix in crosslinked PIMs leads to a significant increase 

in both membrane stability and permeability, as reported in the literature [21]. Therefore, 

a wide range of possibilities are yet to be fully explored.  

 

 Future PIM studies must consider sustainability during the fabrication of the 

membrane itself by exploring more eco-friendly materials, and reducing or eliminating 

waste generation. To this end, an improvement in the solvent-free preparation of polymer 

inclusion membranes with an ionic liquid must be conducted and endeavours to find new 

polymers are recommended. 

 

 Considering the better stability of PIMs compared to other types of liquid 

membranes (i.e. PLMs), which have traditionally been employed for this purpose, it 

would not be unreasonable to think that several future studies will further explore metal 

speciation based on the use of PIMs, as presented for the first time in this thesis. 

 

 The full potential of PIMs to be used as a sorbent appears to be a very competitive 

alternative to other traditional techniques, such as SPE, due to their low cost, easy 

preparation and high selectivity. PIMs can be used in future studies for the extraction of 

new contaminants or other compounds by simply tuning their affinity towards the target 

of interest. 
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 The general main conclusions extracted from the research conducted in this thesis 

are summarised as follows: 

• A simple and cost-effective analytical methodology based on the use of a PIM 

consisting of  CTA and Aliquat 336, placed in a special device, has been used for the 

satisfactory arsenate preconcentration of a 2 M NaCl solution after 5 h of contact time. 

This methodology has allowed the determination of arsenate from different 

groundwater samples. 

 

• A FA system has been developed for the first time, implementing an on-line 

preconcentration and extractive separation of arsenate (using a PIM made of 70% 

PVDF-HFP – 30% Aliquat 336), and subsequently reduced to arsine, which is 

spectrophotometrically detected after its on-line gas-diffusion separation. The method 

allowed the determination of arsenate at the low µg L-1 level by the multi-point 

standard addition method, making it an attractive methodology for arsenic 

determination in drinking waters. 

 

• The determination of both inorganic arsenic species has been accomplished using the 

TiO2-based sorbent Adsorbsia As600, that has been used, for the first time, for 

analytical applications. We have established the setup and the experimental 

conditions for using this sorbent for As(V) and As(III) preconcentration prior to its 

determination with ICP- OES and good recoveries and reproducibility were obtained. 

A detection limit of 40 µg L−1 for a sample volume of 50 mL was obtained using 2 

mL of 0.5 M NaOH as elutant. 

 

• We have demonstrated that new Aliquat 336 derivatives can be successfully prepared 

by a liquid-liquid exchange process. Impedance spectroscopy and membrane 

potentials have been used for the electrochemical characterization that PIMs prepared 

with the new ionic liquids. Higher conductivity and dielectric constants were obtained 

for membranes containing AlqCl and AlqNO3 compared to those with AlqSCN. 

 

• The hydrophilic character and transport efficiency of PIMs was found to follow the 

sequence AlqCl > AlqNO3 > AlqSCN, whereas stability followed the opposite order. 
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• Greener PIM preparation strategies have been presented for the first time, dismissing 

the use of toxic organic solvents for their preparation as well as employing more eco-

friendly polymers. Membranes consisting of the biodegradable polymer PCL, showed 

great stability without compromising good performance in terms of Cr(VI) extraction. 

 

• A simple device based on a PIM consisting of 70% PVC – 30% D2EHPA has been 

used for the first time, for the determination of free zinc concentrations in aqueous 

samples in the absence and presence of the organic ligands: EDTA, citrate and HA. 

JPIM fluxes were compared to metal uptake by potato root plants, showing that in the 

case of citrate and HA, direct proportionality between total metal and root uptake was 

obtained, whereas in the presence of EDTA this relationship was observed for the free 

metal fraction. 

 

• A simple and novel microextraction methodology based on the use of a 70% CTA – 

30% NPOE PIM as a sorbent for the effective preconcentration of three pesticides, 

namely CP, DZ and CYP. An extraction time of 6 h and elution using 1 mL of ACN 

allowed the detection of CP in river water at a concentration of 36 ng L-1. 
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