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Resumo 

A execução de diferentes atividades do dia-a-dia pode resultar na emissão de 

compostos voláteis para o meio envolvente. Do ponto de vista ambiental, a libertação 

de compostos voláteis para a atmosfera, em conjunto com as reações que aí ocorrem, 

tem sido a causa para um aumento constante do aquecimento global e deterioração da 

qualidade do ar. Para além disso, a libertação de voláteis de produtos com origem 

industrial tem a capacidade de provocar efeitos nefastos na saúde humana. Na área 

alimentar, a perceção dos aromas de um produto está relacionada com a presença de 

um ou mais compostos voláteis. A origem destes compostos pode advir de 

contaminações químicas externas durante a etapa de empacotamento ou 

armazenamento do produto, ou ser resultado da deterioração interna do alimento – 

através de processos como a oxidação lipídica, reações de Maillard ou devido à ação 

de microrganismos. Para um produtor, devido aos efeitos adversos que a presença ou 

libertação de voláteis possa ter na perceção sensorial dos seus produtos ou devido a 

perigos para a saúde humana, é requerido o controlo sistemático da sua presença, de 

forma a atestar a qualidade do produto e agir em conformidade com as leis vigentes. 

Contudo, a análise instrumental destes compostos representa um grande desafio do 

ponto de vista analítico, para a sua identificação e quantificação, devido à baixa 

concentração em que geralmente se encontram e à complexidade da matriz dos 

produtos. 

A etapa de preparação de amostra tem vindo a ganhar importância no contexto de 

análise química e, atualmente, existe uma procura constante por metodologias de 

extração cada vez mais simples, eficientes, rápidas, com um baixo custo e que não 

sejam prejudiciais ao utilizador e ao ambiente, fazendo uso de um consumo reduzido de 

solventes de baixa toxicidade. Desta forma, o trabalho descrito nesta dissertação 

centrou-se no desenvolvimento de metodologias analíticas para a determinação de 

compostos voláteis em amostras líquidas e sólidas, como potenciais alternativas a 

técnicas existentes, enquadradas nos principais paradigmas da Química Sustentável. 

Este trabalho foi dividido em duas partes correspondentes ao desenvolvimento de 

metodologias de preparação de amostra para líquidos e para sólidos. Neste contexto 

foram utilizadas duas técnicas de extração principais para o desenvolvimento de 

metodologias analíticas para a determinação de sulfitos, dicetonas e aminas biogénicas 

em bebidas alcoólicas (vinhos e cervejas) e para a determinação de aldeídos, cetonas 

e dicetonas em produtos alimentares (pão) e industriais (aglomerados de cortiça). 
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Na preparação de amostra para líquidos, uma das técnicas que foi utilizada foi a 

microextração por difusão gasosa (GDME). Esta técnica baseia-se na extração de 

compostos voláteis e semi-voláteis de uma amostra, por difusão gasosa através de uma 

membrana porosa, para uma solução aceitadora líquida que é inserida dentro do módulo 

extrator. Uma vez que se coloca uma solução líquida dentro do módulo, é possível 

utilizar um agente derivatizante, o que permite aumentar a seletividade do processo. Na 

sua génese, esta técnica tinha como finalidade a preparação de amostras para análises 

por cromatografia líquida; contudo, e sendo que a solução aceitadora que contém os 

analitos extraídos é líquida, esta técnica pode também ser utilizada com outros métodos 

analíticos, como a espectrofotometria ou métodos eletroquímicos. Desta forma foi 

desenvolvida uma metodologia para a extração de sulfitos de bebidas alcoólicas com 

consequente deteção por voltametria de onda quadrada, recorrendo a elétrodos 

impressos de carbono. As metodologias desenvolvidas permitem simplificar o processo 

de extração e análise destes compostos, dando simultaneamente resposta a algumas 

das principais falhas dos métodos de referência aceites para a determinação de sulfitos 

nestas amostras. Após a realização destes estudos, foi desenvolvida uma outra 

metodologia para a determinação de dicetonas vicinais em vinhos e cervejas, que 

podem ser responsáveis pela adulteração do aroma dos produtos (sobretudo o 

diacetilo), recorrendo a um elétrodo sólido de amálgama de mercúrio (m-AgSAE) para 

medição electroquímica. Com este sistema foi possível atingir-se um dos mais baixos 

limites de deteção e quantificação existentes na literatura, para estes compostos. A 

segunda técnica de extração utilizada neste trabalho foi a extração líquido-líquido 

assistida por salting-out (SALLE). O processo de extração consiste na separação de 

solventes orgânicos miscíveis com a água, como o acetonitrilo, da água por adição de 

um sal. Uma vez que é possível utilizar reduzidos volumes de solventes orgânicos de 

elevada polaridade, esta técnica torna-se vantajosa em relação à extração líquido-

líquido clássica. Para além disso, e como estudado neste trabalho, é possível realizar 

de forma simultânea o processo de extração e derivatização dos analitos. Outros 

parâmetros com influência direta na eficiência da extração, tais como a concentração 

do derivatizante ou o pH, foram estudados antes da quantificação dos analitos nas 

amostras de vinhos. 

Na preparação de amostras para sólidos, considerando o elevado potencial que foi 

demonstrado pela GDME na extração de compostos voláteis em líquidos, resolveu-se 

adaptar esta técnica de forma a possibilitar a sua utilização com sólidos. Assim, uma 

pequena modificação foi introduzida no sistema de forma a que o módulo extrator 

permanecesse suspenso por cima da amostra sólida, sem a existência de qualquer 
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contacto entre ambos. De forma a avaliar a aplicação desta técnica a sólidos, a GDME 

foi utilizada na determinação do diacetilo, pentano-2,3-diona e hexano-2,3-diona em 

diferentes tipos de pães. Os principais parâmetros experimentais com influência na 

extração foram estudados, entre os quais a temperatura e tempo da extração, 

composição da solução aceitadora ou a influência da massa de amostra. Após a 

realização deste estudo de caracterização, a GDME foi aplicada na determinação de 

aldeídos e cetonas em aglomerados de cortiça. Estes produtos têm vindo a ganhar 

notoriedade na sociedade, estando presentes em bastantes habitações. Contudo, têm 

a capacidade de libertar compostos voláteis para o ar interior que podem ser prejudiciais 

para a saúde humana, como é o caso do formaldeído. Assim, é importante a existência 

de controlo sobre as emissões e o conteúdo dos analitos voláteis presentes neste tipo 

de produtos. Assim, num primeiro trabalho, utilizou-se a GDME para determinar o 

conteúdo de alguns aldeídos presentes em placas de aglomerados de cortiça com um 

fabrico e tratamento final diferentes. Para além disso, e recorrendo a ensaios de 

espectrometria de massa, foi possível identificar um conjunto de 13 aldeídos e 4 cetonas 

nas respetivas amostras. Após este estudo, desenvolveu-se uma metodologia 

específica para a determinação de formaldeído em produtos sólidos (neste caso 

aplicado a aglomerados de cortiça), recorrendo a uma reação de derivatização com a 

acetilacetona. Esta reação dá origem a um derivado com coloração amarela, podendo 

ser determinado num espectrofotómetro. Diferentes parâmetros experimentais foram 

estudados (temperatura de extração, massa de amostra, volume de solução aceitadora, 

tempo de extração e concentração de derivatizante) por meio de um desenho 

experimental. A metodologia desenvolvida apresenta-se como uma alternativa mais 

segura, simples e rápida, em comparação com os métodos de referência atuais. 

 

Palavras chave 

Compostos voláteis, extração, extração líquido-líquido assistida por salting-out (SALLE), 

microextração por difusão gasosa (GDME), preparação de amostra, sólidos 

 



 

 

 



FCUP 

 

11 

 

Abstract 

In the day-to-day life, we perform actions that result in the emission of volatile 

compounds to the surrounding environment. From an environmental perspective, the 

emission of volatile compounds together with the reactions happening in the atmosphere, 

have been the source of an increasing global warming effect and air quality deterioration. 

Moreover, the emission of volatiles from industrial products can produce harmful effects 

on human health. In foods, the perception of a product aroma is associated with the 

presence of one or more volatile compounds. Their presence may be related to external 

chemical contaminations during packaging or storage, or as a result of an internal 

deterioration in the food – through different processes, like lipid oxidation, Maillard 

reactions or due to the action of microorganisms. For the producer, due to the adverse 

effects that the presence or emission of volatiles can have on the sensorial evaluation of 

their products or hazardous effects to the human health, it is required to systematically 

control their presence, in order to attest the product quality and to comply with existing 

laws. However, the instrumental analysis of such products represents a big challenge 

from an analytical standpoint, for an efficient identification and quantification, due to the 

small concentrations they usually exhibit and due to the complex matrix of these 

products. 

The importance of the sample preparation step in chemical analysis has been 

increasing and, nowadays, there is a continuous search for increasingly simpler, more 

efficient, faster and less expensive extraction methodologies, which are not harmful to 

the user and the environment, by using reduced amounts of low toxicity solvents. 

Therefore, the work described in this thesis involves the development of analytical 

methodologies for the determination of volatile compounds in liquid and solid samples, 

as potential alternatives to current techniques, while respecting the main guidelines 

proposed by the Green Chemistry. 

This work was split into two sections, corresponding to the development of sample 

preparation techniques for liquids and for solids. Two extraction techniques were used 

for the development of analytical methodologies for the determination of sulphites, 

dicarbonyl compounds and biogenic amines in alcoholic beverages (wines and beers) 

and for the determination of aldehydes, ketones and dicarbonyl compounds in food 

(bread) and industrial (cork agglomerates) products. 

For the sample preparation of liquids, one of the techniques used was the gas-

diffusion microextraction (GDME), which is based on the extraction of volatile and semi-
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volatile compounds, by gas-diffusion through a porous membrane, to a liquid acceptor 

solution placed inside the extractor device. Since a liquid solution is placed inside the 

extractor device, it allows the usage of a derivatization reagent, which helps to increase 

the selectivity of the process. Although in the beginning GDME was developed as a 

sample preparation technique for liquid chromatography, the fact that the acceptor 

solution containing the extracted analytes is a liquid enables the GDME usage with other 

analytical methods, such as spectrophotometry or electrochemistry. Therefore, a 

methodology for the extraction of sulphites from alcoholic beverages, employing screen-

printed carbon electrodes and square-wave voltammetric analysis, was developed. 

Besides trying to simplify the overall extraction process and analysis of the analytes, the 

developed method intends to provide an answer to some of the most known flaws of the 

reference methods accepted for the determination of sulphites in alcoholic beverages. 

After this study, another methodology was developed for the determination of dicarbonyl 

compounds in wines and beers, which are responsible for the adulteration of the aroma 

of the products (mostly diacetyl), by using a silver solid amalgam electrode (m-AgSAE) 

together with voltammetric measurements. With this system, it was possible to attain one 

of the lowest detection and quantification limits available in the literature for these 

compounds. The second technique of extraction used was the salting-out assisted liquid-

liquid extraction (SALLE). The process consists on the separation of water-miscible 

organic solvents, like acetonitrile, and water by the addition of a salt. Since it is possible 

to use small volumes of high polarity organic solvents, this technique stands 

advantageous over the traditional liquid-liquid extraction. Moreover, and as studied in 

this work, it is possible to perform the extraction and derivatization of the analytes 

simultaneously. Other extraction parameters, with direct influence on the extraction 

efficiency, such as the derivatization reagent concentration and the pH, were evaluated 

before the quantification of the analytes in the wine samples. 

For the sample preparation of solids, and considering the potential shown by GDME 

for the extraction of volatile compounds from liquids, it was decided to use it with solids 

as well. Therefore, a small modification was introduced in the extraction system in order 

for the extractor device to be suspended above the solid sample, without any contact 

between them. In order to evaluate this new application, GDME was used in the 

determination of diacetyl, pentane-2,3-dione and hexane-2,3-dione in different types of 

bread. The most influential extraction parameters, such as the temperature and time of 

extraction, composition of the acceptor solution or the influence of the sample mass, 

were studied. After this characterization study, GDME was applied to the determination 

of aldehydes and ketones in cork agglomerates. These products recognition in the 
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society have been increasing, and they are already used in many houses. However, they 

can release volatile compounds into the indoor air, which might be harmful to the human 

health, as is the case with formaldehyde. Therefore, it is important to develop methods 

capable of measuring the emission and content of the volatile analytes of these products. 

In a first work, GDME was used for the determination of the carbonyl compounds content 

in cork agglomerate boards that had a different production and final treatment. Moreover, 

using mass spectrometry, it was possible to identify a total of 13 aldehydes and 4 ketones 

on the respective samples. After this work, a selective methodology for the determination 

of formaldehyde in solid products (herein applied to cork agglomerates) was developed, 

by performing a derivatization reaction with acetylacetone. This reaction produces a 

derivative with a yellow colour, which can be measured in a spectrophotometer. Different 

experimental parameters were studied (temperature of extraction, sample mass, volume 

of acceptor solution, extraction time and derivatization reagent concentration) by means 

of an asymmetrical screening design. The proposed work stands as a safer, simpler and 

faster alternative to current reference methods. 

 

Keywords 

Extraction, gas-diffusion microextraction (GDME), salting-out assisted liquid-liquid 

extraction (SALLE), sample preparation, solids, volatile compounds 
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Organization of the thesis 

 

This thesis is divided into ten chapters comprehended inside three different sections: 

(I) Introduction, (II) Research work and (III) Final remarks and future work. In order to 

simplify the overall reading of this manuscript and to best present the works contained, 

the research work was divided into two different sub-sections: “A - Sample preparation 

for liquid samples” which consists of chapter 4, chapter 5, chapter 6 and chapter 7, and 

“B - Sample preparation for solid samples”, consisting of chapter 8, chapter 9 and chapter 

10. A succinct description of each chapter will be performed below. 

In chapter 1, a brief discussion about the impact of volatile and semi-volatile 

compounds on the sensory perception and safety of products is performed. Additional 

considerations are made about the main sources for the formation of these compounds, 

together with the negative effects associated with their presence in the environment or 

in food products. 

In chapter 2, it is addressed the importance of the sample preparation step in the 

analytical process of analysis, together with the most used methodologies for the 

extraction of volatile compounds from liquid and solid samples. Different techniques are 

discussed, grouped according with their main characteristics in: (1) liquid phase 

extraction; (2) solid phase extraction; (3) headspace extraction and (4) membrane 

assisted extraction techniques. 

In chapter 3 are described and discussed the most important concepts of the sample 

preparation techniques adopted in this work, gas-diffusion microextraction (GDME) and 

salting-out assisted liquid-liquid extraction (SALLE). Likewise, some information is given 

about the analysed chemical compounds, focusing on their importance and influence in 

different products, together with the most common analytical techniques used for their 

determination. 

In chapter 4, it is described the development of a GDME methodology for the 

determination of free sulphites in wines. GDME was used for the extraction of sulphites 

from the samples followed by an electrochemical determination with screen-printed 

carbon electrodes (SPCEs) by square-wave voltammetry. In a first phase, the extraction 

procedure and the electrochemical parameters were studied. In a second phase, the 

methodology was used for the determination of the free sulphite content in different wine 

samples. 
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In chapter 5, it is described the application of the previously developed GDME-SPCE 

methodology to the determination of the total sulphite content in beer. Furthermore, it is 

presented and discussed the conditions used in one of the most used reference methods 

available in the literature, the p-rosaniline method. 

In chapter 6, it is presented the development of a methodology for the determination 

of trace amounts of diacetyl in alcoholic beverages, by using the GDME for the analyte 

extraction and concentration, followed by the differential pulse voltammetry (DPV) 

electrochemical determination with a mercury meniscus modified silver solid amalgam 

electrode. In a first phase, the electrochemical conditions for the DPV measurements 

were studied; in addition, the GDME extraction conditions were also studied, with 

particular emphasis to the time, temperature of the extraction and pH of the extracting 

solution. This strategy was used for the determination of diacetyl in several alcoholic 

beverages. 

In chapter 7, the development and application of a SALLE methodology for the 

determination of biogenic amines in wine is discussed. Special emphasis is given to the 

development of the extraction protocol and optimization of extraction conditions, such as 

the derivatization time, derivatization reagent concentration and influence of pH. Finally, 

the determined concentration of nine biogenic amines in five different wine samples, is 

presented. 

In chapter 8, it is presented, for the first time, the application of the GDME technique 

to solid samples. The modifications performed to the initial configuration of the device, 

together with the evaluation of the most important experimental parameters, are 

discussed. Finally, the application of the methodology to the determination of α-

dicarbonyl compounds in bread is presented. 

In chapter 9, the determination of carbonyl compounds extracted from cork 

agglomerates is presented. As different cork agglomerated samples were used, with 

different characteristics (such as coatings, varnish treatments or the resin used in the 

agglomeration process), a correlation between the obtained results and the industrial 

production of the samples could be made. Additionally, mass spectrometry studies 

permitted the identification and characterization of some carbonyl compounds resulted 

from the industrial production of cork agglomerates. 
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In chapter 10, the development of a selective methodology for the determination of 

formaldehyde released from cork agglomerates is presented. It is discussed the 

optimization of the most influencing extraction parameters, through an experimental 

design test, and the determined formaldehyde content was compared with a European 

reference method. 

The last chapter, chapter 11, features the concluding remarks for this thesis and 

proposals of future work. 
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1. Volatile and semi-volatile compounds 

 

The sense of smell and the perception of odors may refer to pleasant or unpleasant 

olfactory sensations, which have been used throughout the time as a way to distinguish 

and evaluate different products. In food and beverages, as an example, several volatile 

compounds can be found, although only a relatively small number can influence the 

characteristic odor of the product (Figure 1.1). 

The volatile and semi-volatile chemical compounds responsible for the impact on the 

sensory perception or the safety of a product can exist in concentration levels below the 

micrograms per liter. For a producer, it is required to systematically control their presence 

in order to attest the product quality and to comply with existing laws.  

 

 

Figure 1.1 – Schematic representation of some of the volatile compounds emanated from strawberries, 
which are responsible for the aroma profile of this product. Adapted from [1]. 

 

In our daily lives, we are exposed to many products that contain several chemical 

compounds with the ability to release volatiles. These include household products (e.g. 

air fresheners or household cleaning products), indoor fixtures (e.g. furnitures), foods 

and beverages or personal hygiene products (e.g. skin care products or perfumes), 

which can constitute a major emission source in the indoor environment. Therefore, 

efficient methodologies to control the emission and content of volatile compounds are of 

the utmost importance. 
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In this chapter, a small review on volatile compounds that can influence the sensory 

perception and safety of products, as well as their type, origin and related problems is 

performed. 

 

1.1. Volatile organic compounds 

While discussing the importance of volatiles in food or environmental areas, one 

common terminology used to describe them is “volatile organic compound (VOC)”. 

Different definitions of VOC can be found in the literature, but they can generally be 

grouped in two classes. The first includes effect-oriented definitions like the one used by 

the United States Environmental Protection Agency (US-EPA), which defines VOC as 

“any compound of carbon, excluding carbon monoxide, carbon dioxide, carbonic acid, 

metallic carbides or carbonates, and ammonium carbonate, which participates in 

atmospheric photochemical reactions, except those designated by EPA as having 

negligible photochemical reactivity” [2]. The second definition to VOC makes use of 

chemical and physical properties, such as temperature and pressure. Thus, for the 

European Union (EU), VOC is defined as “any organic compound having an initial boiling 

point less than or equal to 250 ºC measured at a standard pressure of 101.3 kPa” [3]. It 

encompasses a variety of organic compounds, including esters, alcohols, aldehydes, 

hydrocarbons, ketones, terpenes, phenols, acids and others. One of the consequences 

of the heterogeneity of chemical compounds which can be considered VOC is the large 

number of acronyms that can be found in the literature. These include NMVOC (non-

methane volatile organic compound), which is identical to VOC, but with methane 

excluded; NMHC (non-methane hydrocarbons), a sub-group of NMVOC, focusing on 

hydrocarbons; BVOC (biogenic volatile organic compound); AVOC (anthropogenic 

volatile organic compound), among others [4, 5]. 

To simplify the above mentioned, a general definition of VOC can be considered: an 

organic chemical compound whose composition makes it possible to be evaporated 

under normal atmospheric conditions of temperature and pressure. This concept will be 

adopted throughout this text. 
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1.2. Sources and formation 

VOCs can be categorized in two groups, considering their emission source: natural 

or anthropogenic [5, 6]. Vegetation, together with soils and the ocean, is considered the 

dominant source of natural VOCs emission to the atmosphere. They are responsible for 

the emission of isoprenoids as well as, to a lesser extent, alcohols and carbonyl 

compounds. These compounds play important roles as a protective mechanism against 

insect pests, herbivores or against adverse meteorological conditions [7, 8]. The oceanic 

emission of VOCs is minimal compared with forests and plants, and is mainly focused 

on reduced sulphur compounds (dimethylsulphide or carbon disulphide) and         

ammonia [6].  

Fossil fuels and its derivatives are the main responsible for the anthropogenic 

emission of VOCs to the atmosphere, especially in urban areas, where the impact of 

vehicle exhaust is significant [9, 10]. Regarding the emitted compounds, there is a heavy 

focus on NMHC like alkanes (ethane, propane), alkenes (ethene, propene, 1-butene), 

aromatic (benzene, toluene, ethyl benzene), among others [5]. Additionally, the 

production of consumer goods, internal combustion engine exhausts, incinerator 

emissions, building materials and different industrial processes, which use organic 

solvents for the production of paints, adhesives or inks, can contribute to the 

anthropogenic emission of VOCs  [11, 12]. Besides the emission from these processes, 

carbonyl compounds, as an example, can be produced in the atmosphere as a result of 

photochemical oxidation of hydrocarbons. Formaldehyde is one such example, as it can 

be produced in the atmosphere as the reaction product of the methoxyl radical with 

oxygen (Equation 1.1) [13]. 

 

(Equation 1.1) 

 

In the food and beverages area, a set of chemical processes and contaminations 

may lead to the formation of volatile and semi-volatile compounds. The simplest way to 

evaluate poor food condition is by its odour. They may result from contaminations by 

external chemical compounds during packaging or storage (taint), or result from an 

internal deterioration of the food product itself (off-flavour). Contaminants by an external 

chemical may arise from:  
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(i) packaging, from the component itself or from impurities, additives or reaction 

products formed during manufacturing, that can pass to the food by direct 

contact or by vapour phase transfer [14];  

(ii) inks and varnishes, due to insufficient drying after printing or caused by 

photoinitiators and reaction by-products, like benzophenone and 

benzaldehyde [15];  

(iii) residual monomers, especially relevant in plastic bottles, which under certain 

conditions in the manufacturing process may lead to the formation of several 

compounds, like styrene or acetaldehyde [16];  

(iv) cork, which is probably one of the most famous causes of contamination in 

wine [17]. 

The internal deterioration of foods, which enables the production of volatile 

compounds, is achieved through bio-chemical reactions, including:  

(i) lipid oxidation, by reaction of oxygen with saturated and unsaturated fatty 

acids and their reaction with free radicals, with or without light interference. 

Several volatile compounds can be formed, e.g. aldehydes, ketones, 

carboxylic acids, alcohols or hydrocarbons [18];  

(ii) Maillard reactions, due to the interaction of amino acids, peptides or proteins 

with reducing sugars. This complex reaction can produce α-dicarbonyl 

compounds (like butane-2,3-dione or pentane-2,3-dione), furfural and     

others [18, 19];  

(iii) microorganisms activity, especially if the product is not sterilized and stored 

in the presence of antimicrobial agents or due to fermentation processes [19]. 

 

1.3. Negative effects associated with volatiles 

The presence and emission of volatile compounds can cause negative effects to the 

environment, human health or to a product quality perception. Two different approaches 

can be used to discuss the importance and negative effects caused by VOCs, either from 

an environmental or from a consumer of daily products standpoints. 

From an environmental perspective, the emission of volatile compounds to the 

atmosphere has been the cause of an increasing global warming effect and air quality 

deterioration. One of the most significant gases emitted when fossil fuels are burned is 

carbon dioxide, which traps heat in the earth’s atmosphere. This has been one of the 
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main things responsible for the continuous increase on earth’s global average surface 

temperature [20]. Other compounds formed by fossil fuel combustion, like carbon 

monoxide, sulphur dioxide or nitrogen oxides can combine in the atmosphere to form 

tropospheric ozone, which is the major constituent of smog [5]. Smog is a term derived 

from the combination of smoke and fog that is used to describe a photochemically 

oxidizing atmosphere. Nowadays, smog is recognized as a major pollution problem. 

Photochemical smog forms in the troposphere and is influenced by some conditions, 

such as the availability of hydrocarbons, nitrogen oxides and ultraviolet light (Figure 1.2). 

As stated before, both natural (e.g. terpenes emitted from plants) and anthropogenic 

(e.g. the internal combustion engines used in cars) sources can provide reactive 

hydrocarbons and nitrogen oxides to the atmosphere, which are two of the three key 

elements involved in smog formation. Among the different chemical compounds involved 

in smog formation, carbonyl compounds are one of the most important, acting as 

initiators, intermediates and end products. While many carbonyl compounds can exist in 

a polluted atmosphere, the most abundant are usually formaldehyde and acetaldehyde 

[21]. The photochemical dissociation of aldehydes can result in the direct formation of 

reactive and harmful free radicals that can undergo a number of chemical reactions in 

the atmosphere. 

The effects caused by the emission of volatile compounds can have an impact on the 

outdoor air but also in the indoor air. In fact, considering that people spend about 80-

90% of their time indoors, the adverse effects may be more heavily felt in an indoor 

environment. The increased probability to find higher concentrations of volatiles in an 

indoor environment results from a combination of inadequate ventilation with high 

temperature and humidity levels. Common sources of VOCs in indoor environments 

include the tobacco smoke, cooking and heating systems, cleaning solvents, building 

materials, furniture and paints [22]. 
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Figure 1.2 - Abbreviated scheme for the formation of photochemical smog. Adapted from [21]. 

 

In the food industry the presence of volatiles in a product, either by external 

contamination or by internal chemical reactions, may change the overall product 

organoleptic properties (odour and taste) [23]. The chemical compounds responsible for 

taints or off-flavours in foods are usually present at trace levels, below micrograms per 

liter. However, they represent a serious quality problem to the product due to their low 

sensory thresholds (the minimum concentration at which a compound can be detected 

by the sense of smell). Although they may not pose a direct health risk to consumers, 

the perception of a low quality product can severely damage the brand/company and 

raise negative publicity to the food industry. Aldehydes, especially short-chain 

aldehydes, contribute significantly to the aromatic profile of alcoholic beverages, being 

responsible for characteristic aromas and flavours [24]. Diacetyl (DC), usually present in 

foods due to the fermentation processes, has a characteristic and unpleasant butter like 
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taste, which can affect the organoleptic quality of a product. Such is the case in the 

brewing industry, where DC must be controlled during the industrial production of beer 

[25].  

In general, the volatile compounds presence in foods do not cause health-related 

risks to consumers; however, on specific situations, like the exposure to high 

concentrations of a certain compound, some symptoms may arise. Biogenic amines (BA) 

are produced in high quantities in foods by microbial decarboxylation of amino acids. 

Although BA are, for the most part, metabolized to physiologically less active compounds 

by specific enzymes (diamine oxidases), when high amounts of BA are ingested the 

human body is unable to completely eliminate them. There have been reports of several 

diseases connected to BA contamination of foods, such as headaches, hypo- or 

hypertension, nausea, cardiac arrhythmia, renal intoxication and several neurological 

disorders [26-28]. Histamine, considered as the most toxic BA, has been linked to 

nausea, vomiting and heart palpitations [29], diarrhea [30], hypotension [31], asthma and 

other conditions in patients with histamine intolerance [32]. DC, besides the importance 

in the quality control and impact on the flavour of products, has been associated with 

pulmonary diseases [33], Alzheimer’s disease and cancer [34]. Formaldehyde exposure 

may lead to irritations in the eyes, respiratory tract and skin, coughing, wheezing and 

nausea [35]. Some studies show that ingestion of high quantities of acetaldehyde may 

induce adverse neurologic effects [36] besides nausea, headaches, sweating, vomiting 

and a decrease in blood pressure [37]. Acrylamide is a reactive unsaturated amide that 

can be found in a wide range of heat-treated foods, including bread, potato products, 

chocolate or coffee [38]. Usually, acrylamide is found in products containing high 

percentage of carbohydrates that have been cooked above 120 ºC. Long term exposure 

to acrylamide has been shown to cause degeneration of nerve terminals in brain areas 

that are essential for cognitive functions, like learning or memorizing [39]. 

From the above discussion, it is perceived the importance and negative effects that 

volatile compounds can have on the environment, human health or in a product quality. 

Therefore, the development of methodologies to control and analyse samples, and 

determine these chemical compounds is of the highest importance.
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2. Methodologies for the extraction of 

volatiles 

 

An analytical study tries to gather information about the properties of a certain object 

or substance, whether it is a solid, liquid, gas or a biological material. Although the world 

has witnessed continuous technological breakthroughs, chemical instruments included, 

it is still not possible to insert an object in an instrument and expect that all physical and 

chemical properties will be discovered. Here lies the importance of sample preparation, 

in order to transform a sample to make it amenable for the chemical analysis or to 

improve its analysis. Sample preparation is only one of the steps performed in a chemical 

analysis. Generally, it follows the same pattern, as: sample collection – sample 

preparation – separation and detection – data analysis (Figure 2.1). 

 

 

Figure 2.1 - Simplified diagram of a sample process of analysis. 

 

Sample preparation is a critical stage of the chemical analysis process, but not 

always was treated with the same importance as, for example, the detection stage. For 

a long time, a lot of emphasis was put on developing new, faster and more accurate 

analytical detection systems. But, with time, it became apparent the important role of 

sample preparation, as a clean sample assists and improves separation and detection, 

while a poorly treated sample may invalidate the assay; moreover, normally a clean 

extract will extend the equipment’s life span and/or make the instrumental measurement 

cheaper [40]. In a typical analytical method, it is estimated that approximately 60% of the 

time is spent on sample preparation and about 30% of the error relating to the analytical 

results is also due to it [41]. Sample treatment is often a limiting step because it can be 
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labour-intensive, time-consuming, environmentally hazardous, expensive and even 

sometimes harmful to the analyst. It has great influence in the precision, accuracy, limits 

of detection and quantification (LODs and LOQs) of analytical methodologies. The 

increased interest and awareness in the analysis of foods, natural products and 

environmental contaminants, increased the demand for the development of new 

approaches for sample preparation. In fact, looking at the past 15 years, a continuous 

growth in publications regarding sample preparation can be observed (Figure 2.2).  

 

Figure 2.2 - Publications in sample preparation from 2000-2015, searched from the Scopus Database by 
keywords of "subcritical water extraction”, “pressured liquid extraction”, “microwave assisted extraction”, 
“supercritical fluid extraction”, “accelerated solvent extraction”, “single drop microextraction”, “hollow fiber 
microextraction”, “dispersive liquid liquid microextraction”, “ionic liquids extraction”, “solid phase extraction”, 
“solid phase microextraction”, “stir bar sorptive extraction”, “headspace extraction”, “membrane extraction”, 
“pervaporation” and “gas diffusion” with restricting the search to article titles. 

 

Sample preparation is often performed in order to remove matrix components that 

can interfere with the instrumental analysis [42], but it can also promote the enrichment 

and chemical modification of the analytes [43, 44]. As previously stated, analyte isolation 

is a key function of sample preparation, providing the extraction of selected analytes from 

the sample without other matrix compounds that could negatively impact the 

measurement. It is often used to pre-concentrate the analyte, making it more 



FCUP 

Methodologies for the extraction of volatiles 

49 

 

concentrated in the processed extract than in the original sample, which is essential for 

most VOC analysis whose sample concentration is, usually, very low. A derivatization 

reaction can also be employed in a sample preparation process, as it can promote a 

chemical modification to analytes, making them “visible” to a specific instrumental 

technique (e.g., ultraviolet–visible spectroscopy) or enhance the sensitivity and 

selectivity of a technique [45]. 

Over the last two decades, there has been a lot of effort put into developing new 

sample preparation procedures and in the development of methods with lower organic 

solvents consumption, higher selectivity, faster or more suitable for high-level 

automation. These methodologies are mainly based on the analytes solubility in organic 

solvents (liquid phase extraction), adsorption/absorption in polymeric phases (solid 

phase extraction) or on their volatility (headspace extraction, gas diffusion, 

pervaporation).  

A sample preparation field that has been less explored and has a lot of space to grow 

is the sample preparation for the analysis of solid samples. Direct analysis of solids has 

always been a challenge for analytical chemists. Normally, at least a step of pre-

treatment or separation is required to obtain the desired selectivity [46]. In the typical 

situation a liquid extract is obtained from the solid sample; however, this step may not 

only destroy the analysed sample, but also add an extra step to the process, which can 

also be problematic [47]. 

In this chapter a brief overview of the principal methodologies for the extraction of 

VOCs from liquid and solid samples is presented. Since different techniques are 

discussed, and for better understanding, they were divided into four groups according 

with their main characteristics: (1) liquid phase extraction; (2) solid phase extraction; (3) 

headspace extraction and (4) membrane assisted extraction.  

 

2.1. Liquid phase extraction techniques 

2.1.1. Traditional techniques 

2.1.1.1. Soxhlet extraction 

One of the most used extraction techniques in analytical solid-liquid chemistry is 

Soxhlet extraction, which was introduced in the mid-nineteenth century. To this date, it 

remains a reference technique for the extraction of organic compounds from solid 
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samples, while being the reference for newer and more 

advanced methodologies. By definition, it is the process of 

transferring the partially soluble components of a solid 

sample to a liquid phase by using a Soxhlet extractor. 

Basically, the solid sample is placed in a filter paper thimble 

which is then placed in the main chamber of the apparatus; 

the solvent, which is heated to reflux, enters the main 

chamber and extracts the partially soluble components 

(Figure 2.3). Since the sample is extracted with cooled, 

condensed solvents, this procedure can take several hours 

or days. Moreover, the extracted volume is relatively large, 

so it is necessary to perform a solvent evaporation step in 

order to concentrate the analytes, before the extract 

cleanup and analysis [48]. The main advantages and 

disadvantages of Soxhlet extraction are listed in Table 2.1. 

 

Table 2.1 - Main advantages and disadvantages of Soxhlet extraction technique for sample preparation. 

Advantages Disadvantages 

Simplicity Long extraction times 

Low cost High temperatures 

No need for specialized workers High volume of hazardous solvents 

 

Soxhlet extraction has several industrial applications, good reproducibility and 

efficiency, which favoured its use for decades in place of new methodologies that were 

being developed. However, due to some of the problems previously referred, some 

concerns and critics were raised about sustainability and environmental protection, 

which nowadays limited its use [49, 50].  

Due to its popularity several modifications were proposed for the traditional 

apparatus. Automated Soxhlet extraction introduced some modifications which 

decreased extraction times and the volume of organic solvents used. Sporring et al. [51] 

compared both methodologies and concluded that the automated Soxhlet extraction 

provided better recovery and precision, with lower standard deviation values, when 

compared with the traditional Soxhlet [48, 51]. 

Figure 2.3 - Representation of a 
Soxhlet extraction apparatus. 
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2.1.1.2. Liquid-liquid extraction 

Liquid-liquid extraction (LLE) is one of the most used techniques in chemistry 

laboratories, for the extraction of analytes from liquid samples. The separation process 

is based on the partition equilibrium of a component i between two liquid phases “A” and 

“B” that are not miscible. The partition coefficient (or distribution constant), Ki, describes 

the ratio of the concentrations of i in the two phases. If the liquid phase “A” is an organic 

solvent and “B” is water, this relation can be written as: 

Ki =
Corganic

Cwater
 (Equation 2.1) 

 

where Corganic is the equilibrium concentration of compound i in the organic phase and 

Cwater is the equilibrium concentration in the aqueous phase. 

In most cases, a volume of extracting solvent equal to or less than the original sample 

volume is used. After a short period of shaking, the two layers of liquid are left until phase 

separation is reached. 

As one of the most common operations in sample preparation, either for separation, 

isolation or concentration of one or more compounds, LLE found many applications in 

the analysis of biological samples, beverages, pollutants in water and others [52, 53]. 

However, a number of disadvantages limited the LLE as a sample preparation technique 

for everyday analysis. These include limited selectivity, difficulty of automation, emulsion 

formation and more importantly, the use of high amounts of hazardous organic solvents. 

Polar compounds, as an example, are difficult to extract from aqueous samples, since 

they form hydrogen bonds with water molecules.  

With increasing concerns about environmental protection and, at the same time, the 

search for more robust and effective techniques, throughout the last two decades the 

development of several new extraction techniques was witnessed. 

  

2.1.2. Modern techniques 

The pursuit of new and improved analytical techniques is strongly related to the 

demand for information on quality control, environmental or food regulations. The 

modern techniques were developed in order to overcome some of the most known 
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limitations commonly associated with traditional techniques. Modern techniques should, 

in theory, be safe to the environment, non-toxic, fast and easy to automate, with less use 

of organic solvents and with equal or better sample recovery and reproducibility than 

older methods. Some of the techniques that received more attention were: (i) liquid-

phase microextraction; (ii) supercritical fluid extraction; (iii) accelerated solvent 

extraction, (iv) microwave assisted extraction and (v) ultrasound assisted extraction. A 

brief overview of these techniques and their applications will be performed. 

 

2.1.2.1. Liquid-phase microextraction 

Although LLE still has a widespread use, the consumption of large amounts of 

hazardous organic solvents, poses health concerns to laboratory personnel and to the 

environment. Therefore, over the past two decades, several attempts were made to 

develop sample preparation techniques that could minimize the use of toxic organic 

solvents, without affecting extraction efficiency. Liquid-phase microextraction (LPME) 

techniques were a direct result of this research and, as the name suggests, can be 

viewed as a miniaturization of the traditional LLE. The basic principle of LPME 

techniques consists on a significant reduction in the volumetric ratio of the acceptor to 

donor phase, meaning that analytes are extracted from an aqueous phase to a small 

volume of an organic solvent. The terminology “liquid-phase microextraction” was first 

introduced in 1997 by He et al. [54] to describe two-phase systems in solvent 

microextraction, applied to the determination of chlorobenzenes, although the basic 

principle had already been used [55, 56]. In the literature there are some techniques 

sharing the LPME basic principle, but with some differences and names: (i) liquid-liquid 

microextraction (LLME); (ii) dispersive liquid-liquid microextraction (DLLME); (iii) single 

drop microextraction (SDME); (iv) hollow fiber liquid-phase microextraction (HF-LPME). 

One of the first reports on LLME dates back to 1996, when Rios et al. [57] described 

the use of on-line LLME for the photometric determination of aliphatic amines in grape 

juice, wines and beers. LLME is the simplest of the LPME techniques and the one that 

most resembles the traditional LLE. In another work LLME was used as part of a two-

step extraction procedure of pesticides in groundwater, where it was used as a cleanup 

to remove unwanted matrix [58]. In order to increase the contact between the sample 

and the organic solvent used in LLME, therefore increasing extraction efficiency, some 

works report the use of vortex or ultrasounds together with LLME [59, 60]. 
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DLLME was first introduced in 2006 by Razaee et al. [61] for the extraction and 

determination of polycyclic aromatic hydrocarbons (PAHs) in water samples. The main 

goal was to increase the interactions between sample and extracting solvent, which was 

one of the principal disadvantages of LLME. In DLLME, the extraction phase consists in 

an extractant, like a few microliters of an organic solvent with high density (such as 

chlorobenzene, chloroform, carbon tetrachloride, tetrachloroethylene, or carbon 

disulfide), and the dispersive solvent (such as acetonitrile, acetone or methanol), which 

should be miscible with both water and the extractant. In this technique, a mixture of the 

extraction phase is rapidly injected into the sample and, at this moment, small droplets 

are formed and dispersed in the aqueous sample. This creates a high contact interface 

between liquid phases, which increases the mass transfer of analytes and, since the 

equilibrium is quickly achieved, the extraction time is very short. In the end, centrifugation 

is employed to separate both phases and the organic phase is used with the most 

appropriate analytical technique.  

A simple representation of the extraction procedure is shown in Figure 2.4. In DLLME 

the two most important factors affecting extraction efficiency are the nature of the 

extractant and dispersive solvent. 

 

 

Figure 2.4 – Schematic representation of an extraction by DLLME. 
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The principal advantages of DLLME are its fast extraction times (generally less than 

5 min), low cost, simplicity and high recoveries. Gas chromatography (GC) has been the 

technique of choice for coupling with DLLME, since water-immiscible solvents are 

generally used. Several reports of DLLME applications to the extraction of pesticides 

from water samples can be found in the literature [62, 63]; other interesting works report 

the use of DLLME for the extraction of volatile phenols from wine, aromatic amines from 

water [64], biogenic amines from wine samples [65] or aldehydes from human blood [66]. 

Due to its extraction principle, DLLME works best for liquid samples. For solid 

samples such as foods or plants, target analytes need to be transferred to an aqueous 

phase before use, which automatically increases the use of organic solvents and 

operation time. The limited extracting solvent selection in DLLME, consisting mainly of 

halogenated hydrocarbons, poses another difficulty since they are not readily compatible 

with reversed-phase high performance liquid chromatography (RP-HPLC) systems. 

Furthermore, for complex matrixes such as beverages or soils, HF-LPME (which will be 

discussed next) proved to be more sensitive, robust and with better repeatability than 

DLLME. 

SDME is one of the simplest LPME techniques. Introduced in 1996 [55, 67], SDME 

uses a microdrop (1 – 3 L) of extracting phase suspended on the tip of a syringe for the 

analyte extraction. The two most commonly used SDME modes will be discussed in this 

text: direct immersion SDME and headspace SDME [68]. In direct immersion SDME, the 

microdrop is in direct contact with the aqueous sample, which means that the extracting 

solvent, usually a nonpolar solvent like hexane or toluene, must be immiscible with water 

(Figure 2.5A). Therefore, this mode is more suitable for low polarity volatile and semi-

volatile compounds from relatively clean matrixes. Direct immersion SDME has been 

mostly used for the extraction of pesticides [69-71]. Headspace SDME uses the same 

setup as in the previous technique, but with the microdrop remaining in the headspace, 

above the sample. This mode is suitable for volatile and semi-volatile compounds, both 

polar and nonpolar, in solid or liquid samples (Figure 2.5B). It can be assisted by using 

agitation and increasing sample temperature, which will increase the rate of mass 

transfer of analytes from the sample to the headspace [68]. Headspace SDME has been 

used for the extraction of aliphatic amines [72], volatile aromatic compounds [73], PAHs 

[74], aldehydes [75, 76], among others. 
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Figure 2.5 - Schematic representation of an extraction with SDME in direct immersion (A) and in the 
headspace (B). 

 

The extracting solvent used in direct immersion and headspace SDME is often 

directly compatible with GC analysis. For other techniques, such as HPLC, solvent 

replacement should be employed. In SDME the extraction is, in most cases, non-

exhaustive, which is a consequence of the small organic to aqueous volume ratio 

(between the extracting phase and the sample) [67]. The main advantages of SDME 

include its simplicity, low-cost, use of simple equipment and small amounts of solvent 

consumption. The principal disadvantage is related to the stability of the microdrop, since 

it may form emulsions or be dissolved in the sample, which limits the rate of agitation of 

the sample solution. 

HF-LPME, originally developed by Pedersen-Bjergaard and Rasmussen in 1999 [77], 

is a LPME technique that intended to solve the stability issues of the microdrop in SDME. 

In this approach the extracting phase is placed inside the lumen (interior cavity) of a 

porous polypropylene hollow fiber (HF), which is involved by a supported liquid 

membrane (SLM). The SLM is formed by dipping the HF in an organic solvent of low 

polarity (octanol or toluene, for example) for a few seconds. The sample and acceptor 

phases are separated by the HF, which means that the extracting solvent (protected by 

the HF) is not in direct contact with the sample. Target analytes are firstly extracted from 

the sample (aqueous) into the SLM (organic) within the pores of the HF, and later into 

an acceptor solution (aqueous or organic) in the lumen of the HF. After extraction, the 

acceptor solution is recovered and transferred to the appropriate analytical instrument. 

Since the acceptor is protected by the HF, sample solution can be stirred without any 
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loss of extraction phase; moreover, the small pores of the HF eliminate possible 

interference of large molecules. 

The type of solvent used as acceptor solution is responsible for two different 

configurations of HF-LPME: (i) if the acceptor solution is an organic solvent, such as the 

one used for SLM (octanol, toluene, etc.), a 2-phase extraction system is formed; (ii) if 

the acceptor is an aqueous solution, a 3-phase extraction system is formed. A 

representation of both systems is depicted in Figure 2.6. In the 2-phase system, analytes 

are extracted from the sample to the organic acceptor solvent present in the SLM and 

inside the lumen of the HF. Since the final extract is an organic phase, it is readily 

compatible with GC or HPLC [78]. In the 3-phase system, analytes are extracted from 

the aqueous sample solution, through the organic SLM immobilised in the pores of the 

HF, into the aqueous acceptor solution inside the lumen of the HF. In this case, the 

organic solvent of SLM acts as a barrier between the acceptor and donor aqueous 

solutions, which prevents them from mixing. Due to the nature of the solvent on the 

extract, this mode is usually combined with HPLC.  

 

 

Figure 2.6 - Schematic representation of HF-LPME in 2-phase (A) and 3-phase (B) extraction systems. 
Adapted from [79]. 
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Similar to other LPME techniques, HF-LPME is able to attain very high analyte 

enrichments, due to high sample to acceptor volume ratio; it is a “green technique” since 

only a few microliters of organic solvents are consumed for extraction; it can provide 

decent sample cleanup and the HF can be easily replaced. On the other hand, it needs 

long extraction times and for solid samples a pre-treatment is necessary, which removes 

the option for automation. Although most of the applications of HF-LPME are for 

environmental or drug analysis [80-82] some reports were focused on food and 

beverages [83, 84] or plants [85, 86].  

 

2.1.2.2. Supercritical fluid extraction 

One of the principal disadvantages associated with traditional extraction techniques 

is the use of high quantities of organic solvents potentially harmful to the environment. 

This led to the introduction of supercritical fluids to extraction methodologies. By 

definition, a supercritical fluid is a substance above its critical temperature and pressure 

[87]. The physical state of a substance can be described by a phase diagram, which 

defines phase boundaries corresponding to liquid, solid and gas states. Beyond the 

critical point, a gas does not liquefy under increasing pressure. Instead, it is compressed 

into a supercritical fluid. A supercritical fluid has unique properties of mass transfer and 

minimal surface tension, like gases, solvating power similar to liquids and high diffusivity 

(better than liquids). Combined, this allows for faster diffusion and more efficient 

extractions of solid samples, compared with a liquid solvent [87-89]. Furthermore, it is 

possible to optimize the extraction by adjusting the fluid properties, regulating 

temperature and pressure and by the addition of organic modifiers [90]. 

Carbon dioxide is the most used solvent in supercritical fluid extraction (SFE), since 

it is chemically inert, non-toxic and non-flammable, and it is available with high purity at 

a reasonable price. Supercritical CO2 is able to extract with great efficiency compounds 

from non-polar to low polarity; the addition of a small quantity of polar organic solvents, 

like methanol, acetonitrile or toluene, increases its ability to extract more polar analytes. 

SFE can operate in a static mode where the sample and solvent are mixed and kept 

under a defined period of time at a constant temperature and pressure; and in a dynamic 

mode where the solvent is able to constantly flow through the sample. Usually, the basic 

components of a SFE system include a solvent source, a high-pressure pump, an oven, 

an extraction cell, a flow restrictor and an extract collector. SFE can be applied to both 

solid and liquid samples, although different strategies have to be used considering the 
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sample matrix. For solids, a previous step of drying, grounding or mixing with an inert 

agent (sea sand or alumina) should be employed; liquids can be either absorbed onto a 

porous inert substrate or co-injected with the supercritical fluid [91]. 

Besides using small amounts of environmentally friendly solvents, SFE has relatively 

short extraction times (10 to 60 min) and it is able to selectively extract different groups 

of analytes by optimizing the supercritical fluid mixture and operational conditions [92, 

93]. However, its widespread use is difficult due to expensive implementation costs. 

Moreover, it is matrix dependent and has limited applications to liquid samples [94]. In 

the last two decades SFE has been one of the selected techniques to obtain extracts of 

important bioactive compounds, such as carotenoids, essential oils or polyphenols, from 

a variety of products such as plants [95], vegetables [96] and other foodstuffs [97]. 

 

2.1.2.3. Accelerated solvent extraction 

The accelerated solvent extraction (ASE) [98], relies on the use of high temperatures 

(50-200 ºC) and pressures (150-2000 psi) to extract organic compounds from solid 

matrices. By using high pressures, solvents can be used above its atmospheric boiling 

point, increasing the solvation capacity and the extraction kinetics. Moreover, high 

temperatures decrease the viscosity and the surface tension of the solvents, helping to 

break strong interactions between the solute and the matrix. These conditions promote 

a high analyte extraction and global extraction efficiency, as well as a reduction of the 

organic solvents used and time of extraction [99].  

Water, as an example, at a normal environment temperature has a poor extracting 

capacity of non-polar and relatively low polar organic compounds. However, when the 

temperature is increased (by an increase in pressure) water is able to extract such 

compounds [100, 101]. 

The equipment used is similar to SFE, consisting in a peristaltic pump, an extraction 

chamber containing an automatic sealing mechanism in order to resist high pressures, 

an oven and extract recovery vials. It is usually carried in static mode followed by a post-

extraction cleanup to remove unwanted co-extracted interferences. 

One of the main differences of ASE in comparison with SFE relies on the solvent 

used and usual target analytes. Although both techniques can be used to extract several 

compounds, SFE is mostly used to extract non-polar compounds; ASE can be used with 

conventional solvents, as the ones used in Soxhlet extraction (mixtures of organic 
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solvents, like acetone-hexane, toluene, methanol, ethanol, etc.), thus increasing its 

applicability to polar and non-polar compounds [51, 98]. SFE, in general, is more 

selective than ASE, since it is possible to obtain extracts which are readily available to 

be analysed without any additional clean up. On the other hand, developing a method is 

more challenging in SFE since more parameters have to be controlled; in ASE, once the 

solvent is selected, only temperature and time of extraction need to be optimized. 

Moreover, ASE can be fully automated. However, ASE tends to suffer from low extraction 

efficiency, low thermal stability of solvents and high equipment costs [40]. 

ASE has been employed as a sample preparation technique for the extraction of 

phenolic compounds in several plants and foods. Palma et al. [102] developed a 

methodology that combines ASE and solid phase extraction (SPE) for the extraction of 

phenolic compounds from grape seeds, obtaining a clean extract that was directly 

analysed by HPLC. ASE has also been used to extract functional compounds from 

microalgae [103] or to determine the volatile composition of essential oils extracted from 

the plant Origanum onites, as described by Ozel et al. [104]. 

 

2.1.2.4. Microwave assisted extraction 

Microwave assisted extraction (MAE), as suggested by its name, uses microwave 

radiation to increase the speed of the extraction [105, 106]. The first report of MAE dates 

back to 1986, when Ganzler et al. performed the extraction of fats and pesticides from 

food and soils [107] and in the year 2000 was approved as a standard methodology for 

the extraction of volatile and semi-volatile compounds from solid samples. Microwaves 

are electromagnetic waves, which are usually operated at a frequency of 2.45 GHz. 

Microwaves can access biological matrices and interact with polar molecules, generating 

heat and locally increasing the temperature, which will lead to enhanced extraction 

efficiency [108]. The temperature increase is considered one of the driving forces for 

MAE extraction efficiency, by increasing diffusion rates, promoting better disruption of 

solute-matrix bonds, and decreasing the surface tension and viscosity of the solvent 

[109]. 
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MAE can be operated under an open or a closed microwave system, both 

commercially available. The main difference between them is the ability of closed vessel 

systems to control temperature by adjusting pressure, whereas open vessel systems 

work under atmospheric conditions [110, 111]. A representation of both systems is 

schematized in Figure 2.7. 

 

 

Figure 2.7 - Schematic representation of close and open vessel MAE systems. 

 

The main advantages of MAE, which makes it a valuable option for the extraction of 

analytes in solid samples, when compared to traditional Soxhlet extraction are: reduced 

extraction time, reduced use of solvents and improved extraction yield. Additionally, it 

allows the simultaneous extraction of several samples. It is also more economical than, 

for example, SFE. On the other hand, selection of solvents is limited since they must be 

able to absorb microwave radiation and a poor extraction efficiency is obtained when the 

analyte or the solvents are non-polar or are volatile. Moreover, cooling, filtration and a 

cleanup after extraction are required to remove interfering species, which prolongs the 

overall sample preparation process [109, 111].  

MAE has been used for the extraction of bioactive compounds from plants, which, 

according to a recent report [112], accounts for 50% of MAE publications after 2010. 

Several applications of MAE can be found for the extraction of flavonoids [109] and 

phenolic compounds [113, 114], as well as essential oils [115]. In food and environmental 

analysis, MAE was used for the screening of several pesticides in tomato [116], cereals 

[117, 118], almond milk [119], fish [120] and soil [121]; reports of PAHs determination in 

smoked fish [122], cereals [123] and tea [124] were also found. 
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2.1.2.5. Ultrasound assisted extraction 

Ultrasound assisted extraction (UAE), also known as sonication, is a sample 

preparation technique that uses sound waves (>20 KHz in frequency) that propagate 

through a liquid medium. Sound waves are intrinsically different from electromagnetic 

waves; while electromagnetic waves can pass through vacuum, the sound waves must 

travel in a matter. During the UAE process, longitudinal waves are created when a sonic 

wave meets a liquid medium, creating alternating expansion and compression cycles 

[125]. Herein, in these regions of changing pressure, a process named cavitation occurs. 

Cavitation refers to a process in which numerous tiny gas bubbles are formed; at some 

point during the compression cycle, the bubble no longer can efficiently absorb the 

energy from the ultrasound, and implodes, creating a region of high temperatures and 

pressures [126, 127]. This effect is especially beneficial with solid samples, since the 

high temperatures (increased solubility and diffusivity) and pressures (favour penetration 

and transport) at the interface between the liquid solution and the solid matrix, favours 

the extraction of the analytes [127]. 

Ultrasonication can be directly applied to the sample, using an ultrasonic probe, or 

indirectly by using an ultrasonic bath (Figure 2.8). The choice between baths and probes 

depends on the specific requirements for the task. Ultrasonic baths are commonly found 

in chemical laboratories, as they are cheaper and can be used with a higher number of 

samples; the ultrasonic probe is much more powerful and can be directly immersed into 

the solution (providing more efficient cavitation), which diminishes the time required for 

the extraction [128]. 

 

Figure 2.8 - Schematic representation of the two most commonly used ultrasonic systems. Adapted from 
[129]. 
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UAE has been used as a sample preparation technique for natural products, food 

additives and contaminants in food samples [130-133] or organic and inorganic 

contaminants in environmental matrices [134-137].  

One disadvantage of UAE is that it is not easily automated and it is not suitable for 

volatile analytes. Moreover, since sample enrichment capabilities and selectivity are 

limited, UAE may require a further concentration and/or clean-up step for the 

determination of trace analytes [53]. Furthermore, the typical solvents used in UAE (e.g. 

cyclohexane, tetrahydrofuran, methanol, dichloromethane and acetone) can be 

environmentally hazardous [138]. 

 

2.2. Solid phase extraction techniques 

Solid phase extraction techniques use sorptive processes as the core of its 

methodology. In this class of techniques, analytes are extracted from the sample into a 

solid phase, where they initially stay retained; later, they are removed from the extractor 

phase by performing a thermic desorption or by passing of a suitable eluent. 

The most important solid phase extraction techniques will be briefly discussed in this 

chapter, which includes: SPE; solid phase microextraction (SPME) and stir bar sorptive 

extraction (SBSE). 

 

2.2.1. Solid phase extraction 

SPE is a common sample preparation procedure that uses a solid sorbent material 

for retaining specific compounds from a solution. It is mostly used for sample extraction, 

concentration and cleanup. The basic principle of SPE involves the partitioning of solutes 

between two phases, a liquid (sample) and a solid (sorbent) phase, unlike LLE which 

uses two immiscible liquid phases. The simplest process involves passing the liquid 

sample through a small column, a cartridge or a disk containing the sorbent, which will 

selectively retain the analytes. These are subsequently recovered upon elution. One 

basic process consists on the retention of the analytes in the solid phase sorbent while 

the interfering compounds are rinsed away (Figure 2.9B). On the reverse process, which 

acts as a cleanup, there is retention on the solid phase of the interfering compounds 

while the analytes are eluted and collected for analysis (Figure 2.9A) [139-141]. 

Moreover, both procedures can be combined.  
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Figure 2.9 - Schematic representation of a (A) SPE cleanup process that retains the interferences and (B) 
SPE cleanup process with analyte retention followed by elution. 

  

The SPE approach normally consists of four consecutive steps: 

(i) conditioning of the solid sorbent extracting phase, which enables the solvation 

of the functional groups of the sorbent to be able to interact with the sample; 

(ii) retention of analytes on the SPE column; 

(iii) selective washing of the sorbent, to eliminate matrix components that have 

been retained, without displacing the analytes; 

(iv) elution of the analytes by an appropriate solvent. 

 

Conditioning the sorbent, besides enabling the solvation of the functional groups, 

removes possible impurities of the sorbent as well as the air present in the column. The 

sample can be introduced to the column either by gravity, vacuum, pumping or by means 

of an automated system, but more importantly, flow-rate should be controlled in order to 

enable efficient retention of the analytes [141]. The mechanism of retention of analytes 

depends on the nature of the sorbent, and so it is important to know its characteristics, 

since a simple adsorption, chelation or ion-exchange might be used. Various sorbents 

have been developed, and are commercially available, to enable the processing of 

different types of samples. Most commonly used sorbents are silica based and, more 

recently, reversed polymeric phases [142]. One of the principal advantages of SPE in 

comparison with LLE is the fact that it enables the simultaneous concentration of 
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analytes and removal of interferences, while reducing the usage of hazardous organic 

solvents. Moreover, it allows on-site pre-treatment with simple storage and transportation 

of the sample; also, it offers high selectivity and automation possibilities. Similarly to 

other extraction techniques, one of the principal disadvantages of SPE is the possible 

influence of the sample matrix in the extraction process. 

SPE has found many applications throughout the years, from the extraction of drugs 

and their metabolites from body fluids [143-145], to pesticides in environmental samples 

[146-148] or off-flavours in foods [149-153]. 

 

2.2.2. Solid phase microextraction 

SPME was introduced in the early 90s by Pawliszyn and co-workers [154] as a simple 

adsorption and desorption technique which eliminates the need for solvents. Nowadays, 

it is one of the most used extraction techniques in analytical chemistry for organic volatile 

compounds. SPME uses a solid polymeric fiber inserted in a modified syringe, as 

represented in Figure 2.10. The procedure consists of two steps: (i) partition of the 

analytes between the sample and the sorbent coated to the fiber and (ii) thermic 

desorption or elution with an organic solvent of the analytes from the sorbent. On the first 

step the fiber is exposed to the sample and analytes are extracted and adsorbed to the 

fiber coating; next, the fiber is inserted in the analytical instrument where thermic 

desorption of analytes takes place, followed by separation and quantification. 

Analyte extraction by SPME usually occurs by passive diffusion and the extraction 

yield is essentially determined by the fiber to sample partition coefficient. In practice this 

means that once equilibrium is reached, the extracted amount is constant within the limits 

of experimental error and independent of further increase of extraction time. The 

extraction is non-exhaustive, since samples are analysed in the equilibrium where high 

sensibility is obtained for quantitative purposes. However, it is not necessary to reach 

equilibrium, since extraction can be performed in a well-defined time period and 

temperature. 
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Figure 2.10 - Representation of a SPME extraction device. Adapted from [155]. 

 

SPME can be used in two different modes, by direct immersion of the fiber on the 

liquid sample or by headspace configuration. In the direct extraction mode, analytes are 

transported directly from the sample matrix to the extracting phase of the fiber. In order 

to promote a faster equilibration, agitation of the sample may be used. In the headspace 

mode, the fiber is protected, since it is not in direct contact with the sample, which allows 

to use SPME with virtually any matrix (liquid or solid), provided that analytes have the 

ability to be volatilized from the matrix to the headspace. SPME has several reported 

applications in the analysis of environmental, food, forensic and many other types of 

samples (Table 2.2). 
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Table 2.2 - SPME applications list for the determination of volatiles in liquid and solid samples. 

Extraction 

mode 
Sample Analyte(s) Fiber Detection Ref. 

Direct 

immersion 

Tequila 
Volatile 

compounds 
100 m PDMS GC-MS [156] 

Water Pesticides 15 m PS-DVB GC-TSD [157] 

Headspace 

Wine 

Volatile 

compounds 
100 m PDMS GC-FID [158] 

Terpenes 100 m PDMS GC-MS [159] 

Off-flavours 
50/30 m 

DVB/CAR/PDMS 
GC-MS [160] 

Volatile 

compounds 
100 m PDMS GC-MS [161] 

Haloanisoles 100 m PDMS GC-MS [162] 

Sulphur 

compounds 
85 μm CAR/ PDMS GC-PFPD [163] 

Beer trans-2-nonenal 75 m CAR/PDMS GC-MS [164] 

Whisky 
Volatile 

compounds 

100 m PDMS; 50/30 m 

DVB/CAR/PDMS 
GC-MS [165] 

Apple cider 
Volatile 

compounds 

50/30 m 

DVB/CAR/PDMS 
GC-MS [166] 

Watermelon 
Volatile 

compounds 

50/30 m 

DVB/CAR/PDMS 
GC-MS [167] 

Apricot 
Aroma 

compounds 
75 m CAR/PDMS GC-MS [168] 

Beef Hexanal 
50/30 m 

DVB/CAR/PDMS 
GC-MS [169] 

Beef 
Volatile 

compounds 

50/30 m 

DVB/CAR/PDMS 
GC-MS [170] 

Tuna 
Volatile 

compounds 
100 m PDMS GC-MS [171] 

Bread 
Volatile 

compounds 

50/30 m 

DVB/CAR/PDMS 
GC-MS [172] 

Barley flour 
Volatile 

compounds 
65 m PDMS/DVB GC-MS [173] 

Vegetables Trimethylamine 65 μm PDMS/ DVB GC-MS [174] 

Water Pesticides 100 m PDMS 
GC-MS, GC-

ECD 

[175, 

176] 

Water PAHs 7 m PDMS GC-MS [177] 

PDMS: polydimethylsiloxane; PS: polystyrene; DVB: divinylbenzene; CAR: carboxen; GC-TSD: gas chromatography with 

thermionic sensitive detection; GC-FID: gas chromatography with flame ionization detector; GC-MS: gas chromatography 

with mass spectrometer detector; GC-PFPD: gas chromatography with pulsed flame photometric detector; GC-ECD: gas 

chromatography with electron capture detector. 

 

The SPME technique has proved to be versatile and extremely useful in the analysis 

of many types of samples, due to its ability to extract the analytes from complex matrixes. 

It eliminates the use of solvents and combines simplicity, portability, high sensitivity and 

automation with the compatibility to different analytical systems. It can be successfully 
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applied for polar and non-polar compounds in gaseous, liquid and solid samples. 

Furthermore, enables the simultaneous extraction and concentration of desired analytes. 

One of the principal disadvantages of SPME is related to the small volume of polymer 

coating on the fiber, which can lead to incomplete extractions and analyte enrichment on 

the fiber. The quantification may be affected by matrix effects and, if one is not careful, 

can get relatively expensive due to the high costs of the commercially available fibers. 

 

2.2.3. Stir bar sorptive extraction 

SBSE is another sorptive solid phase extraction technique, developed in 1999 by 

Baltussen et al. [178], in order to overcome one of the major limitations of SPME, the 

small amount of extracting phase on the needle, which could result in low extraction 

efficiencies. SBSE is based on the partition of analytes into an extracting medium 

covering a small glass-coated magnetic stir bar (Figure 2.11). A common material 

immobilized on the surface of the stir bar is PDMS in a layer of 1 mm. The PDMS 

stationary phase is used due to its ability to extract most organic compounds and the fact 

that analytes can be desorbed at low temperatures. Due to the extensive use of PDMS 

as stationary phase, SBSE is mostly suited for the extraction of low polarity analytes and 

aqueous samples. Some effort is being made in order to increase the efficiency for more 

polar analytes, by using different formulations of the stationary phase [179-181]. 

 

 

Figure 2.11 - Schematic representation of a SBSE stir bar with a PDMS coating and the apparatus design 
showing the SBSE process through immersion and HS sampling modes. 1 - sampling flask; 2 - HS;                      
3 - sample; 4 - SBSE stir bar; 5 - magnetic stir bar. Adapted from [182, 183]. 
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The extraction takes place by inserting the stir bar in the aqueous sample and after 

a certain stirring time, the stir bar is removed and the desorption can be performed either 

by chemical elution or by thermal desorption, as in SPME. Typically, the amount of 

PDMS coated to the stir bar can range from 25 to 125 µL, while in SPME is less than 0.5 

µL (100 µm fiber) [184]. This increased amount of PDMS in SBSE compared to SPME 

is responsible for an increase in sensitivity and recovery of analytes, since all compounds 

are extracted in a similar extend. 

SBSE, as an extraction technique, has been mostly used as sample preparation for 

GC analysis, where low detection limits are usually obtained. Moreover, it allows to 

identify and quantify a wide variety of compounds. It has been used for the trace analysis 

of compounds from natural or anthropogenic sources in distinct areas (e.g., environment, 

food and beverages, natural products or pharmaceutical). Some examples are the 

determination of pesticides in water [185-187], volatile and semi-volatile compounds in 

beverages and foods [161, 184, 188-192] or drugs in biological fluids [193, 194]. 

 

2.3. Headspace extraction techniques 

Headspace extraction techniques have been vastly used for the determination and 

quantification of volatile and semi-volatile organic compounds in various matrices, as it 

allows for faster analysis without sample destruction, besides avoiding the interference 

of non-volatile components of the sample matrix. While this is an advantage, it is also 

one of the main disadvantages of the technique, as only volatile and semi-volatile 

compounds can be extracted. Furthermore, headspace techniques are usually 

correlated with the difficulty to perform rigorous quantifications. One of the options to 

overcome this issue is to use matrix-matched standards or the standard addition method.  

Nowadays, it is possible to find in the literature many applications of miniaturized 

enrichment techniques that work in the headspace of an extraction system. Such is the 

case of SDME and HF-LPME, SPME and SBSE. These techniques have important 

applications that benefice from headspace extraction execution. 

Headspace techniques can be classified into two distinct groups, (i) static headspace 

and (ii) dynamic headspace. Static headspace techniques involve non-exhaustive 

extraction and the analyte is collected from a closed vessel where the sample is heated 

at a defined temperature and time. The simplest process consists on collecting an aliquot 

of the headspace with a gas-tight syringe and subsequent injection in a GC [195, 196]. 
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Another approach to collect the static headspace from the sample is to use an adsorbent 

extracting phase, similar to the procedure described for SPME. Using an adsorbent as 

extracting phase increases the selectivity and efficiency of the extraction process, 

besides increasing the concentration factor. In dynamic headspace techniques (also 

termed purge and trap) analytes are exhaustively extracted by continuously purging an 

inert gas stream through the system and collecting the stripped volatile analytes in a trap. 

The volatilization of the analytes is not limited by the equilibrium determined by the 

partition coefficient liquid-gas, which is an advantage in comparison with the static 

headspace mode [42, 197]. 

 

2.4. Membrane assisted extraction techniques 

Membrane assisted extraction techniques have been used for the last three decades 

and have gained a lot of attention as an alternative to LLE or SPE procedures, due to 

their simplicity, selectivity and low use of solvents [198]. 

When searching the available bibliography for developments and applications of 

membrane extraction techniques, a large number of results with their corresponding 

acronyms appear.  As an example, this may include: SLME (supported liquid membrane 

extraction), MMLLE (microporous membrane liquid-liquid extraction), PME (polymeric 

membrane extraction), MASE (membrane assisted solvent extraction), MMGD 

(membrane mediated gas-diffusion), MESI (membrane extraction with a sorbent 

interface), MIMS (membrane inlet mass spectrometry), EME (electro-membrane 

extraction), SM-LLME (stir membrane liquid-liquid microextraction), ELME (emulsion 

liquid membrane extraction) or HF-LPME [199-201]. Regardless of the technique, in 

membrane extractions a membrane separates the sample solution (donor) from the 

acceptor solution and the analytes, during the extraction period, pass through the 

membrane from the donor to the acceptor solution. Under the appropriate conditions, an 

equilibrium between the two phases may be attained [200]. 
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The different membrane extraction techniques can be grouped and classified 

according to certain parameters, such as: 

a. porosity of the membrane, between porous and non-porous membrane 

extraction techniques; 

b. number of system phases, between one-, two-, or three-phase membrane 

extraction techniques; 

c. membrane pre-conditioning, when the membrane is solvent impregnated or 

solvent-free.  

In the context of this text a differentiation will be performed between techniques 

where the membrane is solvent impregnated, such as SLME or MASE, and when the 

membrane is solvent-free, as in gas-diffusion or pervaporation. Although both serve the 

same purpose, the analyte transfer process from the donor to the acceptor solution is 

slightly different. In gas-diffusion processes, since the membrane is not impregnated with 

solvent, the analyte has to be at least semi-volatile in order to cross the membrane. 

 

2.4.1. Membrane assisted solvent extraction 

MASE, often called membrane assisted liquid-liquid microextraction, is characterized 

by the extraction of analytes from a liquid sample solution to another liquid phase by 

diffusion of species through the pores of a microporous membrane [202]. The acceptor 

liquid phase can be aqueous or organic. This technique can be viewed as a two-, or 

three-phase extraction system, as follows.  

In a two-phase system, a microporous membrane separates an aqueous solution 

from another liquid phase (organic or aqueous) and the analytes are transported (by 

diffusion) through the pores of the membrane. When a hydrophobic membrane is used 

together with a liquid organic extracting phase, the organic liquid fills the pores of the 

membrane and the only contact between the phases occurs close to the surface of the 

membrane. The same principle could be applied to a hydrophilic membrane, leading to 

an aqueous phase in the membrane pores. 

In a three-phase system, a separate membrane phase is surrounded by two other 

liquid phases. The most common format is usually known as supported liquid membrane 

extraction (SLME). In SLME, a membrane is soaked with an organic liquid, which is 

immobilized in the membrane pores by capillary forces. It creates a separated phase 

between the donor and the acceptor solution. The membrane acts only as a support, 
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since the solvent immobilization in the membrane’s pores is obtained by immersion of 

the membrane in the solvent. A number of different solvents and additives can be used 

for the immobilization, which combined with changes to the chemical composition of 

solutions forming the acceptor and donor phase, results in increased efficiency and 

selectivity of the extraction as well as the possibility to extract polar and ionic compounds 

[201]. As an example, it is possible to adjust the pH of donor and acceptor solutions in 

order to facilitate the extraction of analytes to the immobilized phase and avoid their 

back-extraction, by increasing their solubility in the acceptor phase. One common 

limitation associated with SLME is the instability and lifetime of the liquid membrane, 

caused by the use of polar organic solvents [200, 203]. 

Several configurations are proposed for three-phase membrane systems, such as 

the use of flat sheet membranes, membrane bags or HF. An in-depth look at the use of 

HF in LLE was performed in chapter 2.1.2.1. The MESI technique uses a polymeric HF 

to extract volatile and weakly polar analytes. A gas inside the HF transports and traps 

the analytes into a cold sorbent tube, which is later thermally desorbed into a GC system 

[204]. A similar approach can be used for a mass spectrometry (MS) system, where 

analytes are extracted through a membrane into the MS where high vacuum in the ion 

source forms the third phase [205]. Another approach, namely the use of gas-diffusion 

membranes in flow-analysis systems will be further discussed in the next chapter.  

 

2.4.2. Gas-diffusion 

Gas-diffusion (GD) techniques have found its core use in flow-analysis for the 

determination of gaseous analytes [206-209]. A GD process relies on the mass transfer 

of volatile compounds from a donor solution through a gas-permeable membrane into an 

acceptor solution (Figure 2.12). The two liquid phases are physically separated by a 

microporous hydrophobic membrane, impermeable to solvents but permeable to gas, 

which avoids the direct contact between the two liquid phases. The mass transfer is 

based on the diffusion of the analyte across the gas layer separating the two liquid 

phases. This process can be performed in three steps: (i) analytes are brought from the 

donor solution to the vicinity of the membrane; (ii) species in its gaseous form diffuse 

through the membrane and (iii) analytes are collected in a liquid or gaseous acceptor 

phase [210]. 
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Figure 2.12 - Schematic representation of a typical GD cell used in flow-analysis systems. 

 

Although a flow-analysis system with a GD module can have several configurations, 

a sandwich-type unit relying on the incorporation of a membrane between two machined 

plates is normally used [207, 211, 212]. Application of GD modules in flow-analysis 

systems has found some applications for the determination of volatile compounds in 

environmental and food samples [207, 213-215]. Since analytes are required to be 

volatile, or at least semi-volatile, most analytes consist of sulphites, carbonates and 

ammonia. 

The combination of GD with microextraction was the basis for the development of 

gas-diffusion microextraction (GDME) [43, 44, 206, 216-220], which was one of the 

fundamental techniques used in this work. An in-depth look at this technique will be 

performed in chapter 3.1.1.  

 

2.4.3. Pervaporation 

Pervaporation (PV) has, for years, been used has a simple miniaturization technique 

for sample preparation in food, environmental or industrial analysis [221]. First reports 

about the analytical use of PV were made by Prinzing et al., where it was used for           

on-line monitoring of fermentation processes [222, 223]. 

PV combines in a single module two processes: evaporation and gas-diffusion. The 

volatile substances present in a heated liquid or solid sample (donor phase) evaporate 

to a headspace located between the donor phase and the membrane. On the other side 

of the membrane the vapour condenses on the surface of a cooled acceptor stream. The 

driving force of the separation is the temperature difference between both phases, which 

results in a vapour pressure difference across the membrane. One important aspect of 

PV is the presence of an air gap between the donor phase and the membrane, which 
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avoids any clogging or deterioration of the membrane, caused by any contact between 

them [224]. A simple illustration of a PV system is represented in Figure 2.13.  

 

 
Figure 2.13 - Schematic representation of a conventional PV module for liquid samples, to be coupled to 
flow systems. Adapted from [225]. 

 

The sample is introduced in the lower chamber of the module (donor chamber) either 

by injection or continuous aspiration, for liquid samples, or by direct weighing when 

dealing with solid samples. In order to increase or decrease the air gap volume between 

the sample and the membrane, spacers of varying thickness may be placed below or 

above the membrane support. In the upper chamber (acceptor chamber) the analytes 

are trapped in an appropriate liquid or gas phase [225]. 

One of the most important and influencing aspects of PV is the morphology of 

membranes. In PV, the most used membranes are of the non-porous type, since the 

permeation occurs by partition and diffusion of analytes though the membrane under a 

concentration gradient, which is more selective than with porous membranes, where 

separation occurs be size exclusion [226]. 

PV has found more applications and it is viewed as a viable alternative to GD, since 

it can be used with liquid and solid samples. In PV, by avoiding the direct contact between 

the membrane and the sample, the deterioration of the membrane caused by particles 

or components of high molecular weight existing in the sample, can be prevented [226]. 

The increased lifetime of the membrane makes PV useful in routine analysis. Moreover, 

the air-gap between the sample and the membrane, enables the use of high 
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temperatures to increase analytes volatility in the donor chamber without compromising 

the membrane lifetime. On the negative side, the air-gap presence may decrease the 

mass transfer efficiency through the membrane, resulting in a loss of sensitivity. Another 

disadvantage, which is similar to other headspace techniques, is the requirement for the 

analytes to be volatile or semi-volatile, in order to be extracted [224]. 

Over the last two decades, many applications of PV can be found in the literature, 

mostly connected with flow-injection analysis (FIA) systems, for the extraction of VOCs 

from either liquids or solids. One of the most interesting application is the direct coupling 

with analytical instruments such as GC [162, 227, 228], MS [229, 230] or capillary 

electrophoresis (CE) [231]. Interestingly enough, when a PV system is connected to a 

GC or GC/MS a static or dynamic headspace (purge and trap) sampling happens, with 

the advantage of very short analysis and easy automation [232]. Several methods have 

been described for the determination of volatile analytes or their volatile reaction 

products in food, environmental or biological samples. The first application of a PV unit 

to a flow system had the purpose of continuously measure DC and ethanol formed during 

the production of beer [222]. A method for the determination of acetaldehyde produced 

during fermentations, was proposed by Papaefstathiou et al. [233]. Mataix and Luque de 

Castro proposed the use of analytical pervaporation for the on-line determination of total 

and free sulfur dioxide in wine [234]. For this, the sample was introduced into the donor 

chamber where HSO3
- was converted into volatile SO2, which diffused through a 

polytetrafluorethylene (PTFE) membrane and was collected in a solution of p-rosaniline 

and formaldehyde, in order to be spectrophotometrically measured at 578 nm. Making 

use of the air gap between the sample and the membrane, Garcia-Garrido et al. [235] 

and Papaefstathiou et al. [236] developed a PV approach for the determination of 

trimethylamine in fish samples and acetaldehyde in grated bread samples, respectively.
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3. Extraction techniques and chemical 

compounds studied in this work 

 

3.1. Extraction techniques 

3.1.1. Gas-diffusion microextraction 

GDME is a membrane extraction technique for volatile and semi-volatile compounds 

developed in 2010 by Pacheco et al. [43] and patented in 2011 [237]. As implied by the 

name, it combines GD with microextraction. As discussed before, GD is the name given 

to a system that relies on the separation of analytes from the sample solution through a 

gas-permeable membrane into a usually liquid acceptor solution. The mass transfer is 

therefore based on the diffusion of the analyte (vapour form) across the gas layer 

separating the two phases [238]. Microextraction, by definition, is an extraction technique 

mode where the volume of the extracting phase is very small when compared to the 

sample volume, and the extraction of analytes is not exhaustive [239]. The extraction 

device consists of a small perforated PTFE module containing two different pieces (body 

and cap), in the middle of which a membrane is inserted (Figure 3.1). 

 

 
Figure 3.1 - Schematic representation of the GDME device. 

  
 

 

Main body piece 

Membrane 

Screwing cap 
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An O-ring may be placed on top of the membrane in order to avoid any potential leak 

caused by an incorrect placement of the membrane. The device configuration and 

membrane type can be adjusted according with the desired selectivity, analyte or 

sample. In fact, one of the advantages of GDME when compared with other GD modules 

employed in flow systems, is the ability to easily exchange the membrane by unscrewing 

the cap of the device. 

A derivatization reaction is usually performed with GDME, improving the range of 

applicability of the technique [218]. The derivatization, as a chemical process, is mostly 

used to increase the recovery and selectivity of the methodology. It can be performed in 

the donor phase (increasing the analytes volatility) or in the acceptor phase (making 

analytes “visible” to the detection technique). The importance and utility of derivatization 

reactions in extraction processes is broadly accepted [44, 217, 240]. 

GDME has been used for the extraction of volatile compounds from several food 

products, mainly beverages like wine and beers, and for different analytes like aldehydes 

[216, 218], -diketones [43, 44, 219] or amines [220]. The standard experimental 

procedure consists of partially inserting the GDME module (with the respective 

membrane) in a thermostatic cell containing the sample, with or without agitation. Inside 

the module is placed a small volume of acceptor solution, typically lower than 1 mL, and 

the extraction starts. After a certain extraction period, the acceptor solution is collected 

and is ready for the instrumental analysis (Figure 3.2). 

 

 

Figure 3.2 – Schematic representation of the GDME extraction when the acceptor solution contains a 

derivatizing  reacting with the analyte , forming . 
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The presence of a derivatization reagent in the acceptor solution, that can be selected 

to best fit the analytes and the analytical technique employed, increases the selectivity 

of the GDME extraction. Moreover, its presence in the acceptor solution during the 

extraction, according with the Le Chatelier principle, decreases the amount of analyte in 

the acceptor solution (caused by the reaction with the derivatizing), which will increase 

the extraction efficiency. 

 

3.1.1.1. Fundamental theoretical concepts 

One of the core principles of the GDME extraction of volatile and semi-volatile 

compounds is the diffusional transport of gases through the pores of a membrane into 

an acceptor solution. This process can be described by Fick’s first law: 

𝐹 = −𝐷 (
d𝐶

d𝑥
) (Equation 3.1) 

where F is the flux of gas through the membrane, D is the diffusion coefficient, and dC/dx 

is the concentration gradient of the gas across the membrane. At steady state the flux is 

constant and assuming that D is constant, the previous equation can be integrated, as 

follows: 

𝐹 = 𝐷
𝐶0 − 𝐶1

𝑙
 (Equation 3.2) 

where C0 and C1 represent the concentration of gas on each end on the membrane, and 

l is the thickness of the membrane. At low pressures, Henry’s law can be used to express 

the concentration of the gas analyte inside the membrane: 

𝐹 = 𝐷𝐾𝐻

𝑝0 − 𝑝1

𝑙
 

(Equation 3.3) 

where, KH is the Henry’s solubility constant, and p0 and p1 correspond to the pressure of 

gas species on each end of the membrane. The selectivity of the process can be 

described as: 

∝𝐴/𝐵=
𝐷A𝐾𝐻

A

𝐷B𝐾𝐻
B
 (Equation 3.4) 
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where, A and B are the analytes. The selectivity of the extraction is influenced by the 

differences in both the diffusion coefficients and Henry’s constants of the two gases. 

Therefore, the diffusion of gaseous analytes across the membrane will increase with 

a higher concentration gradient between the donor and acceptor phase, and some 

specific analyte properties, like the diffusion coefficient or the Henry’s constant, may 

affect the efficiency and selectivity of the extraction process. 

The development of a theoretical model to describe the GDME extraction of volatile 

compounds, and the mass transfer mechanism, is highly complex due to the existence 

of several variables that can influence the mass transport of analytes from the sample to 

the acceptor solution. Moreover, the development of such model was beyond the scope 

of the present work. In literature, it is possible to find the description of such models for 

SPME [241-243] and for HF-LPME [244]. 

In these approaches, as well as in the GDME, for extractions in the headspace mode, 

there are three phases involved: the sample phase, its headspace, and the acceptor 

solution (or the SPME fiber). Two different interfaces are considered: the sample/gas 

interface and the gas/acceptor solution interface. The process of mass transfer at the 

gas/acceptor solution interface can be described by Fick’s first law of diffusion. The 

extraction process to the acceptor phase breaks the original equilibrium of the analyte 

between the sample and the headspace, resulting in a reduction of the analyte 

concentration in the headspace, which triggers the evaporation of the analyte from the 

sample to the headspace. Therefore, it is considered that the driving force of net analyte 

evaporation from the sample is its headspace concentration deviation from the 

equilibrium. In the theoretical model some assumptions should be considered: 

 

 when a steady-state extraction is attained, the mass flow rate at the 

sample/gas interface is considered equal to the mass flow rate at the 

gas/acceptor phase; 

 there is no concentration gradient in the interior of the membrane, as diffusion 

of a material in the gas phase is much faster than in a liquid phase; 

 it is assumed that the analyte has a linear gradient of concentration in the 

acceptor phase. 
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Under these conditions, the extraction process can be described as: 

𝑛 =  [1 − exp (−2𝐴𝑚2

𝑘𝐾1𝐾2𝑉f + 𝑘𝐾1𝑉g + 𝑘𝑉s

2𝑚2𝐾2𝑉f𝑉s + 𝑘𝐾1𝑉f𝑉g + 𝑘𝑉f𝑉s
𝑡)] ×

𝐾1𝐾2𝑉f𝑉s

𝐾1𝐾2𝑉f + 𝐾1𝑉g + 𝑉s
𝐶0 

(Equation 3.5) 

where, n is the amount of analyte extracted; A is the surface area; m2 is the mass 

transfer coefficient of the analyte in the acceptor solution; k is the evaporation rate 

constant; K1 is the equilibrium partition constant of the analyte between the sample and 

its headspace; K2 is the equilibrium partition constant of the analyte between the 

headspace and the acceptor phase; Vf, Vg and Vs are the volumes of the acceptor 

solution, the headspace and the sample, respectively; t is the time; and Co is the initial 

concentration of the analyte in the sample. Considering that the time t goes to infinity, 

the previous equation can be written as: 

𝑛0 =
𝐾1𝐾2𝑉f𝑉s

𝐾1𝐾2𝑉f + 𝐾1𝑉g + 𝑉s
𝐶0 

(Equation 3.6) 

From the previous equation, it is possible to conclude that there is a direct correlation 

between the amount of analyte extracted (n) and the initial concentration of the analyte 

in the sample (C0). Moreover, for constant extraction times (t) there is a linear 

proportional relationship between them. In fact, this relationship enables the application 

of these extraction techniques to methodologies where quantification of analytes is 

required.   

 

3.1.2. Salting-out assisted liquid-liquid extraction 

The traditional approach of LLE has been one of the most applied techniques for 

sample preparation in analytical chemistry. However, as previously discussed, it has 

some limitations, namely the difficulty of extracting polar compounds from aqueous 

samples. 

In 1914 Frankforter and Cohen [245] studied the equilibrium of a system composed 

of water, acetone and inorganic salts. After their findings, they proposed a theory 

commonly termed “salt-induced phase separation”. In this principle, considering two 

liquids which are miscible in all proportions, and which in the absence of a third 

substance do not form layers under any conditions, the addition of an inorganic salt 
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promotes phase separation and formation of a biphasic system. This “salting-out” effect, 

consists on the addition of electrolytes to an aqueous phase in order to increase the 

distribution ratio of a particular solute, or to reduce the miscibility of two liquids. Later on, 

the same principle was used by Matkovich and Christian [246] for the analyses of various 

environmental trace elements in water-acetone mixtures. 

The salting-out effect and the possibility to separate two miscible liquid phases were 

the ignition for the development of new extraction techniques based on this 

phenomenon. Although different names are attributed to this extraction technique, in the 

context of this text, the terminology “Salting-out Liquid-Liquid Extraction” (SALLE) will be 

used. Therefore, SALLE refers to a homogeneous extraction with water-miscible organic 

solvents, with phase separation induced by the salting-out effect (Figure 3.3). 

Compounds are extracted into the organic solvent, making SALLE directly compatible 

with some analytical systems, like RP-HPLC or GC. 

 

 

Figure 3.3 - Schematic representation of the SALLE procedure. 

 

After the initial works with water-acetone mixtures, other authors tried to expand this 

approach to other water miscible organic solvents, like acetonitrile or isopropyl alcohol 

[247]. Acetonitrile stands as one of the most promising extracting solvents, since it is 

miscible with water in all proportions, able to extract a vast number of compounds and it 

is compatible with RP-HPLC [248]. Besides selecting an appropriate extracting solvent, 

choosing the inorganic salt to be used for the salting-out process is also very important. 

The salt should have very high solubility in water and a limited solubility in the organic 

solvent, to maximize the interaction between the salt and the water molecules [249]. 
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SALLE has found many applications in the environmental field and in the bioanalysis 

of drugs and metabolites. In one of the first reports, by McDowall and co-workers [250], 

the SALLE approach with acetonitrile was used for the analysis of biological samples 

(human blood and plasma). Since then, and especially in the last decade, several works 

have followed, such as the use of SALLE for the determination of different analytes in 

human blood and plasma [251-253], foods [59, 254], urine [255, 256], water [257, 258], 

and others. Nowadays, SALLE is an established sample preparation technique in the 

bioanalytical field, mostly because it offers several advantages over conventional LLE, 

that includes the applicability to a broad range of analytes from low to high polarity, low 

time consumption, simplicity and use of conventional laboratory equipment. Moreover, it 

is easily compatible with LC or GC methods [248, 259]. 

 

3.2. Chemical compounds 

3.2.1. Biogenic amines 

BA are biologically active organic compounds found in fermented foods and 

beverages, such as cheese, wine, beer, fishery products and meat [260, 261]. They can 

be formed by decarboxylation of amino acids or by amination (or transamination) of 

aldehydes and ketones [26, 262]. Their occurrence in foods containing proteins and free 

amino acids is a typical indicator of food spoilage. The formation and accumulation of 

BA in foods, requires certain conditions, like the availability of free amino acids and 

microorganisms with amino acid decarboxylases. BA can be classified in three different 

groups according with their chemical structure (Figure 3.4): aliphatic (methylamine 

(MET), dimethylamine (DMA), ethylamine (ETA), putrescine (PUT), cadaverine (CAD), 

isopentylamine (ISO), spermidine (SPD), spermine); aromatic (tyramine, 

phenylethylamine (PHE)) and heterocyclic (histamine (HIS), tryptamine). 

BA can act as food quality markers associated with the degree of degradation and 

fermentation of foods [261]. They can positively or negatively affect human health, 

depending on the concentration level. In low concentrations they are easily tolerated by 

the human body and can actually help regulate physiological functions, such as being 

precursors for the synthesis of hormones, proteins and nucleic acids or important 

components for cell growth [26]; on the other hand, at high concentrations they can 

induce neurological disorders, headaches, hypo- or hypertension, nausea or cardiac 

palpitations [28]. 
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Figure 3.4 - Chemical structures of biogenic amines used throughout this work. 
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The development of analytical methods for the quantification of BA were focused on 

providing a response to the increasing demand of controls in clinical and food analysis 

with rapid and reliable methodologies. Overall, this is not an easy task, due to their low 

levels in complex matrices. There are some analytical methodologies available for the 

determination of BA, based on CE [31, 263], GC [264] and most commonly LC [261]. For 

LC analysis with spectrophotometric or fluorimetric detection a pre- or post-column 

derivatization should be employed because most of the BA lack a chromophore. The 

most common derivatizing reagents used, which target the amino groups, are o-

phthalaldehyde [265, 266], dansyl chloride (DNS-Cl) [267-269], phenyl isothiocyanate 

[220, 270], dabsyl chloride [271] and 4-chloro-3,5-dinitrobenzotrifluoride [272].  

In this work, DNS-Cl was used for the derivatization of BA under study. DNS-Cl is 

often used since it forms the most stable derivatives and because it can react with 

primary and secondary amines (Figure 3.5).  

 

 

Figure 3.5 - Scheme that represents the chemical reaction between DNS-Cl and BA. 

 

Regardless of the derivatization reagent used, a sample clean-up and pre-

concentration procedure should be performed to improve the selectivity of the process. 

Classic LLE (before or after amines derivatization) [273] and SPE [151] have been used 

for the isolation of BA (or their derivatization products) before the LC analysis. To 

overcome the traditional problems of LLE and SPE, other techniques such as SPME 

[274] or DLLME [275], have been used. 
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3.2.2. -dicarbonyl compounds 

The -dicarbonyl compounds are a relevant class of compounds found in several 

food matrices, such as wine, beer, cheese, butter, bread, yoghurt, coffee or popcorns. 

They can have a sensorial impact and can act as quality markers of products that 

undergo fermentation. Their formation occurs through enzymatic and chemical 

processes involved in food degradation, as in Maillard reactions. The main dicarbonyl 

compounds found in foods are glyoxal, methylglyoxal, DC and pentane-2,3-dione (PN) 

[276-278] (Figure 3.6). DC is the most important of those compounds in food technology, 

because it has a characteristic butter like aroma that can affect the organoleptic quality 

of products. Moreover, it is also relevant due to health related concerns, since continuous 

DC exposure has been linked with pulmonary and Alzheimer’s diseases or cancer        

[33, 34]. 

 

Figure 3.6 - Chemical structures of the most common -dicarbonyl compounds found in foods. 

 

In wines, the presence of -dicarbonyl compounds is usually associated with the 

malolactic fermentation, and to a lesser degree, with the alcoholic fermentation. Several 

species of lactic acid bacteria are able to conduct this process, but for the most part, 

Oenococcus oeni (formerly Leuconostoc oenos) is responsible for malolactic 

fermentation and Saccharomyces cerevisiae is responsible for the alcoholic fermentation 

[279]. These -dicarbonyl compounds have the ability to combine with sulphur dioxide, 

which exists in high amounts in wine [44]. 

The determination of -dicarbonyl compounds in beverages can be performed using 

different analytical techniques, such as electrochemistry, colorimetry or chromatographic 

analysis, either by LC or GC [25, 44, 278-280]. Chromatographic methods are usually 

employed, since they are more selective and allow a reliable quantitative determination. 

Regardless of the analytical technique, an extraction of the analytes from the matrix is 

advised, due to their low concentration and complexity of the matrix. For this purpose, 

SPE, LLE and SPME are commonly used. 
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For LC it is possible to directly analyse samples without an extraction step, by 

employing a derivatization reaction. Different compounds are available for the 

derivatization of -dicarbonyls. 2,4-dinitrophenylhydrazine (DNPH) is such an example, 

as it has been a common reagent used for the UV spectrophotometric determination of 

-dicarbonyls. However, since it can also react with aldehydes and ketones, it has the 

tendency to produce misleading results. A more useful approach is the derivatization 

with o-phenylenediamine (OPDA) (Figure 3.7). This reaction is based on the classical 

Hinsberg reaction, where the two OPDA’s amino groups react with the two carbonyl 

groups, forming a second ring and the corresponding quinoxaline derivatives. An 

appropriate derivatization of -dicarbonyls together with an extraction procedure, 

prevents the unwanted effects of matrix components in the chromatographic system, 

besides improving the selectivity and sensitivity of the methodology. 

 

 

Figure 3.7 – Scheme that represents the derivatization reaction of -dicarbonyls with OPDA, forming 
quinoxalines. 

 

3.2.3. Aldehydes 

Aldehydes are naturally present in foods and beverages, such as fruits, vegetables, 

cheese, meat or wine, and may actively change the aromatic profile of these products, 

being responsible for characteristic aromas (e.g. nuts, rotten apples, grass or spicy) [24]. 

Their concentration may increase under high temperatures as a result of the degradation 

of sugars, fats or proteins naturally found in foods [281]. Furfural and 5-

hydroxymethylfurfural presence in daily foods has been reported and used as an 

indicator of temperature spoilage and inadequate storage conditions. Their presence 

signals that Maillard reactions and sugar degradation may have taken place in stored 

products, which may induce changes on the flavour and properties of foods [282].  An 

increasing awareness of possible health related problems associated with the cooking 

process, like frying, have been reported [283-285]. Formaldehyde and acetaldehyde, as 
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an example, are classified as carcinogenic and probably carcinogenic, respectively, by 

the International Agency for Research on Cancer (IARC) [286]. 

Besides the concerns of toxicity and possible carcinogenic effects of low molecular 

weight aldehydes, these compounds have received a considerable level of attention as 

pollutants in the indoor and outdoor environment. As a source of free radicals, aldehydes 

are important to the tropospheric chemistry, playing an important role in ozone formation 

and urban smog [287]. The main emitting sources of aldehydes to the atmosphere 

include the incomplete burning of organic compounds, industrial processes, natural 

vegetation and photochemical reactions with hydrocarbons. Burning of wood is another 

source of aldehyde’s release to the atmosphere [288]. 

Aldehydes determination in food and beverages, as well as in environmental 

samples, is often performed by GC or LC coupled with MS detection. A derivatization 

reaction can be employed, with hydrazines being the most popular derivatizing agents 

for carbonyl compounds. In particular, the reaction of DNPH in acidic medium to form 

the corresponding hydrazones has been the method of choice [289]. This approach 

works for GC and LC, with the LC approach with UV detection at 360 nm being the most 

used one (Figure 3.8). 

 

 

Figure 3.8 – Scheme that represents the derivatization reaction between DNPH and aldehydes to form the 
corresponding hydrazone. 

 

The continuous efforts for miniaturization and sustainable sample preparation 

approaches is also reflected in aldehydes determination. The extraction of aldehydes 

from samples is usually performed by SPME [24, 290] or some LPME approach, as the 

one developed by Sáenz and co-workers [291]. Although an extraction step is not 

mandatory for liquid samples and LC analysis, since derivatization can be directly 

performed in the sample, performing the extraction reduces the complexity of the matrix 

and avoids a possible deterioration of chromatographic systems. 
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3.2.4. Sulphites 

Sulphur dioxide (SO2) and its source compounds, such as sulphite salts, are widely 

used in foods and beverages as a preservative agent (E220-228) against undesirable 

microbial growth and oxidative processes, consequently improving the quality and final 

appearance of products. The presence of sulphites in unusual concentrations in products 

may cause asthmatic and allergic reactions, gastrointestinal disorders and food 

intolerance symptoms [292]. Due to its hazardous potential, regulatory food agencies 

recommend the use of warning labels on products containing more than 10 mg L-1 of 

SO2. In Europe, the maximum content of total SO2 permitted is 160 mg L-1 for red and 

210 mg L-1 for white and rosé wines. 

Sulphur dioxide, in wines, can adopt three different forms depending on the samples 

pH, as HSO3
-, SO3

2- or SO2 (Figure 3.9). At a typical wine pH (between 3 and 4) sulphites 

are mainly present in the hydrogen sulphite form (HSO3
-) while the remaining exists as 

SO2. Hydrogen sulphite has the ability to reversibly bind to several compounds of the 

wine matrix, like acetaldehyde, pyruvic acid, anthocyanins or phenolic compounds [293]. 

Thus, it is possible to distinguish between free and bound sulphites. Most of the added 

sulphites are on its bound form. The ability of sulphites to form adducts with matrix 

components of wine is very important, since it can help reduce the olfactory perception 

(by forming non-volatile adducts) of wine compounds, like acetaldehyde [294]. 

 

 

Figure 3.9 - Representation of the dependence of the different sulphites forms with pH. Adapted from [295]. 
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It is important to develop reliable quantification methodologies for sulphites as their 

presence in beverages highly contribute to the daily ingestion of such compounds. In the 

literature, it is possible to find many alternative methods proposed for the determination 

of free and total sulphites in products. One of the reference methods is based on the 

classical Monier-Williams procedure [296] which involves a sample distillation under an 

inert atmosphere (by continuous passing a stream of nitrogen through the solution) 

followed by the conversion of sulphur dioxide to sulphuric acid, in a hydrogen peroxide 

solution, which is afterwards titrated with sodium hydroxide. Despite its low cost, the long 

time required to perform this method makes it unsuitable for routine analysis. 

Electrochemical techniques are a valuable alternative for routine analysis of sulphites, 

based on its electrochemical oxidation [206, 292]. To overcome some of the problems 

caused by the oxidation, at the same potential, of sample components other than 

sulphites, a sample preparation approach is normally employed [206, 292, 297]. 
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4. Free sulphite determination in wine using 

screen-printed carbon electrodes 

 

4.1. Introduction 

Sulphites are commonly used in the wine industry, being added at different stages 

during the winemaking process. Besides their importance as an antioxidant, sulphur 

dioxide has the ability to bind with carbonyl compounds, like acetaldehyde, producing an 

odourless compound and avoiding the unwanted effects of this off-flavour. However, its 

use is limited by some health drawbacks, which obliges beverages producers in the EU 

to include the warning “contains sulphites” whenever a concentration of 10 mg L-1 is 

exceeded (EU regulation 1169/2011). 

Electroanalytical methodologies have been for long an alternative for anyone who 

wishes to analyse sulphites; however, they are prone to suffer from matrix interferences 

which may hinder the quality of the analysis. Therefore, a sample preparation procedure 

in order to obtain a clean extract may prove to be extremely useful. Herein, the proof of 

concept of a combination between GDME and an electrochemical determination 

performed with screen-printed carbon electrodes (SPCEs) by square-wave voltammetry 

(SWV) is presented. SPCEs have several advantages over traditional electrodes, such 

as low manufacturing cost, portability, low reagent and sample consumption, quick 

response and low power consumption. Moreover, they are suitable for in situ analysis. 

Another advantage is the low manufacturing cost and overall cost of the electrode, 

making them easily disposable. 

The sulphite content of five different wines was determined using the developed 

method and the obtained results were compared with the ones obtained through a 

standard methodology commonly used by the food industry. 
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4.2. Materials and methods 

4.2.1. Reagents and samples 

All reagents were of analytical grade and were used without further purification. All 

aqueous solutions were prepared using ultrapure water with resistivity not less than 18.2 

MΩ cm at 298 K from a Direct-Q® 3UV water purification system. Sodium sulphite (Merck) 

was used as a source of sulphites, hydrochloric acid (HCl) solutions were prepared from 

the concentrated acid (Panreac), acetate buffer (pH 4.8, 10 mmol L-1) was prepared by 

mixing equimolar solutions of sodium acetate (Sigma-Aldrich) and acetic acid (Prolabo). 

Regarding the Ripper method: sulphuric acid solution (25%, v/v) was prepared from the 

concentrated acid (Sigma-Aldrich), Na2EDTA, starch solution, potassium iodate and 

potassium iodide were acquired from Merck. 

Wine samples were acquired in a local supermarket. The alcohol by volume (ABV) 

and pH values for each of the analysed samples are shown in Table 4.1. 

 

Table 4.1 - Sample designation, ABV and pH of the analysed wine samples. 

Sample ABV (%, v/v) pH 

White wine 1 10.5 3.5 

White wine 2 12.0 3.4 

White wine 3 11.0 3.4 

White wine 4 11.5 3.4 

Rosé wine 12.0 3.5 

 

4.2.2. Screen-printed electrodes 

Screen-printed electrodes (SPEs) are devices that are produced by printing inks on 

various types of plastic or ceramic substrates. In the last years, SPEs established 

themselves as one the most appropriate electrochemical sensors for in situ analysis, 

because of their low cost, small size, low power requirement and high sensitivity. One of 

the main advantages of SPEs is their size, which reduces the sample volume required 

to a few microliters. In addition, SPEs avoid some of the shared difficulties of classical 

solid electrodes, such as memory effects and different cleaning processes, as they can 

be affordably discarded [298]. 
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The composition of the various inks used for printing on the plastic or ceramic 

substrates determines the selectivity and sensitivity of each analysis. SPEs consist of a 

three electrode system (working, counter and reference electrodes), printed using silver, 

carbon, gold or platinum inks. Silver ink is printed as conductive track, whereas the 

working electrodes are mostly printed using carbon or gold ink. Besides this core group 

of inks, different modifications to the printing inks or to the electrode surface can be done; 

this frequently involves the addition of different substances such as metals, enzymes, 

polymers or complexing agents or even the use of different nanoparticles and carbon 

nanotubes [299]. 

In this work, the SPEs were acquired from DropSens (ref. DRP-110) and consisted 

of a three electrode system, where both the working electrode (4 mm diameter) and the 

counter electrode were made of carbon, and the reference electrode was made of silver; 

all three electrodes were printed on a 3.3 × 1.0 × 0.05 cm ceramic substrate (Figure 4.1). 

 

 

Figure 4.1 - Schematic representation of a traditional screen-printed electrode, containing a working, 
reference and counter electrode. 

 

4.2.3. Electrochemical measurements 

All voltammetric measurements were performed using a μAutolab II system operated 

by the GPES v 4.9 software. Measurements were performed at room temperature 

without any bubbling with nitrogen (ordinarily used to remove interfering oxygen). Since 

a “clean” extract was obtained and experiments were carried out without significant 

chemical species being adsorbed onto the electrode surface, the same SPCE could be 
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used for more than one measurement with a simple cleaning step with water and acetate 

buffer. 

 

4.2.4. Extraction procedure 

The traditional GDME extractor design was modified, 

making it simpler to be replicated by other research 

groups. A simple adaptation to a commercial laboratory 

flask was performed. The flask material guaranteed 

stability under various temperatures and the flask lid 

perfectly sealed the headspace (Figure 4.2). The 

hydrophobic membrane used was a Mitex PTFE 

(Millipore) with a porosity of 5.0 μm. 

The extraction system is depicted in Figure 4.3. The 

extraction procedure, unless stated otherwise, was the 

following: (a) 10 mL of the sample were transferred to 

the thermostated sampling chamber; (b) 3 mL of                 

1 mol L-1 HCl were added to the sample immediately before the extraction; (c) the flask 

was heated for 10 min at 30 ºC, which corresponds to the extraction period; (d) the 

acceptor solution consisted of 1.0 mL of acetate buffer, pH 4.8; (e) 1 mL of 1 mol L-1 HCl 

was added to the collected extract prior to the electrochemical analysis (after the acid 

addition, pH is changed to a value below 1.0). 

 

 

Figure 4.3 - The general schematics of the gas-diffusion microextraction (on the left) and a detail of the 
chemical reactions involved in the extraction process (on the right). 

 

Figure 4.2 - GDME extractor 
device adapted to a commercial 
laboratory flask. 
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4.2.5. Simplified Ripper methodology 

The simplified Ripper methodology, commonly used in quality control laboratories, 

consists in an iodimetric titration of sulphur dioxide using triiodide. The following 

procedure was used: in an Erlenmeyer flask were placed 25.00 mL of sample, 2.50 mL 

of starch indicator, 5.0 mL of H2SO4 (25%, v/v) and solid Na2EDTA (half of a micro 

spoon). The titrant solution consisted of a potassium iodate solution (5.70x10-4 mol L-1) 

made react with excess of potassium iodide to form the triiodide. This solution is 

prepared just before being used. The titration was performed until the characteristic 

blueish colour of the starch-iodine complex persisted. Three replicates were performed 

for each sample.  

 

4.3. Results and discussion 

4.3.1. Sulphite extraction by GDME 

The direct electrochemical analysis of sulphites in wine is very challenging, mostly 

due to matrix effects. Herein, a novel sample preparation approach is proposed. The use 

of GDME not only enhances sensitivity and selectivity, but it is also advantageous in 

terms of practicality. As explained in chapter 4.2.4, the sample was acidified prior to the 

extraction, changing the pH to a value lower than 1.0, in order to transform all hydrogen 

sulphite to sulphite. Then, gaseous sulphur dioxide fills the headspace due to the gas-

liquid equilibrium. A small quantity of this sulphur dioxide will diffuse through the 

hydrophobic membrane and is entrapped in the acceptor solution by a pH change that 

transforms sulphur dioxide back into hydrogen sulphite. 

Sulphite reduction has been studied using various electrode materials, like mercury 

[300] or copper [295]. The pH plays a major role, since the nature of the species changes, 

i.e., relative concentrations of sulphur dioxide (SO2), hydrogen sulphite (HSO3
–) and 

sulphite (SO3
2-) in solution are highly dependent on the pH (pKa1 (Equation 4.1) and pKa2 

(Equation 4.2), at 298 K, accepted to be 1.9 and 7.2, respectively [295]). 
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SO2(aq) + H2O (l) ⇆ HSO3
− (aq) + H+ (aq) (Equation 4.1) 

HSO3
− (aq) ⇆ SO3

2− (aq) + H+(aq) (Equation 4.2) 

Therefore, under highly acidic conditions (pH < 2), the dominant species is sulphur 

dioxide which, according to the literature, undergoes a two-electron, two-proton 

reduction forming sulphoxylic acid (Equation 4.3) [295, 300]. 

SO2 + 2e− + 2H+ → H2SO2 (Equation 4.3) 

 

4.3.2. Optimization of extraction parameters 

Sulphites standard solutions tend to be very unstable, as they are very susceptible 

to oxidation. Therefore, the stability of a sulphite standard solution (80 mg L-1) within a 

defined time period (Figure 4.4A) was studied. As expected, a decrease in peak height 

throughout the duration of the test (measurements were performed in different time 

intervals for 120 min) was observed. 

In an extraction procedure performed with GDME, some parameters have a decisive 

influence over the quality of the obtained results, as they can directly affect the 

extractability of the analytes [43, 44]. The influence of the extraction temperature on the 

voltammetric sulphite peak height was evaluated from 25 °C to 65 °C (Figure 4.4B). For 

each temperature, an extraction (for 15 min and with an acceptor solution volume of           

0.5 mL) of a sulphite standard solution (55 mg L-1) was performed in triplicate, and the 

resulting extract was immediately analysed. Considering the results that were obtained, 

it was decided to use 30 °C in the following experiments, as it was suitable for the working 

analyte concentration range under study. The final conditions chosen for the extraction 

procedure were: 10 min at 30 °C, with 1.0 mL of acceptor solution (consisting on 1.0 mL 

of acetate buffer, pH 4.8). After the extraction, 1.0 mL of 1 mol L-1 HCl was added to the 

collected extract prior to the electrochemical analysis in order to convert all sulphite 

species back to hydrogen sulphite. 
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Figure 4.4 – (A) Stability of a sulphite standard solution (80 mg L-1) over time and (B) influence of the 
extraction temperature (25, 35, 45, 55 and 65 °C) on the analyte’s peak height, performed over an extract 
of a sulphite standard solution (55 mg L-1). 

 

4.3.3. Optimization of voltammetric determination 

SWV is a well-known voltammetric technique, of large relevance in electroanalysis. 

The SWV parameters for sulphite analysis were swiftly optimized in terms of frequency, 

potential step and wave amplitude (Figure 4.5). The measurements were performed over 

a sulphite standard solution (30 mg L-1) prepared in HCl 0.1 mol L-1, which was submitted 

to the GDME extraction procedure (50 °C, 15 min, with 0.5 mL of acceptor solution and 

the addition of 0.2 mL of 1 mol L-1 HCl to the collected extract). Each measurement was 

performed in triplicate. For the SW frequency optimization, step potential and amplitude 

were kept at 5 mV and 25 mV, respectively; for the step potential measurements, 

frequency was set to 50 Hz and amplitude to 25 mV; for the amplitude optimization, 

frequency and step potential were set to 50 Hz and 5 mV, respectively.  

After an evaluation of the results, and in order to produce the best peak definition for 

the measurements, the chosen conditions were: SW frequency of 50 Hz, potential step 

of 5 mV and wave amplitude of 25 mV (resulting in scan rate of 250 mV s-1). 
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Figure 4.5 - Frequency (A), potential step (B) and wave amplitude (C) optimization. Voltammograms were 
obtained on the extraction of a standard sulphite solution (30 mg L-1) for 15 min at 50 °C. 

 

 

4.3.4. Analytical parameters 

The method performance parameters were obtained from a calibration curve, which 

was constructed on the basis of the determination of sulphites after the extraction of six 

different sulphite standards (n = 6), and are the following: r2 of 0.9996, LOD of                    

0.4 mg L-1 and LOQ of 1.3 mg L-1. LOD and LOQ (calculated as three and ten times the 

standard deviation of the intercept divided by the slope, respectively) are fully adequate 

for wine analysis, nevertheless, both can be decreased by increasing the extraction time. 
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The intraday precision, evaluated by analysing five replicates of a sample on the same 

day, was 5.2%. 

Wine samples spiked with standard additions were analysed and, by application of 

the Student’s t-test (at a significance level of 0.01), statistically significant differences 

between the slope of the standard addition curve and the slope of the calibration curve 

were found. Therefore, the standard addition method was used for the quantification of 

sulphites. 

 

4.3.5. Method comparison with the simplified Ripper methodology 

The free sulphite content was comparatively determined in four different wine 

samples by the proposed methodology and by the simplified Ripper methodology. 

Quantification by GDME-SPCE was performed by standard additions on the sample prior 

to extraction (Figure 4.6). 

 

Figure 4.6 - Voltammograms obtained in the analysis of a wine sample with several standard additions. 
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The Ripper methodology is a simplification of the OIV (Organisation Internationale de 

la Vigne et du Vin - International Organisation of Vine and Wine) procedure commonly 

used by the food industry. It consists in an iodimetric titration of an acidified sample 

(Equation 4.4), where the titrating triiodide is formed from potassium iodate with an 

excess of potassium iodide (Equation 4.5) [301, 302]. 

 

2 H2O (l) + SO2 (aq) +  I3
− (aq) → SO4

2− (aq) +  3 I− (aq) + 4 H+ (aq) (Equation 4.4) 

 

IO3
− (aq) +  8 I− (aq) +  6 H+ (aq) → 3 I3

− (aq) +  3 H2O (l)  (Equation 4.5) 

 

As shown in Table 4.2, the results are comparable within error margins; average 

coefficient of variation for the GMDE-SPCE was ca. 6%, and for the simplified Ripper 

method was 3%. No red wines were analysed because there is a large operator error in 

the Ripper method, since in dark red wines the titration endpoint using starch is difficult 

to notice. The analyst might use some practical procedures to circumvent this problem, 

like diluting the sample or place a white light under the Erlenmeyer. However, the 

uncertainty of the Ripper method application to red wines is well known. This is one of 

the main points of criticism of the method, together with low selectivity, which urges the 

development of new and improved methods for the determination of sulphur dioxide in 

wines. Therefore, the developed GDME-SPCE methodology can be a valuable 

alternative to the Ripper method, judging by the results presented in Table 4.2, the 

overall simplicity of the method, and the fact that it can be effortlessly used with white, 

red or rosé wines. 

 

Table 4.2 - Method comparison between the proposed methodology (GDME-SPCE) and the simplified Ripper method. 

Sample 
Free sulphites / mg L-1 a 

GDME-SPCE Simplified Ripper method 

White wine 1 25.1 ± 1.5 23.0 ± 0.7 

White wine 2 54.3 ± 3.1 51.1 ± 0.8 

White wine 3 36.2 ± 1.1 34.3 ± 0.8 

Rosé wine 40.8 ± 5.4 39.2 ± 0.8 

a Three replicates where performed for each method. 
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4.4. Conclusions 

A recently developed microextraction technique, adapted to be portable, was 

successfully used to extract sulphites in wine samples aiming its electrochemical 

analysis by square-wave voltammetry. Sulphite determination was performed without 

any mediator, enzymatic or of any other type. Since analysis was performed by non-

modified SPCEs, this analytical methodology is not only competitive in terms of cost and 

time, but also particularly useful in terms of portability, allowing in situ measurements 

close to the production site. Furthermore, it was shown the potential of the developed 

methodology to circumvent one of the main disadvantages of the Ripper methodology, 

which is the largest operator error in red wine analysis, as a result of the titration’s end 

point uncertainty. Since the experimental conditions can be modified to produce lower 

LODs and LOQs, this methodology can be applied to other foods and beverages with 

lower sulphite contents. Therefore, it may be of great interest for any food industry that 

uses sulphites. 
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5. Electrochemical sensing of total sulphites 

in beer using non-modified SPCEs 

 

5.1. Introduction 

Sulphites, in beer, can be present not only due to the brewer’s addition, but also due 

to the natural production by the yeast as an intermediate in the amino acid synthesis or 

during fermentation. Besides their antioxidant properties, the importance of sulphites in 

beer revolves with their ability to act as camouflaging agents for off-flavor compounds, 

like (E)-2-nonenal. 

One of the problems of the total sulphite content measurement in beers is related to 

the low amounts usually found, which require very sensitive techniques. Some of the 

methodologies most frequently used to quantify sulphites in beer are the ones 

recommended by the European Brewery Convention (EBC), namely the                    

method 9.25.1 – “Total sulphur dioxide in beer: distillation method” and the                

method 9.25.3 – “Total sulphur dioxide in beer: p-rosaniline”.  

In this work, the total sulphite content in beers was electrochemically determined by 

square-wave voltammetry with SPCEs after an extractive sample preparation step using 

GDME. An optimization of the experimental method conditions was performed for a 

proper adjustment to the analyte concentration in the sample. The results of the      

GDME-SPCE methodology were compared with the ones obtained with the p-rosaniline 

method. 

 

5.1.1. Total sulphites determination 

A fraction of the sulphites added to foods and beverages can bind reversibly or 

irreversibly to other molecules in the sample matrix, forming different forms of combined 

sulphites [303]. The fraction of sulphites not bound to other components of the matrix is 

defined as free sulphite and is constituted by SO2, HSO3
- and SO3

2-, in a dynamic 

chemical equilibrium. Combined sulphites are normally represented by the portion of the 

additive that is in the adduct form, due to the reaction between carbonyl groups and the 

bisulphite ion (Equation 5.1). The formation of this bond, which can be reversible, is 

influenced by certain pH and temperature conditions; sulphites bound to other molecules 



104 FCUP 

Determination of total sulphites in beer using SPCEs 

 
(adduct form) by means of a reversible bond, can dissociate into free sulphite when the 

pH of the sample is increased above 10, or when acidified solutions are boiled [206]. 

 

 

The sum of the fractions of combined sulphites and free sulphites corresponds to the 

total sulphites of the sample. The difference between the procedure for the determination 

of free and total sulphites relies on the alkaline pre-treatment required to cause the 

hydrolysis of the reversible bond of the combined forms of sulphur dioxide. 

 

5.1.2. Overview of the p-rosaniline method 

The p-rosaniline method is one of the 

most used procedures for the 

determination of sulphites in foods and 

beverages. Particularly for beers, it is the 

accepted method of choice by the EBC 

for the determination of total sulphur 

dioxide. It can be applied to both industrial 

and craft beers. The principle behind the 

p-rosaniline method consists in the 

alkalization and stabilization of beer by 

the addition of mercury(II) chloride, which 

will prevent the oxidation of sulphur 

dioxide by oxygen or its recombination with carbonyl groups; a subsequent acidification 

to release the sulphur dioxide into solution followed by a reaction with p-rosaniline in the 

presence of formaldehyde, which forms a colored product that can be measured 

spectrophotometrically at 550 nm. 

 

 

 

(Equation 5.1) 

Figure 5.1 - Representation of the chemical structure 
of p-rosaniline hydrochloride. 
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The determination of total sulphur dioxide in a beer sample is accomplished using 

the following formula: 

Sulphur dioxide (mg L-1) = A x F 

where, 

A = absorbance of sample/blank at 550 nm; 

F = factor to convert absorbance to mg L-1 obtained from a calibration curve (as 

performed according to the procedure that will be discussed in 5.2.4) 

 

Although being the accepted analytical method by most breweries worldwide to 

control the total sulphite content, it encompasses some disadvantages, such as the high 

toxicity of the reagents (mercury(II) chloride, formaldehyde and p-rosaniline), the 

required time for the colour development (about 30 min) and the overall complexity of 

the process. 

 

5.2. Materials and methods 

5.2.1. Reagents and samples 

All reagents used in this work were of analytical grade and were used without further 

purification. All aqueous solutions were prepared using ultrapure water from a Direct-Q 

3 UV water purification system (Millipore). Sodium sulphite (Merck) was used as a source 

of sulphites, hydrochloric acid (HCl) solutions were prepared from the concentrated acid 

(Panreac), acetate buffer (pH 4.8, 10 mmol L-1) was prepared by mixing equimolar 

solutions of sodium acetate (Sigma-Aldrich) and acetic acid (Prolabo). 

For the EBC method 9.25.3 (p-rosaniline): formaldehyde, mercury(II) chloride and 

hexan-1-ol were all purchased from Sigma-Aldrich, while sodium hydroxide and sodium 

chloride were acquired from Merck. 

Beer samples were kindly offered by Sovina (Os Três Cervejeiros, Lda, Porto, 

Portugal). 
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5.2.2. Electrochemical measurements 

All voltammetric measurements were performed using a μAutolab II system operated 

by the GPES v4.9 software. SPCEs were acquired from DropSens (ref. DRP-110); the 

working electrode had a carbon surface of 4 mm diameter, the counter electrode was 

also made of carbon and the reference electrode was made of silver; all three electrodes 

were printed on a 3.3 × 1.0 × 0.05 cm ceramic substrate. 

Measurements were performed at room temperature without any bubbling with 

nitrogen. Since a “clean” extract was obtained and experiments were carried out without 

significant chemical species being adsorbed onto the electrode surface, the same SPCE 

could be reused after a simple water cleaning step. Moreover, due to the small electrode 

sensing area, only a small volume of extract (approximately 75 L) was necessary for 

the electrochemical analysis. 

Voltammetric measurements (a previous optimization can be found in II.4.3.3) were 

performed using the SWV electrochemical mode, under the following electrochemical 

conditions: frequency of 50 Hz, potential step of 5 mV and wave amplitude of 25 mV 

(resulting in scan rate of 250 mV s-1), initial potential of 0 mV and final potential                     

of -900 mV. 

 

5.2.3. Extraction procedure 

Analytes were extracted from the sample by a GD process through a gas-permeable 

hydrophobic membrane with a porosity of 5.0 μm (Mitex PTFE, Millipore). Before 

extraction, 1.0 g of sodium hydroxide was added per 100 mL of sample, at room 

temperature. A pH shift to a very alkaline medium is a standard procedure to break the 

adducts formed by sulphites and, therefore, measure the total sulphite content. 

The extraction procedure (Figure 5.2), unless stated otherwise, was the following: (a) 

15 mL of the sample were placed inside the thermostated sampling chamber; (b) 1 mL 

of 5 mol L-1 HCl was added to the sample immediately before the extraction; (c) extraction 

occurred at 55 °C for 15 minutes; (d) the acceptor solution consisted of 350 µL of acetate 

buffer, pH 4.8; and (e) 175 µL of 1 mol L-1 HCl was added to the collected extract prior 

to the electrochemical analysis (after this acid addition, pH changed to a value below 

1.0). 
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Figure 5.2 – Schematic representation of the extraction procedure 

 

5.2.4. Procedure for the p-rosaniline method 

The procedure for the p-rosaniline method execution is presented. It involves the 

production of a calibration curve of standard sulphur dioxide solutions, the analysis of a 

beer sample and a blank test. 

 

5.2.4.1. Calibration curve 

A potassium disulphite solution (1.0 g L-1), previously standardized through an 

iodometric titration, was used for the preparation of a sulphur dioxide solution                   

(0.1 mg L-1) (Solution A). 10 mL of mercury stabilizing solution (prepared by dissolving 

5.44 g of mercury(II) chloride and 2.34 g of sodium chloride in water and diluted to          

200 mL) plus 10 mL of Solution A were added into a 50 mL volumetric flask, and the 

remaining volume was completed with water (Solution B) 

10 mL portions of cold undegassed beer (ideally with low amounts of sulphur dioxide) 

using a 10 mL measuring cylinder containing one drop of 1-hexanol, to control foam, 

were transferred to eight 100 mL volumetric flasks. To them, volumes of 0, 1, 2, 3, 4, 5, 

6 and 8 mL of Solution B were added and the remaining volume was completed with 

water. 25 mL aliquots of each of these beer samples were transferred into separated     

50 mL volumetric flasks; 5 mL of p-rosaniline (100 mg of p-rosaniline hydrochloride and 

40 mL of hydrochloric acid were mixed and diluted to 250 mL with water) and 5 mL of 
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formaldehyde solution were added, carefully mixed, and make to the volume with water. 

Each volumetric flask was kept for 30 min in a water bath at 25 ºC and the absorbance 

was measured at 550 nm in 10 mm spectrophotometric cells against the sample with no 

addition of Solution B. 

 

5.2.4.2. Analysis of beer samples 

2 mL of mercury stabilizing solution and 5 mL of sulphuric acid (0.05 mol L-1) were 

pipetted into a 100 mL volumetric flask. 10 mL of cold, undegassed beer was transferred 

to the mentioned volumetric flask. After gently mixing the solution, 15 mL of sodium 

hydroxide (0.1 mol L-1) was added, mixed again and after holding for 15 s, 10 mL of 

sulphuric acid was added. The volume was make up to the mark with water. 

25 mL of the above solution were pipetted into a 50 mL volumetric flask with 5 mL of 

p-rosaniline colour reagent and 5 mL of formaldehyde solution. After making to volume 

with water and mixing, this solution was placed in a water bath at 25 ºC for 30 min. Then, 

the absorbance was measured at 550 nm against a blank. 

 

5.2.4.3. Blank solution 

10 mL of a cold degassed beer was transferred to a 100 mL volumetric flask with 0.5 

mL of starch indicator. This solution was titrated with an iodine solution until the blueish 

colour persisted. One drop was added in excess and the volume was make up to the 

mark with water (and mix thoroughly). After the blue colour had faded, 25 mL were 

pipetted and the procedure 5.2.4.2 was followed. 

 

5.3. Results and discussion 

5.3.1. Analytical parameters 

The method performance parameters were obtained from a calibration curve (Figure 

5.3), which was constructed on the basis of the determination of sulphites after the 

extraction of six different sulphite standards (n = 6, from 0.1 to 1.1 mg L-1), and are the 

following: r2 of 0.9986, LOD of 0.050 mg L-1 and LOQ of 0.17 mg L-1. LOD and LOQ were 

calculated as three and ten times the standard deviation of the intercept divided by the 

slope, respectively. The linear dynamic range was from 0.17 up to 20.0 mg L-1. Intraday 
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precision was 4.8% (expressed as relative standard deviation, RSD) and was evaluated 

by analysing five replicates of the same sample. To evaluate the influence of the sample 

matrix on the extraction process, the extracts of spiked samples at different concentration 

levels (chosen to produce a signal increase between 50% and 200% of the signal of the 

non-spiked sample) were analysed. The slope of the standard addition curve was 

statistically different (Student's t-test, at the significance level of 0.01) from the slope of 

the calibration curve, therefore, the standard addition method was used for the 

quantification of total sulphites. 

As it can be seen in the voltammograms, besides the peak related to the sulphite 

reduction at potential -0.6 V (peak α in Figure 5.3) there is also a constant peak at 

potential -0.2 V (peak β in Figure 5.3), which is related to the reduction of oxygen. 

 

 

Figure 5.3 - Square-wave voltammograms obtained in the analysis of several standard solutions of sulphur 
dioxide. Inlay: calibration curve plotted with the voltammetric peak height vs. the sulphur dioxide 
concentration; three replicates were performed for each concentration. Voltammetric measurements were 
performed with a square-wave frequency of 50 Hz, potential step of 5 mV and wave amplitude of 25 mV, 
initial potential of 0 mV and final potential of -900 mV. 
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5.3.2. Comparison of GDME-SPCE with the p-rosaniline method 

 The total sulphite content was quantified in several different beers using the 

developed methodology and the reference p-rosaniline method (Table 5.1). 

Quantification by GDME-SPCE was performed by standard additions on the sample prior 

to extraction (Figure 5.4).  

 

Table 5.1 - Methods comparison between the proposed methodology (GDME-SPCE) and the EBC method (p-rosaniline). 

Sample ABVa (%, v/v) 
Total sulphites / mg L-1 b 

GDME-SPCE p-rosaniline method 

Lager 1 5.0 0.5 ± 0.1 0.32 ± 0.03 

Lager 2 5.0 0.8 ± 0.4 0.53 ± 0.05 

Lager 3 5.1 1.0 ± 0.2 1.1 ± 0.1 

Lager 4 5.0 0.9 ± 0.2 1.0 ± 0.1 

Wheat 5.8 0.4 ± 0.2 0.50 ± 0.04 

IPAc 6.4 0.4 ± 0.1 0.27 ± 0.03 

Stout 6.0 0.5 ± 0.1 0.39 ± 0.04 

a alcohol by volume  

b three replicates were performed for each method 
c india pale ale 
 

As shown in Table 5.1, the results are comparable within error margins. An F-test, 

with an α-value of 5%, showed that the variances were unequal; an experimental F-value 

of 0.576 was greater than the critical F-value of 0.233. Thus, a bilateral Student’s t-test 

for unequal variances (α-value of 2.5%), was performed showing no significant difference 

between the two methodologies; the experimental t-value of 0.355 was smaller than the 

critical t-value of 2.259 [304]. This is especially significant if one takes into consideration 

that the reference methodology requires higher levels of work and time. However, it is 

worth noticing that the precision of both methods is different. While a lower precision was 

obtained for the GDME-SPCE method, that is a compromise that the analyst should 

consider in exchange for the referred advantages of the methodology, in terms of safety 

and overall simplicity of the method. 
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Figure 5.4 - Square-wave voltammograms obtained in the analysis of a beer sample and  several standard 
additions. Voltammetric measurements were performed with a square-wave frequency of 50 Hz, potential 
step of 5 mV and wave amplitude of 25 mV, initial potential of 0 mV and final potential of -900 mV. 

 

The present method has a competitive LOD of 0.17 mg L-1, corresponding to               

2.7 μmol L-1, with its main advantage being its simplicity, low-cost and use of non-toxic 

reagents. Other recent electroanalytical LODs present in literature include: 1.0 mg L-1 

with a carbon paste electrode [305], 0.08 mg L-1 with a nanostructured copper-salen film 

modified electrode [306], 0.02 mg L-1 with a pencil graphite electrode modified with 

quercetin [307], 16 mg L-1 with a ruthenium-oxide hexacyanoferrate modified electrode 

[308], and 4.6 mg L-1 with a glassy carbon electrode [309]. 

 

5.4. Conclusions 

An electroanalytical method for the quantification of total sulphites in beer was herein 

presented. Instrumental analysis was performed by square-wave voltammetry using a 

non-modified SPCE. Method comparison was performed with an EBC reference 

methodology (p-rosaniline method). Besides the lengthily procedure it involves, the          

p-rosaniline method uses high amounts of hazardous chemical compounds, that can be 

simultaneously harmful to the user and the environment. Therefore, with the number of 
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small breweries increasing worldwide, the development of more sustainable and simple 

methodologies is essential, for both the quality control of the product and for safety 

reasons. 

The proposed methodology is very advantageous due to its low cost, low time 

consumption and non-handling of potentially harmful compounds. The SPCEs used in 

this work, combine their low cost with the possibility to be easily discarded. On the other 

hand, in this work, it was possible to use the same SPCE for multiple measurements 

without significant loss of sensitivity (in general, one SPCE was used per sample). This 

was a direct consequence of the extraction procedure with GDME, since a clean extract 

without many species that adsorb to the surface of the electrode was obtained. This 

methodology could be further applied and adapted to other samples (like solid samples) 

for the determination of sulphites. Moreover, the incorporation of the SPCE directly in 

the GDME extractor device, which would require a different configuration of the SPCE, 

could be studied, which would allow a continuous measurement of the analyte 

throughout the extraction.  

Overall, this methodology may be particularly useful for smaller breweries without 

large laboratory facilities that wish to access the level of sulphites of their products swiftly 

and in situ. 
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6. Voltammetric determination of trace 

amounts of diacetyl at a mercury meniscus 

modified silver solid amalgam electrode 

 

6.1. Introduction 

DC is a compound responsible for the buttery aroma in many fermented foods and 

beverages. Its determination is important to monitor the fermentation process and for 

evaluation of the final product quality, as health related concerns were associated with 

continuous diacetyl exposure. In recent studies, researchers have concluded that DC 

has the ability to reduce satiety signals, which may contribute to the overconsumption of 

some foods [310]. 

Mercury electrodes have for long been used in electrochemistry for the 

electroreduction and electrooxidation of organic and inorganic species, mostly due to 

their high sensitivity and reproducibility. Nevertheless, the potential risks of poisoning, 

contamination and disposal connected with the use of mercury, together with the toxicity 

of its inorganic salts and organic compounds, have led some countries to ban its use or 

to strictly regulate it. That led to the development of solid electrodes (e.g., solid amalgam 

electrodes [311, 312], carbon paste electrodes [313] or boron-doped diamond electrodes 

[314]) as non-toxic alternatives for classical mercury electrodes. The advantages of solid 

amalgam electrodes include: a wide range of working potentials, mechanical stability, 

simple handling and regeneration of the electrode surface, long-term activity and low 

toxicity [315-317]. The mercury meniscus modified silver solid amalgam electrode          

(m-AgSAE) is one of the best options as an environmentally friendly and safer alternative 

to the mercury electrodes, while keeping the same advantages, like high sensitivity. 

For DC, regardless of the analytical technique applied, a derivatization reaction with 

OPDA is often performed, which forms the corresponding quinoxaline derivative,           

2,3-dimethylquinoxaline (DMQ). Together with an efficient sample preparation step, 

involving the extraction of DC from a complex matrix, the derivatization reaction prevents 

adverse effects from matrix components, while improving the selectivity and sensitivity 

of the methodology. 
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In this work, the application of the GDME methodology for the extraction of DC from 

alcoholic beverages and the use of the non-toxic m-AgSAE for the differential pulse 

voltammetry (DPV) electrochemical determination of the corresponding DMQ is 

presented. 

 

6.2. Materials and methods 

6.2.1. Reagents and samples 

DC and OPDA were purchased from Sigma-Aldrich (Prague, Czech Republic). A 

standard stock solution (0.1 mol L-1) of DC was prepared monthly in ultrapure water and 

stored at 4 °C. Working DC solutions were prepared daily by dilution of the above 

mentioned stock solution. The Britton-Robinson (BR) buffer was prepared by mixing a 

solution of 0.04 mol L-1 of phosphoric acid, 0.04 mol L-1 of acetic acid and 0.04 mol L-1 of 

boric acid with the appropriate amount of a 0.2 mol L-1 sodium hydroxide solution (all p.a. 

purity; Lachema, Brno, Czech Republic). Hydrochloric acid and sodium hydroxide, all of 

p.a. purity grade, were supplied by Lachema (Brno, Czech Republic). The derivatizing 

solution, 0.05% (w/v) OPDA, was daily prepared in the BR buffer and kept in the dark. 

Wine and beer samples were purchased in local supermarkets. 

 

6.2.2. Electrochemical measurements 

Voltammetric measurements were performed with a µAutolab III driven by GPES 4.9 

software (Eco Chemie, Utrecht, Netherlands). Measurements were performed with  a 

three-electrode system, consisting in a platinum auxiliary electrode, a silver/silver 

chloride reference electrode (Ag|AgCl) in 3 mol L-1 KCl (both from Monokrystaly, Turnov, 

Czech Republic) and a lab made m-AgSAE (0.51 mm diameter, 0.20 mm2 area) as the 

working electrode (Figure 6.1) [312]. 
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Figure 6.1 - Representation of the three-electrode system and the m-AgSAE used in this work. 

 

In the voltammetric cell, the extract solution was deoxygenated by bubbling with 

nitrogen for 30 s and the DP voltammogram at the m-AgSAE was recorded. For the DPV 

measurements, scan rate of 7 mV s-1, initial and final potential of 0 and -1.0 V, modulation 

amplitude of 50 mV, step potential of 1 mV, modulation time of 100 ms and interval time 

of 150 ms were used. The interval time or the pulse period is a parameter that defines 

the time required for one potential cycle, corresponding to the total time of the whole 

pulse procedure. The experiments were conducted at laboratory temperature if not 

stated otherwise. All measurements were performed five times (n = 5). Peaks were 

evaluated after a baseline-correction (moving average of 3 mV) performed using the 

GPES software. 

 

6.2.3. Extraction procedure 

The GDME module, containing a hydrophobic Mitex PTFE 5.0 m membrane 

(Millipore, USA) at its bottom, was placed inside a commercial 100 mL laboratory flask. 

A small change in the lid was made, by cutting a small hole, in order to create an opening 

to place the GDME module; an O-ring between the module and the lid was used to seal 

the system. The GDME configuration used was the same as the one described and 

represented in (Figure 4.2). No pre-treatment was given to the samples before the 

extraction procedure. 

 

 

m-AgSAE 



116 FCUP 

Voltammetric determination of DC in alcoholic beverages 

 
Unless stated otherwise, the following procedure was used: (i) 10 mL of sample (no 

pre-treatment) were placed inside the glass flask; (ii) 1.0 mL of the derivatization reagent 

(0.05% OPDA) was placed inside the GDME module; (iii) extraction was performed at   

60 ºC for 10 min in a temperature controlled water bath; (iv) after the extraction, the 

extract was collected and transferred to the voltammetric cell for the DPV measurement. 

 

6.3. Results and discussion 

6.3.1. Optimization of the DPV conditions 

The DPV parameters for DC (as DMQ) analysis were optimized in terms of the 

modulation amplitude (Figure 6.2) and the scan rate. There was a near linear increment 

of the DMQ peak height with the amplitude up to 50 mV, followed by the stabilization 

around the value of 100 mV. Focusing on the peak height, an optimum amplitude value 

could be chosen between 50 and 100 mV. However, we decided to use 50 mV for the 

remaining experiments, as it produced the best definition for the DMQ peak. 

 

Figure 6.2 - Modulation amplitude study. DP voltammograms were obtained on the extraction (20 min, at 60 
°C with 1.0 mL of 0.05% OPDA in BR buffer at pH 5.0) of a DC standard solution (1 mg L-1); a step potential 
of 1 mV and a scan rate of 7 mV s-1 were employed. For each modulation amplitude tested, experiments 
were carried out in triplicate. The results are expressed as the mean ± standard deviation. 
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Scan rate was tested from 7 to 100 mV s-1, while keeping the amplitude set at 50 mV. 

Scan rate does not seem to significantly affect the DMQ peak height, as an almost 

constant behaviour is obtained. Since the aim of this work was to develop a methodology 

capable of measure low DC concentrations, a scan rate of 7 mV s-1 was chosen, as it 

produces the highest peak height, and it gives the best separation between signals of 

DMQ and of the OPDA degradation product (2,3-diaminophenazine), while still allowing 

for a fast measurement. 

Signal processing can be a very powerful aid in electroanalytical techniques. Herein, 

a baseline-correction by means of moving average of 3 mV was used; this correction 

made it much simpler to evaluate the peak current, particularly for low concentrations 

(Figure 6.3).  

 

Figure 6.3 - Schematic representation of the original and baseline-corrected voltammograms of a DC 
standard solution (0.1 mg L-1) extract. 
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6.3.2. Optimization of the GDME extraction conditions 

Previous works on the GDME extraction of volatile compounds, showed that the most 

influencing parameters are the temperature of extraction, time of the extraction, pH and 

the volume of acceptor solution used [44]. These parameters may affect the diffusion of 

the compounds across the membrane, increase the enrichment and concentration of 

analytes in the acceptor solution or change the liquid-gas equilibrium. Therefore, the 

influence of these variables in the extraction of DC was studied. 

The volume of the acceptor solution (OPDA) influences the analyte enrichment 

obtained for the process; for the same extraction time and before an exhaustive 

extraction, the enrichment is greater when the ratio sample/extract is higher, which is in 

accordance with the microextraction principles. The GDME module, in its current 

physical configuration, enables the use of a volume comprehended between 0.3–1.5 mL; 

smaller volumes would require a different design of the device, the use of micropipettes 

of smaller volumes and a certain degree of automation, while higher volumes could 

cause leaking of the solution through the membrane and an unsatisfying concentration 

of the analyte in the acceptor solution. With that in mind, it was decided to use 1.0 mL 

as the acceptor solution volume, since it was the lowest amount of solution required for 

the DPV measurements, while still enabling a reasonable enrichment of the desired 

analytes. 

The duration and temperature of the extraction process are important analytical 

parameters with direct impact on the methodology performance, in particular when 

dealing with a diffusional process. These two parameters were studied over a standard 

solution of DC (5 mg L-1) using the procedure described in the Material and Methods. 

Each parameter was studied separately. Results obtained for a range of temperatures 

from 25 to 70 °C and with different extraction times (from 5 to 60 min) are displayed in 

Figure 6.4. Temperatures above 70 °C were not tested, since it may lead to the 

evaporation of the acceptor solution. Since the extraction is a diffusional process, an 

increased analytical response with increasing extraction temperature was expected. 

According to the obtained results, 60 °C was selected as the extraction temperature. 
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Figure 6.4 - Time (A) and temperature optimization (B) study. DP voltammograms were obtained on the 
extraction (with 1.0 mL of 0.05% OPDA in BR buffer at pH 5.0) of a DC standard solution (5 mg L -1); 60 °C 
were used for the optimization of time and 10 min were used for the temperature optimization. For each time 
and temperature tested, experiments were carried out in triplicate. The results are expressed as the                       
mean ± standard deviation.  

 

For the extraction time, it is visible a continuous increase in the DMQ peak height 

with the time, which is in agreement with the longer diffusion of DC into the acceptor 

solution occurring with the longer extraction times, leading to a greater formation of the 

derivative. For the following extractions, 10 min were selected as the extraction time, 

since it gives a good compromise between the sensitivity together with the short time 

required to perform the analysis. It should be noted that the parameters of the extraction 

can be adjusted to best suit the levels of the target analytes and the sensitivity required 

for the process, like performing the extraction at room temperature for a longer time. 

The influence of the pH on the extraction efficiency and on the DPV response was 

investigated in model solutions of 10 mg L-1 of DC by performing extractions as described 

in the Material and Methods (10 min, 60 °C, with 1.0 mL of 0.05% OPDA). To this aim, 

OPDA was prepared in different solutions of BR buffer with pH comprehended between 

3 and 10. The electrochemical behaviour of DMQ at the m-AgSAE was explored to 

provide overall information regarding possible transformations occurring at different 

potential regions (Figure 6.5).  
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Figure 6.5 – Optimization study of acceptor solution pH (with 1.0 mL of 0.05% OPDA in BR buffer). Baseline-
corrected DP voltammograms were obtained on the extraction (10 min, at 60 °C) of a DC standard solution 
(10 mg L-1), using the previously optimized DPV conditions. The inset shows the DMQ peak height variation 
from pH 3 to pH 10. For each pH tested, experiments were carried out in triplicate. The results are expressed 
as the mean ± standard deviation. 

 

The peak potentials shifted towards more negative values as the pH increased from 

3 to 10. Moreover, according to the results, the intensity of the DMQ peak is highly 

affected by pH, as an increase was observed from pH 3 to pH 5, where the maximum is 

obtained, followed by a continuous decrease from pH 5 to pH 10. The highest and the 

best developed peak, at -0.6 V, was obtained for the extraction performed with OPDA 

prepared in the BR buffer (pH 5.0) medium, which was further used for the determination 

of the analyte in the negative potential region. A possible explanation for this variation is 

a combination of factors that may be influenced by pH, namely: kinetics of the 

derivatization reaction, stability of the formed products, and rate of the electrochemical 

reaction. 

To study the influence of pH on the donor solution (sample), model solutions of DC 

(10 mg L-1) were prepared with BR buffer at different pH (2–10) and were submitted to 

the extraction procedure (with the acceptor solution consisting in 1.0 mL of 0.05% OPDA 

in BR buffer at pH 5.0) and to the DPV analysis. Since the acceptor solution was 

prepared in pH 5.0, a peak potential with maximum at -0.6 V, similar to the one 
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represented in Figure 6.5, was obtained. The pH of the donor solution does not seem to 

significantly affect the extraction process; moreover, for the alcoholic beverages under 

study, it allows the direct analysis without any pre-treatment prior to the extraction (Figure 

6.6). 

 

Figure 6.6 – Optimization study of donor solution pH. DP voltammograms were obtained on the extraction 
(60 °C for 10 min, with 1.0 mL of 0.05% OPDA in BR buffer pH 5) of a DC standard solution (10 mg L-1); DC 
standard solutions were prepared in BR buffer at different pH values. For each pH tested, experiments were 
carried out in triplicate. The results are expressed as the mean ± standard deviation. 

 

6.3.3. Analytical parameters 

The analytical parameters were obtained from a calibration curve ip (in nA) = (9.5  

0.2)[DC] (in µg L-1) + (1.9  0.1) of five DC standard solutions (values of the slope and 

intercept are expressed as the confidence interval at the significance level of 0.05) that 

were submitted to the analytical procedure previously described (Figure 6.7). The bigger 

peak presented at -0.4 V is ascribed to 2,3-diaminophenazine originated from the 

degradation of OPDA [318].  
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Figure 6.7 - Graphical representation of DP voltammograms (baseline-corrected) obtained on the extraction 
(10 min, at 60 °C with 1.0 mL of 0.05% OPDA in BR buffer at pH 5.0) of five different DC standard solutions 
(from 0.05 to 1 µg L-1). The corresponding calibration dependence is in the inset. For each DC concentration 
tested, experiments were carried out in triplicate. The results are expressed as the mean ± standard 
deviation. 

 

The obtained results showed good linearity for DC, with a coefficient of determination 

(r2) of 0.998. Furthermore, a linear concentration range was obtained from 0.1 µg L-1 to 

10 mg L-1. The LOD and LOQ were calculated as three and ten times the standard 

deviation of the intercept divided by the slope, and were 0.053 and 0.18 µg L-1, 

respectively. As it can be seen in Table 6.1, this LOD is highly competitive and lower 

than the ones reported. The intra-day precision was determined by analysing five 

replicates of DC standard solutions (10 mg L-1), each of them submitted to the overall 

developed method. The relative standard deviation (RSD) for the intra-day precision was 

5.0%. The influence of the sample matrix on the extraction was evaluated by analysing 

the extracts obtained using spiked samples at different concentration levels, chosen to 

produce a signal increase between 50% and 200% of the signal of the non-spiked 
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sample. Since the slope of each standard addition curve was statistically different 

(Student's t-test, at the significance level of 0.01) from the slope of the calibration curve, 

the standard addition method was used for the quantification of DC. 

 

Table 6.1 - Comparison of LODs and LOQs for the determination of DC using different methodologies. 

Sample Method / Derivatization Analysis LODa LOQa Ref. 

Beer OPDA SWAdSV at HMDE n.a. 10 [212] 

Beer DCDB GC-MS 0.2 0.7 [319] 

Beer NPDA HPLC-UV 0.8 2.7 [320] 

Beer HS-SPME GC-MS 0.92 2.8 [321] 

Beer OPDA HPLC-DAD 3 10 [322] 

Beer OPDA HPLC-UV 3.8 12.6 [43] 

Beer OPDA DPP at MME 5 n.a. [323] 

Beer OPDA HPLC-UV 9.2 31 [320] 

Beer / Wine DCDB GC-MS 0.5 n.a. [324] 

Beer / Wine ITEX GC-MS 25 n.a. [325] 

Bread OPDA HPLC-UV 6 b 20 b [217] 

Coffee OPDA HPLC-DAD 3.2 9.5 [277] 

Wine OPDA SWCSV at HMDE 1.6 n.a. [326] 

Wine 2,3-diaminobenzene HPLC-UV 2 3 [279] 

Wine HS-SPME GC-MS 10 n.a. [327] 

DPP: differential pulse polarography; NPDA: 4-nitro-o-phenylenediamine; OPDA: o-phenylenediamine; DCDB: 4,5-

dichloro-1,2-diaminobenzene; HS-SPME: headspace solid-phase microextraction; ITEX: automatic headspace in-tube 

extraction; MME: Metrohm multi-mode electrode; HMDE: hanging mercury drop electrode; SWAdSV: square-wave 

adsorptive stripping voltammetry; SWCSV: square-wave cathodic stripping voltammetry. 

a LOD and LOQ in µg L-1; b values are given in µg kg-1. 

 

6.3.4. DPV determination of DC at the m-AgSAE in alcoholic beverages 

The practical applicability of the DPV determination of DC at the m-AgSAE was 

confirmed by the measurement of DC in alcoholic beverages. No pre-treatment to the 

samples was applied; the standard addition method was used for the quantification of 

DC, by adding small volumes of standard solutions directly to the sample in the extraction 

cell. Nine different beverages were analysed, including six beers and three wine 

samples. Some of the main characteristics of the samples, as well as the determined DC 
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concentration using the GDME/m-AgSAE method, are described in Table 6.2. As it was 

expected, higher DC contents were found in wines as a natural consequence of the 

fermentation process occurring throughout the vinification. These values are in 

accordance with the ones commonly found in the literature. 

 

Table 6.2 - List of analysed samples, respective characteristics (sample type and ABV content) and determined DC 
concentration using the developed methodology. 

Sample Type ABV / % Determined DC / mg L-1 a 

Beer 1 Lager 4.4 0.18 ± 0.01 

Beer 2 Lager 5.0 0.13 ± 0.01 

Beer 3 Lager 4.9 0.05 ± 0.01 

Beer 4 Lager 4.0 0.04 ± 0.02 

Beer 5 Stout 3.8 0.14 ± 0.03 

Beer 6 Alcohol free 0.5 0.05 ± 0.01 

Wine 1 White 12.0 5.3 ± 0.3 

Wine 2 Rosé 10.5 8.6 ± 0.3 

Wine 3 Red 13.5 6.4 ± 0.3 

a values were determined at the significance level of 0.05 (n =3). 

 

6.4. Conclusions 

In this work, GDME was used for the simultaneous extraction and derivatization of 

DC in alcoholic beverages, aiming its electrochemical analysis on a m-AgSAE. This work 

shows the potential of GDME to extract and concentrate volatile analytes in a small 

volume and the ability of the m-AgSAE to determine trace amounts of DC, efficiently 

competing with traditional mercury electrodes and other methodologies. 

The optimum medium for the DPV determination of DC and the influence of pH were 

evaluated, and it was shown that an extract prepared in the BR buffer (pH 5.0) produces 

the highest and cleanest response. Furthermore, it is possible to adjust the experimental 

extraction conditions to best fit the analyte concentration in the sample. Notably, 

according to the data reported in the literature, this methodology presented a very low 

LOD. 
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This analytical approach is not only competitive in terms of analysis cost and time, as 

it is also very straightforward and simple. It can be used with different samples, other 

than wine and beer, like solid samples, for the determination of DC. 
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7. Determination of biogenic amines in wines 

by SALLE 

 

7.1. Introduction 

BA presence in alcoholic beverages has received continuous attention since it was 

found that the interaction between ethanol and BA might be synergistic, as ethanol can 

directly or indirectly inhibit amine oxidases (monoamine oxidase). As BA can induce 

several health problems in humans, their content in these products should be controlled. 

Due to their usually low levels in complex matrixes and to obtain optimal analysis 

conditions, typically a clean-up or concentration step is required before their 

determination. In literature, different analytical methodologies for this purpose may be 

found, but frequently involving large quantities of hazardous solvents and time 

consuming features that do not fit with the basic principles of sustainable chemistry. 

Herein, a simple and quick methodology for the determination of nine BA in wines is 

proposed, using a straightforward sample preparation procedure based on SALLE and 

derivatization with DNS-Cl prior to high-performance liquid chromatography with 

fluorimetric detection (HPLC-FLD). 

 

7.2. Materials and methods 

7.2.1. Reagents and samples 

All the reagents, except when mentioned otherwise, were of analytical grade or 

higher and were used without further purification. Ultrapure water was obtained from a 

Direct-Q® 3UV water purification system. HPLC grade acetonitrile was from Fisher 

(USA). DNS-Cl and all BA were from Sigma-Aldrich (Steinheim, Germany). Phosphate 

buffer 0.2 mol L-1 (pH 12) was prepared by dissolving the appropriate amount of disodium 

hydrogen phosphate in water, and the pH was adjusted with sodium hydroxide                   

(4 mol L-1); acetate buffer 10 mmol L-1 (pH 4.8) was prepared by mixing equimolar 

solutions of sodium acetate (Sigma-Aldrich) and acetic acid (Prolabo). 
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Individual stock standard solutions (1 g L-1) of each BA were prepared by diluting or 

dissolving the appropriate amount of the commercial reagent in water and stored at            

4 °C. The working solutions were daily prepared by dilution of the stock standard 

solutions. DNS-Cl (3.5 mg mL-1) was prepared by dissolving 80 mg of the reagent in       

25 mL of acetonitrile. The wine samples used in this work were purchased in local 

supermarkets. The ABV and pH values for each of the analysed samples are presented 

in Table 7.1. 

 

Table 7.1 - Sample designation, ABV and pH of the analysed wine samples for the determination of BA. 

Sample ABV (%, v/v) pH 

White wine 1 11.5 3.1 

White wine 2 12.5 3.2 

White wine 3 13.0 3.2 

Red wine 12.5 3.6 

Rosé wine 9.0 3.4 

 

7.2.2. Chromatographic analysis 

The HPLC system (Jasco, Japan) was composed by a low-pressure quaternary 

gradient unit with an in-line degasser (model PU-2089 Plus), a fluorimetric detector 

(model FP-2020 Plus) and a manual injector (Rheodyne, model 7725i). The separation 

of the DNS-Cl derivatives was achieved on a Phenomenex Gemini C18 column (250 x 

4.60 mm, 5 μm particle size), equipped with a guard column, in gradient mode. All 

chromatographic eluents were filtered through a Nylon filter of 0.45 μm pore size 

(Whattman, USA) prior to use. Mobile phase consisted of acetonitrile and acetate buffer 

(0.01 mol L-1, pH 4.8). In the initial 8 min acetonitrile increased linearly from 35 to 65%; 

in the next 17 min acetonitrile increased to 80% and in the following 10 min to 100%; 

from 35 to 40 min the mobile phase composition returned to 35% acetonitrile; an 

additional 5 min step was used for column conditioning before the next injection. The 

flow rate was 1.0 mL min-1; the injection volume was 20 μL; the excitation wavelength 

(λex) used for DNS-Cl derivatives detection was 320 nm and the emission wavelength 

(λem) was set to 523 nm. 
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7.2.3. Extraction procedure 

Wine samples were diluted (1:1, v/v) with a phosphate buffer solution (0.2 mol L-1,  

pH 12.0) in order to increase the pH of the medium. In a 10 mL centrifuge tube, 2 mL of 

the diluted sample were mixed with 1 mL of acetonitrile and 1 mL of DNS-Cl, in order to 

obtain a 1:1 (v/v) ratio between the aqueous and the organic phase. After a 25 min period 

for the derivatization reaction to occur, 0.13 g of NaCl were added to the mixture. Finally, 

the tubes were centrifuged at 6000 rpm for 5 min to promote the phase separation and 

an aliquot of the upper phase was collected for HPLC-FLD analysis. The procedure is 

summarised in Figure 7.1. 

 

 

Figure 7.1 – Schematic representation of the experimental procedure proposed for the extraction of BA from 
wine using SALLE. 

 

7.3. Results and discussion 

The salting-out effect consists of adding an electrolyte to an aqueous solution to 

increase the distribution ratio of a solute. When applied to water-miscible organic 

solvents it induces the formation of a biphasic system. In a recent work, some 

parameters that could influence the salting-out effect, such as the salting-out agent, 

respective concentration and the acetonitrile-water volume ratios were studied [328]. 

Different organic and inorganic salts can be used to induce phase separation. In 

acetonitrile-water mixtures, the NaCl capacity to promote the separation of the organic 
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and aqueous phase has been considerably studied [328, 329] and, for this reason, it was 

the salt chosen for this work. Furthermore, it does not influence the mixture’s pH.  

For the development of this methodology, several different parameters were 

optimized, such as the extraction protocol, derivatization time, concentration of the 

derivatization reagent and the pH of the sample. 

 

7.3.1. Optimization of the extraction protocol 

The extraction and the derivatization 

procedures are generally considered 

independently since, in some cases, the 

extraction is performed first followed by 

derivatization of the analytes, while in 

others the derivatization can be directly 

performed in the sample without any 

extraction step. For this reason, in this 

work, different extraction / derivatization 

protocols were evaluated. Since DNS-Cl 

was prepared in acetonitrile, which was 

also the organic solvent used for the 

extraction, the incorporation of the 

derivatization reagent on the extraction 

was tested. Therefore, three different 

extraction / derivatization protocols were 

considered: A) derivatization followed by 

extraction; B) simultaneous derivatization 

and extraction and C) extraction followed 

by derivatization (Figure 7.2). For this, standard solutions (0.5 mg L-1) of three BA       

(PUT, CAD and SPD) and a DNS-Cl solution (2.0 mg mL-1) with 100 µL of                   

Na3PO4 (0.1 mol L-1), were submitted to each of the mentioned procedures. Furthermore, 

the influence of the derivatization time in each procedure was also evaluated. The results 

are summarized in Figure 7.3. 

Figure 7.2 – Schematic representative scheme of the 
three tested extraction / derivatization procedures. 
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Figure 7.3 - Influence of the derivatization time (0, 20, 40, 60 and 80 min) on peak areas for the extraction 
of BA using three different extraction procedures: (A) derivatization followed by extraction; (B) simultaneous 
derivatization and extraction and (C) extraction of the amines followed by derivatization. BA peak areas were 
obtained from the extraction of standard solutions (0.5 mg L-1). 

 

In the first procedure (A) 2 mL of standard solutions were mixed with 1 mL of DNS-

Cl and 1 mL of acetonitrile and were left to react for a defined period (0, 20, 40, 60 and 

80 min) corresponding to the derivatization time. After the derivatization, 0.13 g of NaCl 

were added to promote phase separation and extraction of the analytes. The results 

obtained shown an increase of the chromatographic signal from 0 to 20 min followed by 

a small increase and stabilization until 80 min of derivatization time for all the BA assayed 

(Figure 7.3A). 

In procedure B, the derivatization and the extraction steps were performed 

simultaneously by mixing in the same centrifuge tube the standard solution, DNS-Cl, 

acetonitrile and NaCl. After shaking, phase separation was attained and the 

derivatization was accomplished in the same time intervals of the previous situation. The 

results (Figure 7.3B) showed that it was possible to perform simultaneously the 

derivatization and the phase separation, despite the slightly smaller recoveries obtained 

when compared to procedure A. The possibility to perform both extraction and 

derivatization in one single step makes sample preparation for BA analyses simpler and 

less time-consuming. It should be noted that similar to the observed for procedure A, an 

increase in derivatization time above 20 min does not cause significant changes in BA 

signal. 

In the third tested procedure (C) extraction of analytes was firstly carried out with 

acetonitrile and after phase separation the extract was collected and the derivatization 

was performed (Figure 7.3C). Contrary to the observed in the previous situations (A and 

B) the recoveries of BA were residual. This behaviour, common to all three BA analysed, 
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is independent of the derivatization time. This suggests that the extraction of BA to the 

organic phase is greatly influenced by the presence of the derivatization agent in solution 

in order to convert the amines into less polar species, the DNS-Cl derivatives. 

Since procedure A had the highest peak areas between the three and since, 

compared to procedure B, only required an additional step of salt addition, it was the 

procedure adopted. Regarding the stability of the amines derivatives, after a 12h time-

span a significant loss of the signal intensity was not noticed. 

 

7.3.2. Effect of derivatization reagent concentration 

There is no general agreement in the literature about the DNS-Cl concentration that 

should be used for BA determination. This concentration changes from work to work and 

is dependent on the solvent in which it is prepared and on the type of sample being 

analysed. Concentrations typically higher than 7 mg mL-1 can be found for alcoholic 

beverages in the literature [268, 330]. The concentration used has to be in excess in 

order to derivatize BA even if large amounts of other compounds, that could potentially 

interact with the derivatization reagent, are present in samples. It should be noted that in 

most cases DNS-Cl is prepared in acetone. However, in this procedure, acetonitrile is 

used with success. Due to this adaptation in the derivatization process we found 

necessary to study this experimental parameter in order to find the optimal DNS-Cl 

concentration. Following the procedure shown in Figure 7.1, and with a derivatization 

time of 25 min, extractions were carried with standard solutions containing 0.5 mg L-1 of 

the three BA (PUT, CAD, SPD) using increasing DNS-Cl concentrations (from 0 to        

10.0 mg mL-1). The effect of DNS-Cl concentration on the analytes recoveries is shown 

in Figure 7.4. 
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Figure 7.4 - DNS-Cl concentration optimization study. BA peak areas were obtained from the extraction of 
standard solutions (0.5 mg L-1) with increasing DNS-Cl concentration. Derivatization time: 25 min. 

 

The results show that the extraction is strongly influenced by the DNS-Cl 

concentration in the mixture. Using a DNS-Cl concentration between 1.0 and                     

2.5 mg mL-1 in the organic phase the maximum chromatographic peak is attained for the 

three BA. Therefore, a concentration of 1.8 mg mL-1 was chosen, corresponding to the 

addition of 1 mL DNS-Cl (3.5 mg mL-1) to the mixture. For concentrations higher than   

2.5 mg mL-1 the chromatographic peaks of the three BA decreased abruptly and for 

concentrations above 5.0 mg mL-1 the detection of BA is inhibited. According to these 

results the DNS-Cl concentration is a very important experimental parameter and should 

be strictly controlled. 

 

7.3.3. Influence of pH 

The derivatization reaction of amines with DNS-Cl requires an alkaline medium [331]. 

Therefore, pH control during the derivatization step is very important. Moreover, the 

partition equilibrium of amines derivatives between the aqueous and organic phases may 

be also influenced by the pH. As a rule of thumb, the sample pH should be above the 

pKa of protonated amines so that they can be in their deprotonated form. This is usually 

accomplished by adding an alkaline solution to raise pH to values above 8. Since pH can 
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impact the extraction and determination of BA in this work, it was decided to further 

evaluate this parameter.  

Several pH values (between 7 and 12) were tested in standard and sample solutions, 

as represented in Figure 7.5. For pH below 8, there was hardly any detection of BA, 

which is in agreement with the previous assumption; for a pH between 9 and 11, there 

was an increase in BA signals, reaching its maximum at pH 11. From this point forward, 

higher pH values would have a negative effect on the detection of BA. Although the 

optimum pH is dependent on each amine, due to their different chemical structure, pH 

11 was selected since it gave the best compromise between sensitivity and recovery for 

the amines used in the optimization process. This study revealed the importance of 

accurately control and adjust sample’s pH before the extraction procedure because it 

can significantly influence the recovery of amines. 

 

 

Figure 7.5 – Study of the effect of pH on the extraction. BA peak areas were obtained from the extraction of 
(A) standard solutions (0.5 mg L-1) and (B) from a spiked sample, with different pH values. Standards and 
samples were prepared and diluted (1:1, v/v), respectively, with a buffer solution (0.2 mol L-1) prior to the 
extraction. Procedure A was used for the extraction protocol. 

 

 

7.3.4. Analytical parameters 

In order to test the linearity of the response of the BA derivatives under study, 

standard solutions containing nine BA (HIS, MET, ETA, DMA, PHE, ISO, PUT, CAD and 

SPD, with concentrations ranging from 0.03 to 1.7 mg L-1) were prepared and analysed 

following the adopted procedure. Later on, these were compared with the BA standard 
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addition curves performed in samples. Since the slopes of the standard addition curves 

were statistically different (Student t-test, 99% confidence interval) from those of the 

calibration curves, the standard additions method was used for the quantification of BA 

in the wine samples. 

The linear least-squares regression was used to calculate the slope, intercept and 

coefficient of determination (r2). LOD and LOQ were calculated as three and ten times 

the standard deviation of the intercept divided by the slope of the calibration curves [304]. 

The intra-day precision (repeatability) of the methodology was obtained by analysing five 

replicates of a spiked sample in the same day (Table 7.2). 

 

Table 7.2 - Figures of merit of the proposed SALLE methodology. 

Amine 
Calibration curve equation 

y = (a ± SD)x + (b ± SD) 
r2 LOD / mg L-1 LOQ / mg L-1 Repeatability 

HIS y = (0.26 ± 0.023)x + (-0.12 ± 0.025) 0.977 0.22 0.74 16.8% 

MET y = (7.21 ± 0.22)x + (0.059 ± 0.029) 0.997 0.012 0.039 8.4% 

ETA y = (5.91 ± 0.12)x + (0.0081 ± 0.015) 0.999 0.010 0.030 6.1% 

DMA y = (4.74 ± 0.26)x + (0.48 ± 0.032) 0.991 0.023 0.077 25.8% 

PHE y = (2.42 ± 0.093)x + (-0.011 ± 0.013) 0.996 0.017 0.058 10.1% 

ISO y = (4.26 ± 0.053)x + (-0.020 ± 0.007) 0.999 0.005 0.018 3.4% 

PUT y = (8.29 ± 0.40)x + (0.0050 ± 0.068) 0.993 0.028 0.094 18.5% 

CAD y = (6.52 ± 0.11)x + (0.020 ± 0.013) 0.999 0.007 0.023 18.0% 

SPD y = (13.0 ± 0.09)x + (0.030 ± 0.014) 0.999 0.003 0.009 ndb 

a Calibration curve equation; y = ax + b; where a: slope ± standard deviation, expressed in mg L-1; b: intercept 

± standard deviation, expressed in mV·min 

b not detected 

 

7.3.5. Application to samples 

The applicability of the proposed methodology was tested through the determination 

of nine BA in five wines (Table 7.1). No pre-treatment was required to any sample and 

the extraction was performed according to the procedure described in 7.2.3. The results 

obtained are summarized in Table 7.3.  
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Different concentration levels were determined for the BA under study. The red wine 

had the highest amounts of BA, which was expected considering its vinification process 

[332]. The vinification process highly impacts some BA content in wines, like HIS, PUT, 

CAD or SPD, which are formed by yeasts during and after the malolactic fermentation. 

Non-volatile amines and PHE, are a result of enzymatic decarboxylation of free amino 

acids, while volatile amines (MET and ETA) can result from aldehydes and ketones, 

through the process of reductive amination [269, 333]. Regarding the nine BA found in 

the wine samples, HIS, PUT and ETA showed the highest concentrations, which is in 

agreement with what is generally found in the literature for wines [267, 334]. 

 

Table 7.3 - Determined concentration of BA extracted with SALLE from the wine samples described in Table 7.1. 

 
Concentration ± SD (mg L-1) 

White wine 1 White wine 2 White wine 3 Red wine Rosé wine 

HIS 8.94 ± 0.62 4.44 ± 0.24 2.83 ± 0.13 23.1 ± 2.2 15.1 ± 2.4 

MET 0.17 ± 0.03 0.15 ± 0.02 0.37 ± 0.08 0.066 ± 0.014 0.26 ± 0.05 

ETA 0.48 ± 0.07 0.50 ± 0.08 0.48 ± 0.14 1.14 ± 0.11 0.76 ± 0.15 

DMA 0.12 ± 0.01 0.11 ± 0.01 0.14 ± 0.02 0.32 ± 0.013 0.16 ± 0.01 

PHE < LOQ 0.089 ± 0.006 0.19 ± 0.03 0.15 ± 0.014 < LOQ 

ISO < LOQ < LOQ 0.13 ± 0.02 0.051 ± 0.023 1.0 ± 0.2 

PUT 0.17 ± 0.01 0.21 ± 0.004 0.27 ± 0.02 1.50 ± 0.014 2.16 ± 1.02 

CAD 0.016 ± 0.002 0.080 ± 0.004 < LOQ 0.068 ± 0.038 0.027 ± 0.036 

SPD < LOQ < LOQ < LOQ < LOQ < LOQ 

 

7.4. Conclusions 

In this work, a simple methodology for the determination of BA in wines, based on a 

salting-out assisted liquid-liquid extraction process is presented. A less hazardous 

organic solvent for the extraction is used, acetonitrile, and the extraction procedure is 

very straightforward. One of the main advantages of the method is the possibility to 

simultaneously perform the extraction with the derivatization, thus reducing the number 

of stages before the chromatographic detection. In comparison with a common extraction 

procedure, such as solid-phase extraction, SALLE has lower solvent consumption and 
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fewer steps, and is simpler to execute. This methodology was successfully applied to the 

analysis of nine BA normally present in foods and beverages. It presents itself as an 

easier, faster and cheaper methodology for the analysis of this class of compounds and 

one that could easily be implemented in quality control experiments. 
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8. Application of GDME to solid samples 

using the chromatographic determination 

of α-dicarbonyls in bread as a case study 

 

8.1. Introduction 

The direct chemical analysis of solid samples represents a challenge to sample 

preparation in analytical chemistry, with few examples available in the literature of 

membrane assisted techniques where the solid sample is not previously dissolved or 

submitted to some sort of treatment. 

Since GDME showed great potential for the extraction of different analytes in liquid 

samples, the application of this technique for the extraction of volatile and semi-volatile 

compounds in solid samples was considered. For this purpose, the GDME extractor 

device was suspended above the solid sample, in the headspace. In this case, there is 

no direct contact between the device and the sample, and the driving force of the 

extraction process is mostly defined by the PV concept. The concept and principles of 

PV have already been enumerated (Chapter 2.4.3). Briefly, the volatile analytes are 

transferred from the solid sample to a gaseous space between the sample and the 

membrane; after crossing the membrane, they are trapped in a liquid phase, which acts 

as an acceptor solution. 

In order to evaluate the applicability of the methodology, GDME was used for the 

determination of α-dicarbonyl compounds in bread samples. Different extraction 

parameters were assessed, namely temperature, time and chemical composition of the 

acceptor solution, where OPDA was used as a derivatization reagent, originating 

quinoxalines that could be determined at 315 nm. 

With this approach, GDME can be used for the direct chemical determination in solid 

samples, i.e. avoiding any sample preparation prior to the extraction. 
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8.2. Materials and methods 

8.2.1. Reagents and samples 

All reagents were of analytical grade and were used without further purification. 

Ultrapure water from a Direct-Q 3UV water purification system (Millipore) was used in all 

experiments. 

Solutions of DC, PN and hexane-2,3-dione (HX) were prepared daily from stock 

solutions (1.0 g L-1). The stock solutions were monthly prepared in ultrapure water and 

stored at 4 oC. DC, PN, HX, sodium chloride, sodium acetate and sodium carbonate were 

purchased from Sigma-Aldrich. Phosphate buffer 0.1 mol L-1, pH 7.0, was prepared using 

disodium hydrogen phosphate (Merck) being the pH adjusted with 1.0 mol L-1 

hydrochloric acid (Merck). The OPDA (Merck) 0.1% (m/v) solution was prepared daily in 

phosphate buffer, pH 7.0, and kept in the dark. 

Bread samples were purchased in local supermarkets and bakeries. Prior to the 

extraction, bread was grinded using a commercial food chopper with a sieve size of     

0.25-2.00 mm (Retsch AS 200). 

 

8.2.2. Chromatographic analysis 

The HPLC system (Jasco Corporation) consisted of a quaternary low-pressure 

gradient pump (model PU-2089 plus) with an in-line DG-1580-54 degasser, a Rheodyne 

7725(i) sample injection valve and a LC-Net II/ADC interface with a computer. The 

system was equipped with a Jasco MD-1510 UV/Vis spectrophotometric detector. The 

control of the HPLC system and data analysis were executed with a Jasco ChromPass 

Chromatography Data Software version 1.7.403.1.  

Chromatographic separation was performed in a Phenomenex Gemini C18                

(250 x 4.60 mm, 5 μm) column, in an isocratic mode 50% acetonitrile and 50 % acetate 

buffer (0.01 mol L-1, pH 4.8) at 0.8 mL/min, during 20 minutes, with UV detection 

wavelength set at 315 nm. 100 µL of sample were injected into the chromatographic 

column, which was kept at room temperature. Analytes were identified by their retention 

time and by means of the injection of standards. All chromatographic eluents were 

filtered through a Nylon filter of 0.45 μm pore size (Whatman) prior to use. 
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8.2.3. Extraction procedure 

Some modifications to the GDME extraction system were implemented to best adapt 

it to solid samples. The sample was placed in a thermostated chamber (Metrohm, ref. 

6.1418.220) with a volume of ca. 30 mL. The lid sealed the chamber by means of an     

O-ring; the GDME extractor device was attached to the lid using an O-ring, creating a 

closed environment. Analytes were extracted from the sample through a gas-permeable 

hydrophobic membrane (Millipore Mitex PTFE 5.0 μm) to an acceptor solution containing 

the derivatization reagent, OPDA. A representation of the extracting system is presented 

in Figure 8.1 and Figure 8.2. 

Except when mentioned otherwise, the following 

procedure was used: a) 5.0 g of ground bread were 

placed inside the thermostated sampling chamber; 

b) extraction occurred at 65 °C during 15 minutes;    

c) the acceptor solution consisted of 500 µL of 0.1% 

OPDA in phosphate buffer; d) an aliquot of the 

extract was analysed by HPLC-UV according to the 

already mentioned chromatographic procedure. 

When required, standard additions were performed 

by adding small volumes of standard solutions 

directly to the solid samples. 

 

 

Figure 8.2 – Schematic representation of the extraction system. 

 

Figure 8.1 - Image representation of 
the GDME extraction system used in 
the determination of α-dicarbonyls in 
bread. 
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8.3. Results and discussion 

The determination of -dicarbonyls in bread, as a case study for the application of 

GDME to solid samples, was chosen as DC is a potent key aroma in bread, that is 

produced both in a Maillard reaction as well as generated by thermal degradation of 

carbohydrates during baking at relatively high temperatures, particularly the crust, being 

also produced during toasting [335]. 

Moreover, the derivatization reaction between OPDA and -dicarbonyls to form the 

corresponding quinoxaline derivatives (Figure 3.7) is well studied and produces stable 

compounds that can be easily detected and separated in a HPLC-UV system using a 

reversed-phase chromatographic column [43]. A typical chromatogram obtained in this 

work is shown in Figure 8.3.  

 

Figure 8.3 – Representation of the chromatogram obtained from the chromatographic separation of a spiked 

bread sample with each of the α-dicarbonyl compounds. Extractions were performed at 65 C for 15 min and 
the chromatographic conditions were the ones described in II.8.2.2. 

 

An optimization of the most important extraction parameters, namely the volume of 

the acceptor solution used inside the GDME extraction device, the temperature of the 

extraction, the time of extraction and the mass of sample used for each assay, will be 

discussed in the following chapter. 
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8.3.1. Optimization of extraction parameters 

8.3.1.1. Acceptor solution 

Microextraction advantages include procedure simplification, reduced time 

associated with conventional sample clean-up and analyte enrichment. For the 

optimization of this parameter, extractions for 15 min at 65 ºC were performed over         

5.0 g of a bread sample spiked with an aliquot of 100 µL of a standard solution with         

15 mg L-1 of DC, PN and HX. Five different volumes of acceptor solution, from 300 to 

700 µL, were tested. 

 

 

Figure 8.4 - Chromatographic peak area variation with the volume of acceptor solution. Five different 
volumes were tested from 300 to 700 µL, extractions were performed on 5.0 g of a bread sample with an 
aliquot of 100 µL of a standard solution with 15 mg L-1 of DC, PN and HX. 

 

In Figure 8.4, the minimal volume tested (300 µL) originated the higher 

chromatographic peak area. The acceptor solution volume was not decreased further 

due to practical issues, as smaller volumes up to drop size would need a different design 

of the GDME extraction device and even a certain degree of automation [336]. Moreover, 

one has to guarantee an adequate extract volume for a suitable liquid chromatographic 
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separation and, therefore, a volume of 500 µL was chosen as it gives the best 

compromise between the collected volume and the amount required for the 

chromatographic analysis. 

 

8.3.1.2. Temperature of extraction 

Considering that it is being discussed a diffusional process, naturally the temperature 

of extraction is an experimental parameter that should be carefully controlled. Results 

obtained for a range of temperatures from 25 to 65 °C are presented in Figure 8.5. 

Temperatures higher than 65 °C were not considered as they could lead to evaporation 

of small volumes of the extracting solution, and would not enable a safe handling of the 

extraction chamber. As expected, the analytical response increases with an increasing 

temperature of extraction.  

 

Figure 8.5 - DC, PN and HX peak area variation with the extraction temperature. Five different values of 
temperature were tested: 25, 35, 45, 55 and 65 °C. Extractions (for 15 min with 500 µL of OPDA) were 
performed on 5.0 g of a bread sample spiked with an aliquot of 100 µL of a solution with 10 mg L-1 of DC, 
PN and HX. 

 

According to the obtained results, the chosen extraction temperature for the following 

experiments was 65 °C. Nevertheless, it should be noted that it is also feasible to perform 
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the extraction at lower temperatures, such as room temperature, since a suitable 

analytical response is still attainable. 

 

8.3.1.3. Time of extraction 

The duration of the extraction process is an important analytical parameter with direct 

relevance to the methodology’s performance. As shown in Figure 8.6, and studied in 

previous works [322] there is a hyperbolic behaviour, i.e. initially there is a linear 

instrumental response with an increase in the time of extraction and for longer times the 

response tends to stabilize. For the following extractions 15 minutes was selected as the 

extraction time, since it is a good compromise between sensitivity together with the minor 

time required to perform the analysis. 

 

 

Figure 8.6 – Representation of the chromatograms of several extractions with different extraction times: 
tested times ranged from 5 minutes up to 1 hour; extractions (at 65 °C with 500 µL of OPDA) were performed 
on a 5.0 g bread sample spiked with an aliquot of 100 µL of a solution with 15 mg L-1 of DC, PN and HX. 
The inset shows the analytes peak area variation with extraction time. 

 

8.3.1.4. Sample mass 

To evaluate the effect of the sample size on the extraction process, different amounts 

of sample were tested (1.0, 2.0, 3.0 and 5.0 g) in the GDME chamber. For each amount 

of sample, a calibration following the standard additions method was performed 

according to the procedure described in 8.2.3, and the content of each dicarbonyl 

compound was determined. As shown in Figure 8.7 the obtained results are not changed 

by the size of the sample that is analysed. Therefore, we may assume that the HPLC 
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response, through calibration, is in direct proportionality with the analyte’s concentration 

in the extract and that this is proportional to the analyte’s concentration in the headspace. 

These concepts, as it was briefly discussed before, are similar to the ones described for 

SPME [241, 243]. 

The direct analysis of analytes in solid samples, has been a major difficulty in sample 

preparation methodologies. Even for SPME, and particularly HS-SPME, the mechanism 

of extraction of analytes from a solid matrix is not completely understood [53]. 

 

 

Figure 8.7 - Determination of DC, PN and HX in a sample of bread using different quantities of sample. 

 

8.3.2. Analytical parameters 

The performance of the proposed methodology was estimated by means of matrix-

matched calibration curves: extractions were performed over certain sample crops of 

aged bread (which is as similar as possible to the aimed samples, but with minimal 

quantities of α-dicarbonyls), placed inside the extraction chamber, with 40 µL of the 

suitable solution of DC, PN and HX.  

The analytical parameters in terms of linearity (n = 5), LOD, LOQ and repeatability 

(expressed as relative standard deviation, RSD) are summarized in Table 8.1. By 
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adjusting the experimental data using linear regression, the obtained values of r2 were 

all above 0.990. LOD and LOQ were calculated as three and ten times the standard 

deviation of the intercept divided by the slope, respectively: a standard sample mass of 

5.0 g was used in the experimental procedure. The repeatability was evaluated by 

analysing five replicates of a spiked sample consecutively. 

 

Table 8.1 - Analytical parameters of the proposed methodology for DC, PN and HX. 

α-dicarbonyl r2 LOD / µg kg-1 LOQ / µg kg-1 Repeatability 

DC 0.996 6.0 20 4.6% 

PN 0.991 8.6 29 6.4% 

HX 0.992 12 38 4.9% 

 

Although many methodologies for the determination of α-dicarbonyl compounds in 

several matrices like beer or wine can be found in literature [43, 44, 320, 322], with limits 

of detection mostly in the order of magnitude of the nmol L-1 or µg L-1 (though lower 

values can be found in the literature [320]), to the best of our knowledge only a few have 

been published specifically for the quantitative analysis of dicarbonyls in bread. 

 

8.3.3. Application to samples 

The developed methodology was applied to several different bread samples (Table 

8.2). No pretreatment was performed; the standard additions method was used for the 

quantification of α-dicarbonyl compounds in bread samples, i.e. by adding a small 

volume of a standard solution (40 µL) directly to the solid samples. 

There are few studies concerning the levels of these three compounds in bread. 

Nevertheless, the obtained values in Table 8.2 are similar with those that can be found 

in the scarce existing literature [337, 338]. 
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Table 8.2 - Determined concentrations of DC, PN and HX in five different bread samples. 

Sample [DC] / μg kg-1 [PN] / μg kg-1 [HX] / μg kg-1 

Bread with dry fruits 99 ± 12 88 ± 29 83 ± 21 

Wheat bread 190 ± 17 103 ± 19 < LOQ 

Wheat bread with seeds 169 ± 22 165 ± 6 < LOQ 

Pão Tigre 
 (Corn bread) 

218 ± 30 118 ± 14 70 ± 22 

Broa de Avintes 
(corn and rye leavened bread) 

66 ± 16 90 ± 15 < LOQ 

 

Although there is not much information in the literature about the evolution of α-

dicarbonyl compounds in bread with time, it was expected that, with age-related 

degradation, the level of these compounds in bread would wear off. Thus, contents of 

DC, PN and HX were measured daily in pieces of the same bread sample (Figure 8.8). 

In this study, for the two analysed breads, it was observed a decrease in diketones 

signals over three and four days, respectively, which is consistent with the age-related 

degradation initial hypothesis. Aponte et al. [337] studied the presence of several 

compounds in chestnut-flour-based sourdoughs after 24 h and 288 h of fermentation. In 

that study the decrease of DC with time was also clear, although since only two different 

times were tested the rate at which it decreases could not be visualized. 
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Figure 8.8 - DC, PN and HX peak area evolution in bread with time. Bread A was a wheat bread with 
seeds and bread B was a white bread. 

 

8.4. Conclusions 

GDME, an extraction technique, preferably aimed to volatile and semi-volatile 

compounds, showed its usefulness in the analysis of solid samples, namely in the 

determination of α-diketones in bread, an analysis of great importance for which there 

are few examples in the literature. The proposed methodology was user-friendly and 

quick. Furthermore, low LODs and LOQs (in the order of magnitude of µg kg-1) were 

obtained. This specific methodology can be used with different samples other than bread 

and, furthermore, by modifying the acceptor solution and possibly changing the 

instrumental technique, GDME, can be easily expanded to other solids samples and 

analytes. The extraction process can be further tuned by changing the extraction 

parameters (temperature, time, membrane material, etc.) to each application or analyte.
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9. Determination of carbonyl compounds in 

cork agglomerates by GDME-HPLC/UV: 

Identification of the extracted compounds 

by HPLC-MS/MS 

 

9.1. Introduction 

Cork and cork-based products are extensively used for many applications, such as 

cork stoppers, flooring, floaters and other products (Figure 9.1). Its wide range of 

applications arises from their intrinsic characteristics, such as thermal and sound 

insulation, elasticity and lightness. Cork agglomerates, produced using cork waste from 

the production of stoppers or lower quality cork, are one of the products with higher 

economic value and can be classified as: (1) expanded cork agglomerates, that are 

produced using high temperature steam that promotes the expansion of cork particles 

and the release of suberin, which will act as natural adhesive [339]; and (2) cork 

agglomerates, that are produced using an adhesive agent, normally a phenolic or 

formaldehyde based resin [339, 340]. The industrial use of these resins, high 

temperature processes, application of varnishes and UV curing are commonly 

associated with the occurrence of VOCs on the final product.  

 

One particular group of VOCs associated with cork products is formed by carbonyl 

compounds. Formaldehyde presence, as an example, is connected with the use of 

formaldehyde based resins, such as melamine resins [341-343]. The production of these 

resins is based on the reaction between melamine, urea and formaldehyde; depending 

on the molar ratio of these three compounds [344], small amounts of formaldehyde could 

fail to react, which explains the free formaldehyde content that can be released and 

Figure 9.1 - Examples of cork and cork agglomerates applications. 
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potentially affect the indoor air quality. Furthermore, high temperatures and humidity can 

also increase formaldehyde release due to the hydrolysis of the resin [341]. 

One of the main concerns of the cork industry, especially those producing cork 

stoppers, is the presence of 2,4,6-trichloroanisole on their products. However, 

throughout the years, the same effort has not been devoted to the study of other volatiles 

that can occur naturally or indirectly in cork products. Different industrial processes used 

in the preparation of the raw material, such as the use of high temperatures, resins in 

the agglomeration process or surface treatments of the final product (such as the 

application of varnish) can induce the formation of volatiles, that can potentially affect 

the consumer. 

In this work, GDME was used for the extraction of carbonyl compounds in different 

cork agglomerated composites. The method comprises the derivatization with DNPH, 

followed by the chromatographic separation and detection at 360 nm. For the 

development of the methodology, five aldehydes (formaldehyde, butanal, benzaldehyde, 

pentanal and hexanal) were considered. Furthermore, MS studies were performed for 

each sample, which enabled the identification, in the extracts, of the derivatization 

products of a total of thirteen aldehydes and four ketones. 

 

9.2. Materials and methods 

9.2.1. Reagents and samples 

All reagents were of analytical grade and were used without further purification. 

Ultrapure water from a Direct-Q 3UV water purification system (Millipore) was used for 

all chemical analyses and glassware washing. HPLC grade acetonitrile was from Fisher, 

USA. All eluents were filtered through a Nylon filter (0.45 µm pore size, (Whatman, USA) 

prior to use. Hydrochloric acid was from Merck, Germany. DNPH (99%), sodium acetate, 

ammonium acetate and all aldehydes were purchased from Sigma-Aldrich, Germany. 

The DNPH derivatizing solution (0.25%, w/v) was weekly prepared in a 200 mL mixture 

of water:acetonitrile (1:1); 4 mL of hydrochloric acid, 1 mol L−1, was added because the 

derivatization reaction is optimized at a pH near 2 [152, 345]. 

Formaldehyde standard stock solutions were prepared in water and stored at 4 ºC. 

Other aldehydes stock solutions were prepared in methanol and stored at -10 ºC. 

Working standard solutions of aldehydes used in this work were daily prepared from 

stock solutions (1.0 g L-1).  
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9.2.2. Chromatographic analysis 

A PerkinElmer HPLC system (San Jose, USA) model S200 with a S200 UV detector 

was used for all chromatographic analyses. TotalChrom Navigator version 6.3.2 

(PerkinElmer) was used for data acquisition and processing. Chromatographic 

separation was performed in a Knauer Eurospher 100-5 C18 (250 x 4.0 mm; 5 μm) column 

in gradient mode. The elution was performed with acetonitrile and acetate buffer         

(0.01 mol L-1) as follows: the gradient begins with 50 % of acetonitrile and increased 

linearly to 100% in the following 25 min, then returning to the initial conditions in 5 min; 

an additional 10 min step was used for conditioning, before the next injection. The flow 

rate was 1.0 mL min-1, the injection volume was 20 µL and the UV detection wavelength 

was 360 nm. All separations were made at room temperature (approximately 20 ºC). 

 

9.2.3. HPLC-DAD-MS/MS analysis 

The HPLC system (Thermo Electron Corporation, USA) was composed by a low 

pressure quaternary pump with auto-sampler and a DAD detector (Finnigan Surveyor 

Plus). A Gemini C18 column (150×4.6 mm; 3 μm particle size) and a guard column with 

the same characteristics was used at room temperature. Separations were achieved in 

the same conditions used for HPLC-UV but with a flow rate of 0.4 mL min−1 with injection 

of 25 μL. A quadrupole ion-trap mass spectrometer (Finnigan LCQ Deca XP Plus) 

equipped with an electrospray ionization (ESI) source in the negative ion mode was used 

in the following conditions: capillary temperature, 325 °C; source voltage, 5.0 kV; 

capillary voltage, -15.0 V; sheath gas (N2) flow at 60 arbitrary units and auxiliary gas (N2) 

flow at 23 arbitrary units. The mass detection was performed in the range 0–1000 m/z. 

Xcalibur software version 1.4 (Thermo Electron Corporation) was used for data 

acquisition and processing. 

 

9.2.4. Extraction procedure 

Except when mentioned otherwise, the following procedure was adopted: (i) 1.0 g of 

cork was grinded and added to a thermostated cell set at 50 °C; (ii) the extraction module 

was placed on the top of the cell, with 1.0 mL of acceptor solution (DNPH) inside the 

GDME; (iii) after 15 min of extraction, the acceptor solution was collected to be analysed 

by HPLC-UV. When required, standard additions were performed by spiking cork 

samples in the cell with small volumes of standard solutions of aldehydes. 
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9.2.5. Studied samples 

The samples used in this work were cork agglomerated composites and were 

supplied by a local producer. Table 9.1 shows some of the features of each of the six 

analysed samples. The major characteristic that distinguishes them is the type of 

treatment applied after the agglomeration process. Thus, A, C and E are samples without 

any type of treatment, while samples B and D have a varnish treatment. F is the only 

sample with a polyvinyl chloride (PVC) coating. All samples were bonded using a 

melamine-urea-formaldehyde resin (MUF). Two different formulations for this resin were 

used in the industrial production of the samples (MUF1 and MUF2). The only significant 

physical difference between the two formulations was the gel time, which was higher in 

MUF2. Higher gel time has been linked with increased concentration of melamine in MUF 

resins [342]. Other differences include the thickness of the board and its production site. 

Samples B, D and F undergo a process of UV curing after the varnish treatment. 

 

Table 9.1 - Main characteristics of the six cork agglomerated samples used in this study, in terms of board thickness, PVC 
coating, varnish treatment and type of resin used in the agglomeration process. 

Sample Thickness (mm) PVC coating Varnish treatment Resin 

A 4.0 - - MUF1 

B 4.0 - yes MUF1 

C 4.0 - - MUF2 

D 4.0 - yes MUF2 

E 3.3 - - MUF1 

F 3.3 yes yes MUF1 

 

 

9.3. Results and discussion 

9.3.1. Extraction optimization 

Previously, it has been shown that the extraction efficiency using GDME is mostly 

affected by the time and temperature of extraction, as well as with the volume of acceptor 

solution [43, 217]. Typically, the analytical response increases almost linearly with 

increasing extraction time and temperature; in contrast, the analytical response 

decreases with increasing volumes of acceptor solution.  
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In this work, an optimization of the extraction parameters was performed and it was 

consistent with the above mentioned. Thus, for the studies performed throughout this 

work, an extraction time of 15 min, a temperature of 50 °C and an acceptor solution 

volume of 1.0 mL were used. 

Before proceeding to the determination of the aldehydes content in the samples, a 

study was performed on the influence that certain areas of the agglomerated panel could 

have on the analytical signal. Therefore, an agglomerated cork panel was divided into 

five different zones, such that A corresponded to the peripheral zone and E to the panel 

center (Figure 9.2-I). For this purpose, formaldehyde was taken as the case study 

analyte. Extractions were performed with the optimized extraction procedure, without any 

pre-treatment applied to the sample. Figure 9.2-II shows the results for the formaldehyde 

peak area obtained in this study. 

 

 

 

 

 

 

 

 

 

 

 

The peripheral zone (A) exhibited the lowest formaldehyde peak area, by a small 

margin, which is in accordance to what is stated in the few available literature, as it is a 

common practice to ignore the borders of the agglomerated panel when using standard 

methodologies for formaldehyde determination, as the EN 717-2, because the 

formaldehyde release potential is higher [346]. 

 

E 

D 

C 

B 

A 

I II 

Figure 9.2 – (I) Schematic representation of the five regions marked on the agglomerated panel and (II) the 
formaldehyde peak area obtained after extractions (n=3) using samples from each of those regions. 
Extractions were performed using the optimized extraction conditions and the chromatographic separation 
was obtained with the conditions described in II.9.2.2.  
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9.3.2. Analytical parameters 

The proposed methodology performance was evaluated considering calibration 

curves obtained with the analytical information of extracts of aldehydes standard 

solutions (n=5) prepared in water. Analytical parameters in terms of linearity (n ≥ 5), LOD, 

LOQ and intraday precision (expressed as relative standard deviation, RSD) are 

summarized in Table 9.2. After adjusting the experimental data using a linear regression, 

the coefficient of determination obtained for all aldehydes was above 0.996. LOD and 

LOQ were calculated as three and ten times the standard deviation of the intercept 

divided by the slope, respectively [304]; intraday precision was assessed by analysing 

five samples on the same day. The influence of the sample matrix on the extraction was 

evaluated by analysing spiked samples at four different concentration levels, which were 

chosen according to the concentration of aldehydes in the sample, in order to give a 

signal increase between 50% and 200% of the signal of the non-spiked sample. The 

standard additions method was used for the quantification, since the slopes of the 

standard addition curves were statistically different from the calibration curves (Student's 

t-test, 99% confidence interval), due to matrix interferences. Furthermore, it was shown 

previously that the obtained results are not changed by the mass of the sample used in 

the extraction [217]. 

 

Table 9.2 - Analytical parameters of the proposed methodology for the determination of aldehydes in cork samples. 
 

a y is the peak area in mV.s; x is the concentration of the aldehyde (mg kg-1) 

b expressed as relative standard deviation, RSD 

 

 

Compound Regression equation a r2 

LOD 

(mg kg-1) 

LOQ 

(mg kg-1) 

Intraday 

precision (%)b 

formaldehyde y = (22.3 ± 0.2)x + (12.5 ± 0.8) 0.999 0.17 0.57 6.1 

butanal y = (209.1 ± 4.3)x + (0.09 ± 1.0) 0.998 0.026 0.086 11.9 

benzaldehyde y = (64.4 ± 2.2)x + (-0.3 ± 0.6) 0.996 0.042 0.14 7.3 

pentanal y = (317.2 ± 6.0)x + (0.8 ± 1.5) 0.998 0.024 0.080 7.6 

hexanal y = (278.3 ± 4.6)x + (1.4 ± 1.2) 0.999 0.021 0.069 14.1 
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9.3.3. Application to samples 

The developed methodology was used to quantify five aldehydes extracted from six 

different cork agglomerated boards. A typical chromatogram for the analysed samples, 

after the extraction procedure, is represented in Figure 9.3. Besides the identified 

carbonyl compounds, the peak eluted at 11 min corresponds to acetone, which is a 

known impurity of the derivatization reagent [347]. The results of the quantification 

process are summarized in Table 9.3. 

 

 

Figure 9.3 - Representation of the chromatogram obtained for a cork agglomerated sample extract. 
Extractions were performed at 50 °C for 15 min and the chromatographic conditions were the ones described 
in II.9.2.2. 

 

Table 9.3 - Concentrations of formaldehyde, butanal, benzaldehyde, pentanal and hexanal determined using the proposed 
GDME methodology on the six different samples. 

a Each experiment was carried out in triplicate. Results expressed as mean ± standard deviation 

 

Sample 
Determined concentration / mg kg-1 a 

formaldehyde butanal benzaldehyde pentanal hexanal 

A 8.1 ± 0.3 0.24 ± 0.01 0.82 ± 0.03 <LOQ <LOD 

B 7.6 ± 0.3 <LOQ 4.8 ± 0.2 <LOQ <LOD 

C 3.6 ± 0.2 0.46 ± 0.02 1.8 ± 0.1 0.14 ± 0.01 0.17 ± 0.01 

D 7.2 ± 0.3 0.36 ± 0.01 5.9 ± 0.3 0.46 ± 0.02 0.27 ± 0.01 

E 6.4 ± 0.3 <LOQ 0.54 ± 0.02 <LOQ <LOQ 

F 8.3 ± 0.4 0.29 ± 0.01 4.7 ± 0.2 0.96 ± 0.04 0.60 ± 0.02 
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Formaldehyde was the aldehyde with the highest content found, which was expected, 

considering that the cork agglomerates used in this work were manufactured using 

formaldehyde-based resins. The emission of formaldehyde and its natural presence on 

cork and wood has been vastly studied and has been linked to thermal degradation of 

polysaccharides [346]. However, formaldehyde content in wood based products, such 

as plywood, can increase as a consequence of different industrial processes during 

production. For the production of wood based materials and other agglomerates, the use 

of a resin is a common necessity. Urea-formaldehyde resins are among the most used, 

considering its rapid cure and low price [342], although these resins have been known 

to emit small amounts of formaldehyde into the atmosphere. The difference in the 

determined formaldehyde content of each sample can be related to different 

manufacturing procedures and characteristics of the resin used in the production 

process. This content was below 8.3 mg kg-1, which is comparable with the ones found 

in previous works [348]. A small difference was observed before and after the UV curing 

process. Thus, samples D and F had higher formaldehyde content than samples D and 

E respectively, which could potentially be explained with secondary emissions resulting 

from the UV curing or the presence of ozone [349]. A smaller formaldehyde content was 

found in sample C, which might be connected to the different formulation of the resin 

used (MUF2). A high gel time has been linked to a high melamine content in the final 

resin [342], something that has been connected to lower formaldehyde emissions [344].    

Benzaldehyde content on samples B, D and F may be correlated with the UV curing 

process, since it has been shown before [349, 350] that benzaldehyde is one of the 

possible degradation products of some photoinitiators, used in the UV curing process. 

Other aldehydes, such as butanal or hexanal, found and determined in the analysed 

samples, in low concentrations, have been known to appear naturally on wood and wood 

based products or as a result of microbial activity [351-353]. 

 

9.3.4. Identification of DNPH derivatives by HPLC-DAD-MS/MS 

DNPH derivatives were used to identify carbonyl compounds by mass spectrometry, 

providing additional information and allowing the identification of unknown compounds 

extracted from the samples. The extracts were obtained according to the procedure 

described previously, and the HPLC-MS/MS analysis was performed in the negative ion 

mode. In this mode, the mass spectra showed the base peaks as pseudo-molecular ions, 

i.e. molecular ions that have lost one proton [M-H]-, from the carbonyl-DNPHs.        
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Besides the initial considered aldehydes, other carbonyl compounds were extracted and 

were able to be identified (Table 9.4). Identification was possible by comparing the 

retention time and MS spectral information of the DNPH-derivatives with those reported 

in the literature. Furthermore, for confirmation purposes, they were compared with those 

observed for standard solutions. DNPH derivatives with fragment ions at m/z 163 and 

179 are typical for aldehydes, while ketones are characterized by a higher relative 

abundance of the m/z 179 fragment in comparison with m/z 163 [354]. Other typical ions 

could be observed at m/z 152 and 122 as a result of multiple MS/MS fragmentations as 

[M-H] → [M-H-30] → m/z 152 → m/z 122 [354]. 

A total of 13 aldehydes and 4 ketones were identified in the extracts of the cork 

agglomerate samples. Formaldehyde, acetaldehyde, butanal, pentanal and hexanal, all 

show the characteristic fragmentations for aldehydes saturated in the α-C, meaning that 

besides the typical m/z 163 and m/z 179, fragments of [M-H-30] and [M-H-45/46/47] were 

also observed; benzaldehyde, on the other hand, exhibits the fragmentation ions of [M-

H-47] (m/z 238), [M-H-164] (m/z 121) and [M-H-93] (m/z 192). 

3-hydroxy-2-butanone, also known as acetoin, was identified as the Z-isomer of the 

acetoin-DNPH molecule, as small differences in the UV maximum absorption of isomers 

can be used to distinguish between them [355]. Acetone is a known impurity usually 

found in DNPH [347]. 

The furfural-DNPH derivative is characterized by two daughter ions for [M-H-47] (m/z 

228) and [M-H-164] (m/z 111) as well as by the absence of the ion [M-H-93] (m/z 182). 

5-methylfurfural exhibits the same fragmentation pathway as furfural, with characteristic 

fragmentation ions at m/z 242 and m/z 125. Furfuraldehydes have been linked with 

Maillard type reactions and acid-catalyzed sugar degradation of natural products [356]. 

Their presence in wood or cork-based agglomerates may be a consequence of different 

thermal treatments performed during the industrial process, which may cause the 

degradation of cell wall polysaccharides and other carbohydrates, leading to the 

production of furfuraldehydes [282]. 

Cyclohexanone is a saturated ketone that was detected in samples using the 

proposed methodology. The most representative fragment of this ion was m/z 247, 

corresponding to a loss of a nitrogen oxide molecule. Acetophenone was identified as it 

produced a strong daughter ion of m/z 254, corresponding to a loss of 45 u [NO2 + H], 

and a UV maximum absorption of 382 nm. These compounds, together with 
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benzaldehyde,  have been reported as possible fragmentation products of photoinitiators 

used in the UV-curing process [350]. 

 

9.4. Conclusions 

In this work a new simple and straightforward approach for the extraction and 

quantification of carbonyl compounds in cork samples is presented. This methodology, 

which may also be used with other wood or solid samples, is based on GDME with 

simultaneous derivatization with DNPH and HPLC-UV analysis at 360 nm. Furthermore, 

several carbonyl compounds were successfully identified in the extracts of the studied 

samples. 

This work increases and expands the range of applications of GDME to other 

samples outside of the food industry. The indoor air of houses and factories is frequently 

affected by the presence of pollutants, which can be harmful to the human health. These 

pollutants, can be released as degradation products of the natural constituents of the 

product or be the result of chemicals used in the product production. Some of the 

compounds identified in this work, such as formaldehyde, benzaldehyde, furfural or 

cyclohexanone, are a result of chemical and physical treatments used throughout the 

industrial production of the cork agglomerate. Considering the growing interest and 

concerns on the EU about the quality and safety of working and living environments, the 

development of simple methodologies for the determination of volatile compounds is of 

the utmost importance.  

Therefore, the developed methodology, which can be further applied to other cork or 

wood materials, presents itself as an affordable method for the control of volatiles 

released from industrial products.  
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Table 9.4 - List of identified compounds in the extracts of cork agglomerated samples. 

a carbonyl compounds identified as DNPH derivatives 

b also known as acetoin 

c acetone was identified as an impurity on the DNPH 

d trans-2-heptenal and trans-2-nonenal were only identified in sample F 

 carbonyl-DNPH 

carbonyl compound a tR UV max [M-H]- typical fragments (intensity) 

3-hydroxy-2-butanoneb 12.4 362 267 177 (100); 179 (88); 152 (82); 182 (32); 181 (28); 151 (27); 122 (26); 120 (12) 

formaldehyde 15.0 355 209 163 (100); 179 (75); 120 (64); 151 (52); 123 (37) 

acetaldehyde 18.2 364 223 163 (100); 179 (100); 151 (66); 152 (42); 193 (36); 153 (31); 120 (56) 

acetone c 22.0 368 237 179 (100); 207 (100); 151 (83); 120 (38); 175 (23) 

furfural 22.9 392 275 228 (100); 163 (53); 179 (34); 111 (50); 120 (13); 201 (10) 

propanal 23.7 364 237 163 (100); 179 (100); 120 (43); 151 (30); 191 (28); 153 (26); 192 (26); 152 (25) 

5-methylfurfural 26.9 394 289 242 (100); 163 (43); 179 (32); 125 (18); 182 (9) 

butanal 29.0 360 251 163 (100); 205 (47); 152 (41); 153 (30); 120 (38); 221 (22); 179 (34) 

benzaldehyde 31.0 385 285 163 (100); 238 (100); 121 (69); 179 (47); 192 (39); 120 (36) 

cyclohexanone 32.8 373 277 247 (100); 231 (32); 195 (13); 152 (11); 179 (10); 248 (10); 200 (10) 

pentanal 33.3 367 265 
163 (100); 179 (69); 235 (54); 163 (35); 120 (34); 153 (58); 152 (85); 220 (45); 

151 (30); 219 (32); 191 (29); 218 (14) 

acetophenone 34.0 382 299 254 (100); 179 (33); 151 (69); 253 (37); 269 (28); 236 (18) 

hexanal 37.0 366 279 163 (100); 152 (80); 179 (67), 249 (51); 153 (40); 191 (75); 233 (28); 234 (10) 

(E)-2-heptenald 39.2 364 291 
167 (100); 121 (80); 244 (88); 163 (71); 215 (55); 152 (42); 132 (35);  

214 (16); 179 (14); 258 (12); 213 (22) 

heptanal 40.4 364 293 163 (100); 179 (51); 152 (100); 205 (29); 191 (29); 133 (27); 263 (25) 

octanal 42.9 365 307 163 (100); 152 (97); 179 (82); 153 (68); 277 (59); 176 (44); 120 (35) 

(E)-2-nonenald 43.3 378 319 163 (100); 167 (50); 152 (32); 149 (27); 215 (27); 146 (22); 259 (18); 242 (18); 272 (16); 247 (12) 
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10. GDME coupled to spectrophotometry for 

the determination of formaldehyde in cork 

agglomerates 

 

10.1. Introduction 

One of the first reports on industrial formaldehyde usage was for the production of 

urea-formaldehyde resins, which were commonly applied in the manufacturing process 

of particleboards, due to its low-cost, compatibility with other additives and rapid curing 

characteristics [357]. Industrial applications of formaldehyde and formaldehyde products 

include the production of resins for wood-based and cork products, coating materials and 

paints, textiles, cosmetics and cleaning products. Formaldehyde is mostly used due to 

its preservative and disinfectant properties. As these products are commonly found in 

houses, they contribute to the emission of formaldehyde to the indoor air. 

Due to the hazardous effects of formaldehyde to human health, there is a need to 

accurately measure its content and emissions from different materials, in particular in 

products used inside buildings. One of the biggest problems while reviewing and 

comparing different formaldehyde methodologies, is the heterogeneity of properties 

being measured. Some approaches measure the formaldehyde release from wood 

products in a closed vessel while others measure its content. The standard method for 

measuring emissions from wood-based products is the test chamber (EN 717-1 [358]), 

which consists in a glass or stainless steel chamber that operates under defined climatic 

conditions, as the temperature is held at 23 °C and the relative humidity at 45% [359]. 

Briefly, a sample is placed inside the chamber while a known volume of air passes 

through water impingers, and formaldehyde is later determined spectrophotometrically. 

The proposed maximum test duration is 28 days, but it can be shorter if equilibrium within 

test chamber is achieved earlier. The gas analysis method (EN 717-2 [360]) is performed 

at high temperature (60 °C), low relative humidity (≤ 3%), can take up to 7 hours, and 

determines the formaldehyde released at elevated temperatures. Since it measures the 

emission, the results can be directly correlated with the test chamber method. The 

perforator method (EN 120 [361]) measures the formaldehyde content on small wood 

panels by extracting formaldehyde with boiling toluene (110 °C) for up to 3 h [346]. In the 

flask method (EN 717-3 [362]), a small quantity of sample is suspended above water in 
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a closed vessel, for a defined period of time and temperature, and the formaldehyde 

collected in water is determined spectrophotometrically, after derivatization with 

acetylacetone. The formaldehyde content is referred to the dry weight of the tested 

pieces. The Japanese desiccator method JIS A1460 [363] describes the determination 

of formaldehyde released from wood-based materials. Test pieces are placed in a 

desiccator containing a vessel with water at 20 °C for 24 h, and the formaldehyde 

released from the samples is absorbed by the water and later determined in a procedure 

similar to the one described in EN 717-3 [359]. Although these methods are robust and 

provide reliable results for the emission and content of formaldehyde in wood products, 

they are time consuming, which prevents their daily use for fast production control in the 

industry. Moreover, some of the above mentioned methods are performed at increased 

temperatures (as EN 717-2, EN 717-3) or include extractions with organic solvents      

(EN 120) [359]. 

Herein, GDME was applied to the extraction and derivatization of formaldehyde 

released from different cork agglomerates, and the derivative was determined 

spectrophotometrically at 412 nm. The developed methodology stands as an alternative 

strategy for the determination of formaldehyde, which can be used in any laboratory for 

fast and simple routine analysis of products containing formaldehyde, especially for 

producers that have to comply with existing legislation. 

 

10.2. Materials and methods 

10.2.1. Reagents and samples 

All reagents used in this work, except when mentioned otherwise, were of analytical 

grade and were used without further purification. Ultrapure water from a Direct-Q 3UV 

water purification system was used for all chemical analyses and glassware washing. 

Formaldehyde solution (37%, v/v) and ammonium acetate were purchased from Merck 

(Germany). Acetylacetone (99.5%) was purchased from Sigma-Aldrich (Germany). 

The stock formaldehyde solution was prepared weekly in ultrapure water and stored 

at 4 ºC. Working solutions of formaldehyde were daily prepared from the stock solution. 

The derivatization solution (acetylacetone, 0.05%) was prepared by mixing 0.025 mL of 

acetylacetone and 5.0 g of ammonium acetate in 50 mL of ultrapure water, and was kept 

in the dark. Cork agglomerates, used in household flooring and indoor coatings, were 

purchased in local industries. 
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10.2.2. Spectrophotometric analysis 

The extracts were spectrophotometrically measured at 412 nm using plastic cells     

(1-cm path length) against a blank consisting of ammonium acetate (200 g L-1), in a 

Shimadzu UV-3101PC spectrophotometer (Kyoto, Japan). Before the 

spectrophotometric analysis, all extracts were diluted (1:5) with water. 

 

10.2.3. Extraction procedure 

The GDME device, containing a hydrophobic PTFE membrane (Mitex® 5.0 m pore 

size, Millipore), was coupled to a commercial polypropylene flask lid (Figure 10.1). For 

the determination of formaldehyde, the following procedure was used: (a) 1.0 g of sample 

was placed inside the glass flask; (b) 0.5 mL of the derivatization reagent (acetylacetone 

0.05%) was placed inside the GDME module; (c) the extraction process was left to occur 

at 60 ºC for 30 min using a temperature controlled water bath; (d) after the extraction, 

the extract was collected and left to react, in the dark, for 1 h before the 

spectrophotometric analysis. 

 

 

Figure 10.1 - Schematic representation of the extraction system used for the determination of formaldehyde 
in cork agglomerates. 
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10.2.4. Procedure for the determination of formaldehyde by the standard 

method EN 717-3 

The determination of formaldehyde using the 

reference method was performed according to the 

provided instructions [362]: (i) a small amount of 

sample (7-10 g) was suspended in the headspace 

of a closed vessel (500 mL) containing 50 mL of 

ultrapure water at 40 ºC during 180 min            

(Figure 10.2); (ii) an aliquot (10 mL) of the aqueous 

extract was mixed with 10 mL of an acetylacetone / 

ammonium acetate solution (200 g L-1) at 40 ºC 

during 15 min; (iii) this solution was left to react in 

the dark for 1 h, followed by the spectrophotometric 

measurement at 412 nm. 

A calibration curve was produced from a standard formaldehyde solution, whose 

concentration was determined by iodometric titration. Different standard formaldehyde 

solutions were prepared and a derivatization reaction with acetylacetone was performed 

(as described previously) before the spectrophotometric analysis. The absorbance 

values were plotted against the formaldehyde concentrations and the slope of the graph 

was determined. The moisture content of all test samples was calculated according to 

the procedure described in EN 322 [364]. 

The flask value (Fv), corresponding to the determined formaldehyde concentration by 

the method EN 717-3, in milligrams per kilogramme of oven-dry sample, was calculated 

by the following equation: 

𝐹𝑣 =
(𝐴𝑆 − 𝐴𝐵) × 𝑓 × 50 × 10 (100 + 𝐻)

𝑚
 (Equation 10.1) 

where: 

As, is the absorbance of the analysed solution from the containers; 

AB, is the absorbance of an analysis with distilled water; 

f, is the slope of the calibration curve, in milligrams per kilogramme; 

H, is the moisture content of the test pieces, in percent; 

m, is the mass of the test pieces, in grammes. 

 

Figure 10.2 - Schematic representation of 
the apparatus used for the flask method. 
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10.3. Results and discussion 

10.3.1. Derivatization reaction with acetylacetone 

The presence of a derivatization reagent in the acceptor solution, which can be 

chosen according to the desired analyte and detection technique, increases the 

selectivity of the extraction with GDME [43]. As the derivatization can be performed 

simultaneously with the extraction, the overall procedure is simplified, and is 

characterized by a reduced handling of the extracts. 

In this work, derivatization with acetylacetone was chosen due to its selective reaction 

with formaldehyde, which originates a yellow derivative that can be measured 

spectrophotometrically at 412 nm [365]. 

To assess the stability of the formaldehyde-acetylacetone derivative over time, kinetic 

studies were performed by continuously measuring the absorbance at 412 nm over a 

period of 3 h (Figure 10.3). 

 

Figure 10.3 - Representation of the kinetic test performed to evaluate the stability of the formaldehyde-
acetylacetone derivative. The test was performed for 3h. The extract used was obtained following the 
extraction procedure described in II.10.2.3. 
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The highest increase in the absorbance occurs in the first hour, therefore, the 

collected extract was left to react for 1 h in the dark before the spectrophotometric 

analysis (similar to the standard procedure in EN 717-3), because the product of the 

derivatization reaction with acetylacetone decomposes on exposure to heat or light [365]. 

 

10.3.2. Optimization of the extraction parameters 

When attempting to optimize a process, the optimal settings or conditions for a 

number of factors should be investigated. The one-variable-at-a-time approach is a 

classically applied univariate procedure, where only one factor at a time is studied; 

alternatively, an experimental design can be used, which allows to simultaneously 

assess several factors at different levels in a relatively small number of experiments.  

The initial part of this work consisted on the elaboration of an experimental design 

test, in order to evaluate and choose the best extraction conditions to be applied. Two 

variables at four levels and three variables at three levels were studied. The full factorial 

design consists of all possible combinations of the factor levels, that is 3 × 3 × 3 × 4 × 4 

= 432 experiments. An asymmetrical screening design 3342//16 is a part of the complete 

design with only sixteen experiments. This design is an example derived from the classic 

symmetrical 45//16 design proposed by Addelman [366]. It was introduced in this study 

to unbiasedly screen the important factors that significantly affect the formaldehyde 

extraction with GDME (data provided in Table 10.1) [367].  

Based on preliminary experiments, the extraction temperature (30, 45, 60 ºC), 

sample mass (0.5, 1.0, 2.0 g), derivatization reagent volume (0.25, 0.5, 1.0 mL), 

extraction time (10, 20, 30, 40 min) and derivatization reagent concentration (0.05, 0.1, 

0.2, 0.3%), were considered as potential variables that may affect formaldehyde 

extraction from cork agglomerates. A five factor presence-absence model was 

postulated [367]: 

𝑦 = 0 + ∑ 𝑖/𝐵−𝐴

3

𝑖=1

𝑥𝐵𝐴 +  𝑖/𝐶−𝐴𝑥𝐶𝐴 + 𝑗/𝐶−𝐵𝑥𝐶𝐵 + 𝑖/𝐶−𝐵𝑥𝐶𝐵 + ∑𝑗/𝐵−𝐴

5

𝑗=4

𝑥𝐵𝐴

+ 𝑗/𝐶−𝐴𝑥𝐶𝐴 + 𝑗/𝐷−𝐴𝑥𝐷𝐴 + 𝑗/𝐶−𝐵𝑥𝐶𝐵 + 𝑗/𝐷−𝐶𝑥𝐷𝐶 

(Equation 10.2) 

where, A= 1; B= 2; C=3; D=4 (levels of the studied factors) 
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The constant term β0 is the mean response for all the experimental runs. The terms 

xBA are presence-absence variables. The calculated response function, y (absorbance 

average, n=4 replicates) was obtained from spectrophotometric analysis. The model 

describes the effects on the GDME replacing the level of a factor with respect to another, 

taking into account the interdependence of the presence-absence variables.  

As an example, b1/2-1 defines the differential effect on the GDME extraction of 

formaldehyde of replacing extraction temperature of 30 ºC by 45 ºC; similarly, b1/3-1 

describes the effect of replacing extraction temperature of 30 ºC by 60 ºC and b1/3-2 

describes the effect of replacing extraction temperature of 45 ºC by 60 ºC. Analogous 

calculations can be performed for the remaining coefficients b2 to b5.  

 

Table 10.1 - Coded and (uncoded) levels of asymmetrical screening design (3342) in GDME of formaldehyde from cork 
agglomerates. 

Run 

Factor 1 Factor 2 Factor 3 Factor 4 Factor 5 

Extraction 
temperature (ºC) 

Sample 
mass (g) 

Derivatization reagent 
volume (mL) 

Extraction 
time (min) 

Derivatization reagent 
concentration (%) 

1 1 (30) 1 (0.5) 1 (0.25) 1 (10) 1 (0.05) 

2 1 (30) 2 (1.0) 2 (0.5) 2 (20) 2 (0.1) 

3 1 (30) 3 (2.0) 3 (1.0) 3 (30) 3 (0.2) 

4 1 (30) 1 (0.5) 1 (0.25) 4 (40) 4 (0.3) 

5 2 (45) 1 (0.5) 2 (0.5) 3 (30) 4 (0.3) 

6 2 (45) 2 (1.0) 1 (0.25) 4 (40) 3 (0.2) 

7 2 (45) 3 (2.0) 1 (0.25) 1 (10) 2 (0.1) 

8 2 (45) 1 (0.5) 3 (1.0) 2 (20) 1 (0.05) 

9 3 (60) 1 (0.5) 3 (1.0) 4 (40) 2 (0.1) 

10 3 (60) 2 (1.0) 1 (0.25) 3 (30) 1 (0.05) 

11 3 (60) 3 (2.0) 1 (0.25) 2 (20) 4 (0.3) 

12 3 (60) 1 (0.5) 2 (0.5) 1 (10) 3 (0.2) 

13 1 (30) 1 (0.5) 1 (0.25) 2 (20) 3 (0.2) 

14 1 (30) 2 (1.0) 3 (1.0) 1 (10) 4 (0.3) 

15 1 (30) 3 (2.0) 2 (0.5) 4 (40) 1 (0.05) 

16 1 (30) 1 (0.5) 1 (0.25) 3 (30) 1 (0.05) 

 

 

In this study, NemrodW® statistical software was used for the experimental design 

generation and evaluation [368]. The results were graphically evaluated as the delta 

weight and total effect plots [367]. Figure 10.4a illustrates the delta weight plot that shows 

the relative effects of each level on each variable. In these graphs, the bars represent 

the effects and a longer length indicates a greater relative magnitude of the effect. The 

orientation of the bars can indicate a positive effect on the response if they are going 

rightwards and a negative effect if they are going leftwards. The statistical significance 
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levels are represented by the vertical dotted lines. The effect of a given level is 

statistically significant (for a 95% confidence level) if the effect bar exceeds the statistical 

significance line. When the factor goes from the low to the high level and the response 

decreases, its effect is negative; conversely, if the response increases, the factor is 

positive.  

 

Figure 10.4 - Delta weight (a) and total effect plots (b) obtained using a 3342//16 asymmetrical design for 
formaldehyde. Bar units are absorbances obtained by spectrophotometric analysis. 

 

The significance of the model was tested by analysis of variance (ANOVA). In the 

delta weight plot several coefficients associated with factor effects are statistically 

significant (bars that exceed the limits of significance). In Figure 10.4b, the bars from the 

total effect plot are proportional in length to the effect of each factor level on the analytical 

response. The additional aid given by this graph facilitated the interpretation of results. 

Based on the results, it was verified that the extraction temperature factor showed 

positive and statistically significant effects (b1) on the response when the factor changes 
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from low (30 ºC) or medium (45 ºC) level to the highest (60 ºC). Therefore, the selected 

temperature among the results obtained was 60 °C. Similarly, the effect (b2) of sample 

mass factor is statistically significant when the factor changes from low (0.5 g) or high  

(2 g) level to medium (1 g) level. Therefore, the selected result was 1 g of sample. The 

extraction time (Factor 4) has positive effects (b4) on the response that are statistically 

significant when it changes from levels 1 (10 min) and 2 (20 min) to level 3 (30 min). In 

addition, a statistically significant effect was observed when an extraction time of 10 min 

was exchanged for 40 min. Differences between 30 and 40 min were observed in the 

extraction efficiency, and the most favorable value was an extraction time of 30 min. The 

concentration of derivatization reagent has a negative and statistically significant effect 

(b5) when the factor changes from level 1 (0.05%) to level 2 (0.1%). No significant 

differences were observed between level 3 (0.2%) and level 4 (0.3%) and the selected 

response was obtained using a concentration of derivatization reagent of 0.05%. The 

effects (b3) of the volume of the derivatization reagent were negative and showed 

statistically significant values when the factor changed from level 1 (0.25 mL) to level 2 

(0.5 mL) or level 3 (1 mL). However, although the best option would be 0.25 mL, it was 

observed that the use of a small derivatization reagent would be unfeasible from an 

experimental point of view. Moreover, for typical concentrations of formaldehyde found 

in cork agglomerates, a very rapid saturation of the extract was observed when 0.25 ml 

of derivatization reagent solution is used. Therefore, experiments with 0.5 mL of the 

derivatization reagent solution were conducted in order to ensure a comfortable 

experimental procedure handling and no extract saturation for high formaldehyde 

concentrations. Based on these results, the selected conditions for the extraction 

procedure were the following: temperature of 60 ºC, time of extraction of 30 min, 

derivatization reagent volume of 0.5 mL and derivatization reagent concentration of 

0.05%. 

 

10.3.3. Analytical parameters 

A calibration curve was constructed by performing extractions of formaldehyde 

standard solutions (n = 7) using the optimized GDME procedure. The obtained value of 

r2, after adjusting the experimental data using a linear regression, was 0.9994; LOD and 

LOQ were 0.14 mg kg-1 and 0.47 mg kg-1, respectively; intraday and interday precision 

were 3.5% and 4.9% (expressed as relative standard deviation, RSD), respectively.   

LOD and LOQ were calculated as three and ten times the standard deviation of the 

intercept divided by the slope, respectively [304]; intraday precision was evaluated by 
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analysing five replicates of a sample on the same day and the interday precision was 

evaluated by analysing three replicates of a sample on five different days. The influence 

of the sample matrix on the extraction was evaluated by analysing the extracts obtained 

using spiked samples at four different concentration levels, chosen to produce a signal 

increase between 50% and 200% of the signal of the non-spiked sample. Since the slope 

of each standard addition curve was statistically different (Student's t-test, 99% 

confidence interval) from the slope of the calibration curve, the standard addition method 

was used for the quantification of formaldehyde. 

 

10.3.4. Application to samples 

One of the parameters that was necessary to control in order to obtain an accurate 

determination of the formaldehyde content in the samples was the moisture. 

Furthermore, the formaldehyde content expressed by the flask method (EN 717-3) is 

reported on a dry mass basis and the method requires its measurement. Therefore, the 

moisture content of all samples was determined according to the procedure described in 

EN 322 [364] and was below 6% (Figure 10.5) 

 

 

Figure 10.5 - Moisture content determined for the seven analysed samples, according to EN 322. 
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The developed GDME methodology was used for the determination of the 

formaldehyde content in seven cork agglomerated boards (Table 10.2). No pretreatment, 

such as milling, was applied. The determined formaldehyde content varied between 1.9 

and 9.4 mg kg-1, which is similar to the ones found in the available literature for cork 

samples [369], measured with different standard methods, and not high enough to 

considerably affect the interior air quality of constructions where these materials are 

used. The different content between samples is probably related to the production 

method and the resins formulation used for the agglomeration process [341, 344]. 

 

Table 10.2 - Determined concentrations of formaldehyde in the seven analysed samples by the proposed GDME 
methodology. 

Samples Formaldehyde content / mg kg-1 

Sample 1 9.4 ± 0.4 

Sample 2 7.1 ± 0.7 

Sample 3 5.5 ± 0.3 

Sample 4 6.3 ± 0.8 

Sample 5 5.4 ± 0.6 

Sample 6 3.1 ± 0.2 

Sample 7 1.9 ± 0.1 

 

The European standard method EN 717-3 was used to validate the results obtained 

by the GDME methodology. It requires the determination of the moisture content of the 

test pieces and the production of a calibration curve from standard formaldehyde 

solutions. The results for the seven analysed samples on a dry mass basis, obtained 

using the GDME and EN 717-3, were similar (no statistically significant difference 

between the two results were found by applying the Student’s t-test, p=0.05)             

(Figure 10.6). This shows the applicability and potential of the developed methodology 

for the extraction and determination of formaldehyde in cork-based materials. 
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Figure 10.6 - Content of formaldehyde determined by the proposed methodology (GDME) and the reference 
method (EN 717-3) for seven different cork agglomerate samples. Five replicates were performed for each 
sample. 

 

10.4. Conclusions 

This work proposes a novel application of GDME for the quantification of 

formaldehyde in cork agglomerates, based on a simultaneous extraction/derivatization 

procedure. The sample preparation consists on GDME followed by spectrophotometric 

instrumental analysis at 412 nm. With the use of a formaldehyde selective derivatization 

reagent, it is possible to selectively target this analyte. Moreover, it is possible to adjust 

the experimental conditions to best fit the analyte concentration in the sample. One of 

the main advantages of the GDME methodology, when compared with other techniques 

used for formaldehyde determination, is the possibility to simultaneously perform the 

extraction and the derivatization reaction, which simplifies and reduces the overall 

experimental procedure. Moreover, since there is no direct contact between the sample 

and the membrane, the same device configuration can be used multiple times. 

Therefore, the developed methodology may be of great interest/value to any industry 

that uses formaldehyde, or any formaldehyde releaser, as an additive during the 

manufacturing process. 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

III. Final remarks and future work 
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The analytical methodologies developed and presented in this dissertation were 

based on the GDME and SALLE extraction techniques, and were used to determine 

volatile compounds commonly found in foods and industrial materials. The focus point 

and the outlined strategy for the development of such methodologies was the increasing 

necessity to have simple and efficient methods capable of determine small quantities of 

volatile compounds. One important requirement was the attempt to align the developed 

work with the basic principles of green chemistry. Furthermore, an effort was put into the 

development of methodologies that could easily be applied and reproduced in small 

laboratories and that could allow producers to easily control their products. 

Among the works presented, it is worth mentioning the application of GDME to the 

determination of volatile analytes in alcoholic beverages, which simplifies and improves 

the existing reference sample preparation methodologies (as in the Ripper and p-

rosaniline methods). Furthermore, GDME was for the first time successfully applied to 

solid samples, and therefore enabled us to expand the applicability of GDME to both 

liquids and solids, as long as the analytes have volatile properties. The work with SALLE 

and BA enabled the exploration of this technique in an Analytical Chemistry concept, 

proving its usefulness as a sample preparation technique for liquid samples and for low 

volatility compounds. 

Considering the work herein developed, the potential of these extraction techniques, 

and the increasing importance of the sample preparation step on each analytical 

determination, it would be interesting to continue the development and increase the 

application range of these techniques. Therefore, the following could be suggested: 

 It would be interesting to continue the work regarding the determination of 

formaldehyde in cork agglomerated products, considering their increasing 

importance and usage on the society. GDME, as a simpler, faster and cost-

effective technique, could be used as an alternative technique for formaldehyde 

determination during the industrial production of these cork products. Moreover, 

a comparative relation could be estimated between the values obtained for 

formaldehyde by GDME and the most used reference methods (EN 120,              

EN 717-1 and EN 717-2). Furthermore, GDME could be used as an analytical 

tool for the development of new types of formaldehyde-based resins. 
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 The application of GDME has been somehow limited to a small group of 

compounds (aldehydes, ketones or amines) and samples (mostly foods and 

beverages). It would be important to explore other compounds (by using different 

derivatization reagents) and samples, especially in the industrial/environmental 

area (paints, varnishes or cosmetics). 

 Taking advantage of the GDME design and the fact that some derivatization 

reagents can produce a derivative with colour properties, a device with the ability 

to measure the colour intensity (for example, a mobile phone or a camera) could 

be attached to the GDME extractor device. Then, with the appropriate software, 

the colour acquisition and measurement could be used as the detection system. 

 One of the main advantages of GDME is the fact that it uses an aqueous solution 

as the acceptor for the analytes, which directly enables its use in LC, 

spectrophotometry or voltammetry, but not GC. Therefore, it would be interesting 

to study the possibility of using organic solvents in the acceptor solution for the 

GC analysis. This would require, among other modifications, an impermeable 

membrane that would not deteriorate when exposed to organic solvents.  

 The application of SALLE to liquid samples was employed in this work for the 

determination of BA in wines. Although the potential of SALLE as a sample 

preparation tool for the LC analysis of liquids is considerable, and with a lot of 

room to grow, the application of SALLE to solid samples represents another 

challenging work. For this, if a cleaning step is required before the LC analysis, a 

dispersive solid-phase extraction (d-SPE) can be employed, which corresponds 

to the overall procedure of the QuEChERS method. 
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